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In this work, I designed, built and tested a novel virtual reality (VR) system. The system comprises a

treadmill tracking reader, a novel custom made software platform for VR experiments, and a novel high

speed wide angle projection system. I found that the flies showing better walking performance a ball are 3

day old starved DL flies. The increase in size of the treadmill ball resulted in a more naturalistic walking.

Using the developed system flies track objects of different sizes and orient towards objects in 3D worlds.

Such results are a proof of the power of the developed system than can now be used to investigate the neural

basis of natural behavior in a precise and controlled manner.

I. INTRODUCTION

A. Sensors, muscles and neurons

In order to provide animals with accurate information
about what is going on in their environment, evolution has
equipped them with a large range of sensors that detect from
variations in air pressure (audition), to variations in light
intensity, wavelength and/or polarization (vision), to vari-
ations in chemical species (taste/olfaction/internal regula-
tors).
One advantage of having so many different kinds of sen-

sors is to be able to adapt efficiently and rapidly behavior in
response to changes in the external environment. When cer-
tain sensory information leads to movement or when move-
ment leads to sensory stimulation, we are in the presence of
a sensory-motor process. Examples of visuomotor processes
can be collision avoidance response, or orientation towards a
specific object.
While sensors transform physical properties of the envi-

ronment to a neural code, muscles transform neural codes
to physical movement. In between, sensory signals are pro-
cessed by a neural network to get to the desired muscular
output.
Although these types of processes are in essence the most

basic function of any brain, they can become very complex,
with the existence of feedback loops between sensors, neu-
rons and movement actuators. How the brain interprets the
information that comes from the senses to generate motor
responses? How the motor behavior re-interacts with the
senses and affects our perception? Although brain research
is developing fast , and it is known that sensory motor inte-
gration malfunctions are the bases of some frequent diseases,
these questions are still unanswered mostly by the lack of
tools that allow to study them correctly.

B. Virtual Reality as a mean to study sensory-motor

processes

Virtual Reality (VR) is an interactive computer simula-
tion where the user’s motor actions are used to update the
feedback sent to its senses, giving the feeling of immersion
in the virtual world.
In VR systems there is a precise knowledge of the sen-

sory input and of the behavioral output. This makes VR
systems particularly attractive to study the neural mecha-
nisms of sensorimotor processing underlying sensory-guided
behaviors[1].
VR technology can be applied in two ways. The first one

is to have an animal (with its behavior tracked), freely mov-
ing through a controlled environment that can change ac-

cording to the animal’s behavior[8]. In the second one, the
animal is fixed in place or tethered, and behaves on top of
a treadmill[3]. Although much more restrictive in terms of
behavior, the second type allows for high precision of visual
stimulation, and permits applying methods like two-photon
imaging, whole cell patch clamp or MRI to record neural ac-
tivity in simultaneous with behavior (Fig 1). Importantly, it
has been already shown that VR allows to reproduce many
sensory guided behaviors in a pseudo-naturalistic way while
keeping full control over the stimulus, and recording with
high precision brain activity and behavior. Thus, applying
VR tools to study animal behavior is a big step forward in
addressing the questions raised in the last section and to
dissect the neural circuitry underlying natural behaviors.
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FIG. 1. Model Virtual Reality for neuroscience.

C. A Virtual Reality system for Drosophila

The vinegar fly, Drosophila melanogaster, has been a
model organism of excellence to study the genetic bases and
mechanisms of development, cell function and behavior for
a long time. Recently, a novel technique has been developed
that allows simultaneous recordings of neural activity with
walking behavior. This makes Drosophila a unique model to
study the interphase between genes, physiology and behav-
ior.
Despite the small brains, insects are able to perform so-

phisticated behaviors that are in general highly robust. In
Drosophila, reliable visual guided behavior like phototaxis
or motion responses provide a solid framework to dissect the
neural circuits underlying visually guided behavior.
Combining the advantages that VR brings to the study of

sensory guided behavior with the power of Drosophila as a
model organism for neuroscience, one can see an attractive
opportunity to dissect the neural circuitries and algorithms
underlying sensorimotor processes.
However, the very high flicker rate of the fly (couple of

hundreds of Hertz) imposes a constrain to create such a sys-
tem because neither cathode ray tubes nor liquid crystals
screens could be used to create the VR. A technological so-
lution to this problem appeared in the late 90s with the
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LED systems and fast electronic technology. An arena, or a
screen, coated with hundreds or thousands of small LEDs,
each of which are not perceptible by the fly because of its
very poor spatial resolution, are controlled around the fly to
create visual patterns updated at hundreds of Hertz. LED
arenas became the most popular VR-like setup to work with
tethered insects and are the actual state of the art[4].

Although LEDs allow simultaneous neuronal and behav-
ioral recordings, and are able to display many different stim-
uli, these LED arenas still have some limitations. When a
more complex stimuli is needed, for example for closed loop
experiments when azimuth, elevation and depth are required,
or for the representation of complex objects, this type of sys-
tem is not able to satisfy the speed requirements of the visual
system temporal resolution.
One of the goals of this thesis work is to develop a VR

system for Drosophila that tackles and solves the limitations
of the current systems, and allows a wide range of experi-
mental situations, from simple open loop stimuli to complex
closed loop situations (close to the real world conditions).
Recently, new virtual reality systems have been reported for
tethered walking in mice[6] and cockroaches[5]. The latter
does use a high speed projection and a screen for insects on
a treadmill tracking system, but this system still has limi-
tations in terms of modularity, effective control of the rules
of the virtual world and naturalistic mechanisms of virtual
collision. Adding to these limitations, the optical system
for projection was not suited to accommodate optical neural
recordings in the behaving animal.
In our opinion the limitations of the existing systems are

relevant and should be overcome in our system to have a real
platform suited to study the neural basis of visually guided
locomotion in Drosophila.
In this thesis I will build a much more realistic and flexible

virtual reality system for tethered Drosophila.
The developed VR system can be divided in three mod-

ules: The tracking system, the projection system and the
software to generate the virtual world and integrate the two
other systems.

II. TREADMILL TRACKING SYSTEM

The treadmill system to track the walking trajectory of
a tethered Drosophila was designed previously by the lab
head with Seelig and Lott[3], and adopted by several other
laboratories.
The principle of operation of the system is based on walk-

ing “on the spot” on an air suspended polyurethane ball.
Two motion sensors detect the ball rotations induced by the
walking behavior of the animal (Fig 2 Top). From these
rotations the 2D walking trajectories of the animal can be
reconstructed.
The sensors are located at 90o angle with respect to each

other, and placed at the particular location were the 3 axis
of rotations of the ball can be tracked with highest redun-
dancy, i.e, at 135o with respect to the heading direction of
the animal. Knowing that each sensor detects motion in the
x and y directions, the movement is reconstructed with the
following relations:
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Where vx1
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are the motion bytes detected for
the x and y direction for each sensor. The angular orientation
of the fly is given by the integration of its rotational velocity:

θti = θ0 + Cfa

∫ ti

0

vrotdt ≃ θ0 + Cfa
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Where Cfa is the angular calibration factor to convert
tracking system units to radians and θ0 is the initial ori-
entation. The 2D reconstructed trajectory includes the ori-
entation and translational components of the velocity:
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Where Cft is the translational calibration factor to convert

tracking system units to millimeters,

(
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)

t0

are the initial

coordinates and R (θ[j]) is the 2D rotational matrix for an
angle θ[j].
Calibration factors are obtained by comparing the tread-

mill motion data with the motion data obtained by cross cor-
relate sequences of frames captured with an external camera
(Fig 2 Bottom).
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FIG. 2. Top: Schematic of the used tracking system. Bottom: The
calibration factor is the slope of the fit between the TS motion data
and the data from the cross correlations of the image sequence obtained
with an external camera.

III. VIRTUAL REALITY SOFTWARE

With the advance on the development of faster processors
and more powerful graphical cards, video game virtual re-
ality (VR) systems could be well adapted for neuroscience.
However, because the commercial products are developed for
humans only, with limited requirements for stimuli control
and no precise measurements of the player’s behavior, they
are not perfectly suited for behavioral experiments in insects.
As a scientific platform for a wide variety of animal sys-

tems, the VR software must fulfill the following conditions:

• Render 3D images in a window display with a speci-
fied size, and at a specified frame rate defined by the
sensory physiology and/or motor system of the animal
species under study.
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• Have the ability to communicate with external de-
vices (to include stimulus associations and/or stimulus-
action associations).

• Be able to generate any kind of 3D world.

• Create and run any kind of protocols for experiments.

• Give the user full control over the properties of the
virtual objects (aspect, position, behavior...).

• Give the user full control over the interactions between
the subject and virtual objects.

None of the commercial options to generate 3D worlds
is able to fulfill all the above requirements. Therefore, my
goal has been to develop such a platform. Adding to the
previous requirements, the VR platform should be freeware
and should have a user friendly interface so anyone could use
it without having to be an expert in programming.
The materials used to build the VR software platform are:

• Visual Studio Express C# and XNA to write the pro-
gram and generate the graphic interface.

• Blender to draw the models for the virtual objects.

• Multithreading libraries for data acquisition and FTDI
to communicate online with the tracking system and
integrate its data to be used to update the VR.

• Shaders to prepare the image to be sent to the projec-
tion system.

• Windows Forms to build a GUI interface that helps
inexperienced users to use the platform.

A. Virtual World Architecture

In a virtual scene there are items that contain individual
properties. Each property falls within a category, such as
position (where it is), aspect (how it looks like, defined by
a mesh and a texture, volume occupation in space for phys-
ical interactions), and behavior (what it does). Within the
virtual world architecture these individual items are called
World Objects, and their categorized properties are called
Services. The objects that start the Services with its initial
conditions are called Factories (Fig 3)
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FIG. 3. Virtual World architecture Schemetic. The World Object that
is in the top of the hierarchy is the Root. Each World object contains
a list of child World Objects, a list of Services (features) and a list of
Factories (objects to initialize the services).

B. Camera properties

The virtual environment is sensed by the animal and up-
dated according its actions. In computer graphics the object
that watches the world is called Camera. In the virtual world
the Camera represents the animal, and the Camera behavior
follows or represents the animal behavior.
The user can have the options of updating the Camera

with the tracking system data (closed loop), update the cam-
era using data from a file (replay) or don’t update the camera
(open loop). In the case of closed loop, each time the Cam-
era update is called, the program gets an integrated version
of the data, transforms it to the correspondent movements in
the virtual world and updates the Camera position and refer-
ence accordingly. The tracking system gives values measured
in the fly’s referential, so it is necessary a set of transforma-
tions to transform the tracking system data to the Camera’s
position and reference.
The absolute orientation of the fly θ is given by:

θ = arccos

(

R1z − P1z

‖R1 − P1‖

)

(4)

Where P1 and R1 are the position and reference in the in-
stant t. The translational displacement vector in the world
referential is:

P2 − P1 = Ry(θ)

(

δs

δf

)

(5)

Where P2 is the position in the virtual world in the instant
t + δt, δs, δf and δθ are the displacements given by the
data from the tracking system (eq. 1) and Ry(θ) is the 3D
rotational matrix around the y axis for an angle θ (Fig 4).
The reference at the instant t+ δt is given by:

R2 = P2 +Ry(δθ) (R1 − P1) (6)
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Z

θ
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FIG. 4. Schematic of the transformations to create the closed loop
from the treadmill data.

C. Item Behavior and Update

In a realistic implementation of a virtual world, the visual
scene is integrated with the dynamic behavior of the items.
The behavior is divided in two components: the Behav-

ior and the Update Routine. The Behavior works as the
artificial intelligence of the item and allows it to respond
with different actions to different conditions. The Update
Routine is the update of the object’s properties according to
the one imposed by the Behavior. This artificial intelligence
is implemented through a Behavior Tree organization. Such
organization provides a mechanism to automatically arrange
the experiment based on the contingencies defined by the ex-
perimenter and the behavior of the animal. Thus, Behavior
Trees provide the World Objects and the experiment itself
with some level of artificial intelligence.
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D. Physical rules: Collisions

A collision mechanism is a physical rule within the VR
that detects the interception between two World Objects.
Detecting collisions with the mesh models of the objects can
be a computationally heavy procedure, so a good solution
is to wrap the models with simple bounding surfaces and
implement algorithms that detect the interceptions between
them.
The simplistic collision mechanism implemented in the

software is based on two objects: a rectangle and a sphere.
The sphere is the bounding surface for the Camera, while
any other World Object model can be roughly wrapped by
a set of rectangles.
The Collision Service for the World Object includes the

set of bounding objects that surround the object’s model
and the routines to detect intersections between them and
other Collision Service’s bounding objects.

E. Run an experiment

The experimental protocol is written using the language
of a Behavior Tree. The power of the Behavior Tree allows
to create any kind of Experimental Protocol. The protocols
can be stored in .XML format. This format is automatically
read and integrated by the VR platform.

IV. VIRTUAL REALITY PROJECTION SYSTEM

A. Specifications for the projection system

A major difference between the developed VR system and
the state of the art systems is in the visual stimulus presenta-
tion. The visual system of Drosophila provides some à priori

constrains for the projection system such as: very high tem-
poral resolution (100-200 Hz), a low spatial resolution ( 5-7o)
a very wide field of view with a horizontal view angle close to
270o and a vertical view angle of almost 180o. To present a
naturalistic, but controlled and well-defined stimuli, it is also
necessary that the light intensity profile is homogeneous ev-
erywhere and that the luminance and contrast levels match
those occurring in natural environments.

B. Projection system implementation

1. 360 Hz Projector

In order to be able to achieve a 360Hz refresh rate it was
necessary to remove the color wheel from the projector and
change each of the red, blue and green frames for a normal
frame. In this way the normal 120Hz DLP projector can
project images at a rate of 360Hz.
The RGB frames were switched by updated frames within

the VR software making use of a pixel shader. The VR im-
age is updated and rendered to a texture format 3 times. To
apply the shader in the VR platform, a mesh model (virtual
screen) was created and textured with the rendered VR im-
age. Using the pixel shader to texture the virtual screen, the
3 color channels of the texture are switched by the 3 updated
VR images.
The developed system requires a small image, projected

close to the animal. To be able to focus such a small image

with high resolution the optics of the projector had to be
changed. The easiest way of changing the magnification is
to increase the distance between the lens and the source. By
introducing 3mm spacers between the lens set from the pro-
jector and the source, the magnification was reduced without
losing the focused image.

2. Projection surface design

Although the fly’s head is fixed in space, the high viewing
angles makes it necessary to wrap the projection surface all
around the animal. The designed projection surface is made
of diffusive paper in a cylindrical configuration with 25 mm
radius and 49 mm height, held by a custom made acrylic
structure. The paper covers 180o of the horizontal view angle
of the fly and 63o of the vertical view angle of the fly. The
rest of the horizontal view angle of the fly is covered by
black cardboard in order to reduce at maximum the visual
stimulation in those areas.

The corrections to the XY image generated from the soft-
ware in order to project it into a cylindrical surface are ap-
plied by manipulating the geometry of the virtual screen.
For example, if the screen is a cylinder, by using a cylin-
der with the correct dimensions as a virtual screen and by
texturing the external surface of the virtual screen cylinder
with the VR image, the projected image will perfectly map
the screen and no distortion will appear. With this method
it is possible to apply, corrections that would allow the use
of a big range of different configurations for the projection
surface.

3. Image splitting and homogeneous projection

Two problems of using a single light source and a cylindri-
cal screen are that a profile of intensity will appear (higher
intensity in the frontal part and lower intensity in the lateral
part) and the distance between the lateral and front parts
will introduce defocusing in one end when the other is fo-
cused. The solution to these problems is to introduce more
than one light source.

The VR image was divided in two using software (by using
a split model as virtual screen) and each part of the image
has to be collected by a different path that will send them
to the respective side of the screen.

A mirror system was designed to collect both images and
projects them to the respective sides. The central piece has
two mirrors at 45o and each part of the split image is col-
lected by one of these mirrors. The image from the central
mirrors is then reflected by the lateral mirrors that sends it
to the screen (Fig 5).

FIG. 5. Left: picture of the image splitting structures. Right: Design
of the mirror holders to split the image.
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V. BEHAVIORAL ANALYSIS OF TETHERED

WALKING

A. Optimization of the walking in a ball behavior

Biological factors like genetic background (i.e, fly strains),
the age, the metabolic state, or the animal gender can influ-
ence the performance of a behavioral task.
It is important to find the proper set of biological factors

that would produce the best performance of tethered walking
on a spherical treadmill since head-fixed animals can perform
very poorly given their stress for being restrained.
The fly strains (wild types) that were tested are the DL

wild type and the WOL- wild type. Both were tested in
wet starved and fully fed metabolic states (Fig 6, A and B).
The age of the animal and the time of the day at which the
experiment was run were always recorded (Fig 6, C and D).
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FIG. 6. Top: Box plots of the percentage of time moving for each trial
for the 4 categories. For both plots the results have a p < 0.05 with a
Mann Whitney test. Bottom Left: Box plots of the percentage of time
walking for each trial across 5 different ages for the starved DL flies. 3
day old flies have a higher percentage of time moving with a significance
of p < 0.05 with a Mann Whitney test. Bottom Right: Box plots of
the percentage of time walking for each trial across 4 different times
of the day at which the experiment was performed. Flies ran in the
morning have a higher percentage of time moving with a significance
p < 0.05 with a Mann Whitney test when compared with noon and
afternoon flies. The difference against flies running during the night
was not significant.

By analysing the percentage of time moving, the 3 day
old starved DL flies that ran in the morning were the ones
that showed the best performance on walking behavior on
the ball.

B. Comparison with free walking flies

In previously published results[3] there is a large differ-
ence between free walking flies and flies walking on a ball
for both the forward and the rotational speeds. While the
forward speed is much higher in free walking flies, the ro-
tational speed is higher in flies walking on the ball. The
same parameters were extracted from the data collected us-
ing starved DL flies (Fig 7 A and B).
Comparing with the published data, there is a reduction

on the rotational speed for the flies walking on a ball. The
values for rotational speed obtained with my data are com-
parable with the free walking conditions. Although some
values for the forward speed seem to be higher than the pre-
viously obtained, they are still low when compared with free
walking flies.
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FIG. 7. A: Mean forward speed per starved DL fly from the collected
data. B: Mean rotational speed per starved DL fly from the collected
data. C: Mean forward speed per free walking starved DL fly from the
published data. D: Mean forward speed per starved DL fly walking on
a 6mm ball from the published data. E: Mean Rotational speed per
starved DL fly from the published data. F: Mean rotational speed per
starved DL fly walking on a 6mm ball from the published data.

Since both my experiments and the previous experiments
were made using the same type of flies, the difference in
the results can have its origin in the difference on the size
of the ball. Since the ball used in my experiments have 9
mm diameter it provides a much flatter surface for the fly
to walk than the 6 mm diameter ball previously used. With
the bigger ball the results for tethered walking on the ball
seem to be closer to the ones obtained in the free walking
condition.

C. Free walking head fixed flies analysis

A 9mm ball is a big object when compared with the size of
the fly and provides an almost flat walking surface for the fly.
Nevertheless there is a mismatch for the forward speed values
observed in both situations. There are two possible sources
for this mismatch: the walking on a ball or the manipulation
of head fixation.

We first tested if the head fixation is having an effect, head
fixed and head free flies were placed in a circular homoge-
neously illuminated arena and its positions were captured by
a 50Hz frame rate camera for 90 minutes.
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FIG. 8. Mean forward speed for the head fixed free walking flies while
walking away from the walls of the arena.
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FIG. 9. Top: Speed distribution for each category. Bottom: Quan-
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By looking at the walking speed distributions we can see
that the distributions for head fixed and head free flies are
different. Head free flies have higher probability of having
higher speeds than head fixed flies. The opposite happens
to lower speeds. To do quantitative analysis of this effect I
divided speeds in two groups, the slow group (between 1 and
7 mm/s) and the fast group (between 7 and 20 mm/s).
There is a switch in terms of the type of flies that pre-

dominate in each category and while head fixed flies have a
higher probability of being in the slow category, head free
flies have a higher probability of being in the fast category
(Fig 9).
Comparing the mean speeds for head fixed free walking

(Fig 8) and for walking on a ball flies, the latter are still
slower, but the difference is smaller than it was previously
thought. The results point that the difference is caused by
both the manipulation of fixating the head and the walking
on a ball.

VI. ANALYSIS OF THE RESPONSE TO THE

VIRTUAL REALITY

A set of experiments related with orientation behaviors
were performed to prove the quality of the developed system.

A. Object tracking in open loop

It is known that free walking flies in a homogenous arena
with two objects in opposed positions try to approach them,
and keep visiting them continuously[8]. The same type of
experiment was tried using tethered flies and virtual objects
and the same attraction result was obtained.
The next set of experiments is both a proof of concept

for the VR system in terms of the animal response to small
field stimulus, and also test if walking flies have differential
responses for large vs small objects.
Black bars of different sizes oscillated with a sinusoidal

modulation in front of the flies in open loop for 50s.
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FIG. 10. A: Angle versus time for trials where the biggest bar was
oscillating in front of the fly. B: Filtered version of the same data. The
red line represents the stripe oscillation normalized to the fly’s rotation.
C: Cross covariance between signal and filtered data plotted against the
lags.

The angular orientation of the fly (black line) across time
is the sum of a sinusoidal signal with the same frequency
as the stimuli and a drift with a much lower frequency that
correspond to a bias for the fly (Fig 10 A). Such bias can be
related with its positioning (easier to the fly to turn to one
side than the other) and the inertia of the ball. To remove
the bias the data was filtered (Fig 10 B).
To calculate the chance level for each cross covariance

value, the non-filtered data was shuffled, filtered and the
cross covariance calculated. This process was repeated 1000
times for each size for each fly in order to obtain the dis-
tribution of the cross covariance coefficients. The original
cross covariance coefficient was considered relevant if it was
part of the 2σ tails of the distribution (< 4.6% of chance
probability).
The higher the cross covariance, the closer the stimulus

and response signals are. This parameter can be used to
describe the quality of the tracking behavior as function of
bar sizes and across flies (Fig ??).
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FIG. 11. Tuning curve for the bar size. Only the significant data
according to the previous criteria was used.

From this experiment it can be concluded that the flies are
able to track objects of different sizes in the developed VR
system like they do in free walking conditions. It was also
observed that walking flies the track better larger stripe.

B. Edge Fixation in rotational closed loop

The next set of experiments are devoted to test the capac-
ity of the fly to control the virtual world in closed loop.
The first experiment was inspired from some old studies
that showed that freely walking flies tend to be attracted
to edges[9]. I tested such result for head fixed flies walking
on the ball using the developed VR system.
The protocol included 30 trials where the fly was in ro-

tational closed loop with a half white half black arena for
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1 minute. These trials were interleaved with inter trials of
darkness that lasted 1 minute.
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FIG. 12. Left: 2D reconstructed trajectories of a fly fixating the edge.
Right Top: Histogram of the heading angles for all trials collapsed (the
edge is located at 22o) Right Bottom: Histogram of the heading angles
for the dark inter trials.

The results from this experiment show that flies can per-
form edge fixation in the developed VR system like they do
in free walking conditions (Fig 12).

C. Full closed loop in a 3D Virtual Reality

Flies are attracted by large prominent objects. Such a
behavior was also proved in the developed VR system in the
open loop tracking and in the edge fixation experiments. The
naturalistic 3D version of this behavior for tethered insects
was never described. In this experiment the fly is in a virtual
arena with random textured walls that contains a black pole
that can be located in one of 3 positions. The fly always
starts at the same point and each trial lasts for 1 minute.

-25 -20 -15 -10 -5 0 5 10 15 20 25

-25

-20

-15

-10

-5

0

5

10

15

20

25
-25 -20 -15 -10 -5 0 5 10 15 20 25

-25

-20

-15

-10

-5

0

5

10

15

20

25

-25

-20

-15

-10

-5

0

5

10

15

20

25
-25 -20 -15 -10 -5 0 5 10 15 20 25

FIG. 13. Top: Initial visual scene presented to the fly. Bottom: Heat
maps of the positions of the flies for the 3 different pole positions. The
black spot is the pole position and the dashed line is the collision region.

The heat maps show that the flies are indeed attracted
to the virtual poles in the 3D virtual environment (Fig 13).
The higher occupations were the initial position, close to
the object and in the wall. This behavior resembles what
happens in free walking flies, being a proof that a naturalistic
behavior can be achieved using the developed virtual reality
system.

VII. CONCLUSION

The principal goal of neuroscience is to understand how
neural circuits process information and guide behavior. One
of the main current challenges of neuroscience is to be able
to have simultaneous measurements of neural activity while
animals are engaged in natural behaviors with fully defined
sensory inputs. Virtual Reality is a very promising technol-
ogy that provides a way of having fixed animals performing
almost naturalistic behaviors in virtual environments with
precise control over the sensory stimulation.
The work described in this thesis had the objective to

develop and test a virtual reality system for tethered walking
Drosophila melanogaster. The VR system was composed by
a treadmill system for walking trajectory tracking, a new
software platform and a new projection system.
In the first set of experiments dedicated to the optimiza-

tion of the conditions for tethered walking, I found that 3
day old starved DL flies were the ones that performed bet-
ter on the ball. Using a 9mm ball for the virtual reality
was an improvement against the 6mm ball used previously
in terms of the approximation to natural free walking. It
was observed that in terms of rotational speed the tethered
flies approximated the free walking conditions but in terms
of forward speed they still under-perform. To further investi-
gate the origin of this problem, I analysed free walking head
fixed flies that showed similar under-performance in terms of
walking speed when compared with the head freeflies. This
indicate that the difference seen between flies on the ball
and free flies can partially be explained by the manipulation
itself (i.e. head fixation) and not only by the walking on a
ball.
In the open loop tracking experiment it was observed that

tracking performance of flies depend on size of the small ob-
ject. Flies tend to do better and more consistent tracking of
larger objects, despite the fact that small objects were ap-
proximated to the expected size of conspecific moving at a
fixed distance from the tethered fly. The result is also im-
portant because it shows that flies can perceive and respond
to small field stimuli in the VR system.
It was also proved that flies can fixate edges when con-

fronted with a rotational closed loop situation in the VR sys-
tem. These results nicely reproduce those obtained in similar
visual worlds but under free walking conditions. This sug-
gests that flies interact with their visual world in a similar
correspondence to their interaction in artificial and simple
real worlds.
Furthermore, when confronted with a 3D environment

composed by a drum with a floor, a ceiling, textured walls
and a dark pole object, flies tend to approach the pole and
spend some time colliding and staying around it before go-
ing for the walls. In addition to being a novel result, it is
also the proof that flies can perceive the 3D within the VR
system and interact with it.
The described experiments, although being still part of

work in progress, resulted in interesting and novel observa-
tions which show that flies are able to explore and navigate
the VR worlds described above. The power of the developed
VR system provides a unique tool to dissect the neural mech-
anisms underlying sensory-motor behaviors in a naturalistic
situation.
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