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Abstract. Despite the increasing mutual interest, robotics and cogni-
tive sciences are still lacking common research grounds and comparison
methodologies, for a more efficient use of modern technologies in aid of
neuroscience research. We employed our humanoid robot for reproduc-
ing experiments on saccadic adaptation, on the same experimental setup
used for human studies. The behavior of the robot, endowed with ad-
vanced sensorimotor skills and high autonomy in its interaction with the
surrounding environment, is based on a model of cortical sensorimotor
functions. We show how the comparison of robot experimental results
with human and computational modeling data allows researchers to val-
idate and assess alternative models of psychophysical phenomena.

1 Introduction

Artificial intelligence has been from its very foundation a meeting-place for scien-
tists of seemingly unrelated disciplines. The impact of interdisciplinary research
involving high technology fields and life sciences is now growing faster and faster.
Two disciplines which met thanks to artificial intelligence are robotics and neu-
roscience, and their encounter is producing mutually beneficial developments.
For example, bio-mimetic robotics constitutes an important way for technolog-
ical improvement, while representing a scientific advancement toward the un-
derstanding of how biological systems work. The research of common grounds
on which to pursue an effective cross-fertilization is not new [9, 10, 14], and con-
crete proposals have been put forth in order to facilitate communication and
interchange between roboticists and neuroscientists [3, 5, 17]. Still, fundamental
differences in research goals, methodologies and language prevent a more profi-
cuous collaboration between the fields.

With this work we provide a new contribution to the above goals, by training
a humanoid robot to perform simulated psychophysical experiments. The be-
havior of the robot is based on a model designed with the purpose of achieving
visuomotor awareness of the environment by using eye and arm movements [4].
The implementation of the model on the humanoid robot provides it with the ca-
pability of performing concurrent or decoupled gazing and reaching movements
toward visual or memorized targets placed in its peripersonal space [1]. In this



paper we check the robot skills on an experimental setup resembling those used
in human psychophysical studies. On the one hand, these tests allow to validate
the underlying properties of the computational model on which the robot behav-
ioral abilities are built upon. On the other hand, we wish to verify if our robotic
system can represent a research tool able to emulate human experiments, and
thus constitute a potential aid in the design and analysis of actual experimental
protocols. Simulating psychophysical experiments on the robot can be useful to
check in advance the appropriateness of experimental protocols, reducing the
expensive and complicated preliminary tests with human subjects [8].

We present here a benchmark test for our proposal, which also constitutes
the first theoretical contribution of our system towards the study of eye gazing
mechanisms in humans. To achieve such a goal we present our robot with a
cognitive science experimental setup similar to those used for saccadic adaptation
experiments in humans [7, 16]. The comparison of human experimental data
with a computational simulation and with the robot tests provide insights on
theoretical aspects related to visuomotor cognitive aspects, and contextually
allows us to validate our model.

In the next Section 2 we describe how saccadic adaptation experiments are
normally executed with human subjects and their typical outcome, and how we
built our robotic system in order to be able to replicate such experiments with a
humanoid robot. Section 3 describes the experimental setup and the outcome of
both simulated and actual robot experiments, which are compared and discussed
in Section 4.

2 Saccadic adaptation in humans and robots

2.1 Saccadic adaptation in humans

The phenomenon of saccadic adaptation can be observed when the visual feed-
back provided to a subject after an eye movement is inconsistent with the loca-
tion of the target before the movement (see Fig. 1(a), which will be described
with more detail in Section 3). In these conditions, the subject gradually learns
to perform a saccadic movement that allows her to fixate the expected final
position of the stimulus, even though this is displaced with respect to its ini-
tial position [12]. Saccadic adaptation experiments can be either inward, when
the target is displaced toward the starting point, thus causing a reduction of
the saccadic movement amplitude, or outward, when the target is displaced
further away from the starting point, thus causing larger saccadic movements.
Saccadic adaptation is not limited to the point of adaptation, but transfers to the
nearby visual space. Amplitude of post-adaptation saccades on stimuli around
the adapted target varies according to the distance and the relative position with
respect to the target point, a phenomenon called adaptation transfer.

The reference graphs for human experiments are reproduced in Fig. 2, above
for the inward protocol [7], below for the outward protocol [16]. For both cases
three fundamental aspects are analyzed, the same that we will explore in our ex-
periments. Fig. 2(a) and 2(d) show the adaptation trend, i.e. the time course of
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Fig. 1. Experimental protocol (filled squares represent currently visual stimuli, empty
squares are disappeared stimuli) and humanoid robot with pan/tilt/vergence head.

the gradual shift of the subject response from the initial movement amplitude to
the displaced target, for inward and outward adaptation respectively. Saccadic
adaptation fields, displayed in Fig. 2(b) and 2(e), are a local representation of
adaptation transfer, assessing how the mis-trained movement affects saccades di-
rected towards different targets in space. Black dots represent movement average
endpoint before adaptation, while the end of the segments represent the aver-
age endpoint after adaptation. Finally, adaptation transfer accumulated along
the fundamental axes is visualized in Fig. 2(c) and 2(f), where the horizontal
(x) and vertical (y) components of the displacements of the adaptation field are
represented separately as a function of the x coordinate.

2.2 The model and the humanoid robot implementation

Our humanoid robot system was designed with the goal of achieving advanced
capabilities in the interaction of an autonomous system with its nearby environ-
ment. To this purpose, we conceived and implemented a sensorimotor framework
composed of three Radial Basis Function Networks (see Fig. 3, details can be
found in [4]): one for converting the visual position of a stimulus into an oculo-
motor position (left transformation block in the diagram), and the other two for
hand-eye movement coordination (right transformation block). Networks of suit-
able basis functions are able to naturally reproduce the gain-field effects often
observed in parietal neurons and are particularly suitable for maintaining senso-
rimotor associations [15]. We have designed our computational schema and the
neural networks which compose it directly from insights drawn from the analysis
of monkey single-cell data on reaching and gazing experiments registered from
posterior parietal area V6A [2, 6].

Similarly to the way primates explore their environment, in our framework
the robot incrementally builds a sensorimotor representation of the peripersonal
space, through subsequent, increasingly complex interactions composed by se-
quences of saccades and reaching movements [1, 4]. As a first step, the system



(a) Inward adapt. trend (b) Inward adapt. field (c) Inward adapt. transfer

(d) Outward adapt. trend (e) Outward adapt. field (f) Outward adapt. transfer

Fig. 2. Human saccadic adaptation results for inward (above, from [7]) and outward
adaptation experiments (below, from [16]).

learns to associate retinal information and gaze direction (i.e. proprioceptive eye
position), using successive foveation movements to salient points of the visual
space. This allows to create a mapping, performed by the first neural network,
between visual information and oculomotor (vergence - version) coordinates.
Gaze direction is then associated to arm position, by moving the arm randomly
and following it with the gaze, so that each motor configuration of the arm joints
is associated to a corresponding configuration of the eye motor control, and vice
versa. This process allows the robot to learn the bidirectional link between dif-
ferent sensorimotor systems, so that it can look where its hand is but also reach
the point in space it is looking at. Hence, the representation of the peripersonal
space is maintained contextually by both limb sensorimotor signals on the one
hand and by visual and oculomotor signals on the other hand.

The described learning framework endows the robot with the ability of ex-
ploring and building an egocentric representation of its surrounding environment,
through the execution of coupled or decoupled gazing and arm reaching actions,
on either visible or memorized targets. Whilst the above skills have been de-
scribed in previous works [1, 4], we introduce in this paper a novel scenario, in
which the robot visual environment is constituted by a computer screen placed
right in front of it, on which small geometrical shapes are visualized. This sce-
nario corresponds to the typical setup of psychophysical experiments on humans
and other primates, and we present it here to the robot in order to engage it in
saccadic adaptation experiments similar to those typically performed on human
subjects.



Fig. 3. Computational model for building a visuomotor awareness of the environment
through gazing and reaching movements.

3 Experimental evaluation

The typical psychophysics experimental setup on which the skills of our hu-
manoid robot are tested consists of a computer screen placed within reaching
distance, visualizing different visual stimuli associated to action signals. It is
worthwhile to clarify that, although vergence varies very little in this setup, all
transformations are fully tridimensional, and the robot keeps acting as in the
usual 3D configuration. On the other hand, as these experiments require no arm
movements, only the visual to oculomotor neural network is involved in this
study. Details on the experimental setup are provided below.

3.1 Experimental Setup

Our robot is a humanoid torso endowed with a pan-tilt-vergence stereo head and
two multi-joint arms (Fig. 1(b)). The head mounts two cameras separated by
a 270mm baseline, and having a resolution of 1024x768 pixels that can acquire
color images at 30 Hz. After the RBFNs underlying the robot behavior have
been trained, saccadic adaptation experiments are performed according to the
protocol described below (see Fig. 1(a)). A computer monitor (1440x900, 19”)
is put in front of the robot at a distance of 720mm, which allows to obtain
version angles similar to human experiments without getting too close to image
periphery. The experiment program is designed to display at required positions
small red squares (5x5 pixels), unambiguously identified by the robot module
for blob detection.

The task begins with the robot looking straight ahead at a fixation point
stimulus (FP ) corresponding to null version angles (frame 1 of Fig. 1(a)). A
second visual stimulus is then showed at the target position (TP ), having the
same vertical but different horizontal coordinate, increased by a certain amount
∆x, parameter of the experiment, while FP disappears (frame 2 of Fig. 1(a)).
The robot is required to perform a saccade toward this new stimulus. When the
saccade movement signal is released and the robot starts moving, the stimulus
is displaced toward a third point (DP ), either closer (DPi) or further (DPo) on



the x axis with respect to TP (for inward and outward saccadic adaptation pro-
tocols, respectively, frame 3 of Fig. 1(a)). At the end of the movement, the robot
perceives a visual error between its final position, corresponding to TP if the
saccade is correctly executed, and the visible target DP . Such visual difference
is used to adapt the weights of the network performing the transformation from
retinal to oculomotor coordinates. The starting stimulus is then shown again and
the robot saccades back toward it. The whole sequence is repeated 100 times.

Before performing the saccadic adaptation tests with the real robot, we sim-
ulated them using the robot model on a corresponding virtual setup. This sim-
ulation is useful for predicting the sort of results that experiments with the real
robot are expected to provide. On the one hand, this is done to avoid keeping
the robot busy with the execution of irrelevant experiments. On the other hand,
it allows to assess the impact that real world tests have on the purely theoretical
insights provided by the simulation.

3.2 Simulated experiments

We tested each of the two experimental protocols, inward and outward adapta-
tion, with two different configurations of the visual to oculomotor radial basis
function network. The uniform configuration has the centers of the basis func-
tions distributed evenly on the input space (x and y cyclopean coordinates and
horizontal disparity). In the logarithmic distribution neurons are placed closer
to each other at the center of the visual field and for small disparities. While for
the uniform distribution all neurons have the same spread, in the logarithmic
case radii vary according to the distance of a neuron from its neighbors. For
what concerns the parameters of the experimental setup, the target was fixed
for all experiments at 11.89° on the right of the starting point, while the dis-
placed point was set at 7.96° for inward displacements and at 15.73° for outward
displacements. These values were set considering the robotic setup, in order to
generate eye version movements comparable to those of human tests. The results
we obtained with our simulation are shown in Fig. 4. Adaptation trend, adap-
tation field and adaptation transfer (columns) are depicted for: uniform inward,
uniform outward, logarithmic inward and logarithmic outward tests (rows).

Adaptation trend graphs (Fig. 4(a), 4(d), 4(g) and 4(j)) show a plausible
learning curve which reduces (in the inward case) or increases (in the outward
case) movement amplitude according to the deceiving feedback provided by the
displaced target stimulus. In the uniform distribution tests, movement amplitude
gets at trial 100 to 8.79° in the inward protocol and to 14.92° in the outward
protocol, from the initial 11.89°, for a final adaptation of 79.5% and 77% respec-
tively. The average adaptation over all trials is of 2.1° in both cases, about 54%
of the target step. Slightly higher values (faster adaptation) have been obtained
in the logarithmic case. In general, average adaptation values for humans are
smaller than what we found in our simulation. For the inward case, only a 13%
adaptation was observed [7], whilst 33%-45% adaptations were registered for
outward experiments [16], depending on the initial saccade amplitude.
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(c) Unif. inward transfer
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(d) Unif. outward trend
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(g) Log. inward trend
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Fig. 4. Saccadic adaptation results for computational model, for both Uniform and
Logarithmic distribution of RBFs.



Adaptation fields (Fig. 4(b), 4(e), 4(h) and 4(k)) have in all cases a percep-
tible radial trend, with a y component indicating wider movements toward the
top or the bottom of the screen for both protocols and net configurations. This
is rather consistent with Schnier and colleagues outward tests (see Fig. 2(e)),
but much less apparent for what concerns inward experiments (Fig. 2(b)).

The overall trend of the adaptation over the horizontal (x) component can be
observed in the adaptation transfer graphs of Fig. 4(c), 4(f), 4(i) and 4(l). Human
experiments suggest that, both for input and outward adaptation (see Fig. 2(c)
and Fig. 2(f)), the difference between pre- and post-adaptation movements peaks
just after the abscissa of the target. Also, while transfer decreases with the
distance from the peak, such decrease is slower for larger saccades than for
shorter ones (gentler slopes on the right side of the peak). It seems that the
uniform configuration captures the first of this phenomena, showing a peak in
transfer for movement amplitudes slightly after the target. Still, the transfer is
symmetrical with respect to the peak. The opposite occurs for the logarithmic
distribution, which transfer peak appears slightly before the target abscissa. The
transfer trend is though asymmetrical, showing a less pronounced decrease on the
right of the peak. As observed in both inward and outward studies on humans,
the adaptation vertical (y) component had a very small error rather homogeneous
for different movement amplitudes, with no clear trend worth visualization.

3.3 Robot experiments

The same two configurations of the visual to oculomotor RBFN employed in the
simulation were used also in the real robot experiments. The adopted config-
urations were chosen through an exhaustive search of the center locations and
spreads providing the highest precision in approximating the goal function.

The network weights found on the model, and used in the simulated saccadic
adaptation experiments described above, were transferred to the real robot. A
short training phase with on-screen visual stimuli was then executed in order to
adapt the network to possible distortions and unavoidable differences between
the model and the real robot setup. This was performed by randomly showing
a point on the screen, which the robot had to saccade to. The possible residual
error of the movement was employed to train the network. As in the simulation,
four saccadic adaptation experiments were conducted with the robot, charac-
terized by the basic structure of the visual to oculomotor network (uniform or
logarithmic distribution of the centers) and by the direction of the displacement
(inward or outward). Target and displaced point were the same as above: initial
target 11.89°, inward displaced point 7.96°, outward displaced point 15.73°.

All results are depicted in Fig. 5, matching the correspondent graphs of
Fig. 4, obtained in the simulation for the same conditions. The adaptation trend
is shown in Fig. 5(a), 5(d), 5(g) and 5(j) for the four different tests. The only
noticeable difference with the simulation is a short initial sequence of trials in
which the system seems to be resilient to learning the new movement amplitude,
but after that the trend is very similar to what observed for the model and
in human experiments. The final and average movement amplitudes are 66.5%



and 43.0% for inward and 60.5% and 40.7% for outward adaptation, respec-
tively. These smaller values suggest that, employing the same learning rate, the
robot achieves a better approximation of the human data with respect to the
simulation. Again, the logarithmic network provides higher adaptation values.

To study adaptation transfer, an adaptation field was created by defining a
20x25 lattice on the screen. All points on the lattice were shown one at time,
and the robot was required to perform a saccade toward each stimulus starting
from FP . At the end of the movement, the visual position of the stimulus and
the oculomotor angles were compared. This process was performed before and
after saccadic adaptation, but could be executed at any one of the 100 steps
of the experiment, in order to monitor the progress of adaptation transfer. It
is important to clarify that, during this evaluation task, learning is suspended
and the network is frozen in its current state. This solution allows to monitor
precisely the evolution of the saccadic adaptation learning process, and consti-
tutes thus an advantage with respect to human experiments, where such freezing
is clearly not possible. Adaptation fields are shown in Fig. 5(b), 5(e), 5(h) and
5(k), in which, for clarity reasons, only a subset of the lattice points have been
visualized. The radial effect, when present, is very light and not consistent across
different positions, showing a pattern more similar to the human data than to
the simulation results, which present a stronger radial effect.

Interesting insights can be drawn by observing the horizontal (x) compo-
nent of the movement change (Fig. 5(c), 5(f), 5(i) and 5(l)). A late peak can be
observed in both experiments for the uniform configuration (more pronounced
than in the simulation), and for the logarithmic distribution in the inward adap-
tation test. Moreover, practically all cases show an asymmetry of the transfer,
with curves descending more slowly for larger saccades, as it happens in the hu-
man case, whilst simulation curves are clearly symmetrical. This effect is again
stronger for the logarithmic network configuration. Such slightly more plausible
results achieved by the logarithmic networks is consistent with the non homo-
geneous distribution of the neural receptive fields in the retina and primary
visual cortex. Once more, no relevant effects were observed for what concerns
the vertical adaptation transfer component.

As a general consideration, it can be observed that the robot results approx-
imate the human data better than the simulated results. The reduced radial
aspect of the adaptation field and the trend of the horizontal component in peak
position and slope asymmetry are more consistent between human and robot
than the correspondent simulated results.

4 Discussion and Conclusion

Different properties observed in human saccadic adaptation studies were cap-
tured by our tests. Both the simulation and the robot experiments showed plau-
sible adaptation trends, slightly radial adaptation fields and typical features of
the adaptation transfer on the horizontal component, such as asymmetry and
late peak. Reminding that our model is based on a direct mapping between visual



0 20 40 60 80 100
0

2

4

6

8

10

12

14

16

18

trial

am
pl

itu
de

 [d
eg

]

(a) Unif. inward trend

0 5 10 15 20 25
−8

−6

−4

−2

0

2

4

6

8

x [deg]

y 
[d

eg
]

(b) Unif. inward field

0 5 10 15 20
0

20

40

60

80

100

120

x [deg]

tr
an

sf
er

 %

(c) Unif. inward transfer

0 20 40 60 80 100
0

2

4

6

8

10

12

14

16

18

trial

am
pl

itu
de

 [d
eg

]

(d) Unif. outward trend

0 5 10 15 20 25
−8

−6

−4

−2

0

2

4

6

8

x [deg]

y 
[d

eg
]

(e) Unif. outward field

0 5 10 15 20
0

20

40

60

80

100

120

x [deg]

tr
an

sf
er

 %

(f) Unif. outward transfer

0 20 40 60 80 100
0

2

4

6

8

10

12

14

16

18

trial

am
pl

itu
de

 [d
eg

]

(g) Log. inward trend

0 5 10 15 20 25
−8

−6

−4

−2

0

2

4

6

8

x [deg]

y 
[d

eg
]

(h) Log. inward field

0 5 10 15 20
0

20

40

60

80

100

120

x [deg]

tr
an

sf
er

 %

(i) Log. inward transfer

0 20 40 60 80 100
0

2

4

6

8

10

12

14

16

18

trial

am
pl

itu
de

 [d
eg

]

(j) Log. outward trend

0 5 10 15 20 25
−8

−6

−4

−2

0

2

4

6

8

x [deg]

y 
[d

eg
]

(k) Log. outward field

0 5 10 15 20
0

20

40

60

80

100

120

x [deg]

tr
an

sf
er

 %

(l) Log. outward transfer

Fig. 5. Saccadic adaptation results for robot experiments, for both Uniform and Log-
arithmic distribution of RBFs.



stimuli and oculomotor signals, the above results support the view that saccadic
adaptation is a multifold phenomenon related not only to motor aspects, but also
to more complex cortical sensorimotor processes [11]. On this regard, the role
of posterior parietal areas, and especially of area V6A on which our model was
based upon, seems to be of particular interest and worth of further exploration.

From a computational point of view, it is worth highlighting that real robot
experiments provided a better approximation of human data with respect to the
model. This is especially interesting considering that exactly the same param-
eters were employed in the two cases. This phenomenon might reflect implicit
properties of the embodiment that affect the way untrained movements are bi-
ased by learning processes applied to similar movements. Unmodeled aspects,
such as the noise in the identification of stimulus location, might also contribute
to this effect, and we are conducting further studies in order to clarify this issue.
In any case, the phenomenon represents a rationale supporting robot emulation
of psychophysical experiments as preferable to computational simulations.

Abstracting from the study case of saccadic adaptation analyzed in this work,
having humanoid robots performing psychophysical experiments represents an
important common tool for robotics and cognitive sciences. We can use robot
experiments for comparing, and validate, possible explanations of experimen-
tal results deriving from different models. Moreover, the rigorous model design
required by actual robotic implementation is likely to represent an ideal envi-
ronment on which to devise more detailed and plausible models, and can be an
inspiration source for planning completely new experiments.

There is an additional important advantage that we plan to achieve through
our system, which is, the possibility of performing “impossible experiments”. In
fact, many neuroscientific theories derive from observations done on neurally-
impaired people. Such experiments cannot be reproduced, neither it is possible
to decide beforehand the type of brain damage on which to investigate, but they
can be tested on a robot system on which some modules have been damaged
or important parameters altered. In this regard, we are planning to assess the
effect of saccadic adaptation on arm movements, to verify how a visuomotor phe-
nomenon transfers to other motor domains. We can do this by artificially altering
the parameters of the model on which the oculomotor to arm-motor transfor-
mation is performed, and verifying if and how this affect reaching movements in
the saccadic adaptation paradigm (see e.g. [13]).
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