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a b s t r a c t
Modern neuroscience and the interest in biomimetic control design demand increasingly sophisticated
experimental techniques that can be applied in freely moving animals under realistic behavioral conditions. To explore sensorimotor ﬂight control mechanisms in free-ﬂying fruit ﬂies (Drosophila melanogaster),
we equipped a wind tunnel with a Virtual Reality (VR) display system based on standard digital hardware
and a 3D path tracking system. We demonstrate the experimental power of this approach by example
of a ‘one-parameter open loop’ testing paradigm. It provided (1) a straightforward measure of transient
responses in presence of open loop visual stimulation; (2) high data throughput and standardized measurement conditions from process automation; and (3) simpliﬁed data analysis due to well-deﬁned testing
conditions.
Being based on standard hardware and software techniques, our methods provide an affordable, easy
to replicate and general solution for a broad range of behavioral applications in freely moving animals.
Particular relevance for advanced behavioral research tools originates from the need to perform detailed
behavioral analyses in genetically modiﬁed organisms and animal models for disease research.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
A detailed understanding of how animals control their movements in a complex natural environment is likewise relevant to
neuroscientists exploring neuromotor control mechanisms and
engineers attempting to implement biological control principles in
microrobots, such as micro air vehicles (MAVs). The reﬂexive ﬂight
control mechanisms of insects are experimentally highly amenable
and therefore serve as powerful model systems to explore neuromotor control mechanisms (e.g. Frye and Dickinson, 2001).
Here we describe methods developed for a detailed behavioral
system analysis in freely ﬂying fruit ﬂies (Drosophila melanogaster
Meigen). Based on Virtual Reality (VR) display techniques implemented in standard digital hardware, we designed an automated
‘one-parameter open loop’ testing paradigm that allowed us to
quantify the open loop transfer properties of the ﬂy’s visual ground
speed response. The ability to perform meaningful behavioral
analyses with a high throughput meets the demands for an interdisciplinary research effort on neuromotor control strategies based on
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advanced genetic tools and concepts derived from control systems
engineering.
1.1. Open loop stimulation in tethered insects
The mechanisms underlying visuomotor ﬂight control, like
most other behaviors, are highly complex. This complexity can be
approached with a reductionist approach, in which the animal is
considered as a system of interconnected control loops, which can
be analyzed using standard control system analysis techniques. In
this approach, various sensory modalities are considered as inputs
to the system, which after a sensorimotor transduction process
lead to the motor output. As a result of the interaction with the
physical environment, this leads to appropriate behavior and consequently generates sensory feedback, closing the feedback control
loop (Fig. 1).
In the past, visuomotor ﬂight control mechanisms of ﬂies and
other insects have been explored extensively under restricted
experimental conditions. As a classic approach, input–output
relationships of identiﬁed neuromotor control loops have been
measured from rigidly tethered insects, in which sensory stimuli
can be delivered precisely and the resulting motor output measured
with comparatively simple tools. As a result, it has been possible to
characterize sensorimotor systems from their transfer properties,
allowing structure–function relationships to be inferred. In the bio-
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Fig. 1. General scheme of sensorimotor ﬂight control. The relationship between
sensory input and motor output is measured directly using an open loop paradigm.
In the naturally behaving animal, the sensory input is reafferently coupled to the
motor output (closed loop condition).

logical literature the stimulus condition is referred to as open loop to
reﬂect the experimental de-coupling of the sensory stimulus from
the motor behavior.
Countless combinations of sensory stimulation and recording
of motor actions have been employed alone in ﬂies, including for
example: leg extension elicited from optic ﬂow (Borst and Bahde,
1986), head movements from visual or mechanical stimulation
(Hengstenberg et al., 1986), walking behavior in presence of visual
cues (Götz and Wenking, 1973), ﬂight behavior in presence of
varying visual (Götz, 1964, 1965, 1968; Blondeau, 1981; reviews:
Buchner, 1984; Collett et al., 1993), olfactory (Frye and Dickinson,
2004) or wind (Gewecke, 1967) stimuli.
Examples of open loop experiments in other species include
acoustic target tracking in crickets (e.g. Hoy and Paul, 1973; Hedwig
and Poulet, 2004; for recent methods see Lott et al., 2007), optomotor (Baader, 1991) and object avoidance responses (Robertson and
Johnson, 1993) in tethered ﬂying locusts.
1.2. Limitations of tethered preparations
While tethered paradigms offer a broad range of powerful experimental possibilities, their signiﬁcance for realistic behavior is
limited due to the signiﬁcant inconsistencies between natural and
experimental conditions (discussed, e.g. in Buchner, 1984; Gray
et al., 2002; Taylor and Zbikowski, 2005). Flies, for example, rely
on mechanosensory feedback from specialized balance organs, the
halteres (Pringle, 1984; Nalbach and Hengstenberg, 1994) for ﬂight
stabilization and bilateral haltere ablation indeed renders the ﬂy
incapable of stable ﬂight (Derham, 1714, cited by Dickinson, 2005).
Tethering disrupts the reafferent mechanical input to the halteres
and tethered ﬂies accordingly show strong behavioral artifacts,
including distorted wing stroke kinematics (Fry et al., 2005) and a
several-fold prolonged time course of turning maneuvers in visual
ﬂight simulators (Heisenberg and Wolf, 1979). Though realistic
ﬂight dynamics can be experimentally implemented at least partially with loose tethers (e.g. Baker, 1979; Heisenberg and Wolf,
1979; Mayer et al., 1988; Bender and Dickinson, 2006), a meaningful analysis of neuromotor ﬂight control mechanisms ultimately
requires behavioral data to be measured in ﬂies ﬂying freely under
realistic ﬂight conditions (e.g. Drosophila: Fry et al., 2003; Fannia:
Land and Collett, 1974).
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1996; ﬂy: David, 1979). Previous studies of visual speed control in
free-ﬂying insects showed that insects maintain a ‘preferred’ ﬂight
speed relative to the visual surround, irrespective of the pattern’s
spatial frequency (David, 1982; Srinivasan et al., 1996).
To explore the control properties of the ﬂight speed response,
it was necessary to stimulate ﬂies with arbitrary visual patterns
over a broad parameter range and measure the resulting corrective
responses. Furthermore, the measurement of transient responses is
essential to a formulation of time-continuous models, as presented
elsewhere (Rohrseitz and Fry, in preparation).
To this end, we implemented a free ﬂight, ‘one-parameter open
loop’ paradigm using a wind tunnel equipped with Virtual Reality display technology. Our methods allowed fully automated mass
testing of individual ﬂies over a broad range of visual stimuli, combining the advantages of open loop visual stimulation with the
advantages of performing behavioral experiments under realistic
free ﬂight conditions (see Schuster et al., 2002, for a comparable approach in walking fruit ﬂies). Furthermore, our methods
allowed a straightforward implementation of various other behavioral paradigms, including the presentation of virtual objects, Gabor
patches and naturalistic images.
2. Experimental system
2.1. Wind tunnel
The behavioral tests were performed in a commercial open circuit, closed throat wind tunnel (Engineering Laboratory Design,
Inc., Lake City, MN, USA), equipped with a real time 3D tracking system and virtual reality display technology (Fig. 2 and see
below). The wind tunnel provided a laminar airﬂow in a working
section made of clear acrylic, 1.55 m in length and 0.305 m in width
and height. Standard tests were performed using a wind speed of
0.37 m s−1 . An attractant odor (‘Kressi’ herb vinegar, diluted to 5%
solution) was vaporized using an ultrasonic humidiﬁer (Boneco)
at a rate of approximately 7.2 mg s−1 from 4 nozzles positioned in
front of the air intake end of the wind tunnel. Control tests using an
odor–smoke mixture conﬁrmed a homogeneous dispersion of the

1.3. Motivation for a one-parameter open loop, free-ﬂight
paradigm
Numerous behavioral studies performed in freely ﬂying insects
have addressed sensorimotor control mechanisms (reviews: Collett
et al., 1993; Srinivasan and Zhang, 2004), and visual ﬂight speed
responses of various insect species in particular (e.g. mosquito:
Kennedy, 1939; moth: Willis and Arbas, 1991; bee: Srinivasan et al.,

Fig. 2. Free ﬂight experimental setup. A wind tunnel was equipped with a real
time 3D position tracking system (Trackit 3D, Fry et al., 2000, 2004) and customprogrammed graphical rendering software (based on the VisionEgg, Straw and
O’Carroll, 2003; Straw et al., 2006). Visual stimuli were presented in open loop to
free-ﬂying ﬂies by compensating for their position along the wind tunnel in real
time.
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Fig. 3. Virtual reality display conﬁguration. The ﬂy’s 3D position is measured (delay: ∼18 ms) using Trackit 3D and two standard PAL video cameras. The position data (“XYZ”)
are transferred to a client PC via a network interface and used to render and display an image on the wind tunnel’s side walls (delay: ∼19 ± 8 ms).

odor within the laminar airﬂow. While the presence of odor likely
increased the ﬂies’ motivation to track up wind, it did not provide
directional cues for up wind tracking as would have been the case
with an odor plume or gradient.
Fruit ﬂies (D. melanogaster) were reared in the laboratory using
standard procedures. 2–4-day-old male and female ﬂies were isolated and deprived of food, but not water, during 12–16 h prior to
an experiment. A few ﬂies at a time were released into the wind
tunnel through a Plexiglas tube at the downwind end of the wind
tunnel, where they voluntarily initiated upwind ﬂight.
2.2. Real time ﬂight path tracking
Flies were tracked in real time using Trackit 3D (Biobserve
GmbH, Bonn, Germany), also see (Fry et al., 2004), on a standard personal computer (CPU: 1.1 GHz) running Microsoft Windows 2000
SP4). Trackit 3D was equipped with two Sony LSX-PT1 color video
cameras, whose infrared ﬁlters were removed for increased sensitivity in the long wave spectrum. The cameras ﬁlmed the ﬂies from
above against a bright homogeneous background, provided from a
custom built lamp attached below the working section. The lamp
contained 10 dimmable high-frequency luminescent tubes (Osram
Lumlux, Daylight 36 W connected to Feller, 230 VAC, 50 Hz dimmers) covered with translucent red Plexiglas (Transsatco, red 8%).
The fruit ﬂies were not distracted by the light shining from below
because of their low sensitivity in the long wavelength spectrum
(Heisenberg and Buchner, 1977; Stark and Johnson, 1980).
The three-dimensional position of single ﬂies, measured at
50 Hz, was transferred to a client computer with a short latency (see
Section 2.4) using a TCP/IP (Transmission Control Protocol/Internet
Protocol) network interface (Fig. 3).
2.3. Image rendering and display
Custom software was developed in Python (version 2.4) to render the visual stimulus on a client computer (CPU: AMD Athlon,
1.9 GHz; Operating System: Microsoft Windows 2000, Service
Pack 4; graphics Card: Asus V9520 Magic/T/128 with a NVIDIA
GeForce FX 5200 chip set) in real time. An asynchronous loop
was used to query the network port for the last measured position of the ﬂy using the custom programmed Python module
PyTrackit (www.visionegg.org). Based on the position information, an appropriate stimulus was rendered using the open source
graphic library, The VisionEgg (version 1.0; www.visionegg.org;
Straw and O’Carroll, 2003; Straw et al., 2006), which supports the
OpenGL hardware acceleration features of standard graphic cards.
Finally, the ﬂy’s position and stimulus conditions were logged to a
data ﬁle for later analysis.

2.3.1. Spatial properties
The image was displayed using a LCD (liquid crystal display) projector (Sony, VPL-ES1). The image was split with a pair of angled
mirrors and projected via a pair of large mirrors onto tracing paper
screens (1.0 m × 0.3 m) attached to the side walls of the wind tunnel
(Fig. 2). Image distortion resulting from the projection system was
corrected in the software at the level of image rendering. The distortion parameters were measured using a calibration procedure, in
which a virtual display was projected and adjusted to the physical
display. The calibration resulted in a rendering resolution of 1 mm.
With a full-screen image resolution of 800 pixels × 600 pixels, the
maximal angular separation of the pixels in the middle of the wind
tunnel was 0.38 ◦ and therefore well below the fruit ﬂy’s spatial
cut-off frequency of 9.4◦ (Götz, 1964).
2.3.2. Luminance
To ensure that the luminance values deﬁned in the software
were faithfully represented on the display screens, we created a
gamma lookup table that produced a linear relation between speciﬁed pixel values and the screen luminance, which we measured
using a photodiode. To maximize the luminance visible to the ﬂy, we
stimulated using the green and blue, but not the red color channel
(also see Section 2.2). Maximum luminance and Michelson contrast, (IMax − IMin )/(IMax + IMin ) were measured at 20.9 Cd m−2 and
0.56, respectively.
2.3.3. Temporal properties
The temporal display properties are of particular importance
when considering experiments with visual motion stimuli. Display systems susceptible to ﬂicker at frequencies perceptible to the
visual system are generally avoided for visual studies. For experiments in insects this precludes the use of CRT (cathode ray tube)
displays with standard refresh rates up to about 120 Hz, a value
below the temporal resolution limit of ﬂies (Juusola and Hardie,
2001). We avoided using a projector based on digital light processing (DLP) technology, which typically produces strong luminance
modulations, albeit at relatively high frequencies. Conversely, liquid crystal display projectors are susceptible only to the luminance
ﬂuctuations of the light source. To avoid undesired side effects,
we chose a LCD projector that showed no measurable variance in
luminance when displaying a static image.
Artifacts could also result from the discretized representation
of motion resulting from the ﬁnite refresh rate of the display. With
a standard native refresh rate of 60 Hz typical for LCD projectors
and temporal frequencies of displayed sine grating stimuli typically up to about 10 s−1 , the transition of one pattern period was
represented by 6 discrete positions. In the behaviorally more relevant range of about 5 s−1 this value is increased above 10 positions
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per cycle. Though the discretized representation of moving gratings remains limited, electrophysiological experiments on visual
interneurons revealed substantial tolerance to temporal aliasing
(Straw and O’Carroll, 2003).
A further limitation of the display lies in the response time of
LCD displays, which could result in blurring of moving objects. To
test for possible image degradation due to non-linear temporal
response characteristics of the LCD projector, we tested the temporal proﬁle of displayed moving sine gratings using a photodiode.
We found that the locally measured temporal luminance waveform
remained sinusoidal and undiminished in amplitude within the
parameter range used in the experiments (data not shown).
2.4. Closed loop system latency
We deﬁne the closed loop system latency as the time lag
between the sampling of the ﬂy’s position by the cameras and the
update of the display as a result of this position measurement. This
time lag is composed of the time required: (1) by Trackit 3D to
send a position message after the image of the ﬂy was sampled
by the cameras, and (2) the image rendering system to render an
image according to the measured ﬂy’s 3D position. We measured
the ﬁrst latency from the time required by Trackit 3D to register
the position of a triggered light emitting diode (LED) and sending a
signal to the computer’s parallel port (which itself has a negligible
latency in the order of micro seconds) at a near constant 0.018 s. We
then measured the second latency from the time passed between
the measurement of the ﬂy’s position and displaying the image
on the screen. The update of the asynchronously rendered display
depended on the screen location, averaging at 0.019 s (min: 0.012 s,
max: 0.027 s). The total system latency for the average screen location therefore lay at around  = 0.038 s.
Though the pattern phase lag resulted in a 10% error of stimulus
magnitude in our experimental paradigm, this error was consistent and could easily be accounted for in the data analysis, and
therefore did not compromise the validity of the experimental procedure (see Section 3.4.2 for more details). In a different paradigm,
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however, shorter time lags might be required. Using standard hardware, 200 Hz position tracking and 300 Hz displays are currently
feasible and could reduce the system latency several-fold. As the
computational power of digital technology is quickly increasing,
possible remaining hardware limitations will tend to be reduced in
the future.
2.5. Coordinate system
Numerous studies employed periodic physical patterns to
induce visual responses in free-ﬂying insects (see Introduction).
We have reproduced this experimental condition by projecting sine
gratings on the side walls of the wind tunnel (Figs. 2–4A; note sine
gratings are represented by stripes for simplicity; +X denotes up
wind direction). The stimulus is deﬁned by its spatial frequency
(SF, the number of cycles per unit length of the visual display; unit:
m−1 ), its temporal frequency (TF, the number of cycles passing a
given point of the display per unit time, unit: s−1 ; positive up wind),
as well as its luminance. Pattern period  is calculated from 1/SF
(unit: m).
From the ﬂy’s perspective, objects appear the largest in a lateral
position and progressively smaller toward more frontal and caudal azimuths due to geometric distortion. Concomitantly, objects
reach their maximum angular velocity (degree s−1 ) as they pass
the ﬂy laterally. Geometric distortion applies likewise for elevation.
Note use of capitalized and non-capitalized symbols for linear and
angular metrics, respectively.
To stimulate ﬂies with a single retinal pattern period, we also
displayed distorted sine grating patterns, by transforming the frame
of reference of the wind tunnel from cartesian to cylindrical, as if
projecting the planar pattern onto a virtual drum centered on the
ﬂy (Fig. 4B). We achieved the distortion using
I = I0 · sin(2(t · TF + ˛ · sf)) + Im ,
with
˛ = a tan

 x 
ω/2

(1)

(2)

Fig. 4. Coordinate systems with wind tunnel shown from above. (A) Constant linear spatial frequency. The spatial pattern period as displayed on the screen (, m) is constant.
The angular pattern period as projected on the eye (, ◦ ) decreases toward frontal and caudal positions. (B) Virtual “drum” display. The pattern is distorted such that a constant
angular spatial wavelength is obtained for all azimuthal positions.
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I0 = Im = 0.5. Although the stimulus conditions generated in this
way are highly unnatural, the stimulus conditions were nevertheless useful to test speciﬁc questions relating to visual motion
processing mechanisms underlying the measured responses (Rohrseitz and Fry, in preparation).
3. Experiments
3.1. Overview
As an application example, we describe the implementation of
an automated, ‘one-parameter open loop’ testing paradigm, which
was used to explore the dynamics of visual ﬂight speed control
in the fruit ﬂy. An automated largely unsupervised testing scheme
was required to provide standardized measurement conditions and
explore a large parameter space (Section 3.2). We measured transient visual responses under open loop conditions by controlling
the phase of sine grating stimuli in real time (Section 3.3). Finally,
we demonstrate how the open loop paradigm enabled a simple and
robust method to analyze the large amounts of acquired behavioral
data (Section 3.4). Detailed analyses of behavioral data measured
under hundreds of measurement conditions and comprising several 10,000 individual trials will be presented elsewhere (Fry and
Rohrseitz, in preparation).
3.2. Process automation
Standardized and automated measurements were performed by
inducing single ﬂies to ﬂy near the center of the wind tunnel and
then testing them with a precisely deﬁned visual stimulus of 1 s
duration. In absence of a ﬂy within the cameras’ tracking range,
a static sine grating pattern (SF = 6.66 m−1 ) was displayed on the
side walls of the wind tunnel. A ﬂy ﬂying up wind approached the
middle of the wind tunnel, where its position was tracked along a
distance of about 0.4 m. We implemented an automated procedure
to keep the ﬂy near the middle of the wind tunnel following David’s
(1982) manual method. We controlled the pattern TF linearly with
the ﬂy’s up wind position according to:
TF = X

−2 Hz
0.2 m

(3)

where X is the ﬂy’s measured position along the wind tunnel relative to the middle (see Fig. 4 for coordinate system).
The corresponding pattern speed is calculated from TF/SF, with
SF = 6.66 m−1 (see above). With increasing up wind position the
pattern speed was moved with increasing speed in the opposite
direction, causing the ﬂy to reduce speed and drift down wind
(and vice versa). As a result, the ﬂy was held near the middle of
the wind tunnel where it perceived it’s ‘preferred’ pattern speed
(David, 1982), measured in our wind tunnel at about VPref = −0.141
(interquartile range: −0.104 to 0.137 m s−1 ). Tests were induced
under standard conditions as speciﬁed by three criteria: (1) time
interval after previous test at least 2 s; (2) distance travelled
within 0.25 s less than 0.08 m; (3) ﬂy’s current position within a
cuboid of length 0.2 m, width and height 0.1 m, centered in the
wind tunnel. When all three conditions were met a single test
was automatically performed, after which the process repeated
itself.
3.3. Open loop test trials
A test consisted of a 1 s presentation of a moving sine grating with speciﬁed TF and SF during which the ﬂy’s 3D position
was logged for later analysis (Section 3.4). Numerous other test
paradigms were applied, including the use of distorted grating patterns (Section 2.5) and naturalistic images. As they are based on the

Fig. 5. Representative raw data sample. Body position was measured prior to (t < 0)
and after onset of open loop pattern stimulation (temporal frequency: 4 Hz, spatial
frequency 12.5 s−1 , n = 11 ﬂights). Mean acceleration of each sample was measured
from the ﬁtting parameters of a parabola (t > 0.1 s; n = 11).

same principles these are not further discussed. To maintain a constant TF with respect to the ﬂy’s position, the pattern phase was
continually adjusted according to the ﬂy’s current position along
the wind tunnel. In the case that the ﬂies were induced to accelerate
in the up wind direction, the body axis direction remained closely
aligned with the ﬂight direction, as conﬁrmed by high-speed video
analysis (data not shown). Assuming that head movements were
small during straight ﬂight, the retinal stimulation can be inferred
from the display coordinates (Fig. 4).
As shown in the analysis (Section 3.4), the variance of the data
was low compared to typical behavioral measures of free ﬂight
behavior. As we did not observe differences between individuals,
the data were pooled and treated as independent. In each experimental session, 4 test conditions and a control condition (TF = –2 Hz,
SF = 10 m−1 ) were repeated sequentially until sufﬁcient data were
acquired.
3.4. Data analysis
3.4.1. Trial evaluation
Representative examples of measured 3D position data are
shown in Fig. 5. At time zero, the ﬂies are located near the middle of the wind tunnel (X = Y = Z = 0), as required by the hovering
criteria (Section 3.2). When stimulated with up wind (regressive)
pattern motion (TF = 4 s−1 ; SF = 12.5 m−1 ), the ﬂies ﬂew up wind
(X position increases). The lateral (Y) position remained close to
the middle of the wind tunnel (Y = 0) with deviations typically well
below 0.05 m. Vertical (Z) position remained roughly constant, with
a slight tendency for the ﬂies to descend. In presence of strong
optic ﬂow stimulation, as in the present example, tracking terminated when the ﬂy ﬂew out of the tracking range within the 1 s trial
period.
The open loop stimulation resulted in a highly stereotyped
response that could be evaluated with a simple and robust
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In our experiments, therefore, the pattern speed error depends
only on the system latency  and the ﬂy’s measured mean acceleration for a given stimulus. Fig. 6 shows the calculated time course of
the programmed (stippled lines) and perceived (solid lines) pattern
speeds in the case of a moderate pattern speed (0.32 m s−1 , blue;
same as used in Fig. 5), and a high pattern speed (1.8 m s−1 , red) that
resulted in the maximal measured acceleration. The stimulus error
reached a constant value of about 10% of the programmed pattern
speed within 0.02 s.
4. Discussion

Fig. 6. Stimulation error due to system time lag. Programmed retinal slip speeds
(stippled lines) of 0.32 (blue) and 1.8 m s−1 (red) are compared with the effectively
perceived speeds (solid lines), as calculated from the average system delay of 0.038 s
and the measured time course of the ﬂy’s X position.For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of the
article.

procedure. The X position after stimulus onset (t > 0) was well
approximated by ﬁtting a second order polynomial of the form
X(t) = a · t 2 + b · t + c

(4)

The parabolic ﬁt implies that, remarkably, the ﬂies maintained a
constant acceleration for the duration of the measurement, which
provided a straightforward measure of the transient response
strength. The constant acceleration of the ﬂy is explained with a
constant slip speed between the ﬂy and the pattern (described in
further detail below, also see Fig. 6) and the open loop stimulation procedure. While the ﬂy is ‘overtaking’ the pattern, the pattern
speed increases as to maintain open loop conditions, causing both
the ﬂy and the pattern to accelerate. We obtain the body acceleration from the second derivative of Eq. (4):
Ẍ(t) = 2 · a

(5)

The mean acceleration is then given by the value of 2·a.
The occasional presence of several ﬂies in the wind tunnel could
lead to invalid ﬂight tracks. These were easily identiﬁed from a discontinuity of the position measurements and were subsequently
removed from the data pool. Occasional outliers (fewer than 2%)
were identiﬁed from a r-squared value below 0.9 and removed from
the analysis.
3.4.2. Stimulation error due to system time lag
Assuming a parabolic position function for the ﬂy (Section 3.4.1;
Eq. (4); Fig. 5), the pattern phase offset required to perfectly compensate for the ﬂy’s changing position (i.e. maintain open loop
condition) is given by:
˚O (t) = X(t) = a · t 2 + b · t + c

(6)

In reality, the phase compensation occurs after the system delay
, measured at 0.038 s (Section 2.4), resulting in the actual phase
offset:
˚O,Delay (t) = X(t − ) = a · (t − )2 + b · (t − ) + c

(7)

Now we can compute the error between the ideal phase and the
actual phase (using b = c = 0 for a parabola originating in zero):
˚Error (t) = ˚O (t) − ˚O,Delay (t) = a(2 · t ·  −  2 )

(8)

The error in pattern speed, relevant to the question posed in our
experiments, is the derivative of the phase error:
˙ Error (t) = 2 · a · 
˚

(9)

We described methods and concepts that allowed freely ﬂying
fruit ﬂies to be stimulated with arbitrary visual stimuli in an automated experimental paradigm. Speciﬁcally, the implementation of
an automated ‘one-parameter open loop’ paradigm allowed testing a freely ﬂying ﬂy under realistic free ﬂight conditions, while
controlling a single parameter, the horizontal optic ﬂow, in open
loop for a detailed characterization of transient speed responses.
The described procedures were also applied in experiments using
real time pattern distortion; Gabor patches for localized stimulation and stimulation with naturalistic images, described elsewhere
(Fry et al., in preparation).
The main features of the developed methodology include: (1)
the ability to measure transient response properties under free
ﬂight conditions using open loop stimulation, (2) process automation for high data throughput and measurement standardization
and (3) simpliﬁed data analysis due to highly controlled test conditions. Taken together, our application of VR display techniques
in a freely ﬂying insect demonstrates the experimental power of
software-controlled experimentation based on virtual reality display technology.
4.1. Broader relevance of methods
The relevance of the described methods extends far beyond the
present motivation for a detailed system identiﬁcation approach.
The ability to implement powerful experimental paradigms in
freely moving animals is met with an increasing demand for interdisciplinary research addressing the functional role of neuromotor
pathways under realistic behavioral conditions.
In fruit ﬂies, as in other animal models amenable to genetic
techniques, speciﬁc cell types can be targeted with high speciﬁcity using advanced genetic techniques (review of Gal4-UAS
system: Duffy, 2002; restriction techniques; MARCM: Lee and
Luo, 1999; FLP/FRT: Golic and Lindquist, 1989; Xu and Rubin,
1993; Stockinger et al., 2005), making the neuromotor pathways
amenable to ‘genetic dissection’ (Heisenberg, 2003; Liu et al., 2006;
Rister et al., 2007). This approach depends critically on the ability to
perform meaningful quantitative behavioral analyses in a functionally relevant context, the demand for which is rapidly increasing.
Likewise in other model systems there is a need for broader behavioral analysis, while providing highly standardized test conditions,
including applications in behavioral neurosciences, drug testing,
etc.
The profound understanding of biological control principles
based on a more rigorous behavioral characterization of sensorimotor control loops is also of direct relevance for the design of
biomimetic robots, including MAV. Various forms of bio-inspired
robots have been implemented in the past, mainly as experimental
platforms (e.g. Webb et al., 2004). Truly biomimetic robotic implementations, however, require highly detailed system analyses of
sensorimotor pathways to be performed in freely moving animals
(Rohrseitz and Fry, in preparation), to which end the presented
methodologies were developed.
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4.2. Advantages and limitations of software-based experiment
design
The use of general purpose digital hardware requires careful
consideration of its limitations. Our setup was limited in two main
aspects. First, the signiﬁcant system latency due to digital processing resulted in a systematic deviation between the actual and
desired stimulus conditions. Second, the use of a standard LCD projector resulted in image tearing and spatial aliasing due to limited
refresh frequency. While we did not consider these limitations critical for our application, other experimental settings may demand for
improved hardware performance, in which case high performance
components should instead be used.
Contrasting these limitations, the use of digital electronics
provides several clear advantages. First, standard hardware and
software solutions are affordable and allow experimental set ups
to be more easily replicated than custom-built solutions based on
mechanical or analog electronics components. Second, experimental design in software allows increased ﬂexibility, process control,
and the ability to create VR stimulus conditions that are impossible
to implement with standard hardware solutions.
Given the demand for increasingly sophisticated experimental paradigms for freely moving animals (Section 4.1), the use of
general purpose digital hardware and software design promises
powerful approaches for behavioral neurosciences, which can complement, rather than replace, existing solutions and paradigms.
4.3. Extension to other experimental contexts
Due to the ﬂexibility of software controlled experimental design,
basic concepts of an approach – such as the ‘one-parameter open
loop’ paradigm – can be transferred to experimental applications
in other species and behavioral contexts. One fundamental requirement to perform similar experiments in other species is the ability
to track their position in real time, for which measuring techniques
are becoming increasingly available (Reynolds and Riley, 2002).
The second requirement is the availability of suitable stimulation
techniques, which are also becoming more readily available. In conclusion, the close integration of experimental concepts with the
ﬂexible use of measurement, stimulation and analysis techniques
opens up new opportunities for behavioral neurosciences.
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Götz KG. Optomotorische Untersuchung des visuellen Systems einiger Augenmutanten der Fruchtﬂiege Drosophila. Kybernetik 1964;2:77–92.
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