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Abstract

Research on eye-hand coordination has focused on action tasks performed in isolation. However, real
world action tasks are often performed concurrently with perception tasks that compete for gaze. Here
we examine how participants adapt their eye and hand movements when performing an object
manipulation task—in which they repeatedly grasped a ball and inserted it into a slot—while
simultaneously monitoring a text display to detect probabilistically occurring letter changes. We
varied the visuomotor demands of the action task by having participants use either their fingertips or
tweezers. We found that fixations allocated to the action task were exclusively directed to the ball and
slot, and were more prevalent when using tweezers. The timing of ball and slot fixations were coupled
in time with ball grasp and slot entry. On average, gaze shifted away from the landmarks ~400 ms
before contact when using fingertips—allowing the use of peripheral vision to direct the hand—and
around the contact time when using tweezers—further allowing central vision to guide the hand as it
approached the ball or slot. We found that participants controlled the timing of their hand movements,
as well as the timing and patterns (sequence of fixations) of their eye movements, to exploit the
temporal regularities of the perception task, thereby lowering the probability that a letter change
would occur during action task fixations. Our results illustrate that eye-hand coordination can be

flexibly and intelligently adapted when simultaneously acting on and perceiving the environment.
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Introduction

Gaze fixations, occurring between eye movements, play a vital role in both perceiving the world and
in planning and controlling actions (Yarbus 1967; Land 2006; Hayhoe 2017; Kowler 2011). Although
research has extensively examined gaze control in action and perception tasks independently, real-
life scenarios often demand concurrent performance of visually guided actions and visual perception
tasks (Fooken et al., 2023; Land and Furneaux 1997), leading to a competition for gaze resources.
For instance, at a dinner party, diners use their gaze to control their manual actions, such as handling
objects, while also using their gaze to survey their surroundings and engage in conversations. Under
such circumstances, one would expect that gaze would only be directed to the action task when the

support of gaze is most important.

To our knowledge, no prior research has delved into the control policies and strategies governing
gaze allocation when there are competing demands for gaze from manual actions and environmental
monitoring. To address this gap, we designed an experiment where participants simultaneously
performed an object manipulation task and a visual monitoring task that required central vision. The
manipulation task involved repeatedly grasping a small ball situated on a platform and inserting it
into a slot in a vertical tube, from which the ball returned to the platform (Fig. 1A). Participants
completed the task using either their fingertips or tweezers, enabling us to manipulate the visuomotor
demands. Concurrently, participants were tasked with monitoring a text display for letter changes,
which occurred randomly. Successful ball drops were rewarded, while failures to detect letter changes

incurred penalties.

The aim of this paper was to test three novel hypotheses concerning how gaze allocation might be
optimized during the concurrent execution of an action task and a perception task that compete for
gaze. First, we hypothesized that the prevalence and function of gaze fixations directed to the action
task would depend on the visuomotor demands, shaped by the end-effector employed and the phase
of the task. Second, we hypothesized that, by observing the temporal statistics of relevant visual
events in the environment, individuals would predict when events requiring central vision are more
or less likely to occur, and use this information to allocate gaze more efficiently between tasks. Third,
we hypothesized that individuals would reduce competition between tasks for gaze resources by
adjusting the timing of the action task and, consequently, the timing of required action task fixations.

The rationale and motivation for these hypotheses is developed below.
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Object manipulation tasks involve a sequence of action phases delineated by kinematic or mechanical
events, as illustrated in Figure 1 (Johansson and Flanagan 2009; Johansson et al. 2001). When such
tasks are performed in isolation, gaze is almost exclusively directed to targets of action—the ball and
slot in our ball-drop task—with the function of gaze changing across action phases (Illamperuma and
Fooken, 2024). When moving the hand, or object in hand, towards the vicinity of a target—as in the
reach and transport phases of our task—individuals typically fixate the target. This fixation enables
fast, automatic feedback control mechanisms that use peripheral vision and gaze-related signals to
direct the hand toward the target (Saunders and Knill 2003, 2004; Goodale et al., 1986). Once the
hand gets close to the object, and more slowly approaches it—as in the ball and slot approach phases
in our task—gaze may remain on the target, in which case central vision can be used to guide the
hand, or grasped object, to the target through more deliberate closed-loop feedback control
(Johansson et al. 2001; Ballard et al. 1992; Land 2006). Once the hand or object in hand comes into
contact with the target—as in the ball and slot contact phases in our task—tactile feedback becomes
available. If gaze still remains on the target, central vision can be used to visually check successful
contact. A key question addressed in the current study is which of these functions of gaze gets

prioritized when there is competition for gaze.

We expected that when the ball-drop is performed concurrently with the letter change monitoring
task, action task fixations would still be directed to the ball and slot. With respect to our first
hypothesis, we predicted that when using the fingertips, action task fixations, if observed, would
primarily serve the purpose of directing the hand via peripheral vision. We predicted that fixations
involved in guiding the hand via central vision would not be required when using fingertips because,
once the hand (or ball in hand) is in proximity to the target, haptic feedback will be used to correct
for positioning errors. In contrast, we predicted that when using tweezers, gaze fixations, in addition
to being involved in directing the hand, would also be involved in guiding the hand, because tweezers
require greater spatial precision, particularly in grasping the ball, and offer limited tactile feedback
about the contact state. Note that impaired tactile sensibility is known to increase reliance on visual
feedback for object manipulation (Brink and Mackel, 1987; Chemnitz et al., 2013; Jenmalm and
Johansson, 1997; Jerosch-Herold, 1993).

Previous work has shown that when concurrently monitoring two locations to detect probabilistic
events, individuals can optimize their gaze allocation by learning the temporal regularities of the
events at each location and adjusting their gaze accordingly (Hoppe and Rothkopf 2016). This raises

the question of whether people can similarly learn and exploit temporal regularities of events when
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78  concurrently engaged in a visual monitoring task and a visually guided action task. In our monitoring
79  task, the time interval between successive letter changes was randomly sampled from a uniform
80  distribution ranging from 1.5 to 6.5 seconds (s). Thus, following a letter change, there was a 1.5 s
81  ‘silent period’, during which the next letter change could not occur. Following this silent period, the
82  probability of the next letter change (i.e., the hazard rate) linearly increased. With respect to our
83  second hypothesis, we predicted that our participants would exploit this silent period, or more

84  broadly, periods of low letter change probability, to transiently shift their gaze resources towards the

85  manipulation task.

86  Unlike the visual monitoring of environmental events, where timing demands on central vision are
87  typically externally determined, individuals would, in principle, be able to adjust the timing of their
88 own actions and, consequently, the timing of the required action task fixations. With respect to our
89  third hypothesis, we predicted that individuals would reduce competition for gaze resources between
90 tasks by adjusting the timing of the action task. Importantly, this hypothesis assumes that participants
91  would not only learn the statistical properties of letter changes in the monitoring task, but also possess

92  knowledge of when and where action task fixations are required during the unfolding action task.

Results

93  Eleven participants performed, at their own pace, 30 consecutive trials of the ball-drop task in each
94  of four experimental conditions. Participants performed the task using either their fingertips or
95  tweezers, either as a standalone activity (referred to as ‘single task’ conditions) or concurrently with
96 the visual monitoring task (referred to as ‘dual task’ condition). In each ball-drop trial, participants
97  reached for and grasped a ball positioned on a platform adjacent to the base of a vertical tube. They
98 then transported the ball to one of three slots within the tube, inserted it, and released it before
99 returning their hand to its starting position. After the ball was released, it descended through the tube
100 and returned to its starting position on the platform. One second after the ball returned to the start
101  position (or was already located in the start position in the first trial), an auditory signal instructed the

102  participant about which slot to use.

103  Figure 1A provides a view of the experimental setup from the participant's perspective. For a trial
104  involving tweezers, it illustrates the path of the end-effector, which took place in a plane parallel to
105 the participant's coronal plane, situated in front of the body. Each ball-drop trial was decomposed into

106  seven consecutive action phases, distinguished by distinct kinematic events observed in the behaviour


https://doi.org/10.1101/2024.10.28.620734
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.28.620734; this version posted October 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.
107  of the end-effector. These phases are defined in Figure 1B. The visual monitoring task involved
108  detecting changes in a letter displayed on a text screen positioned in the upper right quadrant of the
109  participant’s scene (Fig. 1A; for details see Methods). The period between letter changes was
110  randomly chosen from a uniform distribution, ranging from 1.5 to 6.5 s. Participants received rewards

111 for successful ball drops and penalized for failing to detect letter changes, which were signaled by an

112  auditory tone and visual feedback on the display.

113  We will first examine the coordination of gaze and end-effector movements in the single task
114  conditions performed using either fingertips or tweezers. These conditions serve as baselines for

115  comparison with the corresponding dual task conditions, which we will examine afterwards.

A 7o |2— Figure 1. Apparatus and action phases in the ball-drop

M-W-M task. (A) Experimental setup from the participant's
perspective. lllustrated is an example path of the end-
effector tip during a tweezer ftrial, occurring in the work
plane parallel to the coronal plane and situated 40 cm from
the participant's eyes. (B) The corresponding velocity
profile of the end-effector. (A, B) The task was segmented
into 7 consecutive action phases separated by distinct
kinematic events (see Methods). (1) Reach phase: starts
when the hand leaves its starting position and is
characterized by a bell-shaped velocity profile. (2) Ball
approach phase: starts at a minimum (or inflexion point) in
the velocity profile. (3) Grasp phase: starts at first contact
with the ball. (4) Transport phase: starts when the ball is
lifted from the platform and characterized by a bell-shaped

#~ Ball approach
Grasp

BSO- - o velocity profile. (5) Slot approach phase: starts at a
= Si g1, s 5 minimum (or inflexion point) in the speed profile and
5 g g w} features low movement speed. (6) Slot phase: starts when
3 407 s Rt the tips of the end-effector holding the ball enter the slot.
@ S ;:7013 } (7) Return phase: starts when the ball is released and
S 20 5 | exhibits a bell-shaped velocity profile. The trial concludes
é o / Retun when the hand returns to its original position.

0 1 2
Time from reach onset (s)

140  Figures 2 A-B show gaze and end-effector paths for single trials performed with the fingertips and
141 tweezers, respectively. With both end-effectors, participants typically fixated the ball as they reached
142  toward it and, around the time the ball was grasped, shifted their gaze to the slot. Gaze remained at
143  the slot until around the time the ball was dropped and then shifted back to the ball’s start position at
144  the base of the tube. Figures 2 C-D, which combine all trials from all participants, show, for each end-

145  effector, the average speed of the tip of the end-effector (top) and the instantaneous probabilities of
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gaze fixating the ball at its start position (ball fixation) and the target slot (slot fixation), as a function
of time. To temporally align trials while preserving information regarding action phases, we

normalized the duration of each phase in each trial to the median duration of that phase computed

across all trials within each condition.
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Figure 2. Gaze-hand coordination in the single-task condition. (A, B) Gaze and end-effector paths from
exemplar trials performed with the fingertips (A) and tweezers (B). Fixations are color-coded by landmark
(ball, slot), and end-effector paths (tip of the fingers or tweezers) are color-coded based on the current state
of gaze (fixating the ball or slot or making a saccade). Numbers indicate the sequence of eye and hand
movements. (C, D) Average speed of the end-effector (black) and the probabilities of fixating the ball (orange)
and slot (green), shown as a function of time relative to lift-off, for fingertip (C) and tweezer (D) trials. Separate
curves are shown for each slot (top, middle, and bottom coded dark to light). The alternating white, brown,
and blue regions show the different movement phases labelled in D. The plots combine all trials from all
participants and the duration of each phase in each trial was normalized to the median duration of that phase.
Note that fixations were almost always directed to the landmarks, however, the sum of the probabilities of
these fixations could be less than 1 due to saccades between the landmarks.

In both fingertip and tweezer trials, participants predominantly fixated the ball throughout the reach
phase, although in fingertip trials gaze was sometimes directed towards the slot. Similarly, during
most of the transport phase, participants predominantly fixated the slot. The timing of the gaze shift
from the ball to the slot differed between fingertip and tweezer trials. In fingertip trials, this gaze shift
occurred just before contact (-0.06 = 0.05 s; mean + sem), typically during either the late reach phase
or the ball-approach phase. In contrast, in tweezer trials, this gaze shift occurred well after ball contact

(0.29 £ 0.11 s), mainly during the grasp phase, and significantly later (t10 = 13.24; p < 0.001; d =

6
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157  3.99) than in fingertip trials. This finding aligns with our prediction that establishing a stable grasp
158  on the ball with tweezers required greater reliance on central vision compared to fingertips. In most
159  fingertip and tweezer trials, gaze remained at the slot throughout the slot phase, before shifting to the
160  ball start position. We observed that participants completed the ball-drop trials more rapidly (¢10 =
161  4.94, p <0.001; d = 1.49) when using fingertips (2.04 + 0.33 s) compared to tweezers (2.53 + 0.31
162  s). The greater time required to perform the task with tweezers resulted from increased durations of
163  the ball approach, grasp, and transport phases (p < 0.002 in all three cases; separate paired ¢-tests for
164  each action phase with p adjusted for multiple comparisons using the Holm-Bonferroni correction).

165  These findings suggest that manipulating the ball posed greater challenges when using tweezers.

166  In the dual task conditions, participants distributed their gaze fixations between the text display and
167  the action-related landmarks, consistent with the fact that detecting letter changes in the visual
168  monitoring task required central vision (Fig. 3A-B). Consequently, the likelihood of fixating the ball
169  and slot, at any given time, during the ball-drop task performance was diminished compared to the
170  single task, irrespective of which end-effector was utilized (Fig. 3C-D). Moreover, the durations of

171 occurring action landmark fixations were consistently shorter.

Propensity and patterns of action fixations depend on the end-effector used

172  When using the fingertips, participants primarily fixated the display during the reach, ball approach,
173  and grasp phases (88% of trials). This indicates that grasping the ball could generally be accomplished
174  without relying on central vision. Even in trials in which participants fixated the ball, these fixations
175  occurred during the reach phase and gaze most often shifted away from the ball before the ball
176  approach phase and almost never remained on the ball after contact. Transporting the ball and
177  inserting it into the slot could also be accomplished while gaze remained on the display. However,
178  participants briefly fixated the slot in about half of the trials (51%), as in the example shown in Fig.
179  3A. The probability of fixating the slot peaked midway through the transport phase, before steadily
180  decreasing, and eventually approaching zero by the end of the slot phase (Fig. 3C). These findings
181  suggest, in fingertip trials, inserting the ball into the slot could often be performed without the
182  involvement of central vision. Nevertheless, the likelihood of fixating the slot during the slot approach
183  and slot phase was higher than the likelihood of fixating the ball during the ball approach and grasp
184  phase.

185  Because participants rarely fixated the ball and fixated the slot in approximate half of all trials, the
186  two main gaze patterns observed in fingertip trials were ‘display-only’, where gaze remained on the

187  display throughout the trial, and ‘slot’, where gaze shifted from the display to the slot and back to the
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188  display (see Figs. 3E-F). To examine the relationship between gaze pattern and manual performance,
189  we compared the kinematic phase durations in display-only and slot trials using paired z-tests. We
190 applied Holm-Bonferroni correction for multiple comparisons and only included participants (N=9)
191  who demonstrated both fixation patterns. We found that the duration of the slot phase was shorter (#s
192  =3.76, adjusted p = 0.03) when participants fixated the slot (slot trials: 0.30 £ .054 s) compared to
193  when they did not (display-only trials: 0.378 & .056 s). No other phase duration was influenced by

194  the gaze pattern (adjusted p > 0.51 in all cases).

195  In tweezer trials, participants were much more likely to fixate both the ball and the slot compared to
196  fingertip trials (Fig. 3D). Participants almost always fixated the ball before ball contact (88% of
197  trials), and the slot before slot entry (89% of trials). The probability of fixating the ball peaked towards
198 the end of the reach phase and remained relatively high during the ball approach and most of the
199  grasp phase. Similarly, the likelihood of fixating the slot peaked towards the end of the transport
200 phase and remained fairly high during the slot approach phase and the slot phase. These findings
201  suggest that, in tweezer trials, central vision was required in the vast majority of trials for both

202  grasping the ball and inserting it into the slot.

203  In tweezer trials, the most prevalent gaze pattern was 'ball-display-slot', where participants shifted
204  their gaze from the display to the ball, back to the display, then to the slot before returning to the
205  display (as in the example shown in Fig. 3B). The second most common pattern was 'ball-slot', where
206  participants shifted their gaze from the display to the ball and then directly to the slot before returning
207  to the display (see Figs. 3E-F). To investigate the relationship between gaze pattern and manual
208  performance, we compared the kinematic phase durations in the ball-display-slot and ball-slot trials
209  using paired t-tests with a Holms-Bonferroni correction. Participants who had at least one trial of
210  each fixation pattern (N = 8) were included in this analysis. We found that the transport phase was
211 shorter (#7 = 4.71, adjusted p = 0.01) when gaze shifted directly from the ball to the slot (ball-slot
212 trials: 0.32 £ .051 s) compared to when gaze fixated the display between the ball and slot fixations
213  (ball-display-slot trials: 0.551 = .168 s). No other phase durations were affected by the gaze pattern
214  (adjusted p > 0.22 in all cases).

215  As in the single task conditions, in the dual task conditions the ball-drop task was performed more
216  slowly with the tweezers (2.77 £ 0.4 s) than with the fingertips (2.11 + 0.23 s; #10 = 5.61, p < 0.001;
217  d=1.69). Paired t-tests with a Holms-Bonferroni correction revealed that, as in the single task, the
218  greater time taken to perform the task with tweezers was due to increased durations of the reach,

219  grasp, and transport phases (adjusted p < .01 in all three cases).
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Figure 3. Gaze-hand coordination during dual-task conditions. (A, B) Gaze and end-effector paths from
exemplar trials performed with the fingertips (A) and tweezers (B). Fixations are color-coded by landmark
(ball, slot, display), and end-effector paths (tip of fingers or tweezers) are color-coded based on the current
state of gaze (fixating the ball, slot or display, or making a saccade). Numbers indicate the sequence of eye
and hand movements. (C, D) Average end-effector speed (black) and the probabilities of fixating the ball
(orange), slot (green), and display (blue), shown as a function of time relative to lift-off, for fingertip (C) and
tweezer (D) trials. Separate functions are shown for each slot (top to bottom coded dark to light). The
alternating white, brown, and blue regions show the different movement phases labelled in D. The plots
combine all trials from all participants and the duration of each phase in each trial was normalized to the
median duration of that phase. (E) Five single-trial gaze patterns. (F) Mean percentage, averaged across
participants, of each gaze pattern (color-coded as in E) in fingertip and tweezer trials. Dots represent
individual participants.
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Action fixations are anchored to contact events in the action task
220  The fixation probability functions shown above provide an overall view of the critical use of central
221  vision in the ball-drop task (Fig. 3C-D). However, because these functions are based on time-
222  normalized averaged data, they do not provide information on the trial-by-trial coordination between
223  the timing of different action fixations and specific kinematic events. To examine this coordination,
224  we carried out a linear regression analysis to determine whether the onset and offset times of ball and
225  slot fixations could be predicted by the following kinematic events: (1) start of the reach phase, (2)
226  start of the ball approach phase, (3) time of first ball contact (i.e., start of the ball grasp phase), (4)
227  time of ball liftoff (i.e, start of the ball transport phase), (5) start of the slot approach phase and (6)
228  time for slot entry (i.e., start of the slot phase). To reduce structural multicollinearity, these predictors
229  were centered individually for each participant by subtracting the mean. Furthermore, we used study
230 participants as a categorical nuisance factor to reduce variance related to the fact that participants
231  performed the task at different speeds. Separate regression analyses were carried out for fixation
232  onsets and offsets and for each action landmark (ball and slot) and end-effector (fingertips and
233  tweezers). In all cases, the best predictor of fixation onset and fixation offset was the associated

234 contact event.

235 In both fingertip and tweezer trials, we found that the initiation and termination of ball fixations were
236  best predicted by the time of first ball contact, while the initiation and termination of slot fixations
237  were best predicted by the time of slot entry. With respect to fixation onset times, our analysis showed
238 that in fingertip trials, the onset of ball fixation was solely predicted by the time of first ball contact
239  (ti32=2.84; p=0.008), while the onset of slot fixation was solely predicted by the time of slot entry
240  (t1,158=9.28; p <0.001). Similarly, in tweezer trials, the onset of ball fixation was primarily predicted
241 by the time of first ball contact (1,243 = 6.26; p < 0.001), and the onset of slot fixation was solely
242  predicted by the time of slot entry (#1244 = 11.2; p < 0.001). Comparable patterns were observed for
243  the offset times of ball and slot fixations. In fingertip trials, the offset of ball fixation was solely
244  predicted by the time of first ball contact (#1,32 = 3.08; p = 0.004), while the offset of slot fixation was
245  best predicted by the time of slot entry (#1,15s = 8.30; p <0.001). Similarly, in tweezer trials, the offset
246  of ball fixation was best predicted by the first ball contact (#1243 = 5.18; p <0.001) while the offset of
247  slot fixation was solely predicted by the time of slot entry (#1244 = 9.04; p < 0.001). Thus, for both
248  end-effectors, ball and slot fixations were closely coupled, in time, to ball and slot contact events,
249 indicating a strong temporal linkage between the initiation and termination of action landmark

250 fixations and their associated contact events.
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251 Figure 4 supports the above regression analyses by showing that the ball and slot fixation periods,
252  relative to ball contact and slot entry respectively, remained quite consistent across trials. The left
253  panels of Figs. 4A and B show the timing of selected action phases and ball fixations relative to the
254 time of first ball contact (time = 0). Each row represents a trial and all trials from all participants are
255  shown. The orange lines depict periods of ball fixation. The onsets of the reach, ball approach and
256  transport phases in each trial are marked by dots. Note that the trials are sorted by ball approach phase
257  duration. Similarly, the left panels of Figs. 4C and D, show the timing of selected action phases and
258  slot fixation relative to the time of slot entry. The green lines depict periods of slot fixation. The onsets
259  of the transport, slot approach, and return phases in each trial are marked by dots. These trials are
260 sorted by slot approach phase duration. In some trials, the ball or slot were re-fixated (see purple lines
261  in Figs. 4A-D). This could occur when multiple attempts were needed to grasp and lift the ball or
262  insert it into the slot. Note that the duration of both the ball and slot approach phases could vary

263  considerably across trials.

264  The scatter plots on the right side of each panel in Fig. 4 show the position of each trial in its test
265  block (No. 1 —30), ranked by the duration of the ball or slot approach phase, as well as the position
266  of each participant’s trials in the same ranking (Pt. Nos. 1 -11). The scatter plots are marked by
267  coloured (orange or green) and black dots, denoting trials with and without an action landmark
268 fixation (ball or slot), respectively. The lack of apparent structure in these scatter plots suggests that
269 neither the decision to fixate the action landmark nor the variation in ball and slot approach phase
270  durations were influenced by trial position. Furthermore, these scatter plots suggest that, overall,

271  participants exhibited similar behavior.

272  The timing of action fixation onsets, relative to contact events, showed remarkable consistency across
273  action landmarks and end-effectors. Both ball and slot fixations typically began approximately 0.4 s
274  Dbefore ball contact and slot entry, respectively (shown by the solid line curves in Figs. 4E and F). The
275 timing of action fixation offsets was also consistent across action landmarks but influenced by the
276  end effector used. In fingertip trials, gaze tended to shift away from both the ball and the slot before
277  the contact event, with an average lead time of about 0.15 s (shown by dashed line curves in Fig. 4E).
278  Conversely, in tweezer trials, the corresponding gaze shifts typically occurred shortly after the contact

279  event, with an average lag of about 0.05 s (illustrated by dashed line curves in Fig. 4F).
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Figure 4. Timing and duration of action fixations relative to movement phases. The figure shows trials
performed by all participants. (A, B) The left column shows time periods of initial (orange horizontal lines)
and secondary (purple horizontal lines) ball fixations, aligned to the time of initial ball contact (gray vertical
line), in fingertip (A) and tweezer (B) trials. The onsets of the reach and transport phases are marked by
small black dots and the onset of the ball approach phase is marked by larger black dots. Data are sorted by
the duration of the ball approach phase. The middle and right columns show each trial number and participant
number, with orange and black dots depicting trials with and without a ball fixation. (C, D) Corresponding
plots for initial (green) and secondary (purple) slot fixations, aligned to the time of slot contact. The small
black dots mark the onsets of the transport and return phases and the larger black dots indicate the onset of
the slot approach phase. Data are sorted by the slot approach phase duration. In the middle columns, the
green and black dots depict trials with and without a ball fixation. (E) Cumulative distributions of ball and slot
fixation onsets and offsets, aligned to the initial ball contact and slot entry respectively, in fingertip trials. (F)
Corresponding distributions in tweezer trials.
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The function of action landmark fixations can vary across trials
280  The variability in the timing of ball and slot fixations with respect to their related action phases
281  suggests that their functions, in terms of directing and guiding, may differ across trials. We examined
282  the function of each individual ball and slot fixation, recognizing that an individual fixation could
283  serve multiple functions. A fixation was considered to be involved in directing if the ball or slot was
284  fixated for at least 100 ms during the reach or transport phase, respectively. Similarly, a fixation was
285  considered to be involved in guiding if the ball or slot was fixated for at least 100 ms between the
286  start of the ball or slot approach phase and the end of the grasp or slot phase, respectively (i.e., the
287  combined approach and manipulation phases). In addition to directing and guiding, gaze can also be
288  engaged in ‘checking’ the completion of action phases linked to a given landmark (Safstrom et al.,
289  2014). A fixation was considered to be involved in checking if the ball or slot was fixated for any
290 period of time after the end of the grasp or slot phase, respectively. Figure SA provides illustrative

291  examples of slot fixations in tweezer trials demonstrating these different functions.

292  In fingertip trials, ball fixations were mainly involved in directing the end effector whereas slot
293  fixations were also quite frequently involved in guiding (Fig. 5B). In contrast, in tweezer trials, both
294  ball and slot fixations were approximately equally engaged in directing and guiding (Fig. 5C).
295  Furthermore, a small proportion of fixations in both fingertip and tweezer trials were involved in
296  checking (Fig. 5B and C). It is worth noting that in fingertip trials, most of the ball and slot fixations
297  served only one function (80% overall), whereas in tweezer trials, this proportion was lower (48%

298  overall) (see thin solid bars within each wide bar in Figs. 5B and C).
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Monitoring task statistics influence task performance
299 In the following section, we investigate whether participants can learn and exploit the statistical
300 properties of letter changes (LCs) to more efficiently distribute their gaze resources to the visual
301  monitoring and manipulation tasks. We will demonstrate that participants adapt their gaze behavior
302  both directly, by selecting different gaze patterns, and indirectly, through adjustments in manual
303  behavior, based on LC statistics.

304 In the dual-task condition, the interval between LCs was drawn from a uniform distribution ranging
305 from 1.5 to 6 s. This means that participants had a window of at least 1.5 s after detecting a LC to
306 allocate gaze to the ball-drop task focus without the risk of missing the next LC. We will refer to this
307 time window as the ‘silent period’. Moreover, participants might also learn that the likelihood of the
308 next LC gradually increases from 0 to 1 over the 5 s after the silent period, known as the hazard rate.
309  Overall, participants performed well on the LC detection task, potentially allowing them to exploit
310  these LC statistics. On average, there were 1.08 and 1.41 LCs per trial in fingertip and tweezer trials,
311  respectively. Participants detected these LCs with 88.8 + 11.8% and 87.1 = 9.1% accuracy (mean +

312  standard deviation across participants).

313  To explore how LC statistics might affect gaze behavior, we studied whether the detection of LCs

314  influenced the timing of ball and slot fixations. Specifically, we compared the frequency distributions
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315  ofball and slot fixation onsets—relative to the most recently detected LC before each fixation—with
316  the expected distributions assuming fixation onsets occurred randomly with respect to LCs. We

317  conducted separate analyses for trials associated with each of the main gaze patterns: ball-display-

318  slot, ball-slot, and slot trials (Fig. 6A).

319 In both fingertip and tweezer trials in which participants fixated both the ball and slot (i.e., ball-slot
320 and ball-display-slot trials), the distribution of ball fixations onsets deviated from the expected
321  random distribution (Kolmogorov-Smirnov test, p <0.01 in all four cases). Specifically, the frequency
322  of ball fixation onsets during the silent period was notably higher than expected by chance (top row

323  of' Fig. 6A).

324  Notably, in tweezer trials, the choice of gaze pattern was strongly influenced by the timing of ball
325 fixation onset relative to the preceding LC. When the ball was fixated during the silent period,
326  participants were equally likely to use either the ball-slot or ball-display-slot pattern. However, if the
327  ball was fixated after the silent period, the ball-display-slot pattern was almost always selected. That
328 is, with few exceptions, participants only shifted their gaze directly from the ball to the slot (ball-slot
329  pattern) if the ball was fixated within the silent period. Conversely, if the ball was fixated after the
330 silent period, participants almost always fixated the display before fixating the slot (ball-display-slot
331  pattern).

332  Asexpected, in both fingertip and tweezer trials in which both the ball and slot were fixated, the peak
333 in the distribution of ball fixation onsets was followed by a subsequent peak in slot fixations
334  distribution (bottom row of Fig. 6A). This occurred because in the great majority of these trials
335  (96.4%), the last LC detected before the ball fixation was also the last LC before the slot fixation. In
336 tweezer trials with the ball-display-slot gaze pattern, the additional peak in the distribution of slot
337 fixation onsets during the silent period represents trials in which a LC was detected when gaze was
338 at the display before shifting to the slot shortly afterwards. In contrast, in both fingertip and tweezer
339 trials in which only the slot was fixated (slot-only gaze pattern), the distribution of slot fixation onsets
340  did not differ significantly (KS test, p > 0.06 in both cases) from the expected random distribution
341  (bottom row of Fig. 6A).
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Figure 6. Relationship between eye and hand movements and letter changes (LCs). (A) Frequency
distributions, combining all participants, of ball (top) and slot (bottom) fixation onsets—relative to the time of
the last detected LC before the fixation onset—in fingertip (left) and tweezer (right) trials. The yellow region
in each panel shows the silent period. Separate distributions shown for trials with the main gaze patterns.
Dashed lines show the expected distributions assuming fixation onsets occurred randomly and thus
independently of the timing of LCs. The expected frequency is constant within the silent period, during which
the hazard rate (the probability of a LC occurring if one has not yet occurred) remains at 0, and then
decreases, at a constant rate, over the next 5 s as the hazard rate increases from 0 to 1. (B) Corresponding
frequency distributions of reach start times, relative to the last detected antecedent LC, in fingertip (left) and
tweezer (tweezer) trials. Separate plots are shown for the four main gaze patterns. (C) Relationships between
ball fixation and ball contact onset times (top), and between slot fixation and slot entry onset times (bottom)
in fingertip (left) and tweezer (right) trials. Times relative to the last detected LC before fixation onset. Dots
represent trials from all participants and are colour-coded by gaze pattern. (D) Relationship between reach
start time and time of nearest detected LC, both relative to cue onset, in fingertip and tweezer trials with ball-
slot and ball-display-slot patterns. Right panels show corresponding frequency distributions, combining
fingertip and tweezer trials, of reach start times for trials with ball-slot and ball-display-slot trials. Separate
distributions are shown for trials in which the LC was within or outside the ‘ready period’ (1 s period prior to
the cue).
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342  We also discovered that the LC statistics had an impact on manual performance in the ball-drop task,
343  particularly concerning the timing of reach initiation (Fig. 6B). In both fingertip and tweezer trials in
344  which participants fixated the ball (i.e., the ball-slot and ball-display-slot gaze patterns), the
345  distribution of reach onset times, relative to the antecedent detected LC, differed (K-S test, p < 0.05
346  in both cases) from the expected distributions, assuming reach onset times occurred randomly with
347  respect to LCs. Specifically, reach onsets were biased towards the silent period (top two rows of Fig.
348  6B), aligning with the bias observed in ball fixations. In contrast, in fingertip trials in which the ball
349  was not fixated, including trials with the slot and display-only gaze patterns, the distribution of reach
350 onset times did not differ from the expected random distribution (K-S test, p > 0.4; bottom two rows
351  of Fig. 6B). We did not analyze the corresponding distributions for the slot and display-only gaze

352  patterns in tweezer trials due to the limited number of observed trials.

353  These findings suggest that participants adopted a strategy to preferentially fixate the ball during the
354  silent period by choosing to reach for the ball during this time frame. This strategy reduces the risk
355  of failing to detect LCs while maintaining functional gaze-hand coordination. Indeed, we observed a
356  close temporal relationship between ball fixation and ball contact as well as between slot fixation and
357  slot entry across all gaze patterns involving action landmark fixations (Fig. 6C). The intercept and
358  slope of the relationship between ball fixation onset and ball contact time were 0.434 s and 1.003 in
359  fingertip trials and 0.411 s and 0.969 in tweezer trials, and the intercept and slope of the relationship
360 between slot fixation onset and slot entry time were 0.368 s and 0.997 in fingertip trials and 0.380 s
361 and 0.985 in tweezer trials. These intercepts align with our observation, noted above, that both ball
362  and slot fixations began approximately 0.4 s prior to the contact event, irrespective of the end-effector

363  used (Figs. 4E and F).

364 In the ball drop task, participants most often initiated their reach movement towards the ball after
365  hearing the auditory cue that indicated the active slot in that trial. These ‘reactive reaches’ occurred
366 about 0.5 s after the cue. However, in a substantial proportion of trials, participants initiated their
367 reach in anticipation of the cue, such that the reach started either before the cue or shortly after the
368 cue (and less than 0.5 s after the cue). If participants generated these ‘anticipatory reaches’ in response
369 to a LC occurring shortly before the cue, and fixated the ball when doing so, it would explain the
370  greater-than-expected frequency of both reach onsets and ball fixation onsets during the silent period

371  in trials with the ball-slot and ball-display-slot gaze patterns.
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372  To examine this further, we analyzed the relationship between the timing of reach onset, relative to
373  the cue, and the timing of the detected LC, relative to the cue. We focused on fingertip and tweezer
374  trials with the two most common gaze patterns involving ball fixation (ball-slot and ball-display-slot
375 gaze). For each trial, we selected the detected LC closest in time to the midpoint of the ‘ready
376  period’—the 1-second interval between when the ball returned to its starting position and when the
377  cue was given. Note that this LC could therefore occur either before or after the midpoint of the ready
378  period. We observed that most anticipatory reaches, characterized by relatively small or negative
379 reach onset times relative to the cue, occurred when the detected LC happened during the ready period
380  (see the left two panels of Fig. 6D which shows reach start times, relative to the cue, plotted against
381 the time of the detected LC, relative to the cue). This suggests that the decision to initiate reaching in

382 anticipation of the cue is linked to the detection of a LC during the ready period.

383  The frequency distributions of reach start times, relative to the cue, in trials with the ball-slot and
384  ball-display-slot patterns—depicted in the right two panels of Fig. 6D—revealed earlier reach start
385  times when the LC occurred within the ready period, compared to when it occurred outside of it. Note
386 that due to the relatively small number of fingertip trials, we combined fingertip and tweezer trials in
387 these distributions. Importantly, for both gaze patterns, the distributions within and outside the ready
388  period differed (KS test, p < 0.02 in both cases). This suggests a distinct influence of the timing of
389  detected LCs on reach initiation during the ball drop task.

390  Overall, these results demonstrate two ways in which participants took advantage of the statistical
391  properties of LCs to effectively reduce the competition between tasks for gaze resources. First, they
392  modulated the timing of their reaching movements to preferentially fixate the ball during the silent
393  period. Second, they selected gaze patterns, on a trial by trial basis, that increased the probability that

394  gaze could be allocated to the action task with little or no cost in terms of the LC monitoring task.

Discussion

395  The broad aim of this study was to examine how people coordinate their eye and hand movements
396  when performing a visually guided object manipulation task in parallel with a visual monitoring task
397  that competes for central vision. Using this novel experimental approach, we tested three hypotheses
398 related to how participants might optimize the allocation of gaze resources across tasks. These
399  hypotheses concerned the timing and location of fixations directed to the action task, whether

400 participants could learn and take advantage of the temporal regularities of the monitoring task when
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401  allocating gaze, and whether participants would modify the timing of their hand movements, based
402  on these temporal regularities, to effectively reduce the competition between two tasks. We found

403  support for all three hypotheses, which we will consider in turn.

Frequency of action task fixations
404  We found, as expected, that when the ball-drop task was performed in isolation, using either the
405 fingertips or tweezers, gaze was directed exclusively to the ball and slot, with gaze arriving ahead of
406  the hand or tool and departing around the time the hand or tool arrived or shortly afterward. This
407  finding is consistent with previous research on eye-hand coordination in visually guided action tasks
408  (Flanagan and Johansson, 2003; Fooken et al., 2021; Hayhoe, 2017; Johansson et al., 2001; Land et
409 al., 1999). In contrast, we expected that when performing the ball-drop and monitoring tasks in
410  parallel, gaze would be briefly allocated to the action task when visuomotor control is most critical.
411  Consistent with this expectation, we found that the ball and slot were almost always fixated in tweezer
412  trials but that fixations of the ball, especially, and slot were often not observed in fingertip trials. The
413  increased use of central vision when controlling the tweezers was expected for several reasons. First,
414  Dbecause the contact surfaces of the tweezer tips are smaller than the surfaces of the fingertips, greater
415  spatial precision is required, particularly when grasping the ball. Second, the tweezer tips are more
416  rigid than the fingertips, and therefore cannot mold around the ball, leading to a far less stable grasp.
417  Soft contact surfaces are typically used in robotic manipulators to increase grasp stability and lower
418  spatial precision requirements (Bicchi, 2000; Bicchi and Kumar, 2002; Billard and Kragic, 2019).
419  Third, the tweezer tips offer limited tactile feedback regarding the contact state, and impaired tactile
420  sensibility of the fingertips is known to increase reliance on visual feedback for object manipulation
421  (Brink and Mackel, 1987; Chemnitz et al., 2013; Jenmalm and Johansson, 1997; Jerosch-Herold,
422 1993). Indeed, our results suggest that the analysis of gaze control when performing object
423  manipulation tasks can provide a means of assessing tactile impairments, as well as the effectiveness
424  of tools in terms of transmitting tactile information to the user, an important consideration in

425  teleoperation tasks and robot assisted surgery.

Timing of action task fixations
426  Independent of the end-effector employed, we found that the timing of ball and slot fixation onsets
427  and offsets were most closely correlated with ball contact and slot entry, respectively, in comparison
428  to all other kinematic events. For both action task landmarks, and for both end-effectors, gaze arrived
429  approximately 0.4 s prior to contact on average. However, consistent with our hypothesis that the

430 functions served by action task fixations would differ with the end-effector employed, we found that
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431  gaze shifted away from the ball and slot well ahead of contact (0.15 s on average) in fingertip trials
432  but just after contact (0.05 s on average) in tweezer trials. This timing is consistent with our findings
433  that when using the fingertips, ball and slot fixations are primarily involved in directing the hand (or
434  object in hand) to the landmark using peripheral vision, whereas when using tweezers, these fixations
435  are also involved in guiding the hand with central vision as it approaches the landmark. Importantly,
436  once the tips of the fingers or tweezers contact the ball or slot, tactile feedback becomes available,
437  marking a transition between visuomotor and haptic sensorimotor control. This transition in the mode
438  of sensorimotor control can be linked to the transition from motion control to force control that has
439  been proposed to involve distinct control processes (Casadio et al., 2015; Chib et al., 2009;
440 Kolesnikov et al., 2011; Piovesan et al., 2019). Note that in the ball drop task, tactile information is
441 wused not only to guide forces—as when grasping the ball—but can also drive kinematic
442  adjustments—as when adjusting the position of the ball when inserting it into the slot. Importantly,
443  in manipulation tasks, tactile information can be used to rapidly (90-120 ms) adjust both forces
444  (Johansson and Flanagan, 2009) and kinematics (Pruszynski et al., 2018, 2016) through automatic

445  feedback control processes.

Flexibility of gaze patterns
446  We found that across both fingertip and tweezer trials, participants used different gaze patterns when
447  performing the ball drop task in parallel with the monitoring task. In fingertip trials, we observed two
448  main gaze patterns—display only and slot only trials—distinguished by whether or not the participant
449  opted to fixate the slot or keep gaze on the display throughout the trial. In tweezer trials, we also
450  observed two main gaze patterns—ball-slot and ball-display-slot trials—distinguished by whether or
451  not the participant decided to fixate the display between fixating the ball and slot. Importantly, in both
452  fingertips and tweezer trials, the choice of gaze pattern was linked to task performance. In fingertip
453  trials, the duration of the slot phase was shorter when participants fixated the slot, and in tweezer
454  trials, the duration of transport phase was shorter when the gaze shifted directly from the ball to the
455  slot, skipping the display. These results suggest that there is a trade-off between the action and visual
456  monitoring tasks, where allocating gaze resources to the action task improves performance but comes
457  at the risk of missing a letter change. However, as we will discuss next, participants can mitigate this
458  trade-off by considering the LC statistics when deciding which gaze pattern—and associated

459  kinematic performance—to select.
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Modulation of gaze behaviour exploiting the statistics of the monitoring task
460  We hypothesized that participants would exploit the temporal statistics of events (i.e., LCs) in the
461  visual monitoring task when making gaze allocation decisions. This hypothesis was supported in both
462  fingertip and tweezer trials. During fingertip trials, the decision of whether or not to fixate the ball
463  was strongly influenced by the LC statistics. Specifically, almost all of the ball fixations that were
464  observed occurred during the silent period when the next LC could not occur. Similarly, during
465  tweezer trials, the decision of whether or not to fixate the display—in between fixating the ball and
466  slot—was influenced by LC statistics. Specifically, whereas participants often opted to skip the
467  display when the ball fixation occurred within the silent period, they almost always fixated the display

468  when the ball fixation occurred outside this period.

469  Our findings align with previous research on eye movements, illustrating that human gaze behavior
470 s sensitive to probabilistic regularities in the environment (Jovancevic-Misic and Hayhoe, 2009). For
471  example, individuals adjust the timing of their gaze shifts based on the learning of temporal statistics
472  of relevant visual events to optimize event detection in two separate spatial locations where event
473  durations vary independently (Hoppe and Rothkopf, 2016). In addition, during visual search tasks,
474  individuals strategically allocate gaze based on the spatial statistics of their surroundings to efficiently
475  explore (Eckstein, 2017; Hoppe and Rothkopf, 2019; Najemnik and Geisler, 2005; Renninger et al.,
476  2007). Our study adds a distinct perspective by demonstrating that humans can learn and exploit the
477  temporal patterns of externally determined events in the visual environment while concurrently
478  engaged in an action task that relies on visual guidance. This suggests that the processes involved in
479  using visual information in sensorimotor control—including peripheral and central vision and gaze-
480 related signals—are largely independent of the processes involved in extracting statistical regularities

481 from the visual environment.

Modulation of manual behaviour exploiting the statistics of the monitoring task
482  Unlike the visual monitoring of environmental events, where timing demands on central vision are
483  typically externally determined, individuals would, in principle, be able to adjust the timing of their
484  own actions. We hypothesized that participants would tune the timing of their manual actions to
485  decrease competition for gaze resources between the ball drop and LC detection tasks. In support of
486  this hypothesis, we observed that our participants adjusted the onset time of their reaching movements
487  such that ball fixations—supporting the reaching movement and ball grasp—occurred during the
488  silent period far more often than would be expected if reach timing was uncoupled from the LC

489  statistics. Importantly, this result suggests that participants not only learned the statistical properties
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490  of letter changes in the monitoring task, but also possess knowledge of when and where action task

491  fixations are required during the unfolding action task.

492  Interestingly, we found that participants tended to adjust the timing of their reaching movements (and
493  thereby lower the probability of a LC occurring around the time of ball grasp) even when using their
494  fingertips, despite the fact that the ball was seldom fixated. A possible interpretation of this finding is
495  that visual attentional mechanisms used to monitor LCs interfere with ‘visuomotor’ attentional
496  mechanisms used to direct the hand to targets in peripheral vision. Although the use of peripheral
497  vision and gaze-related signals to direct the hand is most effective when foveating that reach target,
498 these signals can also be used to direct the hand when foveating a location separate from the reach

499 target (de Brouwer et al., 2018; Neggers and Bekkering, 2001, 2000).

Conclusion
500 The current paper provides novel insights into how eye and hand movements are controlled and
501  coordinated in real-world action tasks. First, our results provide support for the hypothesis that, under
502 conditions in which there is competition for gaze, participants prioritize key functions linked to
503 control points—involving contact events between the hand, or tool in hand, and objects in the
504  environment—when allocating gaze to action tasks. Second, our results support the hypothesis that
505 participants learn the temporal regularities of the external environment and exploit this knowledge to

506 improve task performance by adapting both their hand and eye movements.

Methods

Participants
507  Eleven right-handed students (8 male; aged 22 to 33 yr) participated in the study. All participants
508 reported normal or corrected-to-normal vision and were naive to the purpose of the study. The study
509 was approved by the ethics committee of the University of Umed and participants gave written

510 informed consent before participating in the study.

Apparatus and general procedure
511  Participants sat at a table on which the ball-drop apparatus was installed. The apparatus consisted of
512  a 15 cm high vertically oriented Perspex tube (inner diameter = 14 mm; wall thickness = 3 mm) that
513  was attached to the middle of a wooden platform. The Perspex tube was fixed about 2.5 cm to the left
514  of the participant’s mid-sagittal plane and the top of the tube was at participants’ eye level. The tube

515  had three slots centered around 5, 8, and 11 cm above the platform surface. The manual task was to
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516  reach for and grasp a small ball (12 mm diameter polished brass sphere) located on the platform,
517  transport it into a prescribed target slot, drop it through the tube, and return the hand to its support (a
518  horizontal plate located adjacent to the platform, extending 20 cm from its right end). The start
519  position of the ball was located 3 cm to the right of the vertical midline of the tube and the movements
520  took place in a frontal work plane at 40 cm distance. The platform surface was slanted (~1° slope)
521  such that the ball rolled to its start position when exiting the tube. In different blocks of trials, the ball
522  was grasped either with the fingertips or with a pair of tweezers held by the right hand as a pen. The

523  tweezers, made of plastic, were 14 cm long and had cylindrical tips of 4 mm in diameter, coated for

524 12 mm with thin plastic tubing to increase the friction against the ball.

Task design

525  Atrial began with a verbal, pre-recorded command (“bottom”, “middle”, or “top”) that instructed the
526  participant into which slot to drop the ball and ended when the hand returned to its support. A new
527  verbal command started the next trial 1 second following the instance the ball had rolled back to its
528  start position after being dropped through the tube. The participants performed the task at a preferred
529  speed. In the single task conditions, the participants performed only the ball-drop task (Fig. 1 A and
530 B). In the dual task conditions, the participants performed a visual detection task that engaged foveal
531  vision while concurrently performing the ball-drop task. The task was to detect a letter change (LC)
532  onaLED textdisplay located in the upper right quadrant of the scene (Fig. 1 C and D). After randomly
533  distributed times, ranging between 1.5 and 6.5 s (uniform distribution), the letter M was changed to
534 W for 300 ms and then back to M. The participants were instructed to report each M —- W — M
535 sequence by immediately pressing the button-switch held in the left hand. If the button was not
536  pressed within 1 second after a change, it was considered as a miss. A brief computer-generated beep
537  sound and flashing of hash marks on the display for 600 ms signaled to the participants that they had
538 missed a sequence. The visual angle between the center of the letter area and the center of the top slot
539  was 24°. The visual angle to the ball was 28°. The size of the displayed letters (M, W) corresponded
540 to0 0.5 °x 0.7 ° visual angle.

541  To ensure that the participants relied on foveal vision to detect LCs rather than perceiving them as
542  peripheral visual events, the letter M alternated its horizontal position by 0.6° visual angle at
543  randomly distributed times, ranging between 1 and 3 seconds (uniform distribution). Pilot tests
544  showed that subjects had to foveate the display to detect the occurrence of M — W — M changes.
545  To motivate the participants to simultaneously perform both tasks, they received one Swedish krona

546  (SEK) for each ball-drop and lost 3 SEK for each undetected LC. Next to the letter, the display showed
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547  continuously the monetary balance, which could not go below zero. Participants were informed

548  before the tests about the gain and loss rules.

Task order
549  Participants performed four conditions in the following order: single-task with fingertips, single-task
550 with tweezers, dual-task with fingertips, and dual-task with tweezers. In each condition, the
551  participants performed ten trials directed to each of three slots resulting in 30 trials per condition. The

552  target slot varied in an order unpredictable for the participants.

Data collection
553  Gaze position was recorded at 120 samples/s using an infrared video-based eye-tracking system (RK-
554  726PCI pupil/corneal tracking system, ISCAN Inc., Burlington, MA). An adjustable chin support
555  stabilized the head together with a forehead support to which the head was strapped by Velcro tape.
556  The standard deviations of the error distributions of gaze position measurements in the horizontal and
557  wertical direction were 0.50° and 0.52° of visual angle (or 0.35 and 0.36 cm in the work plane),
558  respectively. Miniature electromagnetic position-angle sensors with six degrees of freedom (RX1-D
559  miniature receiver; FASTRAK, Polhemus, Colchester, VT) recorded at 60 samples/s the position of
560 the tip of the participant’s right index finger and the tips of the tweezers. The fingertip sensor was
561  attached to the nail and the position of the fingertip was represented as the site of preferred contact
562  with the ball. That is, in calibration trials performed before the actual ball-drop trials, we offset
563 electronically the sensor for the preferred contact site obtained when participants were asked to grasp
564  the ball when located at its start position. The sensor of the tweezers, attached to their proximal end,

565  was electronically offset to record the midpoint between their tips.

566  Signals from a six-axis force-torque transducer (Nano F/T transducer, ATI Industrial Automation,
567  Apex, NC; sampling rate 400 Hz) was used to detect the first contact with the ball when reached for.
568  The sensor was attached underneath a rectangular plate (14 x 45 mm) that was a part of the platform
569  surface and extended laterally from the bottom of the tube to 9 mm beyond the start position of the
570  ball. Signals from this sensor could also be used to detect when the ball was lifted off the platform
571  and impacted on the platform after being dropped through the tube. An optical reflex detector (SG-
572  2BC, Kodenshi, Japan) mounted in the hole at the ball start position indicated (digital signal) when
573  the ball was at this location within 1 mm. Located at the lower edge of each slot, the same type of
574  reflex detectors provided a digital signal when the ball had dropped about 5 mm. To estimate the

575  position of the grasped ball when transported, we used the sensors that recorded the fingertip position
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576  and the tips of the tweezers. All data were sampled using the SC/ZOOM software (Physiology
577  Section, IMB, Umeé University). The signals from the various sensors were time synchronized and

578  stored at 200 samples/s using linear interpolation between consecutive samples.

Gaze analysis
579  We identified the position of gaze fixations in the work plane using previously described criteria
580  (Johansson et al., 2001). To assess locations and timing of fixations we defined three critical fixation
581  zones (centroid with a radius of 2.5 cm) around the ball, the selected slot, and the text display. Gaze
582  had to be within a given fixation zone for at least 20 samples (100 ms) to be classified as a fixation.
583  Unless indicated otherwise, fixation probability and timing were collapsed across slots. To assess
584  sequences of eye movements throughout the trial, we defined five different gaze patterns: (1) ‘display-
585  only’ where gaze remained on the display throughout the trial, (2) ‘ball’ where gaze shifted from the
586  display to the ball and back to the display, (3) ‘slot” where gaze shifted from the display to the slot
587  and back to the display, (4) ‘ball-slot’ where gaze shifted from the display to the ball and then to the
588  slot before returning to the display, and (5) ‘ball-display-slot’ where gaze shifted from the display to
589  the ball, back to the display, and then to then slot before returning to the display. Trials in which there

590  were multiple fixations of a landmark in a given trial were not classified.

Movement analysis
591  To describe the movement sequence in the ball-drop task we defined seven kinematic phases
592  depending on the speed of the fingertips and tweezers. Speed was computed as the vector sum of the
593 first time derivative of filtered horizontal and vertical position signals (2™ order Butterworth low-
594  pass filter with a cut-off frequency of 10 Hz). Reaching for the ball and ball transport typically showed
595  aprimary large movement component with a nearly symmetric bell-shaped velocity profile, followed
596 by more irregular movement components with lower peak velocities. For both the reach and the
597  transport we used the first and second time differential of the movement speed to detect the notch in
598  the speed signal that demarcated the instance of transition from the primary movement to the
599  subsequent submovements. The onset of the reach phase was defined at the times at which the speed
600 of the speed of the endpoint of the effector exceeded 2 cm/s. The offset of the reach and onset of the
601  ball approach phase was defined by the notch in the speed profile of the fingertips or tweezers that
602 followed the large, initial reach movement. The onset and offset of ball grasp were defined by the
603 times at which the ball was contacted and lifted off the surface, respectively. Ball grasp was followed
604 by the transport phase. The offset of the transport phase marked the onset of the slot approach phase
605 and was defined by the notch in the speed profile of the fingertips or tweezers that followed the large
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606 transport movement. The onset of s/ot entry was defined as the instance the ball was 1 cm to the right
607  of the position where it was released inside the tube and the offset of slot entry was defined as the
608 time the ball was dropped as detected by an optical sensor in the tube. Finally, the slot entry phase

609  was followed by the refurn phase and the offset of the return phase were defined at the times at which

610 the speed of the effector dropped below 2 cm/s.

611  To calculate the speed of the effector, the fixation probability at a given landmark, the LC probability,
612  and the probability of being in the silent period in a normalized time frame, we calculated the median
613  duration of each movement phase. In each trial, end-effector velocity or probabilities were up- or
614  down-sampled to match the median duration of each movement phase. We then calculated normalized
615 movement speed or probabilities for each participant and slot. Note that we filtered probability traces
616  of individual participants with a 2" order Butterworth low-pass filter (cut-off frequency of 10 Hz)
617  before averaging across participants. When generating these plots, the duration of the ball approach
618  and ball grasp phases and slot approach and slot entry phases were combined because the duration of

619  the approach phases were often very short (single samples).

Data exclusion
620  We excluded trials, in which participants dropped the ball after initiating the transport phase. Overall,

621  we excluded 64 trials (4.7 %) and no more than 7 trials were excluded for any participants.

Statistical analyses
622  We assessed the effect of end-effector (fingertips vs. tweezers) and task condition (single vs. dual)
623  using a repeated-measures ANOVA. Fixation locations and timing were directly compared between
624  effectors and task conditions using Welch’s two-sample paired #¢-tests. Distributions of actual and
625  expected LCs were compared using a two-sample Kolmogorov-Smirnov (KS) test. Distributions of
626  fixation pattern relative to LCs were compared to a uniform distribution using a one-sample KS test.
627  The effect of fixation pattern of kinematic phase duration was tested using multivariate analysis of
628  variance (MANOVA). To identify to which action phase ball and slot fixations were temporally
629  coupled we ran a general linear model (GLM) with the onset of movement phases as fixed effects and

630 participants as random effect:

631 tfixation time ~ treach + tball approach + tgrasp + ttransport + tslot approach + tslot entry + (1|participant)

632  To reduce structural multicollinearity among the predictors, the onset of each movement phase was
633  centered individually for each participant by subtracting the mean. All statistical analyses were

634  conducted in R (R Core Team, 2022; www.r-project.org).

26


http://www.r-project.org/
https://doi.org/10.1101/2024.10.28.620734
http://creativecommons.org/licenses/by-nd/4.0/

(WIRCh W ot bared by Peer rouiaw) 15 T auorfner, whts hae Qrantat By & [Eensa 1o dispiay The prepAnt i Pespenity. 1L made
available under aCC-BY-ND 4.0 International license.
Citation diversity statement
635 Recent work in several fields of science has identified a bias in citation practices such that papers
636  from women and other minority scholars are under-cited relative to the number of such papers in the
637  field (Bertolero et al., 2020; Caplar et al., 2017; Chatterjee & Werner, 2021; Dion et al., 2018;
638 Dworkin et al., 2020; Fulvio et al., 2021; Maliniak et al., 2013; Mitchell et al., 2013; Wang et al.,
639  2021; Zurn et al., 2020). Here we sought to proactively consider choosing references that reflect the
640  diversity of the field in thought, form of contribution, gender, race, ethnicity, and other factors. First,
641  we obtained the predicted gender of the first and last author of each reference by using databases that
642  store the probability of a first name being carried by a woman (Dworkin et al., 2020; Zhou et al.,
643  2020). By this measure (and excluding self-citations to the first and last authors of our current paper),
644  our references contain 29.41% woman(first)/woman(last), 11.76% man/woman, 8.82% woman/man,
645  and 50.0% man/man. This method is limited in that a) names, pronouns, and social media profiles
646  used to construct the databases may not, in every case, be indicative of gender identity and b) it cannot
647 account for intersex, non-binary, or transgender people. Second, we obtained the predicted
648 racial/ethnic category of the first and last author of each reference by databases that store the
649  probability of a first and last name being carried by an author of colour (Ambekar et al., 2009;
650 Chintalapati et al., 2023). By this measure (and excluding self-citations), our references contain
651  4.49% author of colour (first)/author of colour(last), 12.87% white author/author of colour, 15.92%
652  author of colour/white author, and 66.72% white author/white author. This method is limited in that
653 a) names and Florida Voter Data to make the predictions may not be indicative of racial/ethnic
654  identity, and b) it cannot account for Indigenous and mixed-race authors, or those who may face
655  differential biases due to the ambiguous racialization or ethnicization of their names. We look forward

656  to future work that could help us to better understand how to support equitable practices in science.
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