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Abstract

We regularly coordinate our eyes and our hands movements in our daily tasks. While
these tasks seem obvious to us, in reality a complex model is hidden behind these. Thus,
the visual and the haptic systems are analysed in several tracking tasks. In that respect,
the role of the vision in the hand tracking task, the role of the hand proprioception in the
eye tracking task, the role of the trajectory predictability and the role of the hand used
are studied. For this purpose, a protocol was realised with the KINARM robot and some
volunteers. The results support observations from the scientific literature and contribute
to the understanding of the different roles of the elements constituting the internal model
for the coordination between the hands and the eyes.



Contents
1 Introduction

2 State of the art
2.1 Eyemovement . . . . . . . . . ...
2.1.1 Saccade . . . . . ...
2.1.2  Smooth pursuit . . . . . ...
2.1.3 Tracking with smooth pursuits and saccades . . . . . . . .. .. ..
2.2 Hand movement . . . . . . . . . ...
2.3 Eye-Hand coordination . . . . . . . .. .. ...
2.4 Internal models . . . . . . . . . .
2.4.1 Forward model . . . . . . . . ... ... ...
242 Inversemodel . . . . . . . .
2.5 Aims of the thesis . . . . . . . . . .

3 Methods
3.1 KINARMrobot . . . . . . . . . . .
3.2 Eye Link 1000 Plus . . . . . .. .. ..
3.3 Participants . . . . . ..o
3.4 Experimental design . . . . . ... oL

3.4.1 Trajectories . . . . . . . .. Lo
3.4.2 Eyecalibration . . . .. ... o
3.4.3 Different conditions . . . . . .. ... oL

Programming Environment

Data processing

5.1 Blinkremoval . . . . . . . . ...
5.2 Saccades detection . . . . . ... Lo
5.3 Eye signals correction . . . . . . . ..o
54 Low pass filter . . . . . . . ..
6 Results
6.1 Vision for action: role of vision in hand tracking . . . . . . . .. .. .. ..
6.1.1 Typical trials . . . . . . .. ..
6.1.2 Is visual feedback necessary for spatial accuracy? . . .. .. .. ..
6.1.3 Does the visual feedback have an influence on the tracking speed? .
6.1.4 Is visual feedback necessary for temporal accuracy? . . . . . .. ..
6.2 Action for vision : role of proprioception in eye tracking . . . . . . . . . ..
6.2.1 Typical trials . . . . .. ...
6.2.2 Is visual feedback necessary for spatial accuracy? . . .. .. .. ..
6.2.3 Does the visual feedback have an influence on the tracking speed? .
6.2.4 Is visual feedback necessary for temporal accuracy? . . . . . .. ..
6.3 Role of hand proprioception . . . . . . . . . .. ... L
6.3.1 Typical trials . . . . . . ...
6.4 Compare right vs left hand in tracking . . . . . . ... .. ... ... ...

6.4.1 Does the hand used have an influence on the spatial accuracy? . . .

18
20
21

24

25
25
26
27
28

29
29
30
31
33
34
34
35
37
37
38
39
39
40
41



6.4.3 Does the hand used have an influence on the temporal accuracy? . . 42

6.5 Compare different trajectories: straight lines, curves . . . . . . . . . . . .. 42
6.5.1 Does the predictability of the trajectories have an influence on the
spatial accuracy? . . . . ... 43
6.5.2 Does the proprioception have an influence on the spatial accuracy
of the gaze when the target is plotted? . . . . . . .. ... .. ... 43
6.5.3 Does the predictability of the trajectories have an influence on the
tracking velocity? . . . . . . ..o 44

6.5.4 Does the proprioception have an influence on the tracking velocity? 45
6.5.5 Does the predictability of the trajectories have an influence on the

temporal accuracy? . . . . . .. Lo 45
6.5.6  Does the proprioception have an influence on the temporal accuracy? 46
6.6 Saccades analysis . . . . . . .. .. 46
6.6.1 Does the amplitude of saccades change according to conditions? . . 46
6.6.2 Does the rate of saccades change according to conditions? . . . . . A7
6.6.3 Does the percents of saccades distance XY change according to
conditions? . . . . .. .. 48
6.6.4 Does the predictability of the trajectories have an influence on sac-
cadic circuit? . . . . ... 49
6.7 Reaction time . . . . . . ..o 49

6.7.1 How the reaction time of eyes is affected by the different conditions? 49
6.7.2 How the reaction time of hand is affected by the visual feedback

during conditions with active movement? . . . . . . . . .. ... .. 50
6.8 Splitting of thelag . . . . . . . . ... 51
6.9 Position error with lag compensated . . . . . . . .. ..o 51
6.10 Role of the direction . . . . . . . . . ... .. ... 53

6.10.1 Does the direction of the target with straight line movement have
an influence on the position error of the eyes? . . . . .. ... ... 54

6.10.2 Does the direction of the target with straight line movements have
an influence on the position error of the hands? . . . . . . . . . .. 55

6.10.3 Does the direction of the target with straight line movements have
an influence on the lag? . . . . . . ... ... o000 55

6.10.4 Does the direction of the target with curve trajectories have an
influence on the lag? . . . . . . . ... oL 56
7 Discussions o8
7.1 Vision for action: role of the vision in the hand tracking . . . . .. .. .. 58
7.2 Action for vision: the role of proprioception in the eye tracking . . . . . . . 59
7.3 Role of the hand proprioception . . . . . . . . ... ... L. 61
7.4 Role of the efferent proprioceptive signals in the eye tracking . . . . . . . . 62
7.5 Saccades analysis . . . . . . .. ... 62
7.6 Role of the predictability of the trajectory . . . . . . . ... .. ... ... 63
7.7 Reaction Time . . . . . . . ... 64
7.8 Role of the directions . . . . . . . . .. ... 64
7.9 Further testing conducted . . . . . ... ... oL 64
7.10 Reliability of thedata . . . . . . . . .. ... ... ... ... . ... ... 65
7.11 Area of improvements . . . . . . . .. ... 65

8 Conclusions 67



References

68



1 Introduction

During our day (Figure 1), we regularly coordinate our eyes and hands [1] whether
to write, draw, paint, cook, garden, use a computer mouse, grab objects... We carry out
these actions easily without realising them, it seems natural, but in reality a complex
model is hidden behind these [2]. Some neural mechanisms contribute to collect data and
coordinate movements. There are the visual system with eye and the proprioception which
allows to be aware of body member’s positions or movements through muscle contractions.
An other system is the haptic perception thank to the skin during active exploration of
surfaces. By combining these three systems, it is possible to make precise movements.
Understanding these systems of coordination more precisely could help in various fields.
As an example for rehabilitation after an accident or a stroke [3], for diagnostics, for
prosthetic devices or robotics [4], for predictive models, for training of mastering skills...
To study these systems, data from thirteen subjects were collected during a protocol of
three hours. The role of vision in hand tracking task is studied during a session of active
movements and the role of the hand proprioception in eye tracking task with passive
movements. Two different trajectories (straight line and curve) are compared as well as
the influence of the hand used (right or left). To start this report, a brief state of the
art is realised to explain theories about concepts that are necessary to know for a better
understanding. An explanation will follow on methods used as the protocol, subjects
and materials. Before analysing results and discussing about them, a description of data
processing will be done. It is important to note that this thesis is an extension of the
master thesis of L. Martin Y Muyshondt and E. Vansnick ("Studying dynamic tracking
by the hand and the eyes" [5]) and that some sections are inspired by it as well as by the
doctoral thesis of J. Mathew ("Investigating predictive mechanisms underlying eye-hand
coordination" [6]).

Figure 1: Examples of actions with eye and hand coordination.



2 State of the art

Before presenting the coordination between eyes and hands, we separate the two
systems. Firstly we describe the eye movement follow by the hand motor system. Finally,
a brief description of the internal model for the eye-hand coordination will be described.

2.1 Eye movement

The principal organ of visual system is the eye. So a brief description of this one is
done. In figure 2, the several elements that composed the human eye can be observed. The
cornea is a transparent convex membrane and is the first refractive element of the eye |7].
With cornea, the lens cover by this one converge the light on the retina [8]. The intensity
of light entering in the eye is modulate by the contraction or not of the iris (colored part
of the eyes). The black hole left by the iris that we can see is the pupil. Thanks to the
lens capsules (posterior and anterior) that we can observe on the figure, the lens is kept in
place and is connected to the ciliary muscles. The ciliary muscles contract or lengthen to
change the curvature of the lens and to change the focus of the convergence of light. The
retina is the back of the eye where the photoreceptors are located [9]. When light hits
these photoreceptors, some electro-chemical signals are sent to the brain to be processed.
This information is sent through the optic nerve. The vitreous humour allows to keep
in place the retina, it is a clear gel that fills the space between the lens and the retina.
Finally, on this figure 2, we can observe the macula which is the zone of retina in the
axis of the pupil. This macula also named the fovea is the area responsible for the most
precise diurnal vision thanks to a large cone cells concentration [10]. This characteristic
is very important to understand eye movement because when we observe something we
focus the centre of interest of the gaze on fovea. Indeed, outside this fovea, the gaze is
blurred with less details.

Posterior lens capsule

e

Retina

Anterior lens 7

capsule
Macula

Figure 2: Diagram of the human eye [11].

The eye therefore needs to move and this can be done thanks to 3 pairs of oculomotor
muscles [12]. First pair for abduction and adduction (around the z-axis), the second



around x-axis for elevation and depression and the last one for torsion wich is necessary
when you tilt your head [10]. During this thesis, we analyse fixational eye movements
with two types of gaze shifting (saccades and smooth pursuits) in opposition to gaze
stabilizing (vestibulo-ocular reflex and optokinetic reflex). If we have the impression of
seeing perfectly in a large field of vision, it is because of the number of pictures that the
visual system sends to the brain, approximately 12 frames per second (12 Hz). Like this,
the brain considers the previous information from both eyes and environment to build
a more precise picture. Analyzing eye tracking, more details about saccade and smooth
pursuit are provided in these follow sub-subsections.

2.1.1 Saccade

A saccade is a quick movement like a jump between two points. A saccade is realised
when we change of target focus [13]. For example, when you walk down the street, we can
observe the person coming in front of us on the sidewalk and quickly change our focus
to the dog barking accross the road. Another type of saccade is the "catch-up saccade"
[14] that we realise when a target moves too fast (exceed 30°/sec) and that it is no longer
possible to track in smooth pursuit (see next type movement). It is a non-adaptive move-
ment [6] because when the decision is taken to do a saccade, the information takes by
eyes between this decision and the end of the saccade cannot change the amplitude or the
end position of this one. Only information received at least 70 ms before the initiation
are considered for the saccade. Moreover during a saccade, a lot of information is lost
because of the speed of the movement [15]. There are two types of "catch-up saccade", the
forward saccade when the direction of the saccade is the same that the previous smooth
eye pursuit or the reverse saccade with an opposite direction [16].
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Figure 3: Representation 1D of a saccade with its different parameters [17]. The saccade
is in the left graph, the eye position in solid black line and eye velocity with a peak is in
the right figure [18|.

On the figure 3, some important parameters of saccade are described. The position
jump in one dimension can be observed in the left graph, it is the saccade. The amplitude



is the travelled distance between the starting and final point while the duration (average
of 20-80 ms) is the time taken to complete the eye movement [19]. An other parameter is
the gain which is a ratio between amplitude and target’s movement. In the right graph,
the velocity reaches a peak during a saccade. A latency of approximately 200-250 ms is
necessary to estimate the appropriate eye-target error after stimulus occurrence (time 0)
[20]. For a more predictable marker and with training, this latency can be smaller (80-120
ms) [21].

2.1.2 Smooth pursuit

The second type of eye movement is the smooth pursuit when the trajectory of the
target is more predictable and its velocity does not exceed 30°/s [15]. The goal of this
pursuit is to keep the target on the fovea. One more time, before the ignition phase
(Figure 4), there is a latency of approximately 100 ms from the first visual information
(stimulus) on the target and the decision to begin smooth pursuit. Due to the eye system
delay, the ignition or initiation phase corresponds to an open loop [19]. In this open loop,
the initial acceleration (after 100 ms) is always a constant during 20 ms and during the
next 80 ms there is an adaptation of the velocity and position of the gaze. The peak of
velocity is at the end of the open loop. Therefore the maintenance phase can start with
a closed loop whose role is to adapt the velocity of eye to stay focus on the target. It is
possible to observe that during this phase, the velocity oscillates around the real speed of
the target.
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Figure 4: Representation 1D of a smooth pursuit with its different parameters [19] [5].
The eye position on the target trajectory in solid black line and eye velocity in dotted
black.

2.1.3 Tracking with smooth pursuits and saccades

In the previous example of smooth pursuit (Figure 4), the trajectory of the target
is very easy to anticipate with its constant velocity. In figure 5, the trajectory is less
predictable and we observe that the smooth pursuit adapt the velocity to keep the fovea
on the target but sometime it is not possible and it is necessary to make "catch-up saccade"
to correct eye-target position error [15].
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Figure 5: Eye position during eye tracking with a passive movement. In black, the target
position and in blue smooth pursuit of eye with "catch-up saccade" in red to reduce
eye-target error.

2.2 Hand movement

As mentioned in the introduction to manipulate an object with the hand, we need
visual, proprioceptic and haptic information. In addition to the visual feedback, we can
learn more about the object with the hand [22| as the weight, the surface, roughness,
coefficient of friction... Firstly when we touch the surface of the object some information
are sent to brain by tactile sensors (tactical kinesthetic surface) to prevent contact with
it, to adapt grip force if it is slippery or to adjust properly control of the hand. Then
muscle spindles and Golgi tendon organs are the proprioceptor for the proprioception and
bring details about the spatial position (relative to the body) of the hand and arm thanks
to the tension, length and joint angle of muscles.

Only continuous movements of hand tracking will be analysed in this thesis that are
long and slow movements. During these movements, the hand trajectories are regulated.
However there are also discrete hand movements like pointing, reaching or grasping that
are short and fast [6].

Visual and proprioceptive information are used along the path at each time to plan
motor signals [6] [23]. With the combination of these two inputs, we continuously know
the current position of the hand.

The visual feedback gives an interpretation of the spatial environment (extrinsic
information) to plan the way up to the visual target. Moreover during the movement,
visual information allows to correct the online position errors (also for the end of reaching
movements) [24]. Therefore, an inaccuracy of the hand movement is observed when there
is a delay of the visual feedback [25].

Then proprioceptive feedback is more for the planning of motor commands thanks
to intrinsic information [6] [26]. The proprioception is also for the control of ongoing
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movements [27|. Indeed, if the proprioception is disturbed, it is observed that there are
some path variability in the later stages of voluntary movements [28]. Furthermore, some
problems of inaccuracy movement control are observed in animals with a lack of propri-
oception (artificial removal) [29] and in deafferented patients [30]. This is especially true
for movements of the hand with no visual feedback because it is shown by another study
[31] that it is possible for people with a deficit of proprioception to perform accurate
movements with hand vision [32]. It is also observed that the accuracy of proprioception
is similar for the right and left hand [33]. To know spatial position of limb, a prediction of
the future and expected posture is given by efferent information of proprioception while
related information give a feedback of posture with a delay [34]. The information during
the movement is used to update the internal model of the limb dynamics, which is then
used to program the motor commands [35]. For a grasping activity, muscles length and
joint change along the movement and give proprioceptive information to adapt the tra-
jectory according to its kinematic [36].

Active (self-move of the hand) and passive (externally-move of the hand) movements
are done in this thesis and it is observed that the accuracy (position of the limb) of active
movements during adaptive capacities is better than passive movements [37]. This would
be explained by the fact that the muscles are activated voluntarily and activates more
muscle spindles.

2.3 Eye-Hand coordination

For movements, it is necessary to control the eyes and one or both hands simultane-
ously. This is not two independent systems because there is a coordination control between
them (eye-hand coordination). This coordination between hand motor system and eye
motor system is necessary and complex [1]. The coupling of the two system depend of the
task. For example, the vision for action consists to share the signals send to the eye with
hands or conversely action for vision where the signals of hands are shared with eyes [5] [6].

In accordance with literature [38], the accuracy of eye tracking is better when the
target is moved by the subject himself (self-moved target tracking) than when is just
asked to follow a target with eye [39]. This shows that there is a communication between
sensory and arm motor system when is asked to follow a target with the hand and with
the eyes [38]. Indeed, with the active movement of the hand, the smooth movement of
the eye is more accurate [40]. When the subject needs to follow a target with the hand,
the eye gives information about the target and its motion. The vision of the hand during
its movement improves its spatial accuracy [41]. Moreover, it is possible to follow the
hand moving under a table with the eye thanks to the proprioception but it is observed
that movements of eyes are saccadic [42]. Finally, if visual attention is distracted during
a reaching task, it is noticed that the performance of the movement is less accurate [43].
Indeed, the trajectory of a reaching movement can be modified if the target changes of
position during the task with no vision of the hand [44]. The vision is mainly used to
define the trajectory and kinematics of reaching movements. The proprioception seems
to be crucial in converting the plan into motion commands sent to the arm muscles [24].
The efficient online motor control considers visual information about the target during
point-to-point movements of reaching [23].
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One more time, compare active movements with passive movements, it is observed
that eye tracking is more precise during an active task where the target is the hand [45].
This can be explained by the fact that the oculomotor system uses afferent signals (muscle
control signals) of the hand and arm to predict the movement [46].

2.4 Internal models

Internal models for motor control illustrate how organisms use input-output informa-
tions to perform oriented movements [47|. These models represent the interaction between
the environment of the body, the sensory system and the motor system. It is a represen-
tation of the brain operation (Figure 6) with specific neural circuits [48]. The forward and
inverse models are the two kinds of internal models analysed in this subsection [49] [6].
The inverse model provides input to human body parts in the form of motion commands
to obtain the desired sensory output through the interaction of the human body and the
environment [6]. While the forward model operates predictions of the sensory results of
the generated motion commands. The body environment, the musculoskeletal mechan-
ics and the central nervous system interact with each other to obtain the motor behaviour.

Figure 6: Interaction between muscu- Figure 7: Grabbing a cup is an example
loskeletal mechanics system, the environ- of task where the internal model can be
ment and the central nervous system for illustrated [51].

motor behaviour results [50].

For a task like grabbing a cup (Figure 7), an internal model method of human
sensory motor circuit is divided in three main step. In the first stage, the central ner-
vous system considers physical environmental status and specific tasks to generate motion
commands. The second stage observes the state change due to the motor command. The
third stage provides sensory feedback about the new state. And these three phases are
represented by separated internal models in the brain: inverse model, the forward dy-
namic model and the forward sensory model [6].

The purpose of the internal model is to solve a series of limitations faced by sensory-
motor circuits in fast movements [5]. Indeed, this loop has some limitations as a delay in
neuron transmission or in sensory feedback and can have sensory signals with noises and
inaccuracies. These internal models adapt according to the environmental change and the
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body function.

The theoretical model proposed for the coordination between eye and hand is illus-
trate on the figure 8. Thus we can observe two systems, the first one for the eye motor
(blue dotted line) and the second one for the hand motor. These two systems are similar
and are resumed in a same model (Figure 9). On the figure 8, it is shown that there is
coordination control centre between the system that uses as input the hand efference sig-
nals, the proprioceptive information and the visual input in order to improve the timing
and the spatial accuracy. According to a study with deafferented subjects, it has been
observed that there are indeed two distinct systems, one for the vision and the other for
the proprioception in adaptive processes [52].
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Figure 8: The theoretical model proposed for the coordination between eye and hand 6]
[38].

In the following sub-sub-sections, the forward model and inverse will be described
separately. In fact, it is two complementary systems where the inverse model allows the
calculation of the motor control thanks to the state of the body and the desired movement
and the forward model that uses the efferent copy and the motor command to obtain in-
formation on the sensory states.

2.4.1 Forward model

Thanks to the forward model, the motor commands are converted into sensory re-
sults with prediction. Moreover the longevity of the calibration exercise and an estimate
of the state of the body and its surrounding world are generated by this model [47]|. The
sensory results are predicted by the model thanks to the motor commands. So the for-
ward model receives a copy of the motor commands ("efferent copy") as input (Figure
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9). The outgoing motion signal supports inferential discharge, and therefore can be used
to predict the results of the action before the sensory feedback is available [5] [47]. Since
the outgoing copy is coordinated with the motor signal and the output of the inference
is coordinated with the sensory signals, the loop of the forward model is faster and less
noisy which helps in rapid motions [6].

Task Inverse ) System state Forward
selection ’ Maodel ) Model
Efference
Motor . copy ; Ty SE”SPW
Moise Moise
Maotor ‘. Sensorl,,r
r:ommand &\ f Feedback
Momr plant

Figure 9: Role of forward and inverse models in motor behaviour [6].

Causal link is set by forward model between actions, sensory signals and dynamic
results of system status and motor controls. An example of this model is for a tennis
player who can accurately predict the trajectory of the ball that he wants to hit and
coordinate the movement of the hand (racket) [10].

2.4.2 Inverse model

During exercise planning, the desired sensory results are converted into motor com-
mands (Figure 9). This conversion is explained by an inverse model. This is the feedback
controller. Sometimes it is also described as a control strategy, this feedback controller
converts the state estimates of the body and the task target into the next moment’s motion
command [6]. Even if the exercise plan is started before the starting of the movement,
the inverse model will continue to control the movement and correct errors during the
execution of the exercise. After knowing the present position of the body according to the
environment, the inverse model will tend to maximise the performance of the movement
with adjustement in the sensorimotor feedback loops [6].

2.5 Aims of the thesis

As the title of this master thesis indicates, the main goal of this work is to study the
"visuo-haptic coordination in tracking tasks". To achieve this, some data were collected
on subjects with the KINARM robot at Woluwe. To understand this coordination, some
conditions are used to separate different roles of vision or proprioception. Thus this work
is composed of several principal goals.

The first aim is to study the role of the vision in hand tracking tasks (follow
a target with the hand). So, a comparison of hand movements is done with and with-
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out visual feedback! of active hand motion?. In the same active movement of the hand,
analysis of eye movements are realized. Moreover, we compare eye movements with and

without visual feedback of passive hand motions®.

An other principal goal of this work is to understand the role of hand proprio-
ception in eye tracking tasks (follow a target with eyes). For this, we compare eye
movements with and without active hand movement. In other words, in a first condition,
we have active hand motion and eye motion while tracking a moving target with eyes and
hand. In the second condition, we have hand rest and eye motion while tracking a moving
target with eyes. We can also compare eye movements of this last condition with passive
hand motion and eye motion while tracking a moving target with eyes.

Then, we contrast two different types of tracking trajectories: straightlines and curves
where the straightline is more predictable than the second one. Finally, we compare if
there is a difference between the use of the preferred hand or not during tracking tasks.

Regarding the analysis, between target and eye (gaze) or between target and hand, we
mainly examine position errors, difference of velocities or lagging. For the eye movement,
we want observe if there is a difference between saccadic and smooth pursuit mechanisms.
For that, the mean amplitude, mean rate and percents of saccade distance are computed.
Another issue is whether the direction of the trajectory has an influence on the different
outputs. Finally, we want to know if the reaction time of hand or eye are different de-
pending on the conditions of the experience.

As mentioned in the introduction section, understanding these systems of coordination
more precisely could help in various fields as rehabilitation (stroke, accident...), operation,
elaboration of new prosthesis devices, new robots like exoskeleton ...

3 Methods

To answer the different aims of this thesis, we need data. For this purpose, we explain
the methods used with the material, the subjects and the protocol of experiment.

3.1 KINARM robot

Firstly, to collect data, we use the KINARM robot (Figures 10 and 11). The advan-
tage of this robot is that we can create a variety of situations thanks to a programmable
interface and more precisely tracking tasks for this protocol. As we can observe on fig-
ures, there are 2 handles that move in a horizontal plane. These handles are connected
to robotic arms and allow to know some parameters as position, velocity and force accu-
rately. During passive movements, the handle is moved by the robot and not by yourself.
Then, the subject is seated on a height-adjustable stool in order to be as comfortable as
possible. The head is placed against the robot to follow the animations on a black screen.
This black screen is actually the projection of a screen on a mirror (Figure 12). With this

IThere is a visual feedback when it is possible to see the hand during a task.

2The hand is moved by yourself.

3Hand movement where the hand is not move by yourself. In this case, the hand is moved by the
KINARM robot.
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Figure 10: Scheme of KINARM robot Figure 11: Robot used at the institute
[53]. of Neuroscience (COSY) in robotics and
readaptation lab at Woluwe.

combination of a screen and mirror (at equidistance between the plan of handles and the
screen), the subject can imagine where is the real position of the object in the handle’s
plan [5]. In this protocol, it is not possible to directly see the hand under the black mirror
but we have a visual feedback of the hand thanks to a white dot that simulates the centre
of the handle on the mirror.

Virtual reality screen
displayed by the
screen Sub]ect
\_‘\<ht /O
line of 5|ght
— |VI|rr0r
/
- |—|/ Handle
Where the Hand-plane
subject imagine
the object

Figure 12: Black screen mirror to display virtual reality [5].

3.2 Eye Link 1000 Plus

To collect data of eyes, the robot used the Eye Link 1000 Plus of "SR research
EyeLink ®)[54]" as gaze tracker. This camera has an acquisition frequency of 2000 Hz.
Thanks to a calibration, this gaze tracker has a very good precision and accuracy. This
calibration is necessary before each session and consists to fix 13 centres of dot targets
on the screen. A repetition of this 13 dots is realised as validation of the calibration.
Moreover, it is possible to repeat the calibration if the parameters of accuracy are too
poor. It is important that the subject does not move his head too much during the session
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of protocol (after the calibration).
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Figure 13: Eye Link setup [55].

There is a software (Figure 13) that can estimate the position of the gaze. So the
subject needs to put his head against the robot, then he is asked to fix the camera to
adjust the focus of this one on his dominant eye. Next, a target is put on head above
the left lip (or on the forehead on this illustration) if the dominant eye is the right. This
target helps to know the eye position and allows to not lose the signals during trials.

3.3 Participants

Twenty one volunteers came to the laboratory. However, three of them were rejected
from the protocol after the first session (there are three sessions). Data of five others are
not used for the analysis because signals are too noisy, lost and useless. Therefore, for
the analysis that will follow, data from 13 subjects are used. We are witnessing the fact
that data of these people being ejected based on the raw signals and not after analysis of
contradictory representative values.

Age of participants are between 19 and 32 with mean age of 24.3 4+ 3.1 years old.
Of the 13 subjects analysed, 7 of them are girls. As desired, there are all right-handed.
The preferential hand is verified with the test " Edinburgh Handedness Inventory" [56]. Tt
is asked to sleep well the night before the experiment and not to be under the influence
of drugs, alcohol or caffeine. If the participant have long hair, it is necessary to tie them
back and makeup around the eyes (e.i. mascara) is forbidden. No one had any motor
or neurological disabilities. All participants agreed to participate in this experiment and
signed a consent form after having read it with them.

3.4 Experimental design

The protocol is composed of three sessions of approximately one hour each for a
total of three hours of acquisitions. One session for active movements, an another one
for passive movements and the last one with the left hand (not preferential hand). The
sessions can take place over two or three different days. If the last two sessions took place
on the same days, a rest of half an hour is done to the subjects between them. There are
two kinds of trajectories during tracking tasks, the curve trajectory and the straight line
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trajectory. Each sessions are composed of several conditions and blocks. The order of the
sessions is random as well as the order of the blocks in these sessions. These sessions are
detailed one by one in this subsection after explanations about different trajectories and
eye calibration.

3.4.1 Trajectories

There are two kinds of trajectories for the target (Curve and straight line) in this
experiment of tracking tasks. Here, the characteristics of these two types of trajectories
will be discussed in more details.
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Figure 14: Eight straight line trajecto-

Fios Figure 15: Five curve trajectories [57].

Firstly, in the figure 15, the five cycle curve trajectories used are illustrated. We
can observe that each path of targets are in a twenty centimetres centered square. The
target needs 5 seconds to realise these cycles. For a trial, the cycle repeats itself to have
10 seconds of movement. These paths are unpredictable and participants do not see that
the cycle is repeated during a trial. The five shapes used come from another study of F.R.
Danion and J.R. Flanagan [57]. The five paths are constructed with a combination of two
cosines for the positions along x-axis (Equation (1)) and a combination of two sines on
y-axis (Equation (2)).

xp = Ajzcos(wt) + Agzcos(hywt — @) (1)

yr = Ayysin(wt) + Agysin(hywt — @) (2)

The parameters [57| used for the five curve paths (Figure 15) are in the table (1)
where ¢ represents the phase and h the harmonic. To have a cycle of five seconds, the
values of the parameter w is set at %”
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: Alx A2oc P Aly A2y Pz
trajectory el Jgeml ™ 1) |feml |feml | ™ ()
1 5 5 2 45 5 5 3 -135
2 4 5 2 -60 3 5 3 -135
3 4 5.1 3 -60 4 5.2 2 -135
4 5 5 3 90 3.4 5 2 45
5 5.1 5.2 2 -90 4 5} 3 22.5

Table 1: Parameters of equations (1) and (2) for the five different curve trajectories of
target [57].

Then, we can observe on the figure 16 for one cycle of the first curve trajectories
the x-axis and y-axis positions with the combination of two trigonometric functions on
upper blue plot. In red, the derivative of these positions give the velocities along the
axis. The target moving in a horizontal plane, we are interested by Cartesian velocity
Vxy =/ V32 + Vi which is illustrated in the lower left plot of the figure 16. It is interest-
ing to note that the mean velocity of the five trajectories is the same and has a value of 16
ecm/s. Moreover, the X-Y velocity is never nil and the target starts to move with a speed
of approximately 11 ¢m/s in this first trajectory. This velocity has a maximum of 27 em/s.
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Figure 16: In upper plots for one cycle of the first curve shapes, the positions in x-axis
and y-axis are in blue and the velocity along axis in red. In lower left is the Cartesian
velocity and in lower right is a remember of the first path.

Concerning the straight line trajectories (Figure 14), there are eight directions with
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a length of ten centimetres which we go through in two seconds. The starting point is
always the same and the straight trajectory is very easy and predictable. As long as the
target has not started moving, the subject does not known the direction to follow. How-
ever, after the target’s departure, we can predict the way to be follow and the arrival point.

As for the curves, in figure 17, we can observe the information about velocities. In
this case, it is for a starting point at the centre of the screen and an upward trajectory
to the left. The shape of the X-Y velocity is the same for all directions and begins with a
nil velocity and rises to a peak of 10 em/s at midway. Then the speed decreases to zero.
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Figure 17: In upper plots for the eighth straight line shapes, the positions in x-axis and
y-axis are in blue and the velocity along axis in red. In lower left is the Cartesian velocity
and in lower right is a remember of the eighth path.

3.4.2 Eye calibration

Before to start tracking tasks of the session, it is necessary to calibrate the set up of
gaze tracking on the dominant eye* of the subject. This step can be done very quickly
for some subjects if the calibrations obtain good parameters from the first test but some-
times it takes several tries. This calibration consists in fixing twice 13 white points on
the black mirror. First time for the calibration and the second time for the validation
of parameters. Once this calibration is done, the participant is asked not to move his
or her neck and head too much during the session. This is a little uncomfortable and
that is why we are asking people to be well seated. It is also necessary to make sure that

4A short exercise is done with the participant to know this dominant eye.
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the target on the face (Figure 13) is well stuck because it allows to locate the eye in space.

Then another small calibration (only one try) with eleven points is done before each
blocks of the session. This one, to make sure that the calibration is still good. Otherwise
an adjustment is applied at following data (more details in the subsection 5.3: Eye signals
correction).

3.4.3 Different conditions

To remember, the protocol is divided in three sessions for 14 conditions. For a par-
ticipant, these sessions are randomised as well as the order of the blocks in these sessions.
Ten conditions (A-J) are represented in the figure 18, the four others are the same as the
conditions A B,E and F but we use the left hand (AL,BL,EL and FL).
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]
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Figure 18: Ten conditons (A-J) for the active session and passive session. Hand tracking
in orange, eye tracking with the hand in green and only eye tracking in blue.

Active session

This first session is composed of three blocks. Two blocks of hand tracking (Figure
18: orange) to study the role of visual feedback in hand tracking and a third block (con-
dition G in blue on the figure 18) to study the role of hand proprioception in eye tracking
task. We name this session active session because during hand tracking (orange), the
subject moves the handle by himself. The condition G is not an active movement of the
hand but it is put here to complete the session of one hour.

We can start by explaining the second block of hand tracking with conditions C and

D before the first block of conditions A and B. Then we describe the conditions of the
block separately.
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For the condition C, it is asked to follow a green target with the hand and with
the eye. There are ten trials of ten seconds for this condition with curve trajectories.
On the black screen the participant sees the green point of the target and a white point
(visual feedback) that represents the centre of the handle (the hand). A trial is ready to
begin when the start point (green point) appears on the black mirror. Then, to start the
trial, the participant needs to put the white point of the handle on this starting point, the
target begins to move after a small delay. We collect data during the movement of the
target. Concerning the gaze, the goal is to be focus on the target (green point) and not on
visual feedback (white point) even if this one will be in general not far away. For the hand
the goal is to "follow" the target and for that the visual feedback indicates precisely where
the hand is located. By "follow", we want to be on top of the target during the trajectory
but since this is unpredictable, the participant tries to stay as close as possible to that
target during its movement. The trial stops when the target has finished its movement
and disappears.

The goal of the condition D is exactly the same, it is necessary to follow the target
with the eye and with the right hand. The only difference is that the participant has
not visual feedback during the trial (the white dot is not visible). The trial begins in
the same way when the target starts to move after putting the visual feedback in the
starting point. But the visual feedback disappears when the target starts its movement.
This hand tracking task may seems harder because the subject has not visual feedback
to know the exact position of his hand, he can just use proprio-sensors to imagine the
position of his hand.

This block is composed of twenty trials (10 of C and 10 of D) that appear in a
random order. Thus the subject does not know before starting the trial whether he will
get a visual feedback or not during this one. Moreover, the subject can take his time to
play the following trial because he launches the next trial by himself when he puts his
hand in the starting dot. Thus it is asked to blink before the next trial as it is better
to avoid blinking during the ten seconds of run. A break is given after ten trials so that
the person can rest their eyes with small exercises learned before the experience begins.
During this break, the participant can also release the handle but not move the neck or
the head to avoid losing the eye calibration.

The first block with condition A and B is similar to the second block (C and D)
with active movement of the hand but this time with straight line movements.

The condition A is composed of eighty trials of active movements of 2 seconds
with visual feedback of the hand. Thus, each of the eight directions is tested 10 times.
The instructions are exactly the same as for the condition C.

Concerning the condition B, it is the same as condition D but with straight line
paths and eighty trials.

Consequently, the first block is composed of 160 trials (80 of A and 80 of B). Even
if one trial takes only 2 seconds, this block lasts approximately twenty minutes. For that
reason three breaks are given during the block to rest eyes and hand. The order of trials is
random so the participant does not know the direction or the presence of visual feedback
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for the following trial. However, the path and the final point of the target are easy to
predict so it is very important to remind to the participants that it is a tracking tasks
and not a reaching tasks. The goal is to follow the target and no directly go at the final
point.

Finally, only the condition G constitutes the third block. This condition involves
only eye tracking with the rest of the hand. There are eighty trials with straight line
paths and a random order. The trials follow each other but there is a small lapse of time
between them to allow subjects to blink. This last block requires three breaks to rest the
eyes.

Passive session

This second session is also composed of three blocks. Two blocks of eye tracking
(Figure 18: green) with passive movement of the hand and a third block with the hand at
rest (condition J in blue on the figure 18) to study the role of hand proprioception in eye
tracking tasks. We name this session passive session because there are two blocks with
passive movements where the handle is moved by the robot. The block with condition J
is put in the session to balance the duration of the sessions of approximately one hour.

As for the active session, we start by explaining the block composed of curved trajec-
tories (conditions H and I). Then, we quickly explain the passive movement with straight
line paths (condition E and F) and end up with condition J.

For the condition H, the goal is to follow the right hand with the eye during passive
movements of the handle. To help, the visual feedback of the hand is plot on the screen.
Henceforth, the target and the hand are confused in this condition. Then it is asked to
follow the white dot with the eye. As for the active condition, a trial is ready to begin
when the starting point (green dot) appears on the screen. Then, to start the trial, the
subject needs to bring actively the visual feedback of the handle in this starting point.
After a very short time, the handle starts to move by itself (passive movement) and the
collection of data begins. There are ten trials with a duration of ten seconds. When the
handle stops moving by itself, the collection of data is finished for the trial.

The goal of the condition I is exactly the same that the previous condition H, that
means following the centre of the hand with eyes. However, there is no visual feedback
of the hand so it is asked to follow the hand as there is the white dot but on a black
screen (nothing is plotted on the mirror). The participants have to guess the position of
the hand thanks to proprio-sensors. Concerning the beginning and the end of the trial,
it is similar at the condition H but the visual feedback (white dot) disappears when the
KINARM robot takes the control of the handle.

The block is composed of twenty trials including ten for condition H and ten for
condition I. The order of trials is random so that the participant does not know before the
trial if he will get a visual feedback (white dot) during this one. As for active session, the
subject can take its time to play the following trial to blink before starting. A break is
necessary after the tenth trial. We warn that the handle starts quickly and stops abruptly
but the arm must not resist to the robot.
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The condition E and condition F correspond respectively to condition H and
condition I but with straight line movements of the handle. Thus this block is composed
of 160 trials (80 for E and 80 for F) of passive movements with straight line paths. Every
trials have a duration of 2 secondes. The order of trial is random, thus the participant
does not know the direction path or if the white dot will be plotted before the starting of
trial. It is a tracking tasks and not a reaching one so it is remembered that the goal is to
follow the centre of the hand during the movement.

The third block contain only the condition J where the goal is to follow with only
eyes ten curve trajectories of ten seconds. Three breaks are given to rest eyes because it
is tiring for the eyes to not blink for several successive trials.

Left session

For this left session only straight line movements are studied and the participant
uses the non-preferential hand (left hand) on the right handle. The goal is to observe if
there is a difference in results according to the hand used. Thus we repeat the first block
of the active session of conditions A and B but this time we call these conditions AL and
BL. Then, the second block with condition EL and FL corresponds to the first block
(conditions E and F) of the passive session.

4 Programming Environment

The figure 19 illustrates the communication between the KINARM robot and the
computer. Indeed, some data are collected by the eye tracker and by the handle of the
robot. Then the computer submit some orders to the screen (visual feedback, target)
and the handles (motors for the passive movement). Several kinds of sensors are in the
handles but only positions of them in time are collected for this protocol.

Computer Screen
Orders

>

Eye tracker
Data
= -
Orders Handles

Figure 19: Link between the computer and the KINARM [5].
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Then, the software that controls the KINARM robot is the Dexterit-E which used
the files .dlm and .dtp generated by the simulink program of Matlab [5]. The robot needs
the .dlm file that contains the general protocol with the different trajectories and condi-
tions of blocks and trials. This file is exactly the same for each subjects. Conversely, the
.dtp file is more adaptable and changes according to the order of the blocks or accord-
ing to some parameters that is possible to change. Finally, the data are saved in a .zip file.

5 Data processing

Once the data are collected with the robot, we can analyse them with Matlab. Before
that, it is necessary to extract the different signals that we need of the .zip file. Thanks
to the KINARM robot, we know the position of the handle and the target over the time.
The gaze position is collected by the eye tracker. These signals are sampled at 1,000 kz.
Thus, signals of one trial have 2,000 samples for a straight line trajectory and 10,000 sam-
ples for a curve trajectory. It is also necessary to detect when the trials begins with the
"EVENTS.LABELS" send by the KINARM. Then, all trials are classified by conditions.
A number is associated with each trial according to its direction for straight line paths
(8 different numbers) or according to its curve trajectories (5 numbers). The signals for
the position of the handle and the target can be used in this raw state but that is not the
case for gaze signals. The eye signals need more work, it is necessary to extract noises,
to remove blinks (or outlying parts), to detect saccades and to correct position errors. In
this section, we explain these different steps to obtain data usable for gaze position.

5.1 Blink removal
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Figure 20: Window displayed by function "MarkKinEyeBlink" to remove blinks. Plot of
X position and Y position of gaze for a trial with curve trajectory. When the value of the
red line is different of zero, it is a automatic detection of blinks.
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When the participant blinks, the gaze tracker can no longer detect the eye and loses
a part of the signal. This loss of the gaze is represented by absurd values (big outliers for
x and y positions). Thanks to these absurd values, the Matlab code "blinkremover2.mat"
detect and remove these blinks automatically (see red line different of zero in figure 20).
However, this Matlab function does not detect all the blinks and bad data. Several issues
can make that some parts of the signal need to be removed. It is the case when hair or an
eyelash falls in front of the eye®. Some parts of the signal are very noisy. Lastly another
reason comes from the eye tracker that has some difficulties to track the pupil while the
eye is wide open.

Thus, we can remove these wrong data manually thanks to an adaptation of the code
"MarkKinEyeBlink.mat" of Dc. Jame Mathew. By "remove", we mean that this parts of
signal are ignored during the analysis. An alternative solution proposed by this function
is to interpolate the deleted part but that would imply errors in analysis. Firstly, because
the interpolation suggested is linear which is not ideal for large signal losses (Figure 21).
Then, it is not necessary to have full signal for the different analysis.
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Figure 21: Solution? Linear interpolation of blinks for one curve trajectory trial.

The manual removing, is done with simple clicks on the window of the figure 20.
This step takes a long time because there are 770 trials by subject and thus 770 windows
to observe with some clicks. For that reason, it is necessary to be well concentrated in
order to avoid having to do it all over again and directly get correct data.

5.2 Saccades detection

Several analysis will focus on the saccades in this thesis thus it is necessary to detect
them. In addition, we analyse the speed of movement of the gaze in relation to the tar-
get. Besides the blinks, it is also required to remove saccades for the analysis of velocity

5Normally the participant’s hair is tied back.

26



because it seen that there were some spikes of velocity during saccades.

As for blinks, it is possible to detect automatically some saccades (in deep blue on
the figure 22). This can be done thanks to two thresholds. As seen in section 2.1.1, during
a saccade, there is a peak of velocity accompanied by a very high acceleration. Conse-
quently, a threshold of 30°/s for velocity and of 1500°/s? for acceleration are used. These
thresholds are too binding so all saccades are not automatically detected. One solution
would be to have smaller thresholds as 20°/s for velocity and 1200°/s* for acceleration
but in this way the function gives false saccades. The solution is therefore to detect the
missing saccades manually.
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Figure 22: Window display by function "MarkKinEyeSacc" to detect saccades. In black,
x-position and y-position of the gaze. Green line illustrates the presence or not of blinks.
In light pink, Cartesian velocity of eye. In deep blue, automatically detected saccades.

The adaptation of Matlab code "MarkKinFEyeSacc" allows to define these saccades
manually. To help, in addition of the x-position and y-position of the gaze, the Cartesian
velocity is plotted on the windows (Figure 22). The number of additional saccades is in-
dicated to the program, then the beginning and the end of each saccades are determined
by clicks on the windows. Two windows are used for one trial for a better view. Thus for
this step, we observe 1540 windows (2 % 770) for each participant. This consumes a lot of
time so it is necessary to be focused during this repetitive and tedious task.

5.3 Eye signals correction

As explain in the section 3.4.2, there are a main calibration of the eye tracker before
the session and another smaller calibration before each blocks of the session. These small
calibrations are inspired by the Matlab code " ProcessEyeCalib.mat" [5] and indicate the
induce constant error generated by the eye tracker. During these calibrations, it is asked
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to fix eleven dots (Figure 23).
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Figure 23: Figure display by function "ProcessEyeCalib.mat" to indicate eye correction
for the corresponding block.

The error may be due to the first calibration that is not excellent or little moves
of the head. Indeed, the eye tracker estimate the gaze position thanks to the position of
the pupil in relation to the position of the face’s marker (target over the lip). It is not
possible for the participant to remain still during blocks so this calibration just allows to
minimise the error.

Thus, a gain and an offset is computed with the Matlab function for each axis and
are applied to eye signals of the corresponding block to obtain new eye signals (Equation
3 and 4) with a minimised error [5].

EyeSignalx new = EyeSignalx - Gainy + Of fSetx (3)
EyeSignal xynew = EyeSignaly - Gainy + O f f Sety (4)

5.4 Low pass filter

Lastly, the sampling of eye signals obtained by the eye tracker are noisy. Thanks to
a low pass filter, the signals are smoothed (Figure 24). The low pass filter used is the
"butter" function of Matlab with a cutoff of 25 Hz. Thus the filtered signal can be derived
to obtain velocity of the eye movement.
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Figure 24: Display of the 2D position of eye before (in blue) and after the application of
the low pass filter (in red).

6 Results

Since there are several aims in this thesis, the results will attempt to address these
through several sub-sections. Indeed, the role of vision in hand tracking will first be
studied. Then the role of proprioception in eye tracking follow-up by the role of hand
used. For these analysis, the typical trials will be first illustrated to give an idea of the
different movements (target, hand and eye). Afterwards, some parameters are calculated
and are plotted in graphs. Finally, it is necessary to check whether the visual observations
on graphs are statistical significant.

The results contain also sub-sections about the saccadic pursuit, the reaction time, the
role of the hand used, the influence of path predictability, the role of the direction...

6.1 Vision for action: role of vision in hand tracking
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Figure 25: Red frame: four conditions used to study the role of vision in hand tracking.
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To study the role of vision in hand tracking, the active movements are analysed
(Figure 25). Thus, four conditions are used: two conditions with straight line movements
(A and B) and two others with curve paths (C and D). To remind, the goal of these tasks
is to follow the target with the hand and the eyes (with or without visual feedback).

6.1.1 Typical trials

It is interesting to represent typical trials before analysing with numbers.

In this way, the figure 26 shows a typical trial for condition C where the subject
follows a green target with the eyes and the hand. To help, the visual feedback (white
dot) is plotted on the black screen. The two upper graphs represent respectively the x
positions and y positions in the time (10 s). The two others display the 2D positions
separated by cycles.
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Figure 26: A typical trial of condition C

In that respect, we can observe in green the position of target that is complied with
the curve path presented in section 3.4.1: cosinusoidal for x-position and sinusoidal for
y-position.

The black line has a smooth appearance and is very similar to the target’s trajectory
but with a spatial inaccuracy (2D position on figure 26) . Another imprecision is observed
concerning the time delay that is visible on the two upper graphs of the figure 26. Indeed,
the black line is shifted to the right compared to the green line.

The red line reflects the gaze position. Directly in spite of the low pass filter, we
observe that this line is less smooth. However the shape of the gaze’s trajectory is similar

to the target’s path.

The figure 27 shows a typical trial for the condition D. The colour legend is the
same that the previous figure for condition C. The statements are also similar to the
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condition C with the exception of the hand inaccuracy that is greater when the visual
feedback is absent.
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Figure 27: A typical trial of condition D

Finally, the typical trials for condition A and for the conditon B are respectably
shown in figures 28 and 29. It is for a trial starting in the centre of the screen (0,0)
and ending in the bottom right corner. It can be seen that the hand fit well the target’s
trajectory.

Typical trial for condition A Typical trial for condition B

Target Target
Hand | or Hand |
Gaze 3 Gaze

Y position [cm]
Y position [cm]

8 8
1 0 1 2 3 4 5 6 7 8 1 0 1 2 3 4 5 6 7 8
X position [cm] X position [cm]
Figure 28: A typical trial of condition A. Figure 29: A typical trial of condition B.

6.1.2 Is visual feedback necessary for spatial accuracy?

The first question is to know if the visual feedback increases the precision of hand
movement in relation to the target. To answer this question, the position error (PE) is
used. For one trial, the position error between the target and the hand is the mean of the
distance between them in time. This way, the figure 31 shows the mean position error
per conditions for each participants (one colour by subject). The thick blue lines are the
mean of all subjects and are representative of the general observation needed. The exactly
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same analysis (position error) can be done between the eye and the target (Figure 30).

PE : Eye - Target

PE : Hand - Target

Conditions Conditions
Figure 30: Mean position error between Figure 31: Mean position error between
eyes and target by condition. One colour hand and target by condition. One colour
by participant. The thick blue lines are by participant. The thick blue lines are
the mean value of all subjects. the mean value of all subjects.

Concerning the position error between eye and target (Figure 30), the presence of
the visual feedback or not does not statistically impacted it. Indeed, the thick blue line
between condition A and B seems horizontal (p-val : 0.8373). Even though the blue line
seems decreasing between condition C and D, the difference is not statistically signifi-
cant with a p-value of 0.262 (>0.05). However, an explanation can be given about this
decreasing [2]. When, subject is asked to be focused on the target (green dot) but the
visual feedback is plotted, the gaze is attracted to this last. Thus, the gaze is on a line
between the target and the visual feedback (Figure 32). This way the position error is
slightly larger when the visual feedback is plotted because the gaze is disturbed by this
one. Conversely, the vision is not impaired when there is only the target on the screen.
This decreasing is not noticeable with straight line movements because as explained in
the next paragraph, the path is more predictable so the visual feedback is closer to the
target.

t=6040 ms

® Hand
®  Target

Eye

Vertical axis (cm)

Horizontal axis (cm)

Figure 32: Position of the gaze (pink dot) when the visual feedback (white dot) is plotted.
The green dot is the target.
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For the position error between hand and target (Figure 31), an increase of the error
is observed in both kinds of trajectory movement when there is no visual feedback. Indeed,
these differences are statistically significant with a p-value of 0.0011 (p-val < 0.05) for
straight line movements (conditions A and B) and a p-value of 0.0256 for curve trajectories
(conditions C and D). Directly, we can see that the visual feedback is necessary for a better
spatial accuracy. Another observation is the difference between straight lines and curve
trajectories, the position error is much greater when the paths are not predictable.

6.1.3 Does the visual feedback have an influence on the tracking speed?

The mean velocity error is computed as the position error in every time step. Only
the smooth pursuit is used for the velocity error between eye and target. Indeed, the
blinks are ignored in data and saccades are ruled out because the peak of velocity would
distort results.

Concerning the smooth pursuit velocity error (Figure 33), the presence or not of the
visual feedback seems not to have effect on this one (p-val = 0.9893 for A and B, p-val
= 0.4621 for C and D). One more time, this can be explained by the fact that the goal
of the task is to follow the green target and not the feedback (white dot) with the eyes.
This time, the type of trajectories is important because it is observed that velocity error
increases when the path becomes less predictable.
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Figure 33: Mean smooth pursuit velocity
error between eye and target. The thick
blue lines are the mean value of all sub-
jects.

Conditions

Figure 34: Mean velocity error between
hand and target. One colour line by sub-
ject. The thick blue lines are the mean
value of all subjects.

The velocity error can also be analysed between hand and target (Figure 34). Di-
rectly, it is observed that the error increases when the trajectories are not predictable.
Then, if we are focused on the two conditions with curve trajectories (C and D), the
velocity error increases when the visual feedback is absent. The participants have a ten-
dency to make smaller or bigger movements when the visual feedback is not plotted so this
growth is correlated with the position error. This increase is statistically significant with
p-value of 0.036. However, it is not the case for conditions with straight line movements
(A and B) where no statistical difference is observed (p-val = 0.0951). Although for some
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subjects an increase is noticeable but it is not a generality.

6.1.4 Is visual feedback necessary for temporal accuracy?

The question is to know if the visual feedback has an influence on the temporal
precision. For this purpose, a correlation is calculated between 2D signals by gradually
shifting the two signals by 1 sample. This correlation is computed with the function
"crosscorr2D.m" of Matlab. The lag value corresponds to the shifting with the highest
correlation. A positive lagging corresponds to delay of the eye or the hand in relation to
the target. Here, the results are little more varied in hand tracking tasks but it is possible
to draw some conclusions about lagging.

Concerning the lag between the target and eye (Figure 35), a statistical significant
(p-val = 0.0025) decrease is observed when there is no visual feedback with curve tra-
jectories. This can be explain with the same observation of the position error where the
gaze is between the target and the visual feedback (Figure 32). For the conditions with
straight line movements (condition A and B), the averages are more confused from one
subject to another as well as the decrease observed on the figure 35 is not statisticaly
significant with p-value of 0.1201. The lag seems to be smaller when the trajectories are
predictable.
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Figure 35: Mean lag between target and
eye. The thick blue lines are the mean
value of all subjects.
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Figure 36: Mean lag between target and
hand. The thick blue lines are the mean
value of all subjects.

The lag between target and hand (Figure 36) is inconclusive with value ranging from
55 to 245 ms. Thus this result is not more discussed.

In that respect, it cannot be asserted that the visual feedback affect the temporal

accuracy.

6.2 Action for vision : role of proprioception in eye tracking

The passive movements are used to study the role of proprioception in eye tracking
(Figure 37). Thus, four conditions are used: two conditions with curve trajectories (H



and I) and two others with straight line movements (E and F). During these trials, the
goal is always the same, follow the centre of the hand (the handle) with the eyes when the
handle is moved by the KINARM robot. Sometime, the visual feedback is plotted (white
dot) to help and next time not. Henceforth the hand and the target are confused® in these
conditions. That is why, only the eyes movement in relation to the target is studied in
this subsection.

HAND TRACKING EVE TRACKING
Torget Garser=lshihand ating Taugss locaton =Righs g P F—
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Figure 37: Red frame: four conditions used to study the role of proprioception in eye
tracking.

6.2.1 Typical trials

One more time, before analysing the role of proprioception in eye tracking with val-
ues, it is interesting to illustrate typical trials.
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Figure 38: A typical trial of condition H where the hand (black line) is the target.

Firstly, the condition H is represented on the figure 38 where the participant follow
with eyes his hand moved by the robot with curve trajectories. The visual feedback (white

6The target is the hand.
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dot) is plotted on the black screen to help. Despite an upper shift, the eye movement (red
line) seems to correctly follow the target (black line) which is the visual feedback of the
hand. It will be checked in next sub-sub-sections but red line seems to be not shifted to
the left or the right compared to the target (hand).
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Figure 39: A typical trial of condition I where the hand (black line) is the target.

Concerning the second typical trial for condition I with passive and curve trajec-
tories, the gaze path (red line) on figure 39 seems to be completely different. For starters,
it is observed that the 2D position of the gaze does not follow the invisible target very
well. Then for the x position (upper left graph), it is possible to observe that the eye
signal is well modulated in relation to the target with the help of many saccades. The
same observation is done for the y position but with an amplitude problem. It is worth
mentioning that it is a very good trial because in a lot of trials, the eye path is not as
similar as the target’s. In the graph of the y-position, the gaze (red line) seems to be
shifted to the left. The analysis about saccades will be realised in the other sub section 6.6.

Typical trial for condition E Typical trial for condition F

T S T T
Hand \f Hand

Gaze

Y position [cm]
Y position [cm]
IS

1 0 1 2 3 4 5 6 7 8 1 0 1 2 3 4 5 6 7 8
X position [cm] X position [cm]
Figure 40: A typical trial of condition E Figure 41: A typical trial of condition F
where the hand is the target. where the hand is the target.
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Finally, the typical trials for condition E (Figure 40) and for the condition F
(Figure 41) are similar to the two previous conditions for 2D position.

6.2.2 Is visual feedback necessary for spatial accuracy?

One question is to know if the visual feedback influences the spatial accuracy of the
gaze according to the target. One more time, to answer this issue, the position error
analysis between eye and target is used (Figure 42). Thus, for conditions with curve tra-
jectories (H and I), it is observed that the position error increase when the participant has
only the proprioception sensors to know the position of the hand (p-val = 2.1756 - 107%).
The same observation is done with the straight line movements (p-val = 0.0082).

PE : Eye - Target

PE [cm]

Conditions

Figure 42: Mean position error between eyes and target by passive condition. The thick
blue lines are the mean value of all subjects.

This way, the visual feedback of the hand increases the spatial accuracy in both kinds
of trajectories. In addition, it can be noticed that the difference between the position error
of conditions with straight line paths and curve trajectories is not visible.

6.2.3 Does the visual feedback have an influence on the tracking speed?

To answer this question, the figure 43 shows that there is an increase of the smooth
pursuit velocity error when the visual feedback is not plotted during trials with curve tra-
jectories (condition I). This increase is statistical significant with a p-value of 4.1268-10~7
and is explained by strategies of the eyes to make lot of large saccades. Indeed, only the
smooth pursuit parts of the signals are used so the peaks of saccades do not disrupt data
and it is observed that the eyes movement is pretty linear between these saccades.

Concerning the straight line paths, the presence of the visual feedback seems to not
impact the smooth pursuit velocity error (p-val = 0.3932). Moreover, the two upper lines
seem to be outliers and if these were ignored, the thick blue lines would be even more
horizontal. This lack of impact of the visual feedback can be explained by the highly
predictable nature of the path, thus the participant uses saccades to correct the position
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but the dynamic is well inked in its strategy of pursuing.
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Figure 43: Mean smooth pursuit velocity error between eye and target. The thick blue
lines are the mean value of all subjects.

6.2.4 Is visual feedback necessary for temporal accuracy?

While the data of active movements did not bring much information about the tem-
poral accuracy, these conditions give more information about the role of proprioception
for temporal accuracy in eye tracking.
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Figure 44: Mean lag between target and eye for passive conditions. The thick blue lines
are the mean value of all subjects.

Indeed, for the condition H with visual feedback of the hand and curve trajectories,
it is observed (Figure 44) that the lag is closed to zero (between 0 and 20 ms for ten of the
participants). So even if there are position errors, these errors are not due to a temporal
accuracy but it is induced by a position shift (see y-position in figure 38) or a difference
in the amplitudes of trigonometric function of the trajectories. Then, for the condition I
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when the visual feedback disappears, the lag values are really different compared to the
previous condition (p-val = 6.7813 - 107'!). Indeed the lag becomes negative with value
between -40 and -80 ms which means that the participant try to anticipate the trajectory
of the target (hand). This negative lag confirms the left shift of the gaze compared to the
target observed on the typical trial.

The same observation is done with the straight line paths with values close to zero
when the visual feedback is plotted and negative values when the participants have only
proprioception sensors to know the position of the target. In these two last conditions,
five participants seem to have abnormal values.

6.3 Role of hand proprioception

Two other conditions can be added to observe the role of hand proprioception in eye
tracking. One condition for straight line paths and another one for curve trajectories and
are respectively the condition G and the condition J (Figure 45). During these conditions
only eyes track the target (hands at rest). The main goal is to observe if the spatial and
temporal accuracy are impacted when the target and the hand are confused.
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Figure 45: Red frame: Two added conditions used to study the role of proprioception in
eye tracking

G

The analysis of these two new conditions will not be detailed in this subsection 6.3
but in the subsection 6.5 of comparison between straight line paths and curve trajectories.
Thus, only the typical trials are described here.

6.3.1 Typical trials

Once again, it is interesting to illustrate typical trials.

Concerning the condition J with only eyes tracking of curve trajectories, a typical
trial is shown in the figure 46. Despite the bad start of the eye tracking (first 200 ms), the
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shape of the 2D position line of eye is similar to that of the target. The same observation
can be done with the x and y positions. Furthermore, the gaze (red line) seems to be
shifted to the right compare to the target (green line).
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Figure 46: A typical trial of condition J.

Then, for the condition G with straight line paths, the gaze line fit well the target
trajectory (Figure 47).

Typical trial for condition G

Target
Gaze |

Y position [cm]

-1 0 1 2 3 4 5 6 7 8
X position [cm]

Figure 47: A typical trial of condition G.

6.4 Compare right vs left hand in tracking

To study the impact of the hand used, only conditions involving straight line move-
ments of the hand are repeated. Thus the condition of active movements A and B as
well as the condition of passive movements E and F are reiterated with the left hand.
These new conditions are respectively named AL, BL, EL and FL. The main goal is to
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observe if the spatial and temporal accuracy of the gaze are impacted by the hand used.
We will see that the hand used does not change the behaviour of the eyes trajectories on

the following analysis.
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Figure 48: Red frame: four conditions repeated with the left hand.
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6.4.1 Does the hand used have an influence on the spatial accuracy?

Directly, it is observed in the figure 49 that the means of a condition with the right
hand are similar to its counterpart with the left hand. This is confirmed by the no rejection
of the null hypothesis of equality of means between homologous conditions (p-val>0.05

on table 2).

|A-AL  |B-BL |E-EL |F-FL
p-val | 0.9685 | 0.8657 [ 0.4345 ] 0.9012

Table 2: P-values of t-test on equality of means between homologous conditions for posi-

tion error.
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Figure 49: Mean position error between Figure 50: Mean smooth pursuit velocity
eyes and target by conditions. The thick error between eye and target. The thick
blue lines are the mean value of all sub- blue lines are the mean value of all sub-
jects. jects.
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6.4.2 Does the hand used have an influence on the tracking speed?

One more time, it is observed that the hand used does not affect this second parameter
that is the smooth pursuit velocity error (Figure 50). These observations can be confirmed
by table 3 which presents p-values greater than 0.05.

|A-AL  |B-BL |E-EL |F-FL
p-val | 0.4306 | 0.3033 1 0.7234 ] 0.9844

Table 3: P-values of t-test on equality of means between homologous conditions for smooth
pursuit velocity error.

6.4.3 Does the hand used have an influence on the temporal accuracy?

Finally, the answer to this last question is still negative. This can be observed on the
figure 51 and by the p-values of the table 4.
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Figure 51: Mean lag between target and eye. The thick blue lines are the mean value of
all subjects.

|A-AL  |B-BL |E-EL |F-FL
p-val | 0.9372 | 0.6729 | 0.5454 | 0.6993

Table 4: P-values of t-test on equality of means between homologous conditions for lag.

6.5 Compare different trajectories: straight lines, curves

In this subsection, the impact of the path is analysed. More specifically, does pre-
dictability of trajectory have an influence on the different parameters of the vision? Fur-
thermore, the role of hand proprioception is studied with the two additional conditions
G and J of the subsection 6.3 (Role of hand proprioception).
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6.5.1 Does the predictability of the trajectories have an influence on the
spatial accuracy?

Firstly, we can compare the figures 52 and 53 to realise that the shape of the two
graphs are similar. Henceforth, it can be concluded that the strategy used by the eyes
to follow the target is independent of the trajectories of the target but changes with the
condition of the trial.

PE : Eye - Target PE : Eye - Target

PE [cm]

Conditions Conditions

Figure 52: Mean position error be- Figure 53: Mean position error between
tween eyes and target by conditions with eye and target with curve paths. The
straight line paths. The thick blue lines thick blue lines are the mean value of all
are the mean value of all subjects. subjects.

However, even if the strategy of gaze pursuit is the same regardless of the trajectory,
it is interesting to perform a test of equality of means (t-test) between corresponding
conditions. Thus, only one statistical significant difference in equality of means between
condition F and I is observed (Table 5 : p-val < 0.05). Therefore, the position error does
not depend on the trajectory with the exception of one condition with passive movements
without the visual feedback. So, when the participant only has the proprioception sensors
to know the position of the hand, the position error increases with the difficulty to predict
the trajectory. Indeed, in the sub-sub-section 6.2.4, we observed that participants attempt
to predict the hand position in these two conditions and that would explain why those
are the only conditions impacted by the trajectory for spatial accuracy.

|A-C | B-D |G- |E-H | F-1
p-val 1 0.903 | 0.7284 | 0.3796 | 0.948 | 0.0284

Table 5: P-values of t-test on equality of means between homologous conditions (straight
lines vs curve paths) for the position error.

6.5.2 Does the proprioception have an influence on the spatial accuracy of
the gaze when the target is plotted?

It is observed that the active or passive movements of the hand during tasks have
not any influence on the spatial accuracy (position error) of the gaze when the goal is
to follow a plotted target (Figures 52 and 53). Indeed, when it is asked to follow the
target with the eyes and with the hand, the second task does not seem to interfere with

43



the first one (conditions B-G and D-J). Then, the fact that the target becomes the hand
which moves passively does not improve the spatial accuracy of the gaze (conditions D-J
and H-J). Naturally, it would be expected an increase in the accuracy of vision with the
addition of the proprioception sensors but this is not the case. These observations are
confirmed by p-values of the table 6.

| B-G |E-G | D-J [H-J
p-val | 0.3596 | 0.1169 | 0.4939 | 0.1259

Table 6: P-values of t-test on equality of means between conditions with and without
hand for position error.

6.5.3 Does the predictability of the trajectories have an influence on the
tracking velocity?

In contrast with the position error, the smooth pursuit velocity error is impacted by
the kind of trajectories used (Figures 54 and 55).
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Figure 54: Mean smooth pursuit velocity Figure 55: Mean smooth pursuit velocity
error between eyes and target by condi- error between eye and target with curve
tions with straight line paths. The thick paths. The thick blue lines are the mean
blue lines are the mean of all subjects. value of all subjects.

First of all, with curve trajectories, a rise of smooth pursuit velocity error is observed
when the visual feedback of the passive hand movement disappears (conditions H-I). This
observation is not the same with straight line movements of conditions E and F.

Then, the smooth pursuit velocity error seems to be bigger with curve paths. This
is confirmed by the p-values of the table 7 except for the conditions E and H (p-val =
0.6505). However, this result should be carefully taken because this can be partly ex-
plained by the difference of velocity range between the two kinds of trajectories. Indeed,
the mean velocity during the curve trajectory is 16 cm/s when it is only 5 cm/s for the
straight line movement.
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|A-C | B-D |G- |E-H | F-1
p-val | 0.0031 | 0.0108 | 0.039 | 0.6505 | 0.003

Table 7: P-values of t-test on equality of means between homologous conditions (straight
lines vs curve paths) for smooth pursuit error.

6.5.4 Does the proprioception have an influence on the tracking velocity?

In figures 54 and 55, it is shown that there is not any statistical significant difference
of the smooth pursuit velocity error between conditions B, G and E or between condition
D, J and H (p-values on table 8). Thus, the proprioception does not improve the adaption
of velocity for the eye tracking.

| B-G |E-G | D-1J | H-1J
p-val | 0.8482 | 0.399 | 0.6462 | 0.4631

Table 8: P-values of t-test on equality of means between conditions with and without
hand for the smooth pursuit velocity error.

6.5.5 Does the predictability of the trajectories have an influence on the
temporal accuracy?

By comparing the two figures 56 and 57 several differences in the lag can be ob-
served between the two kinds of trajectories. Firstly, during active movements, the lag is
bigger with curve trajectories. Then, a difference for the conditions with only eyes will
be explained in the next question (sub-sub-section 6.5.6). Finally, even if the values for
condition E and F do not seem to be very reliable (high variances), the mean values of H
is close to the mean of E (p-val = 0.4341) and the prediction (negative lag) in condition
I is more important than with the condition F.
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Figure 56: Mean lag between eyes and Figure 57: Mean lag between eye and tar-
target by conditions with straight line get with curve paths. One colour dot
paths. The thick blue lines are the mean by subject. The thick blue lines are the
value of all subjects. mean value of all subjects.
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These observations are confirmed by the p-values of the table 9. Thus, the unpre-
dictability of the trajectory has an influence on the temporal accuracy.

|A-C | B-D |G- |E-H | F-1
p-val | 0.0039 | 0.0044 | 0.0003 | 0.0.4341 | 0.0294

Table 9: P-values of t-test on equality of means between homologous conditions (straight
lines vs curve paths) for lag.

6.5.6 Does the proprioception have an influence on the temporal accuracy?

For straight line movements (Figure 56), the mean lag of condition G is close to the
condition E of passive movement with visual feedback (p-val = 0.8705). Thus, in this
case the proprioception of the hand does not improve the mean lag that is close to 20
ms. However, the lag is damaged by the fact of making a second related task which is to
follow the same target with the active movement of the hand (condition B).

Conversely, the lag of condition J is close to the condition D of the active move-
ment without visual feedback of the hand (Figure 57). Thus, when the goal is to follow
an unpredictable target with the eyes, the second task with the active movement of the
hand does not damage the lag. However, this lag can be reduced with the help of the
proprioception when it is observed that the mean lag of the condition H is closer to zero.

To support these observations, the different p-values required are in the table 10.

| B-G |E-G | D-J [H-J
p-val | 0.0055 | 0.8705 | 0.0513 | 1.43 1077

Table 10: P-values of t-test on equality of means between conditions with and without
the hand for lag analysis.

6.6 Saccades analysis

As mentioned in the state of the art (sub-sub-section 2.1.1), saccades can be char-
acterised by some parameters like amplitudes, rates ... Moreover, we always observed
with typical trials that a participant makes more saccades with big amplitudes during
conditions of passive movements without visual feedback. Thus, in this sub-section, an
analysis of saccades is done according to conditions with the straight lines and curve paths.

6.6.1 Does the amplitude of saccades change according to conditions?

Directly, it is observed that the shapes of the two graphs (Figures 58 and 59) are
identical with an increase of the amplitude during passive movements of the hand without
visual target (conditions F and I). Thus, when the only piece of information comes from
the proprioception, the participant makes saccades with bigger amplitudes. Then, when
the target is plotted on the screen, there is no statistical significant difference between the
other conditions (p-values on table 11) with the exception between conditions D and J.
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Henceforth, for the curve trajectory when it is asked to also follow the target with active
movements (conditions C and D), it would appear that the participant makes saccades
with smaller amplitudes compared to condition J with only eye tracking. This observation
is not made with straight line movements.

Saccade : mean amplitude XY Saccade : mean amplitude XY
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Mean amplitude [cm]
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Mean amplitude [cm]
IS

Conditions

Conditions

Figure 58: Mean amplitude of saccades
according to conditions with straight line

Figure 59: Mean amplitude of saccades
according to conditions with curve tra-

paths. jectories.
[A-B |B-CG |G-E |E-F |C-D [D-J [J-H [H-I
p-val 0.8298 | 0.0632 | 0.0355 ;'576_ 0.7181 | 0.0103 | 0.1856 ;1.89e-

Table 11: P-values of t-test on equality of means amplitudes between conditions with
same kind of trajectories.

6.6.2 Does the rate of saccades change according to conditions?

The rate of saccades represents the number of saccades by second. Thus, the rate of
saccades for a trial is the number of saccades divided by the duration of the trial”.

Saccade : mean rate XY Saccade : mean rate XY
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Figure 60: Mean rate of saccades accord-
ing to conditions with straight line paths.

Figure 61: Mean rate of saccades accord-
ing to conditions with curve trajectories.

"The time of the trial minus the duration of blinks or bad data.
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The observations concerning the amplitude are identical for the rate with an added
statistical significant difference between conditions B and G (Table 12). Henceforth, the
shapes of the two graphs on figures 60 and 61 seems to be identical. Thus, the rate in-
creases with conditions where only the proprioception sensors can help to know where is
the target. Then, it is observed that the rate of saccades is smaller with the second tasks
of following the target with active movements of the hand compared to the condition with
only eye tracking.

|A-B |B-G |G-E |E-F
p-val | 0.7924 | 0.0453 | 0.3665 335e

| D-J |[J-H |H-I

0.8529 | 0.0406 | 0.2508 g.S5e-

Table 12: P-values of t-test on equality of means rate between conditions with same kind
of trajectories.

6.6.3 Does the percents of saccades distance XY change according to condi-
tions?

The percents of saccades distance XY are proportionate to the mean amplitude and
the rate of saccades. So, the observations are the same as with mean amplitudes of sac-
cades (Table 13). During condition I, it is observed that more that half of the distance is
covered by saccades (Figure 63). This percent is close to 40% for condition F (Figure 62).
Concerning the condition J, it seems that the participant travels more distance with sac-
cades that when he also has to follow the target with his hand. Finally, the contribution
of the proprioception during passive movements with the visual target is not conducive
to smooth pursuits.

70 Saccade : percents of saccade distance XY . Saccade : percents of saccade distance XY

60 -
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Figure 62: Mean percents of saccades dis- Figure 63: Mean percents of saccades dis-
tance XY according to conditions with tance XY according to conditions with
straight line paths. curve trajectories.
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\A-B \B-G \G-E \E-F HC—D ‘D—J ‘J-H \H-I
2.58e- 5.12e-
11 13

p-val | 0.7498 | 0.0568 | 0.2227 0.8942 | 0.0126 | 0.1398

Table 13: P-values of t-test on equality of means percents of saccades distance XY between
conditions with same kind of trajectories.

6.6.4 Does the predictability of the trajectories have an influence on saccadic
circuit?

As we observed, the shape of the graphs for saccades analysis are similar between
straight line paths and curve trajectories. However the different values are always bigger
for homologous conditions for curve trajectories and it is confirm by p-val on the table
14. Thus, the predictability of the trajectories has an impact on saccadic circuits and is
more conducive to smooth pursuits.

A-C B-D G-1J E-H F-1
2.73e-11 1.09e-8 7.94e-6 3.76e-5 0.0002

p-val (ampli-
tude)

p-val (Rate) 1.76e-7 1.19e-8 3.29e-7 0.0001 1.96e-7
p-val (Percents) | 2.47e-7 2.78e-7 4.28e-5 36.96e-6 | 0.0025

Table 14: P-values of t-test on equality of means for different parameters of saccades
between homologous conditions.

6.7 Reaction time

The reaction time of the hand or the eyes, is the time of visible reaction after the first
stimulus®. Here, it will be analysed the influence of conditions and paths on the reaction
time.

6.7.1 How the reaction time of eyes is affected by the different conditions?

To compute and detect the reaction time of eyes for conditions with curve paths, a
threshold on the velocity of 25 cm/s is used because it is observed in this case that the
eye movement is initialised by a saccade. Concerning the reaction of eyes for conditions
with straight line movements, it is more complicated because the target starts to move
from zero speed with a small acceleration. Thus, we try to detect when the gaze is out of
the starting point.

Thus, with the difficulty to detect the reaction time with straight line conditions, it
is observed on the figure 64 that no conclusion can be reached.

Concerning the reaction time of conditions with curve paths (Figure 65), some ob-
servations are possible. Firstly, it is observed with active movements that the reaction
time decreases when the visual feedback of the hand is not plotted. This can be explained
by the fact that the visual feedback of the hand disappears when the target starts to move

8Time 0: start of the movement of the target or/and the handle.
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which might be a stimulus more noticeable. Then, when the condition is to follow the
green target with only eyes, the reaction time seems even smaller. Indeed, the subject
needs to be concentrated on one task only. Finally, this reaction time of the eyes can be
reduced one last time thanks to the contribution of the proprioception during the con-
dition with passive movements and the visual feedback. This reaction time corresponds
to the normal latency of 200 ms after stimulus occurrence of a saccade observed in the
sub-sub-section 2.1.1. However, during conditions with passive movements, the reaction
time increases when the visual feedback is not plotted and that there is only the propri-
oception to detect the start of movements.
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Figure 64: Reaction time of the eyes ac- Figure 65: Reaction time of the eyes ac-
cording to conditions with straight line cording to conditions with curve move-
movements. ments.

6.7.2 How the reaction time of hand is affected by the visual feedback during
conditions with active movement?

The reaction time of hand can be observed in the figures 66 and 67. These reaction
times seem to be similar at the reaction time of the eyes. However, none conclusion can
be drawn with these graphs.
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Figure 67: Reaction time of the hand ac-
cording to active conditions with curve
movements.

Figure 66: Reaction time of the hand ac-
cording to active conditions with straight
line movements.
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6.8 Splitting of the lag

One question for the lag of curve trajectories is to know if the 2D lag is more im-

pacted by the lag on x-axis or y-axis.

Concerning the lag of the eyes, it is observed on the figure 68 that the lag is bigger
on y-axis for the two conditions with active movements and the condition of eye tracking
with only eyes. Then, for the two conditions with passive movements there is no statistical
difference. This can be confirmed by the p-value of the table 15.

Lag X-Y-2D : Eye -Target
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Figure 68: Splitting of the lag according
x- and y-axis for eye signals of curve tra-
jectories. The left of a line reflects the
lag on x-axis, the right of a line repre-
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Figure 69: Splitting of the lag according
x- and y-axis for eye signals of curve tra-
jectories. The left of a line reflects the
lag on x-axis, the right of a line repre-

sents the lag on y-axis and a isolate point
is the 2D lag according to conditions.

sents the lag on y-axis and a isolate point
is the 2D lag according to conditions.

For the lag of the hand (Figure 69), no information can be obtained concerning the
difference between the lag on x-axis or y-axis.

C D J H R
p-val | 9.84e-9 | 7.04e-9 | 0.0022 | 0.6943 | 0.0731

Table 15: P-values of t-test on equality between means of x lag and y lag

6.9 Position error with lag compensated

If "lag" is true lag, then the lag compensated error will be less than the actual one.
Otherwise it adds some uncertainty. In this subsection, it will be observed if it is the
case with the gaze lag and with the hand lag. To obtain this new position error, the eye
(hand) signals are staggered depending on the corresponding lag, then the position error
is recalculated.

Concerning the new position error between eye and target with lag compensated for

curve trajectories (Figure 71), it appears that this one is smaller for conditions with active
movements or with only eyes. However, for conditions with passive movements (H and
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I), the lag seems to be less correct because the decrease of the new position error is not
statistical significant. It is not true for the condition H because it is observed in previous
section that the lag is very small for this condition (0-20ms). So, the compensated lag
does not shift the position and it is normal to not observe a p-values smaller than 0.05.
In support of these observations, the table 16 gives the needed p-values and it is possible
to compare the figure 71 with the figure 53 of the sub-sub-section 6.5.1.

C D J H R
p-val | 0.049 | 0.0274 | 0.0046 | 0.7403 | 0.2205

Table 16: P-values of t-test on equality between means of the position error and the new
position error with the lag compensated for conditions of curve trajectories.

PE with lag compensated : Eye - Target PE with lag compensated : Eye -Target

PE [cm]
PE [cm]
o
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Conditions Conditions
Figure 70: New position error (with the Figure 71: New position error (with the
lag compensated) between the eye and lag compensated) between the eye and
the target for conditions with straight the target for conditions with curve tra-
line trajectories. jectories.

For straight line conditions, the new position error with the compensated lag be-
tween the eye and the target can be observed on the figure 70. Compare to the figure
52, it is appears that the new position error is smaller for each conditions with a decrease
of approximately 1 cm. However, even if it is visible on graphs, these differences are not
statistically significant (p-val > 0.05).

Concerning the new position error between the hand and the target with the com-
pensated lag, it is perceived on the figures 72 and 73 that the new position error is smaller
thanks to the compensation of the lag (comparison with the figure 31). This observation
is reinforced by t-test shown in the table 17 except for the condition D.

A | B e D
p-val | 0.0051 |/ 0.0176 | 0.0406 | 0.1733

Table 17: P-values of t-test on equality between means of position error and the new
position error with the lag compensated for conditions with active movements.
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Figure 72: New position error (with the
lag compensated) between the hand and
the target for conditions (A and B) with

PE with lag compensated : Hand - Target

Conditions

straight line trajectories.

PE with lag compensated : Target-Hand

Conditions

Figure 73: New position error (with the
lag compensated) between the hand and
the target for conditions (C and D) with
curve trajectories.

Finally, the figure 74 illustrates that the new position error with the compensated

lag is always better. Indeed, for each red point (PE) it is observed that the corresponding
blue point (PE with the compensated lag) is always smaller.
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Figure 74: Correlation between the lag and the position error in red. In blue the correla-
tion between the lag and the position error with the compensated lag.

6.10 Role of the direction

The last main question we would like to answer is whether the direction of the target
influences the parameters of the eyes or the hand. Indeed, according an article of R.J
Beers and al. [58] : the CNS (Central Nervous System) takes the direction-dependent
precision of visual and proprioceptive localization into account when integrating these two
types of information.
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curve path.

Concerning the straight line movements, we separately study the eight different tra-
jectories of the section 3.4.1 (Trajectories). The numbering of the directions is illustrated
on the figure 75. Regarding the curve trajectories, some segments of the trial are used
to analyse the effect of the eight directions. These segments are detected thanks to the
angles of polar coordinates and are only used if their length are longer than 300 ms. Thus,
different segments used on the fourth curve path are shown on the figure 76. It is observed
on this figure 76 that some parts of the path are not used and that not all of the eight
directions are analysed with this curve trajectory.

6.10.1 Does the direction of the target with straight line movement have an
influence on the position error of the eyes?
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Figure 77: Position error between eye and
target according to directions for the con-
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Firstly, the position error of the eyes seems not to be influenced by the direction of
the target. This can be observed on the figures 77 and 78 for the conditions B and G.
Even tough the trajectories 3 and 4 appear smaller on the figures for the condition B, it
is not statistical significant. Here, only the conditions B and G are plotted but the same
observation is done for each conditions.

6.10.2 Does the direction of the target with straight line movements have an
influence on the position error of the hands?

No difference is detected (p-values > 0.05) about the influence of the directions on
the position errors between the hand and the target. This is shown on the figures 79 and
80. One more time, only the conditions B and AL are presented here but the results are
similar for all conditions of active movements.
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Figure 79: Position error between the Figure 80: Position error between the left
right hand and the target according to hand and the target according to direc-
directions for the condition B. tions for the condition AL.

6.10.3 Does the direction of the target with straight line movements have an
influence on the lag?

Firstly, by looking at the figures 81 and 82 with the lag according directions for con-
ditions B and EL, it is observed that the directions 1, 7 and 8 are more lagging. These
3 directions are in the upper-left quadrant of the vision. During the condition B, there
is a movement of the right hand so maybe that this observation can be explained by the
fact that the proprioceptive localisation is more accurate in the ipsilateral direction (that
occurring on the same side of the body) than in the azimuthal direction [58]. However,
the same observation is done with the left hand, therefore this cannot be explained by the
proprioception. The reason is that the robot takes the measure of the gaze only on the
dominant eye (right for all subjects) and it is harder for the right eye to follow a target
in the upper left. On the other hand, the directions (Traj 3, 4 and 5) with the least lag
are in the lower right quadrant.
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Figure 81: Lag between the eye and the
target according to directions for the con-

dition B.

Figure 82: Lag between the eye and the
target according to directions for the con-

dition EL.

These observations are supported by the p-values of the table 18 where statistical
significant differences are in red. Only the table for the condition B is illustrated in the
rapport but all tables look similar.

Traj 2 3 4 D 6 7 8

1 0.0029 | 0.0031 | 0.0014 | 0.0008 | 0.0023 | 0.8645 | 0.8298
2 0.2475 | 0.1638 | 0.0971 | 0.4487 | 0.0099 | 0.0076
3 0.9674 | 0.8236 | 0.4538 | 0.0060 | 0.0051
4 0.8415 | 0.3541 | 0.0031 | 0.0025
5 0.2382 | 0.0019 | 0.0015
6 0.0079 | 0.0058
7 0.9706

Table 18: P-values of t-test on equality between means of lag of trajectory X and lag of
the trajectory Y for condition B. In red, the statistical significant differences.

6.10.4 Does the direction of the target with curve trajectories have an influ-
ence on the lag?

The same observation that with straight line movements is done, the directions 3,
4 and 5 are less impacted by the lag (Figures 83 and 84). One more time, this can be
explained by the dominant eye used by the robot and not by the proprioception because
the same observation is done between conditions of passive and active movements. The
p-values are in the table 19 to reinforce the differences.
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Traj 2 3 4 5t 6 7 8

1 0.152 0.0571 | 0.0054 | 0.0011 | 0.8334 | 0.4921 | 0.5807
2 0.286 0.0257 | 0.0041 | 0.0558 | 0.0432 | 0.0249
3 0.4461 | 0.0843 | 0.0332 | 0.0192 | 0.0142
4 0.2222 | 0.009 0.0018 | 0.0007
5 0.0003 | 0.0004 | 0.0002
6 0.3134 | 0.3362
7 0.8194

Table 19: P-values of t-test on equality between means of lag of the trajectory X and lag
of the trajectory Y for condition D. In red, the statistical significant differences.
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7 Discussions

In this section, we will answer several questions to summarise the results and to
respond at the aims of the thesis. To help, some links will be done with the theoretical
model (Figure 85) proposed on the state of the art (sub-section 2.4). It is the internal
model used for conditions with active movements and the visual feedback (VF) as the
conditions A and C with loop repetitions of the hand motor system and the eye motor
system and the communication (coordination control centre) between them. Some parts
of this model is removed with the other conditions and by this way it is possible to better
understand the role of these units.
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Figure 85: The theoretical model proposed for the coordination between eye and hand 6]
[38]. The typical model for condition with active movements of the hand and the visual
feedback (VF). The only change on the model when there is no visual feedback with active
movement is the removing of VF (Red line) in the visual input.

7.1 Vision for action: role of the vision in the hand tracking

To study this role of vision, only the visual feedback (VF) is removed of the vi-
sual input on the figure 85. It will be observed that this change has not a big impact on
the task of following the target with the eyes but the parameters of the hand are impacted.

Is the visual feedback necessary for spatial accuracy in the hand tracking?
No significant difference is observed concerning the position error between the target

and the eye so the visual feedback is not necessary for the spatial accuracy of the eye in
this task. It is explained by the fact that the goal is to follow the target with the eye and
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not the visual feedback. However a small not significant increase of the position error is
observed when the visual feedback is plotted with curve trajectories because the gaze is
disturbed by this one that is not far from the target.

Conversely, the visual feedback is necessary for a better spatial accuracy of the hand.
Indeed, it is possible for the subject to see during the trial if is close to the target and
adapts his movement to get closer to the target.

Is the visual feedback necessary for the tracking speed accuracy in the
hand tracking?

Regarding the smooth pursuit velocity error of the eyes, the presence or the absence
of visual feedback seems to have no effect on this. Again, this can be explained by the
fact that the goal is to follow the target, not the visual feedback.

For the hand, there is a significant increase of the velocity error when the visual
feedback is not plotted with no predictable (curve) trajectories. Indeed, the participant
does not know the exact position of his hand and therefore he makes smaller or bigger
movements which implies different speeds. It is not the case with trajectories more pre-
dictable as straight line paths where no significant difference is noticed.

Is the visual feedback necessary for the temporal accuracy in the hand
tracking?

Even if it is not statistically significant for the condition with straight line move-
ments, the lag of the eye seems to be smaller without visual feedback for the two kinds of
trajectories. One more time, this observation can be explained with the fact that when
the visual feedback is plotted, the gaze is between the target and the visual feedback. The
gaze is disturbed by the visual feedback when the goal is to follow the target with the eyes.

Concerning the effect of the visual feedback on the lag between the target and the
hand, no evidence of an impact could be established.

7.2 Action for vision: the role of proprioception in the eye track-
ing

The internal model for the conditions with passive movements of the hand is pre-
sented in the figure 86. The movement of the hand is not voluntary so the hand motor
system of the previous internal model is removed. Thus in this case, there is no efferent
signal of the hand (remove of the red crosses on the figure 86) so there is only the presence
of afferent signals of proprioception (proprioceptive input). Moreover, when the visual
feedback of the hand (target) is not plotted, it is also necessary to remove the visual input
(orange cross) of the internal model.
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Figure 86: The theoretical model proposed for passive conditions [6] [38]. In red, all parts
of the general model removed for passive movements with the visual feedback. When the
visual feedback (the target) is not plotted, it is also necessary to remove the visual input
(orange part) of the model.

Is the visual feedback necessary for the spatial accuracy in the eye track-
ing?

It is observed in both kinds of trajectories that the visual feedback increases the
spatial accuracy. Indeed, when the participant has only the proprioception sensors to

know the position of the hand, the position error between the eye and the target increases
significantly.

Does the visual feedback have an influence on the tracking speed in the
eye tracking?

When the visual feedback is absent, the gaze makes a lot of large saccades to fol-
low the hand. During curve trajectories, this gaze strategy impacts the smooth pursuit
velocity error with significant bigger values than when the visual feedback is plotted. In-
deed the eye movements are linear between these saccades. However the predictability of
straight line movements ensures that the smooth pursuit velocity error is not impacted
by the absence of the visual feedback.

Does the visual and proprioceptive feedback have an influence on the
temporal accuracy of the eye?
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The lag of the eyes with passive movements and the visual feedback is close to zero
that means that the addition of the proprioceptive input on the target improves the tem-
poral accuracy of the eyes. Then when the visual feedback disappears, the lag of the eye

becomes negative that means the participant attempts to predict the trajectory of the
hand.

7.3 Role of the hand proprioception

The model for conditions with only eye tracking and hand at rest is resumed by the
forward and inverse models for the eye motor system (Figure 87).

Desired
movement
|
\.l‘
Eye Inverse ) Estimated Eye Forward
Madel ) movement Model
Eye efference T
Eye motor copy
command

Eye movement

Figure 87: The theoretical model proposed for only eye tracking with hand at rest [6].

The comparison of these conditions where there is only the eyes tracking with con-
ditions accompanied by passive or active movements of the hand does not contribute
anything concerning the spatial accuracy. The next question is more interesting.

What is the predictive component in the eye for tracking? Is there any
alteration in that during other conditions?

The temporal accuracy of the condition with only eye and curve trajectories (no
predictable trajectories) is close to conditions with active movements that means that the
second task with active movements of the hand does not alter the lag. Then the lag is
reduced thanks to the help of the proprioceptive input of the passive conditions. This
proves that the proprioceptive input plays a role of prediction when the trajectory is not
predictable.

However, when the trajectory is predictable, it is observed that the second task of
active movements damages the temporal accuracy. Then the inclusion of the propriocep-
tive input on the target with passive movements does not improve the temporal accuracy
compare to the condition with only eye tracking.
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7.4 Role of the efferent proprioceptive signals in the eye tracking

The question is to know if there is any difference in the eye tracking in active (with
the presence of afferent -+ efferent proprioceptive signals) and passive (with the presence
of afferent only) hand motion? If the answer is positive, in which parameter? In spacial
accuracy? In temporal accuracy?

Does the hand efferent signals improve the spatial accuracy of the eye?

When the visual inputs are plotted and more particularly the target, it is observed
that the spatial accuracy only depends on this last one. Indeed there is not any differ-
ence of position error between conditions with active movements and the condition with
passive movements of the hand and with target plotted. So the hand efferent signals do
not seem to play a role on the spatial accuracy of the eye.

Does the hand efferent signals improve the tracking speed of the eye?

One more time, the tasks with active movements of the hand and the condition with
the passive movement (with target plotted) are very similar and consists of following a
target with the eyes. Thus, no difference is observed between these conditions and so the
hand efferent signals do not improve the smooth pursuit velocity error.

Does the hand efferent signals improve the temporal accuracy of the eye?

The hand efferent signals present in active movements do not improve the temporal
accuracy of the eye. Conversely, it is observed that when the afferent signals are in the
the target (passive movements) with the visual feedback, the temporal accuracy increases
and the lag becomes closer to zero.

7.5 Saccades analysis

Whether the proprioceptive feedback is more utilised by saccadic circuits
or smooth pursuit circuits?

It is observed that the saccades travel more distance during conditions with passive
movements and without the visual feedback. This distance can represent 70 percents of
the distance travelled by the eyes when the trajectory is not predictable and the subject
has only the proprioceptive sensors to know the position of the hand. In addition, the
contribution of the proprioception during passive movements with the visual target is not
conducive to smooth pursuit compared to condition with only eye movements and the
hand at rest. This way, it is concluded that the proprioceptive input is more used by the
saccadic circuit.

Does the hand efferent signals improve the smooth pursuit circuit ?
It is observed that the participant travels less distance with saccades and favour the

smooth pursuit circuit thanks to hand efferents signals of the active movements. Indeed,
there are less saccades during conditions with active movements of the hand compared to
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conditions with the hand at rest.

7.6 Role of the predictability of the trajectory

It is interesting to compare the parameters of curve trajectories with straight line
paths to see if the predictability of the paths changes them or not.

Does the predictability of the trajectories have an influence on the spatial
accuracy of the eye?

No difference is observed between the two kinds of trajectories for the position er-
ror with the exception of the conditions with passive movements and without the visual
feedback (target). Indeed when the participant has only the afferent hand signals (pro-
prioceptive sensors) to know the position of the target, the position error increases when
it is more difficult to predict the trajectory.

Does the predictability of the trajectories have an influence on the track-
ing speed of the eye?

There are two critical differences in the tracking speed between the two types of
paths. Firstly an increase of the smooth pursuit velocity error is noted when the visual
feedback (target) disappears with passive movements and curve trajectories. However,
this increase is not observed with predictable paths. Secondly the values of the smooth
pursuit velocity error seem to be bigger with no predictable paths but this observation
should be carefully taken because this can be partly explained by the difference of velocity
range between the two kinds of trajectories.

Does the predictability of the trajectories have an influence on the tem-
poral accuracy of the eye?

Except for the conditions with passive movements and with the visual feedback (E
and H), the predictability of the trajectories influence the temporal accuracy with differ-
ent values of lag. Another difference is that the condition with only eye tracking and hand
at rest is close to active conditions with curve trajectories and close to passive conditions
with straight line paths.

Does the predictability of the trajectories have an influence on the sac-
cadic circuit?

The predictability of the trajectories influences all the parameters of the saccadic

circuit as the amplitude, the rate and the percent of saccades distance. Indeed, the values
of parameters are bigger for all conditions with curve trajectories.
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7.7 Reaction Time

Only conclusions for the reaction time of the eye with curve trajectories are done.
So, it is observed that the reaction time of the eye decreases when the visual feedback is
not plotted during active tasks. This can be explained by the fact that the participant
used the disappearance of the target as starting stimulus besides the starting movement
of the target. This reaction time is even shorter when it is not necessary to do the
second task of following the target with the hand (hand at rest). Thus the participant
is more concentrated on only one task. Lastly the shortest reaction time (latency of
a normal saccade) is observed when the proprioceptive sensors are added on the visual
target. Finally, the reaction time increases in the last condition when there are only the
proprioceptive sensors as stimulus but this one is similar to the condition with active
movements.

7.8 Role of the directions

Does the direction of the target with straight line movements have an
influence on the position error of the eyes and the hand?

Even tough the position error of the eye for the downward course to the right seems
to be smaller, the difference is not statistical significant. Concerning the position error of
the hand, no difference is observed depending on the direction.

Does the direction of the target have an influence on the temporal accu-
racy?

In both kinds of trajectories, it is observed that directions in upper-left quadrant of
the vision are more lagging. On the other hand, the directions in the lower-right quad-
rant of the vision have the finest temporal accuracy. Two assumptions are made for these
observations. First, it is because the robot takes the measure of the gaze only in the dom-
inant eye (all participants have the dominant right eye) and that is more difficult for the
right eye to follow a target in the upper left. The second hypothesis is that the eye tracker
is less accurate for these trajectories. According the article of R.J Beers and al. [58] :
Visual localization s more precise in the azimuthal direction with regard to the cyclopean
eye than in the radial direction ®. This is at least partly a result from the subjects looking
down on the horizontal plane.

7.9 Further testing conducted

Does the hand used have an influence on the parameters?

In this section, it proves that the hand used does not impacts the behaviour of the
eyes trajectories. Indeed, this observation corresponds in the search of the state of the
art [33].

9The azimuthal direction represents a lateral movement of the pupil in opposition of the pupil’s
elevation [59].
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Is the 2D lag is more impacted by the lag on x-axis or y-axis 7

It is observed that the 2D lag is significantly more impacted by the lag on the y-axis
in conditions with active movements or with only eye movements.

Does the lag is the true lag?

It is proved that the lag is true for conditions with active movements and conditions
with the only eye because the position error significantly decreases with the lag compen-
sated. Conversely, the non-ejection of the null hypothesis on equality between conditions
with or without lag compensated of passive movements proves nothing because the lag is
close to zero so the lag compensated does not change the position error.

7.10 Reliability of the data

Do the participants represent a reliable sample of the population?

13 participants were used for the analysis which is sufficient for statistical analysis.
However, these people do not represent a reliable sample of the world population. Firstly
because the subjects are between the ages of 18 and 32, they are all right-handed and are
students. Moreover, the subjects went on 2 or 3 different days and it is observed that the
data quality varies from day to day. Indeed, some parameters such as the session time,
the tiredness and the stress could be biasing factors. For example, one subject was very
tired for the last session and another one had a cold.

Are the data collected reliable?

Concerning the reliability of the target and hand signals, the accuracy of the sen-
sors in the handles are at the cutting edge of technology. For the eye data, even if the
data are processed before analysing, the reliability is not complete. Indeed, the head
moves, and the eyes get tired during session. In addition, calibration of the eye is com-
plicated for some subjects because it can depend on the position of the participant, the
shape and the colour of the eyes. Subjects need to be regularly reminded not to squint
the eye too much, to do not to blink too much and to keep eyes wide open during the trial.

7.11 Area of improvements

It is a project completed over one year. Indeed, it should be possible to realise more
analysis and a suggestion would be to analyse more the dynamic movements of the hand
as well as the saccades of the eyes. A further analysis would be to study how the visual
feedback or the proprioception feedback affect the frequency of the error correction. For
this end, a FFT (Fast Fourier Transform) analysis might be useful to understand visuo-
feedback loops and proprio-feedback loops. Regarding the impact of the hand used, only
the analyses of the eyes were done and as expected no difference was found [6] but with
the data it is also possible to analyse the consequences on the hand motions. In addition,
more analyses can be performed with the data from the curved trajectories separated

65



according to directions. The learning process is not studied in this thesis because it has
been shown that there was none in a similar protocol for curve trajectories [5] but it might
be necessary to prove that this is also the case with straight line movements.

If the protocol has to be perform once again, the straight line movements or the
predictable paths would have been modified to get closer kinematics of the curve paths.
That is mean not start with zero speed and have a more similar mean of velocity that
curve paths. It is also possible to improve the detection of blinks and saccades during
the data processing. Indeed, the operator can save analysis time by improving the Mat-
lab program. Then, the robot allows only movements on a horizontal plane, maybe in
the future, the protocol could be adapted with movements on a vertical plane or on a 3
dimensions environment.

Finally, the participant’s comfort could be improved with a good height-adjustable

chair, a better resting bracket for the head and if we figured out a way to avoid keeping
people’s head still for an hour.
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8 Conclusions

In conclusion, a theoretical model for the coordination between eyes and hands is
suggested to explain the visuo-haptic matching in tracking tasks. To understand its var-
ious components, a protocol was used to collect valid data on thirteen volunteers. This
way, fourteen different conditions of tracking tasks are used to isolate parts of the model.

Firstly, it is observed that the presence of the visual feedback of the active move-
ment of the hand has not a big effect on the task of following the target with the eyes
but increases the accuracy of the hand movement. When the afferent signal of the hand
becomes the target (passive movements), the spatial accuracy of the eye increases with
the visual feedback and the temporal accuracy is closed to zero. A predictive model is
observed when the participant has only the afferent signal of the hand (proprioception
sensors) as information. It is proved that the proprioceptive input is more used by the
saccadic circuit. Conversely, the smooth pursuit circuit is improved by the efferent signal
of the hand. It is noted that several parameters of the accuracy or of the saccadic circuit
depend on the predictability of the trajectory. The conditions with curve trajectories have
an influence on the reaction time of the eyes. Finally it is observed that the temporal
accuracy decreases for targets in upper-left quadrant of the vision.

To conclude, this thesis does not allow to obtain a internal model that perfectly

fits the reality but it confirms some observations described in the scientific literature and
raises new opportunities of experimental designs.
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