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Abstract

In everyday life, we often use graphical interfaces where the visual space is mapped to the motor
space with a visuomotor gain called the Control Display gain. One of the key objectives in the field of
Human Computer Interaction is to design this Control Display gain so as to enhance users’ performance
. Although the Control Display gain involved in Operating Systems has been found to improve users’
pointing performance, the reasons for this improvement have not yet been fully elucidated, especially
because the Control Display gains on Operating Systems are both non-constant and non-linear. Here
we tested non-constant but linear velocity-based Control Display gains in order to determine which
parameters were responsible for pointing performance changes based on analyses of the movement
kinematics. Using a Fitt’s paradigm, Constantains of 1 and 3 were compared with a linearly Increasing
Gain (i.e., the Control Display gain increase with the motor velocity) and a Decreasing Gain (i.e., the
Control Display gain decrease with the motor velocity). Three movements with various Indexes of
Difficulty (ID) were tested (ID3, ID5 and ID7). The Increasing Gain was expected to increase the
velocity of the initial impulse phase and decrease that of the correction phase, thus decreasing the
Movement Time (MT); and the contrary in the case of the Decreasing Gain,. Although the Decreasing
Gain increased MT at ID3, the Increasing Gain was found to be less efficient than the Constant Gain of
3, probably because a non-constant gain between the motion and its visual consequences disrupted the
sensorimotor control. In addition, the kinematic analyses of the movements suggested that the motion
profile was planned by the central nervous system based on the visuomotor gain at maximum motor
velocity, as common features were observed between the Constant Gain of 1 and the Decreasing Gain,
and between the Constant Gain of 3 and the Increasing Gain. By contrast, the amplitude of the velocity
profile seemed to be specific to each particular visuomotor mapping process.
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1 Introduction

The everyday actions we carry out in our environment usually involve a visuomotor gain which
is constant and equal to one. For instance, if we reach an object by performing an arm movement, what
we see about the action (in visual space) corresponds to what we are doing (in motor space). Interactions
of this kind are called direct interactions. When using graphical user interfaces with two separate spaces
such as laptops, however, we no longer have a one-to-one control of the environment. In these indirect
configurations, the visual space (e.g., the screen) is mapped to the motor space (e.g., the trackpad) with
a visuomotor gain called the Control Display (CD) gain, and generally expressed in terms of visual and
motor velocities (Casiez et al. 2008). In this case, the velocity of the visual cursor corresponds to that of
the end-effector multiplied by the CD gain. One of the key points in Human Computer Interaction (HCI)
is to design CD gains enhancing users’ performance on these indirect interfaces.

Recent findings on sensorimotor control have been used to assess the effectiveness of the CD
gains which occur when subjects are pointing to graphical elements (e.g., icons, buttons) on these
interfaces. On these lines, Fitts’ law (Fitts 1954; Fitts and Peterson 1964) has been shown to predict
these pointing performance: The Movement Time (MT) increases linearly depending on the Index of
Difficulty (ID) of the task. The ID takes both the Width (W) and the Distance (D) to the target into
account as follows: MT=a+bLog2(2D/W), ID=Log2(2D/W), where a and b are empirical constants (Fitts
1954). This law, which was originally intended to account for direct interactions, also holds true when
the CD gain differs from 1 (Card et al. 1978; MacKenzie 1992; Bohan et al. 2010). In addition, user’s
performance of movements on graphical interfaces can be enhanced beyond Fitts’ law as graphical
interfaces enable the movement to be virtual via specific physical constraints (see Balakrishnan 2004).
On the one hand, pointing movements can be facilitated via tactile stimuli such as friction. For instance,
the vibration of a surface creates an air film which reduces its coefficient of friction (i.e., ‘squeeze film
effect’) and enhances pointing performance( (Casiez et al. 2011; Levesque et al. 2011). On the other
hand, visual parameters were shown to enhance performance through i) movement path feedbacks (e.g.,
Boyle et al. 2012), ii) CD gain profiles (e.g., Blanch et al. 2004). The latter methods have been
extensively tested with constant CD gains where the size of the visual screen and/or the physical size of
the motor space were varied. The results obtained have often shown that MTs increased with low
constant CD gains as well as with high constant CD gains, but the optimal performance was obtained at
medium gains (Accot and Zhai 2001; Casiez et al. 2008; Kovacs et al. 2008; Bohan et al. 2010). While
increasing the CD gain reduces D artificially, it also reduces W, which could be detrimental to the
subjects’ performance. A discrete pointing movement is composed of an initial impulse phase performed
at high speed, followed by a low-speed correction phase, during which visual and kinaesthetic feedback
are used to reach the target accurately (Woodworth 1899; Meyer et al. 1982; Elliott et al. 2001). As high
CD gains do not make it possible to slow down the movement during the correction phase, they may
disturb the fine motor control processes. The HCI community have developed several means of
overcoming these limitations by increasing the target size, shrinking the distance, or both (see
Balakrishnan 2004). For instance, the non-linear mapping between the hand and cursor positions used
in several studies (Fernandez and Bootsma 2008; Brenner and Smeets 2011) may have enhanced
subjects’ MT performance beyond the predictions of Fitts’ law. Therefore, these authors showed that
the reciprocal pointing (i.e., back-and-forth movement between targets) can be way faster with this
visuomotor mapping which increased the CD gain between the targets and decreased it in the vicinity
of the targets: . However, non-linear mappings based on positions are restrictive as they are semantically
oriented toward the aim to achieve: The position of the target position has to be known in advance in
the equation design which would not be applicable in a more ecological task where future target
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locations are unknown. Other means of pointing facilitation were subsequently developed based on
velocity rather than position, with which the initial impulse phase could be performed at high speed and
the correction phase at low speed. Computer operating systems based on this dynamic mapping between
the visual and motor velocities (e.g., Windows, macOS and Xorg) have been found to improve users’
pointing performance by shortening the MTs more than constant CD gains (Casiez et al. 2008; Casiez
and Roussel 2011). However, the reasons for this improvement have not yet been completely elucidated,
in particular because the gains prescribed were non-constant and non-linear. In addition, in the study by
Casiez and Roussel (2011), the ID tested were high (i.e., 7 to 10.2 bits) and the comparative CD gains
were low (to prevent mouse clutching). Here we assessed further how pointing performance could be
improved by varying the CD gains in the case of high IDs as well as low IDs. For this purpose, non-
constant but linear velocity-based CD gains were used in order to determine more closely the reasons
for kinematic changes in pointing movements. The results of pointing with a constant CD gain were
compared with those of pointing movements with a linearly Increasing CD Gain (1G): The faster the
effector, the faster the visual cursor moved. In order to investigate more closely how sensorimotor
control with non-constant visuomotor mapping works and push this system beyond its limits, we also
tested the opposite of IG: The faster the effector, the slower the visual cursor moved (Decreasing Gain:
DG). The subjects’ pointing performance was expected to be higher (i.e., lower MT) with IG and lower
with DG in comparison with constant CD gains. More specifically, IG was expected to increase the
velocity of the initial impulse phase and decrease the velocity of the correction phase, thus improving
the pointing performance; and the contrary in the case of DG. A discrete pointing task was used to assess
the influence of these CD gains on each of the two motor components: the impulse phase and the
corrective phase, instead of a reciprocal pointing which does not allow to easily isolate these two
processes because it is a continuous task.

2 Methods

Participants

Fifteen self-reported right-handed participants (9 men and 6 women, mean age + SE= 27.6 +
1.0 years) gave their written informed consent prior to the study, in accordance with the 1964
Declaration of Helsinki. All the participants were right-handed and declared that they had normal or
corrected-to-normal vision and no neurological or sensorimotor disorders.

Apparatus

A Fitts’ task was performed on a MacBook Pro Retina (OS X 10.12 Sierra 2.9 Ghz Core i5)
with a screen 13.3 inches in size (1280 x 1024 pixels, 123 DPI) refreshed at a rate of 60 Hz. This laptop
was composed of a 10.4 cm x 7.5 cm trackpad with a resolution of 400 CPI, sampling at a rate of 125
Hz. Instructions, stimuli and the data recorded from the pointing device were processed using a custom
built application written in C++ using Qt and Libpointing to obtain raw input data from the pointing
devices and apply the CD gain (Casiez and Roussel 2011). The application computed the visual cursor’s
position at 125 Hz based on the CD gain required, taking the finger speed on the trackpad computed
from the absolute finger position signaled by the trackpad.

Procedure

Participants were sitting comfortably in an illuminated room in a chair with an adjustable height,
facing the laptop, which they positioned themselves to facilitate the arm pointing movement. The task
consisted of performing a horizontal pointing movement from left to right. The pointing movement was
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not constrained and mainly involved mobilization of the wrist. Participants were asked to point at a
visual target by displacing the visual cursor (0.2 mm in width; i.e., 1 pixel) by sliding their right finger
on the trackpad (Fig.1a). The visual target was placed 8 cm to the right from the starting position, and
its width was either 2 cm (96 pixels), 0.5 cm (24 pixels) or 0.125 cm (6 pixels), corresponding to an ID
of 3, 5 and 7 bits, respectively (Fitts 1954). The distance to the target and the location of the starting
position were chosen so that it would not be possible for the finger to clutch or touch the trackpad
boundaries.

In each trial, participants were instructed to explore the trackpad with their finger to find the
starting position on the left of the trackpad. When this position was reached (with a tolerance of 2 mm),
the word "calibration" was displayed on the screen. The trial was launched when the finger stayed in
this specific location for 0.5 s. It started with the simultaneous appearance of the cursor and the visual
target. Participants could then start the pointing movement whenever they were ready (Fig. 1a). They
were instructed to point at the visual target as fast and as accurately as possible by making a smooth,
continuous movement on the trackpad, avoiding stopping before or after the target. After a static period
of 0.5 s on the target, the visual stimuli disappeared and the trial ended.

During the task, the CD gain between the finger and the visual cursor was manipulated. Two
constant CD gains and two non-constant (but linear) CD gains were used for this purpose (Fig. 1b). The
Increasing Gain (I1G) corresponded to a gain ranging from 1 at the motor velocity of 0 cm.s-1 to 3 at the
motor velocity of 10 cm.s-1.0r more. A pre-test was conducted in order to determine this maximum gain
and the associated motor speed at which it could be reached. Five constant CD gains (1 to 5) were tested.
This pre-test showed that the constant gain of 3 was associated with the lowest MT value and the lowest
variability at all the IDs tested. In addition, we decided that this gain of 3 should be reached at a motor
velocity of 10 cm.s-1in the IG condition because it corresponded to a reachable speed whatever the ID
tested. The Decreasing Gain (DG) condition corresponded to the opposite of the IG condition: The gain
value at a motor velocity of 0 cm.s-1was 3 and decreased to 1 at a motor velocity of 10 cm.s-1.0r more.
IG and DG were compared at Constant Gains of 1 (CG1) and 3 (CG3), corresponding to their minimum
and maximum gain values. Figure 1b depicts these prescribed CD gains (CG1, CG3, IG and DG) relative
to the motor velocity. For each CD gain, the corresponding visual velocity of the cursor relative to the
motor velocity of the finger is presented in Figure 1c.

The experiment was composed of twelve blocks consisting of 30 successive trials with each of
the CD gains (CG1, CG3, IG and DG) and IDs (3, 5 and 7 bits). Blocks were presented in a pseudo-
random counterbalanced order. The 3 different IDs of a given CD gain were thus not presented
successively, and half of the participants ran the blocks in the reverse order to avoid learning effects.
Before the experiment, a training session was run consisting of 3 trials with each block in order to
familiarize participants with the task and the instructions.
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Figure 1: a) Fitt’s paradigm. Participants had to move the visual cursor from the starting position to the target (width
W) positioned at a distance D of 8 cm. b) Control Display (CD) gains as a function of the motor velocity (V motor). ¢) Predicted
Visual Velocity (Vvisuat) of the cursor relative to the motor Control Display (CD) gains as a function of the Motor Velocity
(Vmotor). CG1: Constant Gain of 1; CG3: Constant Gain of 3; IG: Increasing Gain; DG: Decreasing Gain.

Data Processing

Position data transmitted from the visual cursor and the trackpad were low-pass filtered with a
dual-pass, no-lag Butterworth filter (cut-off frequency 10 Hz; order 2). Data were then derivated to
compute the visual and motor velocities mainly used to determine the MT of the pointing movement.
The MT corresponded to the time elapsing between movement onset and offset, and is classically
determined from the motor velocity (i.e., above and below 5% of motor Peak Velocity). However, here
the experimental paradigm constrained the motor velocity with the manipulation of the CD gain. The
participants could move their finger slowly to reach the target quickly on the screen. Therefore, using
the classical method of computation would have resulted, for instance, in an artificially longer MT with
CG1 than with CG3, as the motor Peak Velocity (PV) was obviously lower in the former case. Instead,
we used a fixed threshold based on visual velocity and which was coherent with task instructions which
were defined in the visual space (i.e., ‘point at the visual target as fast as possible [...]"). The threshold
was fixed here at 5% of the median PV of all the data recorded, whatever the ID or CD gain (i.e., 5%
of 19.5 cm.sa= 0.975 cm.s-1). MT therefore corresponded to the time elapsing between movement onset
(i.e., Vvisual > 0.975 cm.s-1) and movement offset (i.e., Vvisual < 0.975 cm.s-1 and cursor position
inside the target). The average MTs recorded under the various experimental conditions were compared,
and a linear regression was also performed between MT and ID to test whether Fitts” law held with all
the CD gains. These fittings were performed with the subjects MT’s means. The pointing performance
was also assessed through the endpoint variability (i.e., the standard error of the visual cursor positions
in the target). Since the pointing performance was found to differ between CD gains, we investigated
which motor modifications were responsible for these changes. Therefore, motor kinematic parameters
were computed, such as the motor PV and amplitude (the distance covered from onset to end of the
movement). We also determined whether the primary motor command and/or the online control differed
between CD gains. The initial phase of movements has been reported to depend on the initial motor
planning (Woodworth 1899; Meyer et al. 1982). The differences in this primary planning phase were
then assessed by analyzing the distance at which the first sub-movement occurred (when the acceleration
first crossed zero; Dfirstmotor; See Fradet et al. 2008) and the acceleration time (AT, the time elapsing
between the movement onset and PV). In addition, the deceleration time (DT, the time elapsing between



PV and the end of the movement) was computed as it would be associated with the correction phase
composed of online corrections (Elliott et al. 2010).

The first 10 trials were not analyzed in order to prevent the occurrence of post-effects resulting
from CD gain changes, as up to 10 repetitions are necessary to adapt to visuomotor modifications
(Rossetti et al. 1993; Krakauer et al. 2000; Seidler et al. 2001). Statistical comparisons were then
conducted on the means of the results obtained in the last 20 trials by performing repeated-measures
ANOVAs using 4 CD gains (CG1, CG3, IG and DG) x 3 ID (3, 5 and 7 bits) as factors. The results were
summarized in Table 1. Post-hoc tests (Newman-Keuls tests) were performed when necessary, and the
level of significance was set at .05 in all the statistical analyses.

Results

Overall, the CD gain modulated the pointing movements’ kinematics in both the motor and
visual spaces. As shown in Figure 2, a clear-cut difference in the velocity pattern was observed between
IDs. As classically established, the lower the ID was (ID3), the more symmetrical the velocity profile
became (MacKenzie et al. 1987; Elliott et al. 2001). In the motor space, differences were observed
between CD gains, which decreased with the increase of IDs, showing a more stereotyped velocity
profile at ID7. The fact that the velocity profiles also differed between CD gains in the visual space
suggests that the participants did not adapt their movements in the motor space to reach a standard
velocity profile in the visual space. Quantitative analyses of subjects’ pointing performance and
kinematic parameters are presented below.
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Figure 2: Velocity profiles of representative trials performed by one participant in the motor and visual spaces versus
the Index of Difficulty (ID) and the CD gain. CG1: Constant Gain of 1, CG3: Constant Gain of 3; IG: Increasing Gain; DG:
Decreasing Gain. X and Y axes differed depending on the ID and space.

Pointing performance

The pointing performance studied via the MTs varied in terms of the ID and CD gains. The
analysis of MT revealed a main effect of ID , CD gain as well as an interaction (Table 1). Overall, MT
increased with ID with all the CD gains tested (Fig. 3a). Post-hoc analysis of the interaction showed that
at ID3, DG induced the highest MTs (0.80 + 0.02 s; mean £ SE; p<.05 with CG1 and p<.001 with CG3
and I1G), followed by CG1 (0.71 + 0.03 s; p<.01 with CG3 and p<.001 with 1G) and by CG3 (0.56 +
0.05s) and IG (0.55 + 0.04 s), with which the fastest movement was performed (CG3 did not differ here
from IG, p=0.44). At ID5, CG1 seemed as slow as DG and CG3 as fast as IG (non-significant
comparisons). Lastly, at ID7, CG3 was associated with the fastest pointing performance (p<.001 with
CG1; p<.05 with IG and p<.01 with DG).



Table 1: ANOVA’s result of MT (Movement Time), Endpoint variability (visual space), PN moer
(Peak Velocity), Agaw (Amplitude of the pointing), rDfirstmes (Distance of the First sub-

movement), AT (Acceleration Time) and DT (Deceleration Time)
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We then examined whether the MT increased linearly with ID, as predicted by Fitts’ law. Linear
regressions showed significant correlations with all the CD gains (CG1: R2=0.66 p<.001; CG3: R?=0.73
p<.001; IG: R?=0.72 p<.001; DG: R?=0.72 p<.001): Fitts’ law held true in all the cases investigated.
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Figure 3: a) Movement Time (MT) and. b) Endpoint variability of the visual cursor in the target versus the Index of Difficulty
(ID) and the CD gain. All these comparisons were significant except for those noted ns: non-significant. Error bars denote
standard errors.

The pointing performance was also assessed through the endpoint variability: The standard deviation of the visual
cursor endpoint in the target. The ANOVA revealed a main effect of ID, CD gain as well as an interaction. The variability
decreased with ID because of target width reduction (Fig. 3b). Post-hoc analysis of the interaction showed that CG1 induced
the lowest endpoint variability compared to the other CD gains, whatever the ID. The other CD gains were associated with
similar endpoint variability at ID5 and ID7. By contrast, when the target was wide (ID3), the endpoint variability was higher
for CG3 than DG (0.33 £ 0.02 cm and 0.26 £ 0.02 cm, respectively; p<.01) and even higher for 1G (0.41 + 0.04 cm; p<.001).

Further analyses were conducted in order to determine what was responsible for the differences
observed in the subjects’ pointing performance. For this purpose, the kinematics of the movement was
analyzed in the motor space through spatial and temporal parameters.

Kinematics



Peak Velocity

First, we analyzed how fast the pointing movements of the participants were. The ANOVA
performed on the PV in the motor space revealed a main effect of ID , CD Gain as well as an interaction
(Table 1; Fig.4a). Therefore, differences in PV between CD gains were linked to the ID: the easier the
pointing task the higher the PV. Although the PV at CG1 was significantly greater than the other CD
gains regardless of the ID (p always >.001), this was not the case with DG, which no longer differed
from IG at ID7 (p=.16). In addition, CG3 and IG were similar at ID3 and started to differ only at ID5
(p<.01 at ID5 and p<.05 at ID7).

Pointing Amplitude

Secondly, we examined the amplitude of the pointing movements in the various conditions. The
movement Amplitude in the motor space (i.e, Amotor) Was found to vary drastically between CD gains
(Table 1; Fig. 4b). The ANOVA failed to show any effect of ID , which was not surprising as we only
manipulated the target width and not the amplitude. However, the analyses revealed a main effect of CD
gain as well as an interaction . Obviously, the amplitude produced with the finger was related to the gain
at maximum motor velocity. It was therefore similar to the visual amplitude with CG1 (i.e., target
amplitude = 8 cm), and three times lower with CG3 (Fig. 4b). In addition, the motor amplitude increased
relative to ID with IG (i.e., p<.001 in all these comparisons) as the motor velocity decreased (see PV
section above), and hence the visual velocity, which required larger pointing movements to be
maintained in the motor space. However, the motor amplitude decreased relative to ID with DG (i.e.,
p<.001 in all these comparisons), and hence the visual velocity increased, which reduced the motor
amplitude required to reach the target.

Distance of the first sub-movement

The distance of the first sub-movement (i.e., rDfirstmotor) corresponds to the motor distance
covered at the end of the primary sub-movement. It was computed as a percentage relative to the total
motor distance of each pointing movement (i.e., Amotor) as the amplitude required to reach the target
varied from one trial to another (except in the case of constant CD gains). This parameter reflected the
late on-line corrections carried out: The shorter the rDfirstmotor, the earlier the motor corrections took
place. The ANOVA performed on rDfirstmotor revealed a main effect of ID , CD gain as well as an
interaction (Table 1; Fig. 4c). Overall, rDfirstmotor decreased as the ID increased. In addition, DG induced
the lowest rDfirstmotor compared to the other CD gains at ID3 (p<.001 in all these comparisons): It
therefore induced the earliest corrections. This difference in motor control disappeared with the ID
increase as all the CD gains were similar at ID5 and ID7.
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Figure 4: Motor kinematic parameters. a) Peak Velocity in the motor space (PVmotor) versus the Index of Difficulty
(ID) and the CD gain. CG1: Constant Gain of 1, CG3: Constant Gain of 3; IG: Increasing Gain; DG: Decreasing Gain. b) Motor
amplitude (Amotor) versus the ID and the CD gains. c) Distance at which the primary sub-movement occurred relative to the
total motor distance (rDfirstmotor), depending on the ID and the CD gain. All these comparisons were significant except for
those noted ns: non-significant. Error bars denote standard errors.

Acceleration time

The duration of the acceleration time (AT) corresponds to the absolute time elapsing between
the movement onset and the PV in the motor space. This parameter is associated with the impulse phase
of motor control reflecting the movement planning process. The analyses showed a main effect of ID ,
and CD gain (Table 1; Fig. 5a) but not for the interaction . Therefore, AT was shorter at ID3 (0.208 +
0.008 s) than at ID5 (0.241 £ 0.010 s; p<.01) and ID7 (0.254 £ 0.009 s; p<.001). Moreover, AT was
longer with CG1 and DG compared to 1G and CG3 (p<.001 in all the comparisons between these two

groups).
Deceleration time

The duration of the deceleration time (DT) corresponds to the absolute time elapsing between the PV in
the motor space and the end of the movement. This parameter is associated with the correction phase
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reflecting the online movement corrections (e.g., Woodworth 1899; Meyer et al. 1982). The analyses
showed an effect of ID , CD gain as well as an interaction (Table 1; Fig. 5b). Overall, these results were
similar to those obtained on the MT: At ID3, DG induced the highest DT (p<.05 in the comparison with
CG1 and p<.001 in the comparisons with CG3 and 1G), followed by CG1 (p<.05 in the comparison with
CG3 and p<.01 in that with IG) and by CG3 and IG, which were associated with the fastest DT. With
the hardest target (ID7), smaller differences in DT were observed: Only CG3 differed from CG1
(p<.001), IG (p<.01) and DG (p<.01), which included a similar period of motor corrections. Again at
ID5, only CG3 differed from CG1 (p<.001) and DG (p<.01). However, contrary to MT, CG3 induced a
shorter DT than IG (p<.01).
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Figure 5: Temporal kinematic parameters. a) Acceleration Time (AT) versus the CD gain. CG1: Constant Gain of 1,
CG3: Constant Gain of 3; IG: Increasing Gain; DG: Decreasing Gain. b) Deceleration Time (DT) versus the ID and CD gain.
All these comparisons were significant except for those noted ns: non-significant. Error bars denote standard errors.

Discussion

The aim of the present study was to characterize the motor performance and kinematics of
pointing movements with linear (but non-constant) visuomotor gains. This analysis might have
important implications in HCI for designing CD gains enhancing users’ performance on indirect
interfaces. Although the CD gains used on modern OSs have been found to improve pointing
performance (Casiez et al. 2008), the reasons for this improvement have not yet been completely
elucidated, mainly because these OS gains are usually both non-constant and non-linear. Here we tested
non-constant but linear velocity-based CD gains with a view to determining which parameters were
responsible for the differences in subjects’ pointing performance. Constant CD gains of 1 (CG1) and 3
(CG3) were compared with a linearly Increasing CD Gain (IG) and a linearly Decreasing CD Gain (DG).
We first observed that whatever the CD gain tested, MT increased linearly with the 1D, as found to occur
with the non-constant non-linear CD gain associated with computer OSs (i.e., Windows XP; Casiez et
al. 2008). In the present study, Fitts’ law still held with visuomotor mappings which were non-constant
and linear and even with a Decreasing Gain. Overall, CD gain was found to have a greater impact at
low IDs, and a more stereotyped movement profile was observed with all the CD gains tested at the
highest ID (i.e., smaller differences between CD gains were observed at ID7 in the case of MT, DT and
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rDfirstmotor). In addition, similarities in the motor planning, investigated through AT, between CG1 and
DG on one hand, and CG3 and IG on the other hand. Contrary to our expectations, we did not find any
clear-cut improvements in the pointing performance with IG or any clear-cut deterioration with DG. IG
was initially expected to increase the velocity of the initial impulse phase and decrease the velocity of
the correction phase, thus improving the pointing performance; and the contrary in the case of DG.

DG might have been expected to have a strong impact on the pointing performance since it
reverses the link between motor and visual velocity: The faster the finger moves, the slower the visual
cursor moves. This CD gain did not slow down the pointing movement drastically, especially in
comparison with CG1. The greatest impact of DG was found to occur at ID3 because it required
participants to have a high motor velocity: With DG, reaching a visual velocity greater than 11.25 cm.s-
1 required a velocity of more than 11.25 cm.s-1 in the motor space (see Figure 1c). A non-increasing
relationship was found to exist between the motor and visual velocities. Up to a motor velocity of 7.5
cm.s-1, the visual velocity increased before decreasing at a motor velocity ranging from 7.5 to 10 cm.s-
1. As a consequence, the endpoint variability in the visual target was higher than CG1. This poor
performance achieved with DG in comparison with CG1 seemed to be due to the motor PV being too
low and the correction phase (i.e., DT) being too long. Indeed, both CD gains showed similar ATs, while
the DTs clearly differed. The time required to reach PV was therefore not responsible for poor
performance. More specifically, DG was found to be associated with a shorter rDfirst. The first sub-
movement involved in DG was equal to 59% of the total motor amplitude, whereas it amounted to 68%
in the case of CG1. DG was therefore associated with longer movement correction distances reflecting
the occurrence of early corrections (Elliott et al. 2010). During the subsequent sub-movement(s), sensory
cues (visual and Kkinesthetic cues) are picked up about the limb position and the target, and movement
corrections are triggered (Woodworth 1899; Meyer et al. 1982; Elliott et al. 2001). Overall, whatever
the value of the CD gain, the higher the ID, the larger the late corrections, which suggests the general
need for sensory cues processing in order to achieve the task (Elliott et al. 1999).

One might have expected CG3 to have a negative effect on the pointing performance with high
IDs due to the decrease in the target size occurring in the motor space. A CD gain of 3 could be
considered as detrimental to the performance as fine motor adjustments were not possible in the case of
CG3. This was not the case here, however. Besides, CG3 was even associated with the highest
performance in the hardest pointing task (i.e., with the shortest MTs at ID7). The time saved during the
impulse phase (i.e., AT shortening) probably explained why CG3 was still associated with better
performance than CG1 despite its high sensitivity. Casiez et al. (2008) have previously described this L-
shaped performance profile upon comparing constant CD gains. A fast MT decrease occurred with
increasing CD gains but little degradation of the performance was observed at high CD gains, except
with very small targets. Contrary to our predictions, IG was not associated with better performance than
CG3. At ID7, MT was even higher with I1G than CG3, and at ID3, IG induced more endpoint variability
in the target than CG3. As the initial impulse phase needs to be performed at high speed and the
following correction phase needs to be performed at low speed (Woodworth 1899; Meyer et al. 1982;
Elliott et al. 2001), the I1G function could have been more appropriated. This result could have been due
to the decrease in the motor PV observed with increasing IDs. The movement amplitude required would
therefore have increased, as well as the duration of the correction phase (i.e., with longer DTs in the
case of IG than in that of CG3 at ID5 and 1D7).

The non-constant visuomotor mapping of IG, as well as that of DG, suggests that the participants
had difficulty in controlling the pointing movement efficiently. In both conditions, the performance
decreased compared to the corresponding constant gain (i.e., CG3 and CG1, respectively). IG was
therefore associated with longer MTs than CG3 at ID7. In addition, DG was associated with longer MTs
at ID3 than all the other CD gains. Several studies have previously shown that changing the gain between
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a motion and its consequences in the visual space can disrupt the sensorimotor control (Ferrel et al.
2000; Klatzky et al. 2003; Coello et al. 2004; Bohan et al. 2010). Performance would not improve when
the visuomotor mapping is too complex to be understood and efficiently used by the SNC . Ferrel et al.
(2000) have established in addition that the quality of the adaptation is poor and incomplete when the
constant CD gain is randomized across trials. On similar lines, the non-constant gains occurring in the
present study (i.e., DG and IG) might be taken to have changed with time and/or from one trial to
another, thus limiting the improvement of the performance. The participants may not have determined
the relationship between the visual and motor spaces and assumed the visuomotor mapping random.

Movement adaptations rely on preliminary motor commands based on predictions and on-line
adjustments (made during the execution phase) and off-line adjustments (made during subsequent trials)
based on multisensory feedback (Blouin et al. 1993; Khan et al. 2003). This updating of pointing
movements requires mainly visual processing of sensory information (see Sarlegna and Mutha 2015) as
well as proprioceptive processing (Sainburg et al. 1995; Scott 2012). Vision has been found to be
particularly crucial during the correction phase, when the effector is approaching the target (Desmurget
et al. 1995). In addition, studies in which constant CD gains were manipulated showed that the
discrepancies were higher in the late phase of the movement (Elliott et al. 1997; Ferrel et al. 2000; van
Doorn et al. 2005), when visual cues play a major role. Here we extended this finding to include
visuomotor mappings which were linear and non-constant, as the greatest influence of CD gain was
found to be exerted on the DT associated with the correction phase. However, the present results suggest
that the motor commands were at least partly tuned relative to the visuomotor mapping. For instance,
we observed a clear modification of PV in the motor space relative to the CD gains, which suggested
that the specificity of the visuomotor mapping was taken into account early in the course of the trial.
This processing may not have been optimal, resulting in disruptions in the sensorimotor control (Ferrel
et al. 2000; Klatzky et al. 2003; Coello et al. 2004; Bohan et al. 2010), as mentioned above. In addition,
with the parametrization of the motor commands in the case of a specific visuomotor mapping, the
temporal organization of the motor kinematics seemed to be associated to commonalties. Therefore, the
AT, reflecting the duration of the impulse phase, was similar between CG1 and DG on one hand, and
between CG3 and IG on the other hand. In addition, the fact that a similar motor PV was observed
between CG1 and DG and between CG3 and |G suggests that the visuomotor mapping at the maximum
motor velocity tuned, at least partly, how the brain programmed the action. More specifically, the motion
profile might be based on this gain observed at the maximum motor velocity, and the amplitude of the
curve (i.e., PV) might be specific to each visuomotor mapping.

Further studies would be necessary to confirm these hypotheses and to characterize the impact
of visuomotor mapping on sensorimotor kinematics in general. This topic of research has several
potential applications, which mainly involve to the use of indirect interfaces (e.g., laptops, telesurgery).
Understanding and optimizing users’ performance via computer CD gains constitutes one of the key
issues at stake in the field of HCI. It was established here in particular that an increasing gain was not
necessarily associated with an improvement in subjects’ performance using a trackpad. This conclusion
still remains to be confirmed with other IG functions with different shapes and maximum gains, and
should also be extended to the use of a mouse. However, it suggests that a low gain at low velocity does
not necessarily speed up the movement. This is consistent with empirical findings on CD gains which
have been implemented in operating systems. For instance, with Windows 10 and OSX (associated with
a mouse), the CD gains are non-constant and non-linear with a logarithmic relationship at low motor
speeds at which the visuomotor gain increases drastically. Casiez and Roussel (2011) already showed
shorter pointing movements with these operating systems in comparison with a constant CD gain of 1.5.
First, this result needs to be confirmed by making comparisons with higher constant CD gains known to
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decrease the MT (Accot and Zhai 2001; Kovacs et al. 2008; Bohan et al. 2010). Secondly, we think that
the ideal CD gain should not be based on motor velocity as it has been up to now, but on the motor
acceleration parameter. With such visuomotor mapping, the gain will be high during the whole
acceleration phase (i.e., the impulse phase) and low during the deceleration phase (i.e., during the
correction phase), and is liable to improve the subjects’ performance.
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