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 7 

ABSTRACT 8 

The differentiation between continuous and discrete actions is key for behavioral 9 

neuroscience. Although many studies have characterized eye-hand coordination during 10 

discrete (e.g. reaching) and continuous actions (e.g. pursuit tracking), all these studies were 11 

conducted separately, using different setups and participants. In addition, how eye-hand 12 

coordination might operate at the frontier between discrete and continuous movements 13 

remains unexplored. Here we filled these gaps by means of a task that could elicit different 14 

movement dynamics. Twenty-eight participants were asked to simultaneously track with their 15 

eyes and a joystick a visual target that followed an unpredictable trajectory and whose 16 

position was updated at different rates (from 1.5 to 240 Hz). This procedure allowed to 17 

examine actions ranging from discrete point-to-point movements (low refresh rate) to 18 

continuous pursuit (high refresh rate). For comparison, we also tested a manual tracking 19 

condition with the eyes fixed, and a pure eye tracking condition (hand fixed). The results 20 

showed an abrupt transition between discrete and continuous hand movements around 3 Hz 21 

contrasting with a smooth tradeoff between fixations and smooth pursuit. Nevertheless, hand 22 

and eye tracking accuracy remained strongly correlated, with each of these depending on 23 

whether the other effector was recruited. Moreover, gaze-cursor distance and lag were smaller 24 

when eye and hand performed the task conjointly than separately. Altogether, despite some 25 

dissimilarities in eye and hand dynamics when transitioning between discrete and continuous 26 

movements, our results emphasize that eye-hand coordination continues to smoothly operate 27 

and support the notion of synergies across eye movement types.  28 

 29 

NEW & NOTEWORTHY  30 

The differentiation between continuous and discrete actions is key for behavioral 31 

neuroscience. By using a visuomotor task in which we manipulate the target refresh rate to 32 

trigger different movement dynamics, we explored eye-hand coordination all the way from 33 

discrete to continuous actions. Despite abrupt changes in hand dynamics, eye-hand 34 

coordination continues to operate via a gradual tradeoff between fixations and smooth pursuit, 35 

an observation comforting the notion of synergies across eye movement types. 36 

 37 
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INTRODUCTION 40 

In everyday life, eye-hand coordination is essential to perform a large panel of actions (1–41 

3). These actions are typically separated into discrete and continuous ones (4, 5). Discrete 42 

tasks rely on movements of short duration (typically <1s) that mostly place the goal of action 43 

at the end and continuous tasks rely on movements of longer duration in which a certain goal 44 

must be fulfilled throughout the entire movement. The differentiation between continuous and 45 

discrete actions is key for behavioral neuroscience (6) as these two types of movement are 46 

supported by partly distinct neurophysiological substrate (7) and are generally associated with 47 

different timing mechanisms (6) and different levels of reliance on feedforward and feedback 48 

processes (8, 9). Moreover, if neurophysiological evaluation of eye-hand coordination 49 

emphasizes the key role of the posterior parietal cortex during discrete actions (10–13), it is 50 

the contribution of the cerebellum that is highlighted during continuous ones (14–16). At the 51 

lab, conventional reaching (i.e. in the absence of perturbations/obstacles), in which hand 52 

motor command is essentially programmed before movement initiation, offers a convenient 53 

proxy to study eye-hand coordination in discrete movements (17–20). In contrast, tracking 54 

tasks, in which accurate performance is required from movement initiation till movement 55 

completion, and whereby online adjustments in hand movements are a constant requirement, 56 

offer a convenient proxy to study eye-hand coordination in continuous movements (15, 21–57 

24). Although a large body of studies has aimed to investigate eye-hand coordination in 58 

discrete and continuous actions, to our knowledge these were always studied separately, 59 

namely by using different behavioral variables, setups, and participants, which incidentally 60 

prevents fair comparison between the two. Here, not only we propose to fill this gap, but we 61 

also wish to characterize eye-hand coordination for movements lying at the frontier between 62 

discrete and continuous actions. We reason that, because discrete and continuous movements 63 

rely on (partly) separate neural pathways and control mechanisms, it is not obvious that the 64 



principles driving eye-hand coordination in one context will generalize to the other, leaving 65 

open the type of coordination that will emerge at their frontier.  66 

Before addressing this issue further, we propose to review several key findings relative 67 

to eye-hand coordination in reaching and tracking movements and to point the separate 68 

contribution of eye movements (fixations, saccades, and smooth pursuit) into each of these. 69 

During reaching tasks, discrete movement of the hand relies on a precise succession of 70 

fixations and saccades. Such eye-hand coordination is evidenced by several key findings. 71 

First, before the hand moves toward a spatial location, a fast saccadic movement of the eye is 72 

initiated toward that same location (20, 25, 26). Still, despite the fact the reaction time of the 73 

eye is typically faster than that of the hand, the latencies of both effectors are correlated 74 

arguing for shared processes (27–29). Second, even after the saccade has reached the target, it 75 

is difficult to move the eye away before the hand has also reached the target (30, 31). It is 76 

advocated that foveating the target location promotes the accuracy of the reach, not only by 77 

facilitating the transformation from a retinotopic to a body-centered frame of reference (32, 78 

33), but also by promoting guidance of the hand in the vicinity of the target (26, 34–37).  79 

Unlike reaching, during tracking tasks, visual guidance of continuous hand movements 80 

relies on a succession of smooth pursuit episodes and catch-up saccades allowing gaze to stay 81 

in the vicinity of the moving target (38–40). Despite that difference, several key findings 82 

demonstrate the persistence of an intimate relationship between eye and hand in these 83 

continuous actions. First, when participants are required to keep their eyes fixed manual 84 

tracking accuracy is substantially impaired (22, 41). Second, eye movements are not identical 85 

when simultaneously tracking a moving target with the hand or with the eyes only. Indeed, in 86 

comparison to eye tracking alone, concurrent eye hand tracking induces fewer catch-up 87 

saccades and enhances smooth pursuit as evidenced by higher velocity and gain (21, 23, 24, 88 

42). Note however, that this improvement in smooth pursuit is accompanied by increased eye-89 



target distance and/or lag (21, 23, 41, 43). Third, during concurrent eye and hand tracking, 90 

movement of both effectors are interrelated, both in the temporal and spatial domain. This is 91 

evidenced by the fact that the temporal lag of eye and hand with respect to the target are 92 

correlated, and that the observed gaze-cursor distance is smaller than what would be expected 93 

from two independent effectors (44). Finally, participants who tend to track better the target 94 

with their eyes are also those that track better the target with their hand (44).  95 

Altogether, regardless of whether humans perform discrete reaching movements or 96 

continuous tracking ones, there is compelling evidence that eye and hand actions share some 97 

common input. However, because in each case eye-hand coordination was evaluated using 98 

different protocols and dependent variables, not only their comparison is challenging, but it 99 

also makes intractable the exploration of eye-hand coordination for movements lying between 100 

discrete and continuous ones. Although a first motivation for the current study is to address 101 

these shortcomings, the fact that reaching and tracking differ markedly with respect to the 102 

contribution of fixations, saccades, and smooth pursuit (1) is also a strong incentive. Indeed, 103 

because there is general agreement that these eye movements are subtended by partly 104 

overlapping neural circuitries facilitating the emergence of synergies between them (40, 45–105 

48), we reason that exploring eye movements at the frontier between discrete and continuous 106 

movements offers new opportunities to assess the extent to which fixations, saccades, and 107 

smooth pursuit can smoothly cooperate.  108 

To address all these issues, we introduce a novel task that can elicit a wide range of 109 

hand movements all the way from discrete to continuous ones. During that task participants 110 

must track a target whose initial trajectory is pseudorandom and continuous (combination of 111 

several sinusoids), but whose visual position can be refreshed at various frequencies. When 112 

that refresh frequency is low (discrete target motion), we expect participants to produce 113 

essentially point-to-point (discrete) hand movements in conjunction with saccades and 114 



fixations. In contrast, when this frequency is high (continuous target motion), we expect 115 

participants to produce rather continuous pursuit hand movements in conjunction with smooth 116 

pursuit eye movements and catch-up saccades. As reported by others, we expect to observe 117 

reliable eye-hand coordination in each of these extreme conditions, however it is unclear what 118 

kind of eye-hand coordination (if any) can be found for movements lying between these two 119 

extremes. When performing back and forth movements between two fixed targets at 120 

increasing (or decreasing) frequencies, the transition between discrete and continuous 121 

movements occurred around 2 Hz for whole arm (49) or index finger movement (6). 122 

Assuming a clear (abrupt) transition between discrete and continuous hand movement in our 123 

task, a first possibility is that below the critical frequency participants should rely solely on 124 

fixations and saccades, whereas above that frequency they should rely uniquely on catch-up 125 

saccades and smooth pursuit. Alternatively, if the transition between the discrete and the 126 

continuous regime is gradual, one may expect participants to rely simultaneously on fixations, 127 

saccades, and smooth pursuit episodes for intermediate frequencies, an observation that would 128 

extend the notion of synergies across eye movement types (40, 45, 46). Furthermore, no 129 

matter whether the transition in hand movements is abrupt or gradual, one may wonder 130 

whether eye-hand coordination suffers from instabilities inherent to transitions (50, 51). 131 

Finally, to better assess the mutual influence between eye and hand actions, our initial task 132 

(manual tracking with the eyes free) is contrasted with a pure eye tracking task (i.e. no manual 133 

tracking involved), as well as a pure manual tracking task (i.e. eyes being fixed). As will be 134 

seen, although a rather abrupt transition between discrete and continuous hand movements 135 

was observed, it was accompanied by a much more gradual transition in eye movements 136 

(allowing the coexistence of fixations, saccades and smooth pursuit), with only subtle 137 

impairments in eye-hand coordination in the vicinity of the transition.  138 

 139 



METHODS 140 

Participants 141 

Initially, thirty right-handed students were recruited (20.7 ± 1.6 yrs., 18 females) to 142 

participate in this study. Although no formal power analysis was run before the study, based 143 

on our previous experience with the tracking task, we aimed for a sample size of at least 20 144 

participants (8, 52–54). The Oldfield Handedness Inventory (55) has been used to ensure right 145 

handedness (mean laterality score 80.47 ± 15.88). Two participants (1 male, 1 female) were 146 

excluded from the final dataset because their ocular signal was too noisy and unexploitable. 147 

None of the participants had neurological or visual disorders. Each participant gave written 148 

informed consent prior to the study. The experimental protocol has been approved by the local 149 

ethics committee (Comité d’Ethique pour la Recherche en Sciences et Techniques de 150 

l’Activité Physique et Sportive, IRB00012476-2021-11-02-88) and complied with the 151 

Declaration of Helsinki. 152 

(Please insert Figure 1 about here) 153 

Data Acquisition 154 

Participants were comfortably seated in a dark room facing a computer screen (ACER 155 

predator, 1920×1080, 27 inch, 240Hz) positioned 57cm away from them (see Figure 1). To 156 

restrain head movements, participants had a chin rest and a padded forehead rest with gaze 157 

naturally oriented toward the center of screen. Using their right hand, they held a joystick 158 

(Serie 812, Megatron, France, with ±25 degrees of rotation along X-Y axes) approximatively 159 

30 cm in front of the participants ’chest. There was no restoring force to bring back the 160 

joystick to its central position. Their left-hand was placed next to the joystick with both right 161 

and left forearms resting on the table. The output of the joystick was recorded at 1000 Hz with 162 

a resolution of 0.1 mm. Movements of the right eye were recorded using an infrared video-163 

based eye tracker (Eyelink Desktop-mounted system; SR Research) at 1000 Hz. Due to 164 



technical issues, measurements were taken from the left eye in four participants. For each 165 

participant, a calibration procedure was conducted at the beginning of the experiment using a 166 

fixation grid composed of nine known locations (22, 53). This procedure was repeated before 167 

each block of trials (i.e. every 32 trials). 168 

 169 

Experimental Design 170 

Throughout the experiment, participants had to perform a task that consisted in tracking 171 

a moving target with their right hand and/or the eyes. In all our experimental conditions, trials 172 

lasted for 10 s, and target motion was determined by a combination of sinusoids: two along 173 

the frontal axis, and two on the sagittal axis (21, 22). The following equations and parameters 174 

(Table 1) were used to generate four target trajectories: 175 

                              (1) 176 

                              (2) 177 

 178 
Table 1. Target trajectory parameters 179 

All these four trajectories were selected based on their similarity in terms of mean 180 

tangential velocity (16 cm/s) and mean eccentricity (±6cm). To manipulate the 181 

discrete/continuous aspect of target motion, we varied the time interval at which the target 182 

position was updated on the screen, somehow mimicking a stroboscopic effect. This 183 

procedure ensured that the target remained always visible on the screen, but as the refresh rate 184 

increased, target jumps became smaller and more frequent (see examples of discretization for 185 

two of the four trajectories in Figure 2). Eight refresh rates were tested: 1.5, 2, 2.5, 3, 3.5, 4, 8 186 

and 240 Hz (the latter being the maximum refresh rate of our screen, as employed in our 187 

Trajectory A1x (cm) A2x (cm) Harmonic x Phase x (°) A1y (cm) A2y (cm) Harmonic y Phase y (°)

1 5 5 2 45 5 5 3 -135

2 4 5.1 3 -60 4 5.2 2 -135

3 5 5 3 90 3.4 5 2 45

4 5.1 5.2 2 -90 4 5 3 22.5



previous studies). These frequencies were selected based on pilot data to cover a wide variety 188 

of hand movements ranging from discrete to continuous movements.  189 

(Please insert Figure 2 about here) 190 

Participants completed the tracking task under each of the three following conditions. In 191 

the EYE-HAND (EH) condition participants were instructed to move the joystick with their 192 

right hand so as to keep, at all times, the cursor (red disk, 0.5° in diameter) as close as 193 

possible to the target (blue dot, 0.5° in diameter). No explicit instructions were given 194 

regarding eye movements. In the HAND only (H) condition participants were asked to 195 

perform the same pursuit task with the joystick, but they were instructed to keep their gaze on 196 

a yellow cross positioned at the center of the screen (see (22) for a similar design). In the EYE 197 

only (E) condition, while they no longer held the joystick (cursor being turned off), 198 

participants were asked to always keep their eyes as close as possible to the target.   199 

Each participant completed a total of 96 trials organized in three sessions (32 trials 200 

each), one for each version of the tracking task (E/H/EH). The order of sessions was 201 

counterbalanced across participants. Each session was composed of 8 successive blocks (one 202 

per target frequency) of 4 trials each (one per trajectory). The order of trajectories within each 203 

frequency block, as well as the order of frequency blocks within each session, were 204 

randomized across participants. However, for a given participant, the order of trajectories and 205 

frequencies was kept constant across the three sessions. 206 

 207 

Data Analysis 208 

Data were analyzed with Matlab (2022b version). A total of 2688 trials were collected 209 

over our 28 participants, and all these trials were kept for analyses (no trial was excluded). 210 

For all our analyses, the first second of each trial was excluded to prevent from initial 211 

transients due to initial cursor positioning (21, 56). A first step consisted in evaluating the 212 



accuracy of eye and hand tracking performance. To achieve this, the Euclidean distance 213 

between gaze/cursor and target position was computed at each instant and then averaged over 214 

the whole trial (last 9 seconds). Although that procedure is consistent with the requirement to 215 

always stay as close as possible to the target, it is not intended to focus on positional errors 216 

found at the end of each eye/hand discrete movement (see examples in Figure 5). The 217 

temporal lag between gaze/cursor and target was computed using a method that cross-218 

correlates the associated signals along both the vertical and horizontal axis (21). A positive 219 

lag indicates that the effector (eye/hand) was lagging on the target. This assessment of the 220 

gaze/cursor lag is not intended to faithfully capture the latency of eye and hand discrete 221 

movements at each target jump, but rather to provide an overall estimate of the temporal 222 

relationship between eye/cursor and target motion over the entire course of the trial.  223 

A next step consisted in characterizing the discrete/continuous nature of hand 224 

movements (see Figure 3). We addressed this by examining the phase portraits between 225 

cursor tangential velocity and its acceleration. We reasoned that when participants generate 226 

discrete hand movements, the time interval between the termination of one movement and the 227 

initiation of a new one should lead to simultaneous low cursor velocity and acceleration (see 228 

Figure 3A and B). In contrast, if hand movement remains continuous, not only cursor 229 

tangential velocity should rarely approach zero, but also low acceleration should not be 230 

associated with low velocity (see Figure 3D and E). Altogether, this asymmetry in behavior 231 

leads to structural differences in velocity acceleration phase portraits (see Figure 3C and F). 232 

We exploited this feature by contrasting, for each trial, the time spent by the cursor in two 233 

distinct regions of the velocity-acceleration phase portrait (using low pass filtered signals at 234 

20 Hz). A first region (R1), intended to capture the discrete nature of hand movement, 235 

consisted in a rectangle where both cursor velocity and acceleration were low (0<vel<10 236 

cm/s, -100 <acc< +100 cm/s²). A second region (R2), intended to capture the continuous 237 



nature of hand movement, consisted in a rectangle in which similar cursor acceleration was 238 

intended (-100 <acc< +100 cm/s²), but this time requiring higher cursor velocity (10<vel< 20 239 

cm/s) as expected from mean target velocity in the continuous case (16 cm/s). To reduce the 240 

number of dependent variables, the time spent by the cursor in R2 was subtracted from R1. 241 

We reasoned that a positive value (R1>R2) is indicative of a rather discrete regime, whereas a 242 

negative value (R1<R2) indicates a rather continuous regime.  243 

(Please insert Figure 3 about here) 244 

A last step consisted in partitioning eye signals into blinks, saccades, fixations, and 245 

smooth pursuit episodes. Blinks were detected automatically using the loss of pupil signal, but 246 

subsequently double-checked by visual inspection. This procedure led to the removal of 247 

0.36% of eye recordings. The next stage consisted in identifying saccades based on eye 248 

tangential velocity and acceleration. To achieve this X and Y positional eye signals were first 249 

low pass filtered with a 4
th

 order Butterworth using a cutoff frequency of 25 Hz. Tangential 250 

eye velocity and acceleration were calculated from these signals. Initiation and termination of 251 

saccades were identified using thresholds of 20 deg/s for velocity and 1200 deg/s² for 252 

acceleration. Following this procedure, each trial was visually inspected to ensure the 253 

identification of smaller saccades. Once blinks and saccades were identified, we analyzed the 254 

remaining eye segments to tease apart fixations and smooth pursuit episodes. Based on 255 

previous studies that focused on ocular event detection (57, 58), we implemented an algorithm 256 

using spatial dispersion of gaze that was fed by low pass filtered eye signals (4
th

 order 257 

Butterworth,  25 Hz cutoff frequency). For each eye segment that was not identified as a blink 258 

or a saccade, our algorithm computed a 95% confidence ellipse using the XY position data, 259 

and then computed the ratio between the major and the minor axis of the ellipse. We reasoned 260 

that whenever this ratio was large (longer dispersion along one axis), that segment was a 261 

smooth pursuit episode (see Figure 4A), conversely when this ratio was close to 1 (same 262 



dispersion along the two axes), that segment was a fixation (see Figure 4B). To further refine 263 

this identification technique, we also considered the Euclidian distance covered by the eye 264 

between the first and the last data point of each segment. We reasoned that fixation should be 265 

associated with smaller distance than smooth pursuit episodes. Altogether, we set that 266 

whenever that distance did not exceed 1°, and that the ellipse ratio was below 8, that segment 267 

was automatically reconsidered as a fixation. If the duration of the remaining segments was at 268 

least 100 ms, they were considered as smooth pursuit episodes. For the current dataset, this 269 

method appeared more reliable than methods using velocity only algorithms (58, 59). 270 

(Please insert Figure 4 about here) 271 

To characterize eye-hand coordination we examined to what extent eye and hand 272 

followed the target independently. To achieve this, for each target trajectory and refresh rate, 273 

we compared the eye-cursor lag and distance when these two effectors performed the task 274 

concurrently (EH) to the virtual lag and distance that would have been obtained if both 275 

effectors had kept the same behavior as when performing the task in isolation. To account for 276 

the latter case, for each participant and each of the 4 trajectory patterns, we combined hand 277 

and eye signals generated during the E and H conditions. We reasoned that ‘true’ eye-hand 278 

coordination should lead to smaller eye-cursor lag/distance in the EH condition compared to 279 

our composite condition (E+H). 280 

 281 

Statistical analyses 282 

In most cases, each dependent variable was submitted to a two-way repeated measures 283 

ANOVA that assessed the effect of target frequency (8 levels: 1.5, 2, 2.5, 3, 3.5, 4, 8, and 240 284 

Hz) and type of tracking (up to 3 levels: EH/E/H). Whenever necessary we used Newman-285 

Keuls post-hoc comparisons. A conventional 0.05 significance threshold was used for all the 286 

analyses. 287 

 288 



RESULTS 289 

Typical trials 290 

Figure 5 presents typical eye and hand signals collected from three participants during EH 291 

trials performed at low, intermediate, and high target refresh rates. As can be seen, hand and 292 

eye movement dynamics change substantially depending on target frequency. At the lowest 293 

frequency, hand movement consists of a succession of discrete movements, accompanied by a 294 

series of saccades and fixations for the eye. In contrast, at the highest frequency, hand 295 

movement appears rather continuous, and is complemented by saccadic and smooth pursuit 296 

eye movements. Below we analyze quantitatively these changes in hand and eye movements 297 

with two objectives. First, we try to characterize the nature of these transitions (slow/abrupt). 298 

Second, we evaluate whether these transitions are affected by the presence/absence of the 299 

other effector. Then we address the associated changes in hand and eye tracking performance, 300 

along with the possible changes in eye-hand coordination.  301 

(Please insert Figure 5 about here) 302 

Hand movement dynamics 303 

Figure 6A shows the heatmap of velocity-acceleration phase portraits for each target 304 

frequency in the EH condition. As can be seen, at the lowest frequencies warm colors are 305 

essentially located on the left side of the phase portraits (in R1), thereby reflecting the discrete 306 

nature of hand movements (with frequent moments combining low velocity and acceleration). 307 

In contrast, at the highest target frequencies, warm colors are positioned on the right side of 308 

the phase portraits (toward R2). Visual inspection suggests a rather abrupt transition between 309 

discrete and continuous hand movements (around 3 Hz). Rather similar observations are 310 

obtained when examining heatmaps associated with manual tracking under the eyes fixed 311 

condition (see Figure 6B), except that the transition occurs at a lower target frequency (around 312 

2.5 Hz). To examine this issue in more detail, we quantified the time spent in regions R1 and 313 



R2 as function of target frequencies and conditions (EH vs H). Two-way ANOVA of the time 314 

difference (R1-R2) revealed a main effect of FREQUENCY (F(7,189) = 272.7, p < 0.001), 315 

CONDITION (F(1,27) = 6.028, p =0.028) and a FREQUENCY by CONDITION interaction 316 

(F(7,189) = 2.135, p = 0.042). The effect of FREQUENCY was consistent with a switch in 317 

sign across our frequency range (+2.57 s at 1.5 Hz vs. -0.934 s at 240 Hz) matching well the 318 

tendency to perform discrete movements at low frequency and continuous ones at high 319 

frequency. The post-hoc of the interaction revealed significantly lower indices in H compared 320 

to EH but only for the intermediate frequencies, namely at 2.5 Hz (0.482 vs 0.915 s, 321 

p = 0.015) and 3 Hz (-0.016 vs -0.384 s, p = 0.037). These latter results support the view that 322 

gaze fixation facilitates the transition from discrete to continuous hand movements by means 323 

of a lower critical frequency (EH = 3 Hz, H = 2.5 Hz).  324 

(Please insert Figure 6 about here) 325 

Eye movement types 326 

In Figure 7A, B, and C, we present the fraction of time spent under fixations, smooth 327 

pursuit, and saccades, as a function of target frequency in both the EH and E conditions. As 328 

can be seen, the contribution of each eye movement type varied substantially with target 329 

frequency. Notably, in both EH and E we observe an extensive and gradual trade-off between 330 

fixations and smooth pursuit. At low target frequency, fixations dominate over smooth pursuit 331 

(observed marginally), but at high target frequency we find the opposite trend with smooth 332 

pursuit dominating over fixations (virtually absent). Indeed, when target frequency switched 333 

from 1.5 to 240 Hz, averaged across EH and E, the contribution of fixation was reduced by 334 

almost a factor of 20 (switching from 77.5 to 4.0%; see Figure 7A), whereas smooth pursuit 335 

contribution increased by almost a factor of 20 (switching from 4.1 to 78.8%; see Figure 7B). 336 

These two observations were corroborated by main effects of FREQUENCY 337 

(F(7,189) > 335.8, p < 0.001). In contrast, the contribution of saccades appeared more stable 338 



across target frequencies.  Although a main effect of FREQUENCY was also observed in this 339 

case (F(7,189) = 55.3, p < 0.001), fluctuations in the contribution of saccade never reached a 340 

factor of 2 (see Figure 7C). The contribution of each eye movement type depended on the 341 

presence/absence of concurrent hand tracking as revealed by a main effect of CONDITION in 342 

each case (F(1,27) > 16.34, p < 0.001). Averaged across frequencies, eye-alone tracking led to 343 

a higher percentage of fixations (E=54% vs. EH=50%) and saccades (E=22% vs. EH=20%) 344 

but resulted in a lower percentage of smooth pursuit (E=24% vs. EH=30%). Altogether, these 345 

effects retard the transition from fixations (and saccades) to smooth pursuit with increasing 346 

target frequency. Finally, in Figure 7D and E, we collapse the information provided in panel 347 

A, B, and C, into stacked histograms to better appreciate the respective contribution of 348 

fixations, saccades, and smooth pursuit in the EH and E condition. These histograms 349 

emphasize that, in contrast to the rather abrupt changes found in hand movement dynamics 350 

(see Figure 6), changes in eye movement types were more gradual, allowing the coexistence 351 

of fixations, saccades, and smooth pursuit during intermediate target frequencies.   352 

(Please insert Figure 7 about here) 353 

Accuracy of hand and eye tracking 354 

As shown in Figure 8, the accuracy of hand and eye tracking improved substantially as 355 

target frequency increased. Moreover, most of our indices showed that this accuracy was 356 

influenced by whether the other effector was simultaneously engaged in tracking. We propose 357 

first to concentrate on hand tracking performance, that is on conditions EH and H. Regarding 358 

cursor-target distance (see Figure 8A), the ANOVA showed a main effect of FREQUENCY 359 

(F(7,189) = 617.9, p < 0.001), CONDITION (F(1,27) = 44.45, p < 0.05) and FREQUENCY 360 

by CONDITION interaction (F(7,189) = 35.29, p < 0.001). The effect of FREQUENCY is 361 

consistent with an increase in hand-tracking performance as target frequency increases, 362 

leading to a cursor-target distance about 2 times smaller at 240 Hz compared to 1.5 Hz (2.27 363 

vs. 4.86 cm, values being averaged across EH and H). The effect of CONDITION is 364 



consistent with the fact that hand tracking accuracy decreased under gaze fixation. Still post-365 

hoc of the interaction indicates that this effect was significant only at the highest frequencies, 366 

namely from 4 Hz up to 240 Hz (p<0.05), suggesting that preventing eye movements was 367 

detrimental only at the highest target frequencies. The analysis of cursor-target lag (see Figure 368 

8B) also supports the view that hand tracking performance increases with target frequency 369 

(F(7,189) = 710.8, p < 0.001). Specifically, averaged across EH and H, the cursor-target lag 370 

decreased from 337 ms at 1.5 Hz to 63 ms at 240 Hz, a 5 times difference. There was also a 371 

FREQUENCY by CONDITION interaction (F(7,189) = 6.48, p < 0.001), but no main effect 372 

of CONDITION (F(1,27) = 0.056, p = 0.81). Post-hoc of the interaction only revealed a 373 

marginal difference between EH and H conditions at 240 Hz (p=0.061) suggesting that, in 374 

contrast to spatial precision, gaze fixation did not alter much the temporal precision of hand 375 

movements. These contrasting observations suggest that the greater cursor-target distance 376 

induced by gaze fixation under high frequencies (see right side of Figure 8A) does not stem 377 

from increased latency in visuomotor feedback loops minimizing tracking error but rather 378 

from weaker sensitivity to tracking error (i.e. lower feedback gain). 379 

(Please insert Figure 8 about here) 380 

To a large extent eye tracking performance mirrored hand tracking performance. Indeed, 381 

not only eye tracking accuracy improved with target frequency, but it was also influenced by 382 

what the other effector was doing (staying still or tracking). At the bottom of Figure 8, we 383 

present the eye-target distance (panel C) and lag (panel D) as a function of target refresh rate 384 

in the EH and E condition. Two-way repeated measure ANOVA revealed a main effect of 385 

FREQUENCY for both the eye-target distance (F(7,189) =  663.5; p < 0.001) and lag 386 

F(7,189) = 409; p < 0.001). When switching from 1.5 to 240 Hz, averaged across EH and E, 387 

eye-target distance decreased from 3.2 to 1.4 cm, and eye-target lag from 185 to 50 ms. Main 388 

effects of CONDITION were also observed at the spatial (F(1,27) = 35.53; p < 0.001) and 389 



temporal level (F(1,27) = 115.6, p < 0.001). Briefly, eye tracking performance was degraded 390 

during dual tracking compared to eye-tracking alone, with a 12% increase in cursor-target 391 

distance (3.07 vs. 2.75 cm), and a 24 ms increase in eye-target lag. Regarding eye temporal 392 

accuracy, the FREQUENCY by CONDITION interaction was significant (F(7,189) = 5.27, 393 

p < 0.001), with post hoc indicating that differences between E and EH were significant for all 394 

frequencies (p<0.01). However no interaction was observed regarding eye-target distance 395 

(F(7,189) = 1.69; p = 0.114). Overall, these analyses show that eye and hand exhibit greater 396 

temporal and spatial accuracy with higher target refresh rate, and that their tracking 397 

performances are interdependent. We explore further this latter aspect in the next section. 398 

 399 

Eye-hand coordination 400 

The degree of interdependence between eye and hand movements was first evaluated by 401 

assessing the correlation between eye and hand tracking performance in the EH condition 402 

over the 8 target frequencies. As suggested by Figures 8A and C, the correlation between eye-403 

target distance and cursor-target distance was significant not only for group data (R = 0.92, p 404 

= 0.001) but also within participant (R = 0.89 ± 0.06; range 0.75-0.99, all p < 0.05). Similar 405 

observations were obtained when examining the correlation between eye-target and cursor-406 

target lag at the group level (R = 0.95, p < 0.001), or individual level (R = 0.92 ± 0.06; range 407 

0.74-0.99, all p < 0.05).  408 

Next, we compared eye-hand relationship in the EH condition with the one that would 409 

have emerged from the adjunction of eye and hand tracking when being performed in 410 

isolation (E+H condition). Specifically, we seek to determine whether some form of attraction 411 

across effectors would make the eye-cursor distance and lag smaller in EH compared to E+H. 412 

As shown by Figure 9, this scheme was largely validated. Two-way ANOVA with 413 

CONDITION (EH vs. E+H) and FREQUENCY provided rather similar results for eye-cursor 414 



distance and lag. In both cases we found an effect of FREQUENCY (F(7,189) > 74.43, p < 415 

0.001) and CONDITION (F(1,27) > 84.01, p < 0.001), the latter indicating that the eye-cursor 416 

distance and lag were respectively 0.66 cm and 33 ms smaller when both effectors 417 

simultaneously tracked the target. FREQUENCY by CONDITION interactions were observed 418 

(F(7,189) > 5.81, p < 0.001), with post-hoc indicating that differences between EH and E+H 419 

were all significant but somewhat weaker in the 2.5-3.5 Hz frequency range (p < 0.05).  420 

Despite drastic changes in hand and eye movements inherent to our manipulation of target 421 

refresh rate, those results speak for ubiquitous temporal and spatial coupling between eye and 422 

hand actions when these effectors participate conjointly to the tracking task. 423 

(Please insert Figure 9 about here) 424 

Additional analyses 425 

Under the H condition, participants were instructed to refrain from eye movements by 426 

fixating a central target. To investigate the accuracy of gaze fixation in that condition, we 427 

measured the standard deviation (SD) of gaze position along the horizontal and vertical axis 428 

for each trial. Averaged across trials, axes, participants and frequencies, this analysis led to an 429 

SD of 0.28 cm. For comparison purposes, when gaze was free, that SD was respectively 2.90 430 

and 2.75 cm under the E and EH condition. Altogether, this 10-fold difference suggests that 431 

participants coped rather well with the instruction to fixate the central cross in the H 432 

condition. Next, considering that target eccentricity alters hand tracking performance under 433 

eye fixation, we ensured that the mean Euclidian distance between the moving target and the 434 

fixation cross was comparable across target frequencies. Averaged across patterns, mean 435 

target eccentricity ranged between 5.99 and 6.10 cm depending on the target frequency. We 436 

reason that such small differences (< 2%) in target eccentricity were unlikely to account for 437 

the drastic changes in hand tracking performance induced by target frequency under the gaze 438 

fixed condition (see Figure 8A).  439 



Because earlier reports emphasized that saccadic activity was tempered down when 440 

continuous manual tracking was performed concurrently with eye tracking (21, 24), we 441 

wished to explore whether this finding extended to all our target frequencies. Two-way 442 

ANOVA of the saccade rate revealed a main effect of CONDITION (F(1,27) = 51.19, 443 

p < 0.001) such that, averaged across all frequencies, this rate was 11% smaller in EH 444 

compared to E. There was also a main effect of FREQUENCY (F(7,189) = 93.83, p < 0.001) 445 

and a FREQUENCY by CONDITION interaction (F(7,189) = 4.88, p < 0.001). Post-hoc of 446 

the interaction revealed significant differences between E and EH at all frequencies except at 447 

3 and 3.5 Hz (p > 0.16), namely in the vicinity of the transition in hand movement dynamics.  448 

 449 

DISCUSSION 450 

A first objective of this study was to offer a fair comparison between eye-hand 451 

coordination in discrete and continuous movements by using the same setup and participants. 452 

A second objective was to explore how eye-hand coordination is organized for actions lying 453 

at the frontier of discrete and continuous movements. To achieve these two goals, we relied 454 

on a tracking task in which the target visual refresh rate was varied. So far, our results brought 455 

the following key findings. First, although a rather abrupt transition between discrete and 456 

continuous hand movement was found at about 3 Hz, changes in eye movements appeared 457 

more gradual as evidenced by a progressive trade-off between fixations and smooth pursuit 458 

episodes. Importantly, despite key changes in eye and hand movements, eye-hand 459 

interdependence was omnipresent and persisted all the way from discrete to continuous 460 

movements, including those in the vicinity of the transition (albeit sometimes less 461 

intensively). This ubiquitous relationship between eye and hand was not only evidenced by 462 

mirror changes in their tracking accuracy, but also when contrasting their behaviors during 463 

separate and concurrent tracking. We propose now to discuss these findings in more detail, 464 



with particular attention to the similarities/differences between eye and hand behavior but also 465 

to the possible asymmetries in their coupling.  466 

 467 

Different transitions in hand and eye movements 468 

The separation between discrete and continuous actions is a pillar of behavioral 469 

neuroscience (6). Here by means of manipulating the target refresh rate in a tracking task, we 470 

were able to induce substantial changes in hand movement dynamics. As expected, at the 471 

lower frequencies hand movements were essentially discrete (as evidenced by numerous 472 

pauses with minimal acceleration and velocity), whereas at the highest frequencies hand 473 

movements were mostly continuous. Importantly the transition between these two types of 474 

movements occurred rather abruptly (i.e. within a few frequency bins, see Figure 6). This 475 

finding is reminiscent of other studies that also report a rather abrupt switch between discrete 476 

and continuous actions during reciprocal aiming task, no matter whether the frequency of 477 

movement was explicitly set by a metronome (6, 49) or emerging from accuracy constraints 478 

as in the Fitts task (60–62). The fact that here we report a higher critical frequency (about 3 479 

Hz) than in previous studies (typically around 2 Hz) may result from different settings in 480 

terms of target motion. In previous studies, participants were required to make reciprocal hand 481 

movements between two targets whose position was fixed. The transition from discrete to 482 

continuous movements is favored by the fact that merging the deceleration phase in one 483 

direction with the acceleration phase in the opposite direction (next movement) is more 484 

efficient in terms of muscular energy (61–63). Because in our study the target position 485 

changed constantly from one location to a new one, whose coordinates were difficult to 486 

anticipate (especially at the lowest refresh rates, see further the section “limitations and 487 

delimitations”), the optimization process described above was less likely to contribute, and 488 

this may have retarded the transition from discrete to continuous movement.  489 



Changes in eye movements were also manifest when modulating the target refresh rate. 490 

Although it was largely expected that participants would employ a ‘fixation-and-saccade’ 491 

regime at low frequency as previously reported in discrete pointing tasks (25–30, 34), and a 492 

‘smooth pursuit-and-saccade’ regime at high frequency as previously found during tracking 493 

tasks (21, 23, 24, 41, 64, 65), it was unclear how the transition would operate between these 494 

two regimes. As shown by Figure 7D, the transition in eye movements was more gradual than 495 

for hand movements, allowing the coexistence of fixations, saccades, and smooth pursuit for 496 

many intermediate frequencies. Those separate dynamics suggest that eye and hand 497 

transitions are driven by separate mechanisms. Although hand movements seem to be driven 498 

by clear attractors (leading to only discrete or continuous movement), greater flexibility is 499 

offered in terms of eye movements. The first part of this proposition resonates with the work 500 

of Huys and collaborators (6) suggesting that reciprocal discrete and continuous hand 501 

movements are subtended by distinct attractors (respectively ‘fixed point’ and ‘limit cycle’). 502 

However, to our knowledge, no similar study has yet investigated the putative nature of 503 

attractors driving eye movements. Altogether, despite much evidence of eye-hand 504 

interdependence (see the next section), these separate dynamics during the transition implies 505 

some flexibility between eye and hand actions.  506 

Let us now comment in more details the tradeoff between fixations and smooth pursuit. 507 

Considering that access to visual information during saccade is challenging (66–68), 508 

participants are presumably left with fixations and smooth pursuit episodes to infer current 509 

target and cursor positions. Interestingly, when we add the percentage of time spent in 510 

fixation and smooth pursuit, the resulting sum is rather high and does not vary much across 511 

target frequencies (80.0 ± 2.4%). One could reason that despite key changes in task 512 

constraints induced by target frequency, the need for visual information to guide the hand 513 

remains relatively unchanged. Ultimately, the tradeoff between smooth pursuit and fixations 514 



would simply occur to maintain reliable access to cursor and target. Whether this 80% is some 515 

kind of gold standard will have to be explored using other tasks. Still, we already know that 516 

when tracking was performed with the eyes only, this percentage slightly dropped (78.0 ± 517 

2.1%) suggesting that reliance on visual information is a bit weaker when there is no need to 518 

guide the hand.  519 

At a more general level, there is growing evidence that eye movements (fixations, 520 

saccades, and smooth pursuit) rely on partly common pathways that share some inputs, an 521 

organization allowing eye movements to work in synergy when a main objective is to keep a 522 

target on (or near) the fovea (40, 45–48). Our findings echo with this scheme. Indeed, not 523 

only we observed a gradual transition in eye movements with target frequency, but we also 524 

noticed, regardless of whether the hand was involved, the ability to swiftly engage fixations, 525 

saccades, and smooth pursuit at intermediate frequencies (see examples in the middle row of 526 

Figure 5). Although the current results do not provide direct information about the neuronal 527 

circuitry underlying each type of eye movement, they speak in favor of an intricate network in 528 

which fixations, saccades, and smooth pursuit can be flexibly triggered as a function of task 529 

demands.  530 

 531 

Asymmetrical interdependence between eye and hand tracking performance  532 

Our results clearly showed mutual influence between eye and hand actions. Not only 533 

recruiting the hand influenced eye actions, but the presence/absence of eye movements also 534 

influenced hand tracking performance (see Figure 8). However, the extent of these effects 535 

appears somewhat asymmetrical. Specifically, although recruiting the hand impacted on both 536 

the eye-target distance and lag (see Figure 8C and D) for all refresh rates, constraining eye 537 

movements did not impact on the cursor-target lag (see Figure 8B) or impacted on cursor-538 

target distance only at the higher refresh rates (see Figure 8A). Taken together these results 539 



suggest a stronger influence of the hand on the eye than the other way around. This scheme 540 

resonates with other observations reported elsewhere. First, when comparing the timing of eye 541 

and hand corrections to abrupt changes in target direction, it was found that recruiting the 542 

hand impacted on the latency of the eye, while imposing eye fixation did not impact on the 543 

latency of the hand (41). Second, when aiming for two possible targets with eye and hand, 544 

preferences for one target are dictated by hand preferences rather than eye preferences (69). 545 

Third, it has been shown that the latency of eye movements increases when the initiation of 546 

reach is slowed down either by using the non-dominant (left) hand (70), or when visual 547 

feedback is reversed (71). Finally, this scheme echoes with recent observations showing that, 548 

during reaching, information flow from the parietal reach region (associated with hand 549 

discrete movement) to the lateral intraparietal area (associated with saccadic eye movement) 550 

is larger than in the opposite direction (11). Taken together, all these studies suggest that, to a 551 

large extent, eye movements are yoked to hand motor performance when being directed 552 

toward a common goal. The main contribution of our study is to extend this scheme beyond 553 

the specific context of reaching (discrete) movements. 554 

We now briefly discuss the possible origin of an asymmetrical eye-hand relationship in the 555 

context of our study. We propose that this behavior stems from opposite constraints of the 556 

visual system on eye and hand tracking. On the one hand, employing rather 557 

complex/unpredictable target trajectories makes access to online visual feedback key for 558 

tracking performance. In this context, reducing the number of catch-up saccades limits 559 

disruptions in visual inflow (72) and thus benefits to hand tracking (21, 24, 73). On the other 560 

hand, catch-up saccades are key to reduce ongoing eye tracking error (38). Ultimately, dual 561 

tracking (EH) requires mediating eye and hand performance. So far, our results suggest that 562 

hand tracking is prioritized at the expense of eye tracking considering that the latter becomes 563 

less accurate when the hand is involved. In contrast, eye fixation did not influence much hand 564 



tracking at the low and intermediate frequencies, presumably because peripheral vision (up to 565 

15°) was sufficient in our task. Eye fixation only began to influence hand movements at the 566 

highest frequencies, namely when smooth pursuit should have been normally triggered. As 567 

target eccentricity remained constant across frequencies, the detrimental effect of fixation on 568 

hand tracking cannot be attributed to a lack of retinal information but rather to the absence of 569 

extraretinal information, smooth pursuit being key to predict target motion (74, 75). Even if 570 

target motion prediction should normally benefit to both effectors, we reason that hand 571 

tracking relies more heavily on this prediction because it does not benefit from fast corrective 572 

mechanisms similar to catch-up saccades.  573 

 574 

Eye-hand coordination is omnipresent 575 

Even though eye and hand exhibited different dynamics with respect to changes in target 576 

refresh rate, and rather asymmetrical interdependence in terms of tracking performance, other 577 

findings corroborate the fact that eye and hand actions share an intimate relationship. First, we 578 

showed that their movement characteristics are not the same when they work conjointly or in 579 

isolation. The transition between discrete and continuous hand movements depends on 580 

whether the eyes are free to move (see Figure 6), reciprocally the composition of eye 581 

movements depends on whether the hand is involved (see Figure 7). Second, we showed that 582 

during concurrent eye-hand tracking, eye and hand tracking performances are strongly 583 

correlated. Namely when the target rate increased, eye and hand tracking accuracy improved 584 

in a very similar way (see Figure 8). Third, for all target frequencies, we observed a tight 585 

temporal and spatial bound between gaze and cursor position (see Figure 9). Indeed, both the 586 

Euclidean distance and temporal lag between gaze and cursor appeared smaller than what 587 

would have been expected from these effectors when working in isolation. Altogether these 588 



results provide clear evidence that dual tracking cannot be accounted by simple superposition 589 

of eye and hand tracking. 590 

Although evidence for eye-hand coordination  was already provided in the separate context 591 

of discrete (27, 28, 34, 76, 77) and continuous hand movements (21, 24, 44, 78, 79), we 592 

believe that the merit of our study resides not only in offering a direct comparison between 593 

these two contexts, but also in providing evidence that eye-hand coordination persists for 594 

movements lying at the frontier between discrete and continuous ones. Still, to be fair, some 595 

indices suggest that in the vicinity of the transition, eye-hand coordination may not have been 596 

as efficient as it was for conventional (discrete/continuous) movements. Indeed, when target 597 

frequency was around 3 Hz, we found that the temporal and spatial coupling between gaze 598 

and cursor was somewhat weaker (see Figure 9). Moreover, in contrast to high and low target 599 

frequencies, including or not the hand did not impact on saccadic activity at the intermediate 600 

frequencies (3 and 3.5 Hz). These features are reminiscent of one of our study in which 601 

behavioral transitions were associated with destabilization in sensorimotor processes (50).  602 

 603 

Limitations and delimitations 604 

First, we would like to stress that the simultaneous sorting of saccades, fixations, and 605 

smooth pursuit episodes using the same algorithm for all the participants, under all 606 

experimental conditions, was a challenging endeavor, even when assisted by visual inspection 607 

of the signals. Although this challenge is acknowledged in the literature (80, 81), especially 608 

when pursuit speed is low (82), there is not yet a consensus on how this sorting should be 609 

performed. For the current dataset, teasing apart fixations from slow smooth pursuit episodes 610 

was most challenging. As a result, the residual activities found in smooth pursuit under 611 

discrete target jumps (about 5% at 1.5 Hz), or in fixation under continuous target motion 612 

(about 4% at 240 Hz) need to be considered cautiously (see Figure 7). Although future 613 



progress in the segmentation of eye movements will be helpful to assess the relevance of these 614 

residuals, all our pilot analyses for categorizing eye movements confirmed the presence of a 615 

gradual shift from fixation to smooth pursuit as the target rate increased.   616 

 Second, it is unclear to what extent the current findings obtained by means of small 617 

hand movements with a joystick would apply to a more natural context in which participants 618 

would have to directly track the target with their finger using whole arm movements (83). 619 

Although we did not formally repeat our protocol in these conditions, comparisons with 620 

previous studies suggest that some of our findings can transcend changes in task settings. 621 

Indeed, in one of our seminal studies (21) participants had to perform planar movements of 622 

the arm while tracking with their fingertip rather similar target trajectories, and a similar 623 

finding was that saccadic activity was reduced under concurrent eye hand tracking compared 624 

to eye alone tracking (an effect reported by other labs when controlling a cursor by means of a 625 

mouse (24) or via isometric contractions (42)). Regarding the occurrence of an abrupt 626 

transition between discrete and continuous movements when manipulating the joystick, as 627 

exposed previously, a similar finding has been reported when participants employ whole arm 628 

movements (49), or index finger movements (6). However, eye recordings were not 629 

performed in these studies leaving open the nature of transitions in eye movements.  630 

 A third issue relates to the possible impact of target motion unpredictability on our 631 

findings. When designing our study, employing comparable target trajectories was an initial 632 

concern to fairly compare discrete and continuous tracking movements. However, one side 633 

effect of discretizing our pseudorandom but continuous trajectories (i.e. combinations of 634 

sinusoids) was to increase their unpredictable nature. Indeed, as the target refresh rate is 635 

lowered, the ability to infer the upcoming target position from the previous ones becomes 636 

more and more difficult (see Figure 2). Considering the key role of target motion 637 



predictability in tracking (84–86), the lower performance of eye and hand under the lower 638 

target rates should be considered with caution (see Figure 8).  639 

Finally, we would like to point out that our distinction between discrete and 640 

continuous actions, although well suited to tease apart reaching and tracking tasks, does not 641 

acknowledge manual interception tasks which also provided tremendous amount of 642 

information on eye-hand coordination (for reviews see 1, 87, 88). Because a typical 643 

interception task relies on the release of fast and brief hand movements in which success is 644 

directed at the end of action, it is tempting to consider these as discrete movements. However, 645 

additional features of interceptive movements also need to be considered. First, in comparison 646 

to conventional reaching, interceptive actions place higher demands on continuous monitoring 647 

hand/cursor and target location (88, 89). Second, depending on the context, interceptive 648 

actions can rely either on fixations (for instance when using a predefined interception 649 

location, see (90)), or on a combination of smooth pursuit and catch-up saccades (91–93). 650 

Ultimately, all these features speak for the singularities of interceptive actions with respect to 651 

the discrete/continuous movements tested here. Despite these differences, we fully embrace 652 

the possibility that progressive changes in certain task parameters during an interception task 653 

could similarly lead to a gradual shift between fixations and smooth pursuit.  654 

 655 

CONCLUSIONS 656 

The main goal of our study was to investigate the resilience of eye-hand coordination 657 

across a wide variety of hand movements, including discrete, continuous, and intermediates 658 

ones. On the one hand, our results showed that the manipulation of target refresh rate 659 

impacted differently hand and eye movements. Namely although hand movements made a 660 

rather abrupt transition between a discrete and a continuous regime, eye movements changed 661 

more gradually as evidenced by a slow tradeoff between fixations and smooth pursuit 662 



episodes. On the other hand, we found, for virtually all target frequencies, evidence of a 663 

mutual coupling between these two effectors arguing for shared neural mechanisms. 664 

Altogether, our results suggest that eye-hand coordination during visuomotor tracking is 665 

ubiquitous, yet flexible enough to allow separate dynamics for each effector. This proposition 666 

resonates with recent work showing that, although omnipresent, the temporal coupling 667 

between eye and hand actions is sufficiently adjustable to accommodate changes in task 668 

constraints (29, 94–96). More generally this work further reinforces the view of an intricate 669 

relationship between eye and hand neural systems (10, 97, 98), as well as the notion of 670 

synergies across eye movement types (40, 45–48).  671 
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FIGURE CAPTIONS 927 

Figure 1. Top view of the experimental setup. Participants sat in front of the screen and 928 
controlled the joystick using their right hand. Head movements were restrained with a head 929 

rest located at 57 cm from the screen. 930 
 931 
Figure 2. Discretization of target motion. In all panels, the thin black dotted line represents 932 
the continuous target motion associated either with Trajectory 1 (top row) or Trajectory 2 933 
(bottom row). The blue dots represent the successive locations at the which the target is 934 

displayed along that trajectory depending on the refresh rate. The arrow indicates the direction 935 
of target motion.  For clarity, we only display the first 5 seconds (one revolution). In A and D, 936 
the refresh rate is set at 2 Hz, in B and E at 4 Hz, and in C and F at 8 Hz. As the refresh rate 937 
increases, the number of intermediate target locations increases.  938 
 939 
Figure 3. Method to tease apart discrete and continuous hand movements. (A) Typical 940 
velocity profile of the hand in the EH condition at 1.5 Hz (only 5s are displayed for clarity). 941 
The lower and upper red lines correspond respectively to the 10 and 20cm/s threshold 942 

associated with R1 and R2. (B) Corresponding acceleration profile with upper and lower red 943 
lines setting threshold values of respectively 100 and -100cm/s². (C) Corresponding heatmaps 944 
of velocity-acceleration phase portrait with R1 capturing moments where both cursor velocity 945 
and acceleration are low (0<vel<10 cm/s, -100<acc<+100 cm/s²), and R2 capturing moments 946 

where cursor acceleration is low, but its velocity is high (10<vel<20 cm/s, -100<acc<+100 947 
cm/s²). Panels D, E and F are the corresponding versions of panels A, B and C for a trial at 948 

240 Hz performed by the same participant. Visual comparison of panels C and D emphasizes 949 
the saliency of R1 and R2 to discriminate the continuous/discrete nature of hand movements.  950 
 951 
Figure 4. Method to tease apart smooth pursuit and fixation episodes. (A) The black 952 

dotted line represents the 95% confidence ellipse of the eye data (in red) during an 953 

undetermined segment. The green and blue arrow correspond respectively to the major and 954 
minor axis of the confidence ellipse. Because the ratio between these two axes (12.5) is higher 955 

than our threshold value (8), this portion of eye movement is identified as smooth pursuit. (B) 956 
Same as A for another undetermined segment. Here the ratio between the major and minor 957 
axis of the ellipse is smaller (1.5) than our threshold value, identifying this segment as a 958 
fixation. 959 

 960 
Figure 5. Typical trials under various target refresh rates. Horizontal gaze and cursor 961 
signals in the EH condition by three participants (one per column). The refresh rate is set at 962 
1.5 Hz in the top row (A), at 3 Hz in the middle row (B), and at 240 Hz in the bottom row (C). 963 
Although each tracking trial was 10s long, only 5s of signals are displayed for clarity. Note 964 

the drastic changes in hand movement dynamics and in eye movement types as target refresh 965 

rate increases, in particular the coexistence of fixations, saccades, and smooth pursuit at the 966 

intermediate target frequency. 967 
 968 

Figure 6. Heat maps of velocity-acceleration phase portraits as a function of target 969 
frequency in the EH condition (A) in the H condition (B). All the data available (4 trials 970 
from each subject) are plotted in each insert. Red rectangles represent our 2 regions of interest 971 

R1 and R2 intended to capture the discrete vs. continuous nature of hand movements (see 972 
methods for more details). In both conditions, note the rather abrupt leftward shift in activity 973 
as target frequency increases (albeit earlier in H than in EH).  974 
 975 



Figure 7. Contribution of fixations, smooth pursuit and saccades to eye movements. (A) 976 

Fraction of time spent in fixation during each trial as a function of target frequency in the EH 977 
and E condition. (B) Same as A for smooth pursuit. (C) Same as A for saccades. (D) 978 
Respective contribution of each movement type as a function of target refresh rate in the EH 979 

condition. (E) Same as D for the E condition. Error bars correspond to SD across subjects.  980 
 981 
Figure 8. Hand and eye tracking accuracy. (A) Cursor-target distance as a function of 982 
target frequency in condition EH and H. (B) Same as A for cursor-target lag. (C) Eye-target 983 
distance as a function of target frequency in condition EH and E. (D) Same as C for eye-target 984 

lag. Error bars correspond to SD across subjects. Note the rather similar changes in eye and 985 
hand tracking accuracy, and an influence of whether tracking is performed with one or two 986 
effectors.      987 
 988 

Figure 9. Eye-cursor distance (A) and lag (B) as a function of the target refresh rate in 989 
the EH and E+H condition. Error bars correspond to SD across subjects. 990 


