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and Vision



Cover: Blowfly with sensor coil set attached to the head and thorax; magnetic
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thorax, to allow virtually unrestrained head movements. Both coil sets are connected
via a very thin wire to the bottom of the flight arena.
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Voorwoord

Wie onderzoek doet aan de bewegingen van vliegende insecten door er minieme
spoeltjes op te plakken en ze daarna in een kooi rond te laten vliegen heeft heel wat
uit te leggen. Vaak wordt mij de vraag gesteld wat hier nou het nut van is. Ik doe
altijd met veel plezier een poging hierop een bevredigend antwoord te geven maar
het blijft echter vaak beperkt tot enkele algemene uitspraken over de informatie-
verwerking in visuele systemen en de relatie met de oogbewegingen. Wie alle hoe en
waaroms wil weten moet dit proefschrift natuurlijk helemaal lezen. Mensen van
buiten het vakgebied zullen echter meer plezier beleven aan het lezen van de
samenvatting en het bekijken van de foto's en figuren in de rest van het proefschrift.

Ik kijk met een tevreden gevoel terug op mijn promotieonderzoek. Het is, ondanks de
onvermijdelijke tegenslagen, succesvol verlopen en het was bovendien prettig
werken bij de vakgroep biofysica. Dit is mede te danken aan een groot aantal
personen waarvan ik er hier een aantal wil noemen. De uiterst effectieve begeleiding
was in handen van Hans van Hateren. Hij kwam niet alleen met goede ideeën maar
heeft ook diverse malen daadwerkelijk meegewerkt aan het uitvoeren van
experimenten en de analyse van de resultaten. Naast Hans hebben ook de andere
mensen die door de jaren heen de Pionier groep hebben gevormd voor de nodige
inspiratie en goede sfeer gezorgd. Ook de rest van de vakgroep, waaronder mijn
promotor Doekele Stavenga, maakte het werken op het lab tot een aangename
bezigheid. Verder kreeg ik veel technische ondersteuning van Jannes Land en Tonko
Tiehuis. Met beiden was het prettig samenwerken.

Naast het doen van onderzoek heb ik gelukkig nog veel meer beleefd en geleerd. De
meest in het oog springende activiteiten zijn het spelen in de biofysica band, het
paardrijden bij Parafrid en het deltavliegen bij De Meeuw. Daardoor heb ik niet
alleen de vaardigheden geleerd die met die activiteiten samengaan, ik heb er ook
bijzondere mensen leren kennen en geweldig mooie ervaringen opgedaan die veel
indruk op mij hebben gemaakt.

Tenslotte wil ik mijn familieleden bedanken omdat ze er altijd voor me zijn. Dat dit
zo vanzelfsprekend is maakt het juist zo bijzonder. Heit, mem en Aaltsje, jimme
betankje ik it meast.
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Chapter 1

General introduction

The temporal characteristics of the visual input entering an eye are to a large extent
determined by the movements of the eye. When an animal performs normal eye
movements while moving around in its natural environment, the resulting visual
input can be called natural. It appears highly probable that, during evolution, visual
systems have been optimized for processing visual stimuli with natural statistics.
Indeed, it has proven to be possible to increase our understanding of information
processing in visual systems by studying the spatial or spatio-temporal properties of
their natural visual input (Srinivasan et al., 1982; Atick and Redlich, 1990; van
Hateren, 1992a; Dong and Atick, 1995; Olshausen and Field, 1996; van Hateren and
Ruderman, 1998). Furthermore, the application of natural visual stimuli during
psychophysical or electrophysiological experiments will induce (neuronal) reactions
as they occur under normal conditions, enabling a better understanding of the normal
processing modes in the neurons involved (e.g. van Hateren, 1997).

Whereas the spatial properties of natural still images have already been studied in
some detail (e.g. Field, 1987; van der Schaaf and van Hateren, 1996; Ruderman,
1997), the research on temporal and spatio-temporal properties is only in its infancy.
Those empirical studies that are available (Eckert et al., 1992; Dong and Atick,
1995; van Hateren, 1997; van Hateren and Ruderman, 1998) are hampered by the
fact that they do not take eye movements into account. The main reason is that it is
technically very difficult to measure eye motion under completely natural
conditions, with free locomotion of the animal or subject.

This thesis describes a new method (Chapter 2) to solve this problem of measuring
gaze in flying insects. This is the first step towards a complete reconstruction of
natural spatio-temporal visual input as received by their eyes. Because these
measurements involve quite accurate data on the movements of the insect's thorax
and eye, interesting consequences for the visual input can be inferred already
without a complete reconstruction of the visual input. (Chapters 3 and 5 of this
thesis). Moreover, as a spin-off, new data relevant for flight dynamics and flight
control are generated (Chapter 4).

Insects, and in particular blowflies, are widely used for studying fundamental
aspects of visual information processing and testing quantitative theories of vision
(e.g. Srinivasan et al., 1982; Laughlin, 1981; van Hateren, 1992b). They are
therefore very suitable targets for obtaining a full spatio-temporal characterization of
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the visual input. Since the insects used in this study can move their head relative to
the thorax (see Fig. 1), it is necessary to measure head movements for a
reconstruction of the visual input. This is also sufficient, because the compound eyes
are fixed to the head. If the thorax motion is measured simultaneously, it is possible
to reconstruct the movements of the head with respect to the thorax. This reveals the
appreciable amount of effort put into these movements.

THORAX MOTION AND FLIGHT CONTROL

Anyone who has ever closely watched a flying insect like a fly must have been
impressed by the rapid manoeuvres this animal performs. But there are even more
surprising aspects of its flight, such as the very short, high speed rotations of the
thorax of the housefly Musca domestica (Wagner, 1986), which are virtually
impossible to notice with the human eye. To gain more insight into the control of
these manoeuvres, and the consequences for the head motion, the orientation and
position of the thorax must be measured with high accuracy, during free flight.

Thorax motion during flight

Insects form the most abundant and diverse group of animals living on this planet,
and there are probably as many different types of flight behavior as there are flying
insects. This thesis mainly focuses on just one of the species, the blowfly Calliphora
vicina, although some preliminary results on hoverflies (Eristalis tenax) and
honeybees (Apis mellifera) are presented in Chapter 6. Even a single species, like the
blowfly, has a rich repertoire of flight behaviour. Flies perform fast (about 2000 °/s)
and short (30 ms) turns, which are called saccades because of their resemblance with
the saccadic eye movements made by humans. Between saccades, flies keep the
orientation of their body relatively stable (Land, 1973; Collett, 1980; Wagner, 1986;
Chapter 4 of this thesis). During turning, the thorax rolls into a banked orientation
(like a turning aeroplane), and these manoeuvres are therefore called ‘banked turns’.
The reason for rolling is simple: flies can not change the direction of the flight force
produced by their flapping wings (Götz, 1984; Wagner, 1986), and therefore need a
roll for producing a sideways directed force. Without a sideways force, there would
be no sideways acceleration. The fly would then only rotate its body, without
changing course.

compound eye

haltere

thorax
neck

abdomen

wing

Figure 1. Dorsal view of a female blowfly. The
body consists of three parts: the head (with the
fixed compound eyes), thorax (dark grey) and
abdomen (light grey). The three black dots on the
head indicate the ocelli. The head is connected to
the thorax by a flexible neck. Wings and halteres
are attached to the thorax.
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Flight control

The nervous system of flying flies receives information on flight performance from a
wide variety of sensors. Some sensors obtain optical information, such as the large
compound eyes covering the head, and the ocelli, which are three small, simple
photoreceptive organs on top of the head. Other sensors rely on mechanical
information, such as the halteres, which are oscillating club-shaped organs with
gyroscopic properties and functioning as rotation sensors, and wing and neck sensors
(for a review, see Hengstenberg, 1992). The nervous system integrates the
information of these sensors, and produces output to the motor neurons driving the
flight motor. The flight motor is a complex system of power and steering muscles,
which together produce the movements of the wings. Although the understanding of
the sensory and muscular control of flight has steadily increased, this was mainly
based on experiments performed on tethered insects. For a full understanding of how
flight manoeuvres are controlled during free flight it is crucial to have data on the
precise structure of these manoeuvres. From the measured orientation, for example,
the sequence of accelerations occurring during a manoeuvre can be calculated,
which yields information on the temporal pattern of flight muscle activity.

HEAD MOTION AND VISION

We may already find it difficult to see thorax rotations of flying flies, it is simply
impossible to notice the head movements that occur simultaneously. The blowfly
head can rotate in all directions, and is driven by an elaborate system of neck
muscles (Strausfeld et al., 1987). The compound eyes are fixed to the head, thus
head movements in flies are equal to eye movements.

The insect eye

Insects have compound eyes, consisting of an array of ommatidia. Each ommatidium
consists of a facet lens, a few photoreceptors and a set of accessory cells. The eye of
a blowfly consists of about 5000 ommatidia, which each have a field of view of
about 1-2° (Smakman et al., 1984). Together, the ommatidia sample the surrounding
visual environment, forming an almost complete picture (i.e., almost 4π steradian).
The spatial resolution of the eye, 1-2°, is much lower than that of the human fovea
(in the order of one arc minute). The temporal resolution of photoreceptors in
blowflies, however, is higher than in humans. A photoreceptor in the blowfly eye
has an impulse response with a FWHM (full width at half maximum) of about 7 ms
under bright light conditions (van Hateren, 1992b), while the FWHM of humans
cones is about 25 ms (He and Macleod, 1998). This combination of lower spatial
and higher temporal resolution makes the fly visual system less sensitive to motion
blur than the human visual system. Motion blur is the smearing of a moving visual
image due to the finite width of the impulse response of the photoreceptor.
Theoretically, fly vision becomes blurred at an angular velocity of about 1.5° / 7 ms
= 200 °/s, while in humans this already occurs at 2' / 25 ms = 1.4 °/s
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Eye movements during flight

In tethered blowflies, the head partly compensates thorax roll motion by rotating in
the opposite direction to the thorax roll (Hengstenberg, 1992). This keeps the head in
a more horizontal orientation with respect to the environment. Land (1973) found for
yaw rotations in tethered blowflies that the head made saccadic movements almost
simultaneously with the thorax, while the head was stabilized between saccades.
However, these results were later questioned, and argued to be artifacts caused by
the added mass of the measuring system (Geiger and Poggio, 1977). In subsequent
studies, it was found that the thorax of the hoverfly Syritta pipiens (Collett, 1980)
and the housefly Musca domestica (Wagner, 1986) indeed make saccades during
free flight. The results presented in Chapter 3 and 5 of this thesis clearly show that
also the head makes saccades during free flight. Between saccades, it is more
stabilized in orientation than the thorax.

Implications of head motion for the visual input

In this thesis it is shown that the head motion is such that it separates the flight time
into two sets of episodes, one ‘during saccades’, when angular velocities are very
high, and the other ‘between saccades’, when angular velocities are generally below
200 °/s. An obvious advantage of this strategy is that motion blur is confined to
restricted periods (the saccades). Between saccades, motion blur is quite small. A
second advantage of the eye movement strategy of blowflies is that it facilitates the
extraction of information from the optic flow. Pure translation produces optic flow
from which information about the structure of the environment can be extracted,
because close-by objects appear to move faster than far-away objects. If rotational
motion of the eye is continuously superimposed on translatory motion, this would
necessitate neural computations to separate the translational and rotational
components of the optic flow. Although this is theoretically possible, it may be
hampered in practice by, for instance, the presence of neuronal noise. The strategy
followed by the fly, with a combination of fast thorax and head rotations, may
therefore be a strategy to mould the visual input into a format that is more easily
processed.

ORGANIZATION OF THIS THESIS

Chapter 2 presents a newly developed method that measures the orientation and
position of head and thorax of flying insects. This method offers superior temporal
and spatial resolution, compared to traditional optical methods.

In Chapter 3 the new method is used for simultaneously measuring the movements
of both the blowfly head and thorax during flight. It is shown that both perform
saccades, while the saccades of the head are shorter because it rotates faster than the
thorax.
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In Chapter 4 thorax movements are studied in more detail. The average thorax
saccade has a very stereotyped structure, independent of the saccade amplitude.
Several properties of  saccades are examined, such as amplitude, duration, and
angular velocities and accelerations.

Chapter 5 presents the results of measurements of blowfly head movements. Flight is
divided into two episodes: ‘Between saccades’and ‘During saccades’, in which two
different head movement strategies are applied. It is argued that these are
advantageous for vision.

Chapter 6 gives a preliminary analysis of measurements of hoverfly and honeybee
head and thorax movements. These species appear to apply movement strategies
which have both similarities and differences compared to those of blowflies.
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Chapter 2

Using miniature sensor coils for simultaneous
measurement of orientation and position

of small, fast-moving animals

SUMMARY

A system is described that measures, with a sampling frequency of 1 kHz, the
orientation and position of a blowfly (Calliphora vicina) flying in a volume of
0.4×0.4×0.4 m3. Orientation is measured with a typical accuracy of 0.5°, and
position with a typical accuracy of 1 mm. This is accomplished by producing a time-
varying magnetic field with three orthogonal pairs of field coils, driven sinusoidally
at frequencies of 50, 68, and 86 kHz, respectively. Each pair induces a voltage at the
corresponding frequency in each of three miniature orthogonal sensor coils mounted
on the animal. The sensor coils are connected via thin (12 µm) wires to a set of 9
lock-in amplifiers, each locking to one of the three field frequencies. Two of the
pairs of field coils produce approximately homogeneous magnetic fields, which are
necessary for reconstructing the orientation of the animal. The third pair produces a
gradient field, which is necessary for reconstructing the position of the animal. Both
sensor coils and leads are light enough (0.8-1.6 mg for three sensor coils of 40-80
windings, and 6.7 mg/m for the leads, causing a maximal load of approximately 5.7
mg) not to hinder normal flight of the animal (typical weight 80 mg). In general, the
system can be used for high-speed recordings of head, eye or limb movements,
where a wire connection is possible, but the mechanical load on the moving parts
needs to be very small.

INTRODUCTION

In behavioural research it is often necessary to measure both the position and the
orientation of moving animals, or of parts of their body, such as limbs or eyes. If the
animal is fairly large and moves relatively slowly, video techniques are most
convenient (e.g., Sandström et al., 1996). But if the animal is small and moves in a

Based on: C. Schilstra and J.H. van Hateren (1998) Using miniature sensor coils for simultaneous
measurement of orientation and position of small, fast-moving animals. J. Neurosci. Meth. 83, 125-
131
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relatively large space, the typical spatial resolution of a video system may not be
high enough to obtain a good estimate of the orientation. Moreover, the frame rate of
conventional video systems may be too low for accurately monitoring details of the
movement if the animal moves fast. We encountered such a situation when we
embarked on a study of insect flight, with the purpose to reconstruct the dynamic
visual stimulus and the optic flow (i.e., the field of local movements of the visual
stimulus) as seen by the insect’s visual system during flight. The blowflies used in
this study (Calliphora vicina) move at a speed of up to 1 m/s in a restricted space (a
cage of 0.4×0.4×0.4 m3, with a visual scene covering the walls), and make very fast
turns of up to several thousand degree/s (for measurements in related species see
Wagner, 1986; Land and Collett, 1974; Collett and Land, 1975; Land, 1993).

The temporal and angular resolution of blowfly photoreceptors are in the order of 7
ms and 1.5°, respectively (full width at half maximum, see, e.g., van Hateren, 1992;
Smakman et al., 1984). For an accurate reconstruction of the visual input, the
temporal and angular resolution of the monitoring system recording how the head
moves during flight needs to be a few times better than these values. There is also a
constraint on the spatial resolution, because it is related to the angular resolution: a
positional error of 1 mm causes an error in orientation of up to 1° when a visual
target is viewed from a distance of 6 cm (in a direction orthogonal to the direction of
the positional error; in other directions the error is smaller). With this distance as a
reasonable lower limit during flight, the resulting specifications for the monitoring
system are a resolution of at least 2 ms in time, 0.5° in orientation (for each of three
orientational angles), and 1 mm in position (for each of three spatial axes). This is
beyond the capabilities of a conventional video system. Therefore, we decided to
develop an alternative method that does meet the requirements. It is a variation on
the well-known search coil technique for measuring eye and head movements (see
e.g., Ferman et al., 1987; Kasper et al., 1987; Hess, 1990; and Schwenne and
Zarnack, 1987, where it is applied to measuring wing movements in locust). In
addition to giving the orientation of the sensor coils, as in earlier methods, our
system also gives their position.

SYSTEM DESCRIPTION

Principle of operation

Figure 1 shows a scheme of the setup. Sinusoidal currents, with frequencies of 50,
68, and 86 kHz, flow through three orthogonal pairs of field coils. For two of these
pairs, current flows in the same direction through each coil of the pair. As a result,
the two magnetic fields are roughly homogeneous in the volume enclosed by the
coils (Fig. 2A shows one of these fields). For the third pair, current flows in opposite
directions through the two coils. As a result, the magnetic field is zero at the
midpoint between the coils (see Fig. 2B), and pointing into opposite directions close
to the centers of the two coils. This gradient in the field occurs not only along the
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axis of symmetry connecting the centers of the coils (in Fig. 2B a vertical axis at the
center of the figure), but also along any perpendicular axis through the midpoint
between the coils (e.g., in Fig. 2B a horizontal axis at the center of the figure; see
also Fig. 1, broken arrows in the lower left diagram). This means that each point in
the volume has a unique magnetic field vector, i.e., with a unique combination of
magnitude and direction. Therefore, an accurate measurement of the magnetic field
vector produced by this third pair of coils will give the position within the
measurement volume.

The time-varying magnetic field, produced by the superposition of the two
homogeneous fields and the gradient field, induces voltages in three small
orthogonal sensor coils (Fig. 3, inset). These sensor coils are each connected to three
lock-in amplifiers, each tuned to one of the three frequencies present in the magnetic
field. Thus a total of 9 lock-in amplifiers yield 9 parameters, from which the 6
parameters describing the orientation and position of the sensor coils can be
extracted. This is possible, because the two homogeneous fields induce voltages in
the sensor coils primarily related to their orientation, whereas the gradient field
induces voltages in the sensor coils primarily related to their position. Two
orthogonal sensor coils would suffice to determine orientation in the presence of two
orthogonal homogeneous magnetic fields, but a third coil is necessary for
determining the position using the gradient field. With three sensor coils, all three

Figure 1. Scheme of the setup. Two pairs of field coils produce homogeneous magnetic fields 1B
r

and 2B
r

 at 50 kHz and 68 kHz, respectively, and a third pair of field coils produces a gradient field

3B
r

 at 86 kHz. These fields induce voltages in 3 orthogonal sensor coils, which are each connected

to 3 lock-in amplifiers tuned to the field frequencies. The lock-in amplifiers give 9 parameters, from
which the orientation and position (6 parameters) of the sensor coils can be reconstructed.
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components of the gradient field vector can be measured, which then uniquely
determines the position. The third sensor coil also enables measurement of
orientation at positions in the volume where the homogeous fields deviate from
homogeneity. The algorithm used for extracting the orientation and position from the
measured parameters is described below in the section Calibration and
reconstruction.

Manufacturing the sensor coils

In order not to disturb the normal movement of those body parts under investigation,
the weight of the sensor coils and of the connecting leads need to be much smaller
than the weight of these body parts. Therefore, we use thin wire of 12 µm diameter
(with two layers of insulation, 1 µm polyurethane and 1 µm polyvinylbutyral; Lotan-
Fix, Huber & Suhner AG, Switzerland). The coils are produced by winding the wire
around a hollow axis of flexible material (Teflon; see Fig. 3 for the device used for
winding coils). Before winding, a thin metal expansion rod is inserted into the
hollow axis; the fit is such that this slightly increases the diameter of the axis.
Approximately 1 m of wire, later used for connecting the coil, is first wound on a
storage reel. Subsequently, the coil is wound, and glued together by slightly heating
the outer layer of the wire insulation. Removal of the metal rod loosens the coil from
the axis, after which it can be shifted from the axis with the help of a tightly fitting
glider (see Fig. 3). To prevent breaking of the wire, a tension loosener loosens the
wire before the coil is shifted from the axis. Finally, the wire is unwound from the
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Figure 2. (A) Magnetic field vectors as measured between a pair of coils, each oriented parallel to
the y-z-plane (coils positioned at left and right borders in the figure, see also Fig. 1, upper left
diagram), with currents running in the same direction through the coils. The resulting field is
approximately homogeneous, and pointing in the x-direction, in a large part of the volume. (B)
Magnetic field vectors as measured between a pair of coils, each oriented parallel to the x-y-plane
(coils positioned at top and bottom borders in the figure, see also Fig. 1, lower left diagram), with
currents running in opposite directions through the coils. The resulting field shows gradients in all
directions (in the y-direction, not shown, similarly as in the x-direction).
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storage reel, and twisted, by means of a motor, with the other wire originating from
the coil. The tension during the twisting is controlled by hanging small weights at
the end of each wire (see Koch, 1980). Careful twisting is essential to prevent
induction of voltage in the resulting leads.

With the technique described above, we are able to make coils as small as 0.8 mm in
diameter, but for most experiments we used coils of 2 mm diameter, with 40 or 80
windings. This gives a good compromise between weight (0.8-1.6 mg for the three
coils) and signal-to-noise ratio: the larger the diameter of the coils, and the more
windings they have, the larger the signal that is induced and the better the signal-to-
noise ratio. Coils of 2 mm diameter and 40 windings are light enough for mounting
on either the head or the thorax of a blowfly (the typical weight of the head is only 8
mg, whereas the entire blowfly weighs typically 80 mg). Figure 3 (inset) shows the
resulting system of three coils. These were made with slightly different diameters
(2.0, 2.1, and 2.2 mm) such that they fit within each other. The coils are fitted
together as orthogonally as possible using a template with orthogonal grooves. In the
calibration procedure (see below) their exact relative orientations are measured, and
these actual orientations are used in the calculations performed for reconstructing the
orientation and position of the blowfly.

Magnetic fields and lock-in amplifiers

The square field coils (with sides of 45 cm) are driven by power amplifiers
(SMOS248, ILP Electronics Ltd., Canterbury, UK) with as source signal the output
of the sine generators of three of the lock-in amplifiers. In order to increase the
current through the coils (and thus the magnitude of the magnetic field and the
voltage in the sensor coils), combinations of capacitors (polypropylene, total
capacitance 7.2 nF, 3.7 nF, and 2.5 nF for frequencies 50 kHz, 68 kHz, and 86 kHz,
respectively) are inserted in series with the coils, such that each circuit has a
resonance frequency close to the driving frequency. As a result, the current through
each of the field coils is approximately 3 A (peak-peak). With 25 windings, this
results in a magnetic field of 0.15 mT (peak-peak) at the midpoint between the coils
that produce a homogeneous field. The square windings of the field coils are made

Figure 3. Winder for producing small
sensor coils. See text for further
details. Inset: example of a system
with 3 sensor coils



Chapter 2

22

of 1.9 mm copper wire, at a distance (center-center) of 5 mm from each other in
order to reduce the proximity effect (Terman, 1943). To reduce electrical coupling
from the field coils to the sensor coils and their leads (see e.g., Koch, 1980), the
field coils are electrically shielded with a grounded fine mesh (which avoids
significant eddy currents).

The sensor coils are connected to lock-in amplifiers (LIA-F-140, with a customized
range of time-constants, Femto Messtechnik, Berlin, Germany). The lock-in
amplifiers are in differential mode, which makes it possible to further reduce
electrical coupling from the field coils to the leads by balancing the input
impedances of the two inputs (by using a fixed resistor of 250 Ω in series with one
lead of a sensor coil, and an adjustable resistor of 0-500 Ω in series with the other
lead). The time-constant of the lock-in amplifiers was set at 1 ms (with the slope of
the low-pass filter at 40 dB/dec), and their output was digitized by a 16-bit A/D-
converter (Microstar DAP2416e, driven by Dasylab) at a sampling rate of 1 kHz,
and stored on disk for off-line analysis.

Calibration and reconstruction

Although it is in principle possible to calculate the magnetic field from the
configuration of the currents, the multiple windings in the field coils and the
elaborate shielding makes this a complicated procedure. Therefore, we measured the
magnetic fields directly. As the coils consist mainly of long straight wires carrying
the current, it follows from the Biot-Savart law that the curvature of the magnetic
field is in good approximation inversely related to the distance to the closest current.
By keeping a (small) distance between the wall of the cage and the coils, there is a
maximum to the curvature of the magnetic field within the measurement volume.
This means that the magnetic field as a function of position is a band-limited signal.
From the sampling theorem it then follows that the magnetic field at any point is
completely determined by its values at a limited number of sampling points. For
measuring the field at such a set of points, we constructed a set of three calibration
coils, which were made orthogonal (within 0.3°) by winding them in grooves made
on a cube of 1×1×1 cm3. When this set of coils is aligned with the coordinate system
(defined by the orientation of the field coils), the output of each of these coils at a
particular frequency is proportional to the amplitude of one component of the
magnetic field vector at that frequency (i.e., due to a particular pair of field coils).
Thus the 9 lock-in amplifiers give directly the 3×3 vector components of the
magnetic fields produced by the three pairs of field coils. Measurements were made
with the calibration coils at 7×7×7 positions evenly spaced throughout the
measurement volume. Finally, for each magnetic field, the vector components were
calculated on a 100×100×100 lattice, where components at intermediate positions
between the 7×7×7 measured points were determined by cubic spline interpolation
per component (using routines spline and splint from Press et al., 1992). The 9
resulting sets of 100×100×100 magnetic field components were stored, and used



Measurement of orientation and position

23

during the reconstruction to give, by linear interpolation, the magnetic field at any
position.

The sensor coils (e.g., Fig. 3, inset) are made approximately orthogonal, but usually
not exactly. In order to correct for any deviations from orthogonality, the system of
three sensor coils was calibrated (see below). This calibration yields a 3×3 matrix
that contains the exact orientation of each sensor coil, and its gain (which depends
on the area and number of windings of that coil). From the calibration of the
magnetic field and the sensor coils, a forward model was constructed. This model
predicts the output of the lock-in amplifiers as a function of the orientation and
position of the sensor coils. This gives
















⋅

















−+
+−

−
⋅
















=

















)()()(

)()()(

)()()(

coscossincoscossinsinsinsincossincos

sincoscoscossinsinsincossinsinsincos

sincossincoscos

),,,(),,,(),,,(

),,,(),,,(),,,(

),,,(),,,(),,,(

321

321

321

321

321

321

rBrBrB

rBrBrB

rBrBrB

CCC

CCC

CCC

rLrLrL

rLrLrL

rLrLrL

zzz

yyy

xxx

zyx

zyx

zyx

rrr

rrr

rrr

rrr

rrr

rrr

ψϕψθψϕθψθψϕθ
ψϕψθψϕθψθψϕθ

ϕϕθϕθ

ψϕθψϕθψϕθ
ψϕθψϕθψϕθ
ψϕθψϕθψϕθ

γγγ

βββ

ααα

γγγ

βββ

ααα

(1)

where ),,,(1 ψϕθα rL
r

 is the output of the lock-in amplifier connected to the sensor
coil α  and tuned to the frequency of field coil pair 1, with the sensor coils at a
position r

r
 and an orientation ),,( ψϕθ  in the measurement volume. The (row)

elements ),,( zyx CCC ααα  form the normal vector of sensor coil α  when the three

sensor coils are in their reference orientation, multiplied by the gain of sensor coil
α . In practice, the (column) elements ),,( xxx CCC γβα  are measured directly as the

outputs of the lock-in amplifiers tuned to field 1 and connected to sensor coils α ,
β , and γ  when sensor coil α  is approximately aligned with field 1 during the
calibration of the sensor coils. Similarly, ),,( yyy CCC γβα  and ),,( zzz CCC γβα  are

obtained for two other orthogonal orientations of the sensor coils with field 1
(approximately aligned with sensor coils β  and γ , respectively). The middle matrix
on the right side of Equation (1) is a rotation matrix in the Fick gimbal system (e.g.,
Haslwanter, 1995), with θ  the yaw (rotation around the vertical axis), ϕ  the pitch
(rotation around the horizontal axis perpendicular to the length axis of the animal),
and ψ  the roll (rotation around the length axis). Finally, )(1 rB x

r
 is proportional to the

x-component of the magnetic field due to field coils 1, at a position r
r

. In practice,
this matrix element is measured during the field calibration as the output of the lock-
in amplifier tuned to field 1 and connected to the calibration coil oriented in the x-
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direction, divided by the gain of this calibration coil (determined from the output
obtained when it is mounted at the center of a homogeneous field, with the plane of
the coil orthogonal to the field). In separate experiments we checked and verified the
forward model of Equation (1).

If we denote the set of 9 outputs ),,,(...),,,( 31 ψϕθψϕθ γα rLrL
rr

 by a vector

),,,( ψϕθrL
rr

, the purpose of the reconstruction algorithm is to find those values of
ψϕθ  and ,,,r

r
 (i.e., 6 parameters) that minimize the difference (in the least-squares

sense) between the predicted L
r

 and the measured L
r

. This minimization is
performed by a least-squares routine (amoeba, from Press et al. 1992), that gives
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This yields an estimate of the position r
r

 and orientation ),,( ψϕθ  at each time where
a measurement was taken. This calculation takes about 4 ms per measured point on a
fast workstation (HP J280), which means that with a sampling rate of 1 kHz (1 ms
per measurement) the reconstruction can be done within a reasonable time, only
about 4 times longer than the experiment itself. It is probably possible to obtain
better than real-time performance (thus enabling on-line reconstruction) by using a
neural network trained to perform the reconstruction.

Accuracy

By moving the set of three sensor coils repeatedly along a known trajectory at
various positions within the measurement volume, we estimated the systematic and
random (stochastic) errors of the system (see Fig. 4A for an example). Systematic
errors are important if an absolute reconstruction of the viewing direction and
position is required. Random errors are important for relative variations of viewing
direction, e.g., as needed for the angular speed of gaze shifts. Due to the shape of the
fields (see Fig. 2), the errors in the position and orientation depend on the distance
from the center of the measurement volume. We found systematic errors (primarily
due to small errors in the field calibration) for the orientational angles of 0.2° and
0.3° (for sensor coils with 80 and 40 windings, respectively) in the central half of the
measurement volume (i.e., a central cube with 30 cm sides), gradually rising to 0.7°
and 1° (80 and 40 windings) in the corners of the measurement volume. Random
errors (standard deviations) in orientational angles were 0.15° and 0.3° (80 and 40
windings) in the central volume, up to 0.3° and 0.5° in the corners. Systematic errors
in the position were 1.5 mm and 2 mm (80 and 40 windings) in the central volume,
up to 3 mm and 5 mm (80 and 40 windings) in the corners; random errors in the
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position were 0.5 mm and 0.7 mm (80 and 40 windings) in the central volume, up to
0.7 mm and 1 mm (80 and 40 windings) in the corners.

The random errors can be reduced by using magnetic fields that are stronger or have
a higher frequency, by increasing the diameter or the number of windings of the
sensor coils, or by improving the signal-to-noise ratio of the electronics. In our
system, the total resistance of sensor coils, leads and balancing resistances is
approximately 1 kΩ, and the lock-in amplifiers are measuring voltage. If this
resistance is reduced (e.g., with shorter leads, or wire of larger diameter), the signal-
to-noise ratio will become better by using lock-in amplifiers that measure current, or
by using a specialized system like that designed and manufactured by Remmel
(1984).

The systematic errors arise mainly from small errors in the calibration of the
magnetic field, mostly due to the interpolation. These errors can be reduced by
increasing the number of points where the field is measured. Another potential
improvement is the use of a better interpolation procedure than cubic spline
interpolation. As the magnetic fields are relatively slowly varying in time, the
differential equation to which they obey is fairly simple (the Laplace equation for
the magnetic scalar potential, see Jackson, 1975). It may thus be quite feasible to use
this extra information about the shape of the magnetic fields to improve the estimate
of the magnetic field, both at and between the measured points.

Figure 4. (A) Traces recorded whilst moving the sensor coils, by hand, along a guiding rail in the y-
direction. The small, systematic variations in the other coordinates (x, z, θ, ϕ, and ψ) are absolute
errors due to small deviations in the field calibration. The noise in the traces (arising from noise in
the electronics) gives an impression of the precision (i.e., random errors) of the system. (B)
Example of a flight path, recorded from the thorax of a flying blowfly. The three-dimensional path
(in this case almost confined to a horizontal plane) was projected on a horizontal plane. Dots show
positions at consecutive ms (starting at ms 0, ending at ms 1000), the arrows the orientation of the
thorax at 20 ms intervals
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APPLICATION

A set of three sensor coils of 2 mm diameter each, consisting of 80 windings, was
attached to the thorax of a blowfly. The leads were led to the abdomen, and, via a
free stretch of approximately 80 cm, to the bottom of the cage, and finally to the
lock-in amplifiers. Total weight of coils and leads (approximately 7 mg) was much
smaller than the weight of a blowfly (typically 80 mg). The coils and leads did not
appear to hinder normal free flight, which was checked by comparing flight
performance with different weights of the coils and leads. The walls of the cage
were covered with transparencies onto which a natural image (primarily foliage) was
printed. The walls were illuminated from the outside through frosted paper.

Figure 4B shows an example of a horizontal projection of a reconstructed flight path.
The total duration of the stretch shown is 1 s, with the dots denoting the position at 1
ms intervals. The arrows show the orientation of the thorax, shown only at 20 ms
intervals for the sake of clarity. As can be seen in the figure, turns by the thorax can
be very fast (e.g., a turn of more than 60° in 40 ms at time 100 ms), and the
orientation of the thorax is more involved in the dynamics of turning than in aligning
with the direction of forward motion.

CONCLUSION

The system described here solves the problem we were faced with: measuring, with
sufficient accuracy, the orientation and position of a small, fast-moving animal. By
reducing the time constants of the lock-in amplifiers, the system can be adjusted for
even faster movements (although this would increase the noise in the output, and
thus reduce the orientational and spatial resolution). Alternatively, if it is possible to
use heavier sensor coils, the accuracy of the system can be improved appreciably by
increasing the diameter or number of windings of the sensor coils. This flexibility
makes the system well suited for a range of applications in behavioural research.
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APPENDIX: TECHNICAL DETAILS

Field coils

For obtaining a signal of several millivolts rms in the sensor coils, oscillating
magnetic fields with a strength of approximately 100 A/m p-p (peak-to-peak) are
needed, which is equivalent to 0.13 mT. Frequencies of about 70 kHz must be
created (see below). The field strength in the midpoint between two circular coils
placed at a distance equal to their diameter d, having N windings and carrying a
current I is given by 0 7 1. NId − (Jiles, 1991). Assuming a coil diameter of
approximately 0.5 m and a current of 3 A p-p this implies that the coil must have
about 25 windings. The self inductance L of a square coil with a square cross section
is approximately (Terman, 1943):

( )[ ]L DN Dd Nw= −− −1
2 0

2 1567 168
1
2µ ln . .  (H)

where D is the length of a side of the coil, N the number of windings and dw the
diameter of the wire used. With dw = 1.9 mm, D = 0.5 m and N = 25, L is
approximately 1 mH.

It is not trivial to produce magnetic fields at frequencies around 70 kHz with field
strengths of about 100 A/m p-p. Two effects occur at these frequencies which can
raise the resistance in a coil dramatically: the well-known skin effect and the
proximity effect. The increase in resistance depends on the frequency of the current,
the coil diameter, the wire diameter, the distance between the wires, the number of
windings and the number of layers. The resistance was determined from simulations
by a commercially available software package (Maxwell 2D Field Simulator 6.3,
Ansoft), testing a range of values for the parameters mentioned above. Further
complications arise from the internal capacity of the coil. This capacity is connected
in parallel with the coil in the equivalent scheme, and thus increases the impedance
(see below). Formulas found in the literature only give an estimate of the magnitude
of this capacity (Terman, 1943; Zinke, 1965). These estimates were taken into
account in the final calculation of the field strength. A reasonable compromise
between maximum field strength and practical limitations is a square coil having
sides of 0.5 m, 25 copper windings with a dw of 1.9 mm, a center to center wire
distance of 5 mm and consisting of 5 layers, each consisting of  5 windings.

LC circuit

The impedance of a coil with L = 1 mH and R = 6 Ω at 70 kHz is dominated by the
factor ωL, which is approximately 450 Ω. Directly driving this coil with I = 3 A p-p
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then requires a source with a voltage of 1350 V p-p. As such a source is not
practical, either the current can be reduced (a) or the voltage (b).

In (a), a tuned capacitor is connected in parallel with the coil (see Fig. 5A), raising
the impedance to about 40 kΩ. In that case the source would still have to deliver
1350 V, just as when it would be connected to the coil only, nevertheless, the
current the source would have to deliver is reduced to 0.03 A.

In (b) a tuned capacitor is connected in series with the coil (see Fig. 5B). The
resulting impedance of the LC circuit drops to a value equal to the resistance in the
LC circuit (the sum of the resistance of the coil, the internal resistance in the
capacitor and in conductors in the surroundings of the coil). The capacitor should be

tuned according to ( )ω = −LC
1
2 . A current of 3 A p-p will thus be flowing through the

6 Ω circuit, while the source has to deliver a voltage of only 18 V p-p, instead of
1350 V. The voltage over the coil will still be 1350 V due to the resonance in the
circuit. The power delivered by the source is the same in both (a) and (b). Since
regular power amplifiers are able to produce several amperes while the voltage
output is often limited to a value of about 100 V p-p, the series resonant circuit (b) is
the most suitable solution.

Capacitors

The capacitor used for the LC circuit must be able to withstand a high voltage (see
above). Furthermore, the internal resistance must be as low as possible to avoid a
significant rise of the resistance of the LC circuit and a possible heat problem. For a
capacitor with capacitance C and resistance R, the series resistance in a capacitor is
determined by tan( )δ ω= R C , with δ  the angle between the complex impedance of
the capacitor and the imaginary axis. Tan(δ) is also called the power factor and is
zero in the ideal capacitor. In real capacitors it is not, and its magnitude is material
dependent. Polypropylene capacitors have a low power factor of 10–3 or smaller
(Zinke), are easily available and are therefore used in the circuit. The capacitance
needed for the three LC circuits is 7.2, 3.7 and 2.5 nF for frequencies of 50, 68 and
86 kHz, respectively. With the smallest product of ωC being 1.35×10–3 Ω–1 , the
value of R is maximally 0.74 Ω. This is low compared to the resistance of the field
coils (see above) while the heat production (R⋅I2

RMS) is limited to an acceptable

Figure 5. Two LC circuits. (A). Capacitor in parallel with coil.
(B). Capacitor in series with coil.
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maximum of 0.8 W. Since a single capacitor can not withstand the high voltage that
is created in the LC circuit a series circuit of mainly 33 nF capacitors is used (the
individual capacitors have lower internal resistances but the total resistance remains
the same).

Coil drivers

The three coil drivers each contain a power supply (+/– 40 Volt), a commercially
available power amplifier (SMOS248, ILP Electronics Ltd., Canterbury, UK), and a
feedback circuit which improves the stability of the current flowing through the field
coils. The latter measures the voltage over a resistance bridge made of constantane
which is connected in series with the LC circuit. The voltage over the bridge is a
measure for the current flowing through the LC circuit, and is used as input to the
feedback circuit. Input to the coil drivers comes from the sine generators of three of
the lock-in amplifiers with frequencies of 50, 68 and 86 kHz. The stability of the
magnetic fields was measured with the aid of a sensor coil and a digital lock-in
amplifier (SRS 850). Long term fluctuations in magnetic field strength were less
than 2-3‰.

Coil shielding

The potential of the field coils is inevitably coupled to the leads via stray
capacitance; this causes an extra signal measured by the lock-in amplifiers. When
one lead is connected to earth and the other one to a lock-in amplifier, it can be
shown from an equivalent circuit (see Fig. 6) that the extra signal has an amplitude
VS  given by V V R ZS coil L C= −1 , in which Vcoil  is the voltage over the field coil, RL  the
resistance of the lead and ZC  the impedance of the capacitance between field coil
and lead. To obtain an order of magnitude of VC  take RL  to be about 500 Ω, Vcoil

about 1000 V, and the capacity between the field coil and the leads of the sensor
coils about 10 pF (Terman, 1943). This gives a ZC  of about 0.2×106 Ω at 70 kHz.
Then VS  is of the order of 2 V (which is actually observed), which is much higher
than the magnetically induced signal which has to be measured (2-5 mV). To reduce
this extra signal an electrical shielding, connected to earth, is placed around each of
the field coils. It consists of 4 pieces of 2 m long aluminum tape sticked onto the
housing of the field coil. Each piece is cut into strips along the length of the tape of
around 0.5 cm width (to avoid significant eddy currents). The strips were still
connected to each other because one end of the tape was not cut over a distance of
one centimeter. Though the capacitve coupling was effectively ruled out, there still
remained a voltage of about 5 V on the electrical shielding, caused by magnetic
induction. To prevent influence of this voltage, via stray capacitance, on the signals
to be measured, other measures have to be taken (see below). A side-effect of the
electrical shielding is an extra capacitance it causes between a coil and the earth.
This increases the impedance because it is in fact connected in parallel with the coil.
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Sensor coil signals

The maximum rms voltages induced by the homogeneous magnetic fields in the
sensor coils with 80 windings and 2 mm diameter are dependent on position and
orientation, and range from 2-5 mV. The leads are soldered onto 1 cm long copper
pins which are plugged into a connector. These connections are double shielded by
two aluminum boxes (see Fig. 7). The signals are transmitted by double shielded,
twisted cables to a double shielded aluminum box in which the signals are split into
18 cables which run to the nine lock-in amplifiers. Another set of nine lock-in
amplifiers was used when flies carried sensor coils on both head and thorax.

Impedance correction circuit

To reduce the influence of the voltage from the electrical shielding the lock-in
amplifiers must be used in differential mode. This cancels the capacitive voltages in
each of the leads. Since the input impedances of the lock-in amplifiers are not
exactly equal, and thus cause some remaining voltage, a correction circuit as shown
in Fig. 8 was added. For the adjustment of the correction circuit a test cable is used,
consisting of two twisted 12 µm leads with directly connected ends instead of a

Figure 6. Equivalent circuit with the stray capacitance C between the field coil, which carries a voltage
Vcoil , and the leads of the sensor coil. Vind is the magnetically induced voltage over the sensor coil. RL

is the resistance of a lead.

Figure 7. Circuit measuring the sensor coil signals. Stippled lines indicate wires carrying signals,
dashed lines indicate ground. Fat lines indicate shieldings (cable mantles and boxes). Only the
connections belonging to one out of three sensor coils are shown. See text for further details. The
resistors in the connector box form the impedance correction circuit (see below).
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sensor coil. The correction circuit is adjusted such that the measured signal is
independent of the position of the cable.

Lock-in amplifiers

The lock-in amplifiers (LIA-F-140 and LIA-BF-140 for the first and second set of 9
lock-in amplifiers, respectively, both with a customized range of time-constants,
Femto Messtechnik, Berlin, Germany) provide the sine inputs for the coil drivers
(see above). The frequencies of the sines are stable within 2 Hz, the amplitudes
within 2 ‰. Phases of the lock-in amplifiers are adjusted such that the outputs of the
lock-in amplifiers are maximal. All gains of the lock-in amplifiers are set such that
full scale is 10 mV. Low-pass filters are set to –12 dB/oct with a Tc of 1 ms. The
output lies within the range of –5 to +5 V. The noise in the output consists partly of
noise produced by the lock-in amplifiers themselves (4-7 mV rms), and partly of
noise which is interference from the other magnetic fields (maximally 7 mV rms,
dependent on the orientation of the sensor coils). Each lock-in amplifier output has
an offset (up to 0.3 V), which is caused by small voltages induced in the shielding of
the cables connected to the inputs of the lock-in amplifiers. Before and after every
experiment the offsets are measured by short-circuiting the inputs in the double
shielded connector box (see above).

Magnetic field calibration

The three coils used for the calibration of the magnetic fields each consist of four
windings of copper wire of 50 µm diameter, wound around a cube. This cube is
positioned at a series of heights by mounting it on stands with different lengths.
Since the three calibration coils are wound around the same cube, they do not have
exactly the same effective area. The relative sensitivities were determined by
separately measuring the output of each calibration coil when oriented in the
direction of field 1 and connected to the same lock-in amplifier.

Sensor coil calibration

A template with orthogonal grooves is used for holding the sensor coil system during
the sensor coil calibration. The template is placed into a small perspex holder
positioned such that the sensor coil system is in the center of field 1. Calibration of
the sensor coil system is performed by subsequently placing the template in three
orthogonal orientations and measuring the outputs of the lock-in amplifiers. Sensor
coil systems are always attached to the fly in such a way that sensor coils α, β and γ
are oriented along the long, transverse, and vertical body axis, respectively.

R

Figure 8. Correction circuit used to balance the lock-in amplifier
input impedances. Fixed resistance R = 250 Ω; Variable
resistance Rvar = 500 Ω. See text for further details.
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Chapter 3

Stabilizing gaze in flying blowflies

When the gaze is moved quickly, vision becomes blurred and the way in which
three-dimensional structures are seen can be affected (Koenderink, 1986). How can
these effects be minimized? During flight, blowflies (Calliphora vicina) turn both
the head and the thorax very quickly, producing gaze shifts which affect vision. Here
we show that blowflies reduce the effects of thorax movements on vision by moving
the head later, and more quickly, than the thorax. This reduces the time in which
gaze is shifting relative to the surroundings, and maximizes the time available for
analysing the surroundings.

Gaze shifts present a challenge to vision for at least two reasons. First, it takes time
for optic signals to be integrated by the photoreceptors in the eye. If the gaze is
shifted, this integration time will result in a blurred image being produced,
particularly during fast gaze shifts. Second, the resulting rotational flow of optic
signals will interfere with the pattern of optic flow that normally reveals the three-
dimensional structure of the surroundings during linear motion (Koenderink, 1986).

Blowflies can move their two compound eyes by moving the head (Land, 1973;
Geiger and Poggio, 1977). The head, which is connected to the thorax by a neck, has
appreciable freedom of movement under muscular control (Hengstenberg, 1992;
Strausfeld et al., 1987). We measured the position and orientation of thorax and
head during (almost) free flight by using a modified search coil technique (Schilstra
and van Hateren, 1998). The thorax usually changes course through a series of short,
fast turns (Wagner, 1986) with gradual course changes occurring less frequently.
The head usually turns in synchrony with the thorax but at a higher angular speed
(Fig. 1a), with a pattern similar to that of fast eye movements in vertebrates
(Carpenter, 1988).

The average angles of yaws and rolls (Fig. 1b) during head–thorax turns of 10–20
degrees to the left (the most common yaw angle; turns of other angles follow similar
time courses) are shown in Fig. 1 c,d. A turn starts with a rotation of the thorax. The
thorax yaw (Fig. 1c) is not immediately accompanied by a head yaw relative to the
surroundings, as it is first compensated by a rotation of the head in the opposite

Based on: C. Schilstra and J.H. van Hateren (1998) Stabilizing gaze in flying blowflies. Nature 395,
654
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direction relative to the thorax. After about 10 milliseconds, the head starts to rotate
in the same direction as the thorax. It reaches its highest yaw velocity relative to the
thorax at about the same time as the thorax reaches its highest yaw velocity relative
to the surroundings. When the head approaches its final orientation relative to the
surroundings, it decelerates, and finally rotates in the opposite direction to the
thorax. The result is a stabilized yaw of the head roughly 10 milliseconds before the
thorax rotation is finished. As a result of the shortening of the head turn compared
with the thorax turn, the period of blurred vision during course changes is reduced
by roughly one-third.

Like aeroplanes, flies usually make banked turns (Wagner, 1986), in which large
changes in yaw are accompanied by large rolls of the thorax. The head can partly
correct the visual consequences of this by performing a counter roll (Hengstenberg,
1988) (Fig. 1d). The residual roll movement of the head relative to the surroundings
is small (typically less than 5 degrees). Rotations in the pitch direction (not shown)
are also usually small.

We can deduce the visual consequences of coupled thorax and head turns from Fig.
2. We divided the total flight time into episodes during turns and episodes between
turns. During turns, the yaw velocity of the head is higher than that of the thorax
(Fig. 2a). As the photoreceptor integration time for the light level during the

Figure 1. Turns in blowflies. a,
Turns in the yaw direction of
the thorax (t) are joined by
faster turns of the head (h);
angles relative to
surroundings.
b, Rotations have an ordered
sequence of yaw, pitch and roll
(Fick coordinate system, see
Haslwanter, 1995); signs
comply with aeronautical
conventions. c, d, Yaw or roll
of thorax and head in turns of
10-20 degrees (average of 713
turns of 4 flies); ht shows yaw
or roll of head relative to
thorax.

Figure 2. Gaze stabilization between turns. a,
Probability densities of yaw velocities during turns,
showing that yaw velocities of the head (h) reach
higher values than those of the thorax (t). Total
flight time was 703 seconds by four flies, during
which time 6,697 turns were made. b, Between
turns, yaw velocities of the head are significantly
lower than those of the thorax, and both are much
lower than during turns.
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measurements was roughly 10 milliseconds, and the angular resolution of the
photoreceptors is 1–2 degrees, angular velocities higher than 100–200 degrees per
second will cause significant blur in the fly’s visual system. The high angular
velocity of the head during turns therefore makes it impossible to see details.
Between turns, however, the head is more stable than the thorax (Fig. 2b), mostly
within a velocity range that gives little blur attributable to rotation.

The triphasic movement of the head in the yaw direction (Fig. 1c) probably acts to
maximize the periods of stable gaze by minimizing the duration of the gaze shift.
The extra angular velocity produced by the neck muscles is effective because it
peaks at about the same time as the peak of the thorax angular velocity. The effective
duration of the most common gaze shifts is not much longer than the integration time
of the photoreceptor. Because at least one integration period is lost by making a gaze
shift anyway, the roughly 1.5 integration periods lost during a typical blowfly turn
seem to be a reasonable compromise between minimal visual impediment and very
fast movement.
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Chapter 4

Blowfly flight and optic flow:
thorax kinematics and flight dynamics

SUMMARY

The motion of the thorax of the blowfly Calliphora vicina is measured during
cruising flight inside a cage of 40×40×40 cm3. Sensor coils mounted on the thorax
pick up externally generated magnetic fields, and yield measurements of position
and orientation of the thorax with a resolution of 1 ms, 0.3°, and 1 mm. Flight
velocities inside the cage are up to 1.2 m/s, accelerations are up to 1 g (≈10 m/s2)
vertically and 2 g horizontally. During flight, blowflies perform a series of short
(~20-30 ms) saccade-like turns at a rate of about 10 per second. The saccades consist
of a succession of rotations around all axes, occurring in a fixed order. First, a roll is
started. Second, the rolled thorax pitches (pulling the nose up) and yaws, which
results in a turn relative to the outside world. Finally, the thorax rolls back to a level
position. Saccades have yaw amplitudes of up to 90°, but 90% are smaller than 50°.
Maximum angular velocities are 2000 °/s, maximum accelerations 105 °/s2. The
latter correspond to torques consistent with the maximal force (2⋅10-3 N) that can be
generated by the flight motor as inferred from the maximal linear acceleration.
Furthermore, the sequence of energy investment in consecutive rotations around
different axes appears to be optimized during a saccade.

INTRODUCTION

Insect flight is an intriguing phenomenon with regard to the aerodynamics as well as
the control of flight. It has long been a mystery how insects can fly, as the lift forces
calculated with classical steady aerodynamics are too small to keep them airborne.
Only during the last decades it has become clear that unsteady mechanisms,
including vortices produced by the wing motion, are needed to explain the
production of the necessary lift (e.g., Dickinson and Götz, 1993; Ellington et al.
1996; Liu et al. 1998). Whereas the basic principles of the aerodynamics of insect
flight may now gradually become resolved, the control of flight still remains an

Based on: C. Schilstra and J.H. van Hateren, Blowfly flight and optic flow. I. Thorax kinematics and
flight dynamics. Accepted for publication in the Journal of Experimental Biology.
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intricate matter. The nervous system of Diptera, for example, receives information
on flight performance from a rich variety of sensors (such as the compound eyes,
ocelli, halteres, and wing and neck sensors; for a review see Hengstenberg, 1992),
and generates a diverse output in the form of flight muscle activity (with a range of
power and steering muscles). Despite this complexity, considerable progress has
been made in elucidating the role of several of these sensory inputs (halteres:
Nalbach, 1993; Fayyazuddin and Dickinson, 1996; compound eye: Götz and
Wandel, 1984; Wagner, 1986c). Furthermore, much is known now about, for
example, flight muscle activity (Heide and Götz, 1996 ), wing kinematics (Lehmann
and Dickinson, 1998), flight forces (Götz, 1984; Kimmerle et al. 1997; Lehmann
and Dickinson, 1998), and the kinematics of flight (Land, 1993; Wagner, 1986b,
1986c). The ultimate goal is to understand how the various sensors and outputs are
integrated for performing flight manoeuvres during free flight. Therefore it is
essential to have detailed knowledge of the latter as well.

Many species of houseflies and blowflies exhibit different kinds of flight behavior,
depending on the circumstances. Basically, flight can be divided into two categories:
chasing flight and cruising flight. During chasing, flight is mainly under control of
the visual system (Land, 1993; Wagner, 1986c; Zeil, 1983; Wehrhahn  et al. 1982).
The fly then continuously tries to adjust its orientation such that the angle between
its long body axis and the target decreases. During cruising flight, flies mostly try to
stabilize their body orientation under the control of the visual system and the
halteres while changes in orientation appear to occur in a stepwise manner. This
strategy has been measured in the hoverfly Syritta pipiens (Collett, 1980), the
housefly Musca domestica (Wagner, 1986a), and the blowfly Calliphora vicina
(while tethered: Land, 1973, 1975). However, the temporal resolution of these
measurements was limited (typically 20 ms), and not all degrees of freedom could be
measured simultaneously. Clearly, for studying flight control, more detailed
measurements of flight dynamics are needed given the agility of flies.

Therefore, we present here detailed measurements on the flight behaviour of almost
freely flying Calliphora. Furthermore, we investigate the consequences of flight
behaviour for the visual system. During the experiments, the visual surroundings
were stationary, and the fly performed cruising flight. In this article we present the
results of measurements performed on thorax motion only, whereas in the
accompanying article (van Hateren and Schilstra, 1999) head movements are
considered. The measurements were performed using a new method that has a high
temporal, angular, and spatial resolution (Schilstra and van Hateren, 1998a),
providing information on the structure of the flight manoeuvres and the forces
involved on a millisecond time-scale. From the measured kinematics we can derive
properties of the flight motor and gain more insight into the forces and torques
during flight. Although the abdomen is probably involved in motion control (Zanker,
1988), we only measured thorax motion because the wings, which provide the flight
forces, are directly attached to the thorax. Furthermore, it is the motion of the thorax
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that has direct consequences for the motion of the head and thus for the visual
system.

MATERIALS AND METHODS

Position and orientation measurement

We used a modified search coil technique for measuring position and orientation of
the thorax of blowflies flying in a cage of 40×40×40 cm3. The method is
summarized here, for details see Schilstra and van Hateren (1998a). Three
orthogonal pairs of field coils, surrounding the flight cage, produce magnetic fields
oscillating at different frequencies (50, 68, and 86 kHz). Two of the fields are
approximately homogeneous, the third has strong gradients in all directions. The
fields induce voltages in a system of three small orthogonal sensor coils which are
attached to the thorax of a blowfly (Fig. 1A). The diameter of each sensor coil is 2
mm, it consists of 80 windings of copper wire (diameter 12 µm), and the total mass
of the three coils is 1.6 mg. The six connecting copper wires run from the coils, via
the abdomen, to the bottom of the cage. The wires are twisted to prevent unwanted
pick-up of magnetic flux. The mass of the cable formed by the twisted wires (i.e. the
mass of the part that the fly had to lift) was less than 6 mg during the measurement.
This mass is small compared to the 80-100 mg mass of the blowflies used in the
experiments. We investigated the possible influence of the weight of the cable on
flight performance, by performing measurements on blowflies to which a second
cable was attached (doubling the weight); subsequently, this cable was removed. We
found no difference between the flight statistics (such as histograms of velocities and
accelerations) of the two conditions. Finally, we observed that the cable was always
hanging nearly vertically during flight, and conclude that drag on the cable caused
by air friction is small compared to the weight of the cable.

The wires from the three sensor coils are connected to 9 lock-in amplifiers which
separate and measure the signals induced in each of the sensor coils. The orientation
of the sensor coil system is the main factor determining the voltages induced by the
homogeneous fields. The position of the sensor coil system, on the other hand, is the
main factor determining the voltages induced by the gradient field. Therefore, with a
proper calibration of sensor coils and magnetic fields, it is possible to reconstruct the
position and orientation of the blowfly from the outputs of the lock-in amplifiers.
These outputs were sampled at a rate of 1 kHz and stored on hard disk. The
reconstruction of position and orientation was performed off-line. The angular
accuracy of this method is about 0.3°, and the spatial accuracy about 1 mm
(Schilstra and van Hateren, 1998a).
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Preparation and flight recording

Experiments were performed on 1-2 weeks old female blowflies (Calliphora vicina)
from the offspring (F1) of flies caught in the wild. During preparation, the fly was
restrained by a clamp which gently pressed two pads of soft material laterally onto
the fly, leaving the dorsal part of the thorax freely accessible. Hairs on the thorax
interfering with mounting the coils were cut away. The sensor coil system was glued
to the dorsal part of the thorax with a tiny amount of cyanoacrylate. It was mounted
such that the orientation of the three sensor coils was approximately aligned with the
body axes of the fly. Deviations from the standard orientation and position of the
sensor coil system on the thorax were estimated and corrected for in the
reconstruction program. The position of the fly as presented below is given for a
point midway between the points of attachment of the wings. The orientation of the
thorax coordinate system is given by a longitudinal axis through this point (parallel
to the dorsal surface of the thorax right above this point) and two orthogonal axes
running left-right and vertically. The cable consisting of the six twisted wires
coming from the sensor coils was glued either onto the last or second but last
segment of the abdomen, leaving a stretch long enough to permit unrestrained
movement of the abdomen with respect to the thorax (see Zanker, 1988, for a
discussion of the role of the abdomen as an air rudder). During flight, the cable was
hanging down from the tip of the abdomen, leaving the wings and legs of the fly free
to move.

Figure 1. (A) Blowfly with sensor coils attached to the thorax. The cable running from the coils to
the bottom of the cage is just visible hanging down from the abdomen. (B) Definition of yaw, pitch,
and roll rotations. Arrows define the positive rotation directions as used throughout this article. See
text for further explanation. (C) Example of a measured flight path, with a duration of 2 s. The walls
of the flight cage were situated at –20 cm and +20 cm for all axes. The trace starts in the upper
right corner. A projection onto the horizontal plane is shown on the bottom plane, with drop lines
demarcating periods of 50 ms. The position coordinates were smoothed with a Gaussian with σ=10
ms to reduce noise; this did not noticeably alter the shape of the actual trajectory. A small movie of
a reconstructed flight can be foun at http://hlab.phys.rug.nl/demos/flying_eye.
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The walls of the flight cage were covered with transparencies on which photographs
showing leaves, grass, and flowers were printed, and which were illuminated from
the outside through frosted paper. The ceiling was covered with brightly-lit frosted
paper, onto which random lines and dots were drawn. This provided the fly with
depth clues, preventing it from accidentally flying into the ceiling. The average
luminance of the walls was 150 cd/m2, and that of the ceiling 800 cd/m2.

The fly was cooled for 15 minutes at 3 °C before being released in the flight cage.
This prevented the fly from escaping immediately after release, with the entrance of
the cage still open. After warming up for a couple of minutes, flies typically started
to make a series of flights, some very short (less than half a second), most of
intermediate length (a couple of seconds), and some up to several tens of seconds.
The flights were interspersed by periods of sitting or walking on the walls of the
cage. Although an experiment could last up to several hours, the total amount of true
flying time was limited to a maximum of ten to twenty minutes. This limitation was
caused by the formation of loops in the cable attached to the fly. These loops were
formed because flies always produced a net rotation of the cable after performing a
large series of rotations in various directions. Care was taken to stop the experiment
before loops in the cable would interfere with normal flight (because of the
shortening of the cable and the added weight). For the analysis below, the results of
experiments on 10 flies were used; only flights of at least 2 seconds duration were
included, yielding a total flight time of 1781 seconds.

Angular coordinates

A blowfly in flight has six degrees of freedom for its movement: it can translate in
three dimensions in space, and rotate around three orthogonal axes. The orientation
of a body with respect to a reference orientation is often described by three angles in
a Fick system: θ, ϕ and ψ (Haslwanter, 1995). To reach a desired orientation, the
body has to be rotated in a fixed sequence around the three body axes, starting from
a reference orientation. In a Fick system, the body is first rotated around its z-axis
with angle θ, followed by a rotation around its (resulting) y-axis with angle ϕ, and
finally around its (resulting) x-axis with angle ψ (Fig. 1B). It is important to note
that the axes of rotation are not fixed in space, but rotate along with each subsequent
rotation (like in a gimbal system). Mathematically, the directions of the three
rotations are determined by following the right-hand rule. For all computations we
used the mathematical convention (following Haslwanter, 1995). However, for
presenting the measurements of flight behaviour, it is helpful to use the more
common aeronautical description. In aeronautics, the convention is to call –θ the
yaw angle (positive for turning to the right), –ϕ the pitch angle (positive for pulling
the nose up), and ψ the roll angle (positive for a roll to the right). We use the
aeronautical convention, as shown by the arrows in Fig. 1B, throughout this article.
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The yaw, pitch, and roll angles give a complete description of all possible
manoeuvres with respect to the laboratory system. However, the angular velocities
and accelerations which are of most importance for flight control (related to the
forces produced by the fly), are those defined in the coordinate system of the fly
itself. To appreciate the important difference between angular rotations defined in
the laboratory coordinate system and those in the thorax coordinate system, consider
the following two examples of  hypothetical manoeuvres. In the first, the thorax
system starts with the same orientation as the laboratory system, and then yaws 90°
around the vertical axis of the laboratory system, which in this case coincides with
the fly’s vertical axis. In the second example, the fly starts in a 90° rolled
orientation, and then pitches 90° around its own lateral axis, which in this case
coincides with the vertical axis of the laboratory system. In both examples the fly
rotates 90° around the vertical laboratory axis, but the axes around which the fly
rotates in its own system are different. This implies that the fly has to use its muscles
in a different way for producing different torques, whereas the rotation in the
laboratory system appears to be the same.

RESULTS

Figure 1C shows an example of two seconds of flight. The fly performs several turns
while it globally descends. The drop lines drawn at every 50 ms indicate the distance
travelled, and the height. As illustrated, the typical flight path of Calliphora is
characterized by smooth curves. These gradual changes in position are almost
always caused by abrupt changes in thorax orientation, which change the direction
of the force vector generated by the wings (Wagner 1986a). Unless the change in
thorax orientation is quite large, the resulting flight path remains relatively smooth
because of the inertia of the fly. Although a large majority of these thorax turns are
of one particular type, the so-called banked turn, the blowfly has in fact a rich
repertoire of flight manoeuvres available. Before concentrating on the detailed
properties of the banked turn, we will first present examples of several different
manoeuvres.

Examples of flight manoeuvres

The first column of Fig. 2 gives an example of the most common manoeuvre: the
‘Banked turn’. It is similar to the way aeroplanes or helicopters usually turn: by
rolling (rotating around a longitudinal axis), the average force vector generated by
the flight motor acquires a sideways component in the laboratory coordinate system,
inducing a change of flight course. Assuming that the two force vectors produced by
the fly’s wings are restricted to lie in vertical planes parallel to the plane defined by
the yaw and roll axes of Fig. 1B (Wagner, 1986a; Götz and Wandel, 1984), the only
way a blowfly can produce sideways accelerations is by rolling its body. The graph
in the upper row of Fig. 2 is a horizontal projection of the flight path, where the
orientation of the lines shows the orientation (yaw) of the thorax at 20 ms intervals.
The filled circles symbolize the fly’s head. The yaw angle changes in a stepwise
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manner by about 70° in 50 ms, while it is stable before and after this turn. Because
of the similarity of this behaviour to that of the human eye when it makes a saccade
(a fast gaze shift, see Carpenter, 1988), these thorax turns are also called thorax
saccades (Land, 1973; Wagner, 1986a).

The abrupt change in yaw is also visible in the graph in the third row, which further
indicates that the roll angle is increased first, and subsequently reduced after most of
the change in yaw has occurred (see also Fig. 3). This reduction still continues, at a
lower angular speed, after the actual (yaw) saccade has finished, thus bringing the
thorax back into a horizontal orientation. The pitch typically changes only little
during a saccade, at least as seen in coordinates of the laboratory system. This is
different, however, if we look relative to the coordinate system fixed to (and moving
along) with the thorax. The graph in the bottom row shows the change, per unit of

Figure 2. Five distinct flight manoeuvres. Each column shows for one particular manoeuvre the
same time track for each of its panels. The first row shows the projection of the flight trajectory on
the x-y plane. Position of the fly is drawn every 20 ms. To reduce noise, the coordinates were
smoothed with a Gaussian with σ=10 ms. The orientation of the lines gives the orientation of the
long body axis (yaw), the centre of the lines the position of the centre of the thorax (as defined in
Methods), and the dots indicate the head. The second row shows the position corresponding to the
first row, including the height (drawn at every ms). The third row shows orientational angles of the
fly in the laboratory system (see Fig. 1B). For the purpose of presentation, the yaw angle was
shifted in several of the panels. The bottom row shows angular velocities with respect to the thorax
coordinate system; it was smoothed with a Gaussian with σ=4 ms, which did not appreciably alter
the shape of the actual angular velocity trajectory.
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time, of the yaw, pitch, and roll of the thorax at a particular time relative to its own
coordinate system one millisecond before. The resulting angular velocities are those
that the thorax generates relative to its own orientation, and are thus directly linked
to the required torques and the muscle activity. As the graph shows, a banked turn is
characterized by a positive pitch velocity in the system of the thorax when the fly
has a non-zero roll in the laboratory system. As in the examples discussed in the
Methods section, such a pitch movement produces a change in the yaw angle in the
laboratory system. Furthermore, the fly yaws in its own system (bottom row) to
prevent the pitch in the laboratory system (third row) to grow too much. At the start
of the time track shown here the pitch angle is around 30°, a typical value for slow
straight flight. It changes slightly during the turn, but is brought back to 30°
afterwards.

Although the above example of a banked turn is a typical case, there are in fact many
variations possible that yield slightly different outcomes. An example is shown in
the second column of Fig. 2, the ‘Dive’. This manoeuvre mainly differs from the
previous one in the pitch: here there is an almost zero net pitch movement in the
thorax system (bottom row) while the other rotational movements remain similar to
those of the banked turn. The yaw movement in the thorax system, while the fly is in
a rolled orientation, causes a decreasing pitch in the laboratory system. The effect is
further enhanced by the yaw velocity which is higher than in the banked turn. The
fly rolls back into a horizontal position after the yaw turn has completed. In this case
the nearly zero pitch angle is also slowly brought back to a normal value. The sharp
initial decrease of the pitch angle results in a transient decrease of the vertical
component of the force generated by the flight motor. The subsequent loss of height
(hence the name ‘Dive’) can be seen in the plot of the z coordinate (second row).

Changes in course can also be made by pure roll movements. This is shown in the
manoeuvre ‘Zigzag’ (third column of Fig. 2). It is characterized by a sequence of
sideways movements during which the yaw angle changes very little compared to the
roll angle. The movement made in the first 100 ms shown is again a variation on the
banked turn, this time without a leftward yaw velocity in the thorax system, which
causes the pitch in the laboratory system to increase. During the last 250 ms the
actual zigzag manoeuvre takes place. The large roll angles (third row) are
accomplished by alternating positive and negative roll velocities (bottom row), while
the yaw and pitch velocities in the thorax system remain virtually zero. The force
vector thus obtains a sideways component which alternately points to the left and
right of the fly, causing sideways movements.

A nearly 180° change in course direction accompanied by a much smaller change in
the yaw angle is depicted in the fourth column (the ‘U-turn’). It contains two
saccades, one starting at 0 ms and ending at 30 ms, while the second starts at 70 ms
and ends at 120 ms. During the second saccade, the fly’s longitudinal body axis
reaches a nearly perpendicular orientation with respect to the flight direction, while
the roll angle reaches a value as high as 90° at 100 ms. This causes the force vector



Thorax kinematics and flight dynamics

47

to have a large component opposing the direction of flight, which subsequently
changes the flight direction by nearly 180°. From 70-100 ms the pitch angle in the
laboratory system drops considerably because the fly yaws to the right in its own
system (positive yaw velocity) while it has a roll angle between 45° and 90°. At the
same time the yaw angle in the laboratory system changes 25° because the fly
produces a positive pitch velocity in its own system. The second saccade shows
again that a positive pitch velocity changes the yaw angle in the laboratory system
when the fly is rolled.

As shown in the column called ‘Reverse’, blowflies are able to fly backwards,
though only for a very short time. This manoeuvre is characterized by a very large
pitch angle (>50°), which gives the force vector a component pushing the fly
backwards rather than forwards. The sideways motion is controlled by large rolling
movements. The manoeuvre ends with a banked turn. ‘Reverse’ manoeuvres are rare,
and are only seen in the vicinity of a wall of the flight cage. Like the U-turn, part of
their function may be to act as a kind of emergency break.

Structure of saccades

The banked turn is the most common saccadic manoeuvre blowflies perform. Most
flights consist of a long series of such turns (see Fig. 3 of van Hateren and Schilstra,
1999). The structure of these saccades is not only similar within a fly, but also
between flies. Figure 3 shows, for three different flies, the average of saccades with
a yaw change between 40° and 60°. As can be seen, the time course of the saccades
is quite similar: the traces of the angles show the same overall structure, the timing
of the changes in the angles is the same, and the saccades have the same duration.

As the saccades measured in different flies are similar, the analysis below will be
performed on the pooled measurements of 10 different blowflies. Figure 4 shows
averages of saccades with a yaw change of 10°-20° (left column), 30°-40° (middle

Figure 3. Averages for three different flies of saccades with a yaw change (in the laboratory
system) of 40°-60° to the left; average of 356, 138, and 119 saccades, respectively. The curves
were obtained by detecting saccades through maxima of the total angular velocity in the thorax
coordinate system (after low-pass filtering with a Gaussian with σ=5 ms to reduce noise). The
detected peak was set at 50 ms, and the 100 ms yaw, pitch, and roll surrounding the detection
point were averaged. Offsets of the yaw traces are arbitrary, and these traces were shifted to fit the
scale of the graphs.
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column) and 60°-90° (right column). The graphs show that for larger yaw changes,
the change in roll angle is also larger. Because of the roll, the force vector acquires a
horizontal component, which produces the sideways acceleration that results in a
change of flight course. Simultaneously, the fly increases both the yaw and pitch
velocities in its own coordinate system (second row), together producing the
increased yaw in the laboratory system. The reader may notice that the roll angle and
angular velocity are not zero at the onset of an average saccade, whereas one might
expect that the contributions from previous leftward and rightward saccades should
approximately cancel each other. The reason for this apparent discrepancy is that a
saccade with a certain yaw direction is more likely to be preceded by a saccade in
the same yaw direction than in the opposite direction. Finally, the bottom row shows
the angular accelerations in the thorax coordinate system, from which the torques
generated by the flight motor can be obtained (see Discussion).

Saccade statistics

Saccades with yaw sizes as large as 90° occur occasionally, but most saccades are
much smaller (Fig. 5A). About 90% of the saccades is smaller than 50°. The number
of 0°-10° saccades in Fig. 5A is underestimated, because measurement noise
prevents reliable discrimination of the smallest saccades. Saccade duration, defined
here as the time between reaching 10% and 90% of the yaw change in the laboratory
coordinate system, does not depend very strongly on saccade size (Fig. 5B). Since
90% of the saccades is smaller than 50°, it follows that 90% of the saccades have a

Figure 4. Averages of
saccades from 10 flies
with a yaw change (in the
laboratory system) to the
left, with magnitudes of
10°-20° (1217 saccades),
30°-40° (946 saccades),
and 60°-90° (677
saccades). Saccades
were detected as in Fig.
3. (A) (B) (C) Yaw, roll,
and pitch angles in the
laboratory system. The
yaw trace was shifted to
fit the vertical scale. (D)
(E) (F) Angular velocities
in the thorax system,
smoothed with a
Gaussian with σ=2 ms.
(G) (H) (I) Angular
accelerations in the
thorax system, smoothed
with a Gaussian with σ=5
ms.
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duration of about 20-30 ms (3-4 wingbeat cycles). The saccade duration does not
increase strongly, because peak angular velocities increase roughly linearly as a
function of saccade size (Fig 5C). Note that, for increasing roll, the relative
contribution of the pitch movement increases, as expected. Also the peak angular
accelerations increase significantly with saccade size (Fig. 5D).

Velocities and accelerations

Figure 6 shows the distributions of angular velocities and accelerations, in the thorax
coordinate system, for the total flight time. Maximum angular velocities are in the
order of 2000°/s. The velocity distributions of the yaw and roll are symmetrical, as
expected, but the pitch velocity distribution has a clearly asymmetrical shape. This
asymmetry is caused by the positive pitch movement that the fly makes (in the
thorax coordinate system) during all saccades, irrespective of turning direction. The
yaw velocity distribution has a sharp peak and long tails. These arise from the yaw
movements between saccades and during saccades, respectively (Schilstra and van
Hateren, 1998b; van Hateren and Schilstra, 1999). Angular accelerations (Fig. 6B)
reach high values of about 105 °/s2, which are indicative of the maximum torques

Figure 5. Saccade statistics as
measured in 10 flies. (A) Occurrence
of saccades as a function of saccade
size, defined as the total yaw change in
the laboratory system. Saccades were
detected as in Fig. 3. (B) Saccade
duration as a function of saccade size.
The duration is defined as the rise time
(10% to 90% amplitude) of the yaw
change in the laboratory system. (C)
Peak angular velocities (in the thorax
coordinate system) during saccades,
as a function of saccade size. (D) Peak
angular accelerations (in the thorax
coordinate system) during saccades,
as a function of saccade size. For the
sake of clarity, data points in (C) and
(D) are connected by lines. Smoothing
for (C) and (D) as in Fig. 4.

Figure 6. Probability densities of
angular velocities and accelerations as
measured in the thorax coordinate
system, for 1781 seconds flight in 10
flies. Probability densities were
calculated for angular velocities and
accelerations filtered with Gaussians
with σ=2 ms and σ=5 ms, respectively,
to reduce noise. Full scale 4⋅10-3 deg-1s
for (A) and 6⋅10-5 deg-1s2 for (B).
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that can be developed by the flight motor (see Discussion).

The (linear) velocity and acceleration of a fly can be separated into x, y and z
components. In Fig. 7, the x and y components of velocity and acceleration are
combined into horizontal velocity and acceleration, since all aspects of flight are
identical for flying in the x and y direction. Figure 7A shows that horizontal
velocities of up to 1.2 m/s are reached, approximately twice as high as the average
horizontal velocity. Vertical velocities go up to about 0.8 m/s. Note that the
distribution of vertical velocities is virtually symmetrical around zero, despite the
asymmetry in the gravitational force. Accelerations in the horizontal plane (Fig. 7B)
can be as large as 2 g (20 m/s2), apparently reached when the force vector is pointing
approximately horizontally (such as during a U-turn). The force associated with this
acceleration (2⋅10-3 N, assuming a fly’s mass of 100 mg) is thus the largest linear
force blowflies normally produce. In the vertical direction the accelerations are
mostly smaller, up to 1 g. This smaller range of the vertical acceleration is consistent
with the assumption that 2 g is the maximum acceleration that is generated. For
upward acceleration 1 g is used to overcome gravity, leaving another 1 g for
accelerated flight. Downward acceleration is apparently mainly limited by gravity (-
1 g).

DISCUSSION

Cruising flight of the blowfly Calliphora vicina has similar saccadic characteristics
as measured earlier in the housefly Musca domestica (Wagner, 1986a). At regular
intervals, the orientation of the fly changes abruptly at high angular velocity, while
the orientation of the fly is relatively constant between these changes (Schilstra and
van Hateren, 1998b; van Hateren and Schilstra, 1999). Saccadic behavior was
measured before in tethered blowflies which could rotate around their vertical axis
(Land, 1973, 1975), but this was later suspected to be an artifact of the tether mass
added to the system (Geiger and Poggio, 1977). The experiments presented here
clearly confirm that cruising blowflies do indeed show saccadic behavior. The
structure of the average saccade is very stereotyped, largely independent of its size,
and also very similar between flies. However, from the manoeuvres shown in this
article it is clear that flies are able to rotate independently around each of their three
body axes (see also Wagner, 1986a). This allows the structure of individual saccades

Figure 7. Probability densities of linear
velocities and accelerations as measured in
the laboratory coordinate system, for 1781
seconds flight in 10 flies. Probability
densities were calculated for velocities and
accelerations filtered with Gaussians with
σ=5 ms and σ=10 ms, respectively, to
reduce noise. Full scale 2.5 m-1s for (A) and
0.25 m-1s2 for (B).
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to be precisely adjusted, depending on the orientation of the fly before the saccade
as well as the intended orientation and course after the saccade.

The main limitation of the present experiments is the size of the flight cage. In
general, a smaller flight volume lowers the average flight velocity (hawkmoth:
Stevenson et al. 1995). Lowering of average and peak velocities is expected, because
with higher speeds collisions with the walls will be difficult to avoid given the
inertia of the fly and its minimum reaction time. The maximum speeds we measured,
about 1.2 m/s, are indeed appreciably smaller than the speeds reported for blowflies
flying in a wind tunnel (about 2-3 m/s, Nachtigall and Roth, 1983). Furthermore, it
is possible that the fast succession of saccades we observed (on average about 10 per
second) is caused by the continuous vicinity of the walls. Nevertheless, also in more
natural circumstances blowflies often cruise close to or amidst objects, and the
further influence of a restricted flight volume on the basic flight performance may be
quite limited (Wagner, 1986a). In principle, the method used here allows for a
substantial increase of the measuring volume, without sacrificing resolution, by
further increasing the size of the field coils and the strengths of the magnetic fields.

Saccadic behavior of the thorax has several advantages for the visual system of the
fly.  Firstly, the head performs saccadic movements in synchrony with the saccadic
movements of the thorax (review: Hengstenberg, 1992), thus reaching a high angular
velocity in the laboratory system (Schilstra and van Hateren, 1998b; van Hateren and
Schilstra, 1999). This high angular velocity keeps the head saccade very short, and
thus the period during which angular motion blurs vision. Secondly, if thorax
saccades would not occur, the fly would necessarily have to rotate in a more gradual
way. To prevent continuous motion blur caused by this rotation, the head must still
make saccadic movements. Since the freedom of movement of the head in the yaw
direction is limited to about 10º, this implies that the head would have to make
saccadic movements very frequently. As a result, the proportion of time with
stabilized gaze would be smaller than it actually is with the occurrence of thorax
saccades.

A fly produces more modest angular accelerations during small saccades than during
large saccades. Therefore, small saccades take longer than apparently necessary.
There may be several reasons for this. Firstly, the angular speed may be constrained
by the required energy investment. All the rotational energy a fly puts into a saccade,
needed for both acceleration and deceleration, is lost. This energy expenditure will
be approximately proportional to the square of the maximum angular velocity
reached during a saccade (neglecting friction). Thus, energetically seen it is best to
rotate as slowly as possible. The limited angular speed of the smaller (most
common) saccades can then be seen as a trade-off between minimization of the
saccade duration (and thus the blur period) and minimization of the energy required
to perform the rotations. Secondly, the angular speed during small saccades may be
limited by the physiology of muscular control. The wing beat amplitude (WBA) is
one of the factors determining the force produced by a wing (Drosophila: Lehmann
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and Dickinson, 1998). Both in Drosophila (Heide and Götz, 1996) and in Calliphora
(Tu and Dickinson, 1996), the steering muscles b1 and b2 control most of the WBA
modulation. In Calliphora, it takes several wing beat cycles to produce large WBA
changes (Tu and Dickinson, 1996). Large angular accelerations can thus only be
reached after several wing beats. Since the wing beat duration in Calliphora is about
7 ms, it may thus take up to a few tens of milliseconds to reach the highest
acceleration, in agreement with the time course of the angular accelerations as
shown in Fig. 4. For small and short saccades, there may be simply not enough time
to build up the high velocities and accelerations which occur in larger and longer
saccades.

The high temporal and angular resolution of the measurements presented here enable
a more detailed analysis of the structure of saccades than could be performed with
earlier measurements, where saccades could only be seen as sharp peaks in the
angular velocity (Wagner, 1986a). On the scale of milliseconds, we can see that the
maxima in the yaw and pitch velocity nearly coincide, right when the roll velocity is
close to zero (Fig. 4D-F). Angular accelerations (Fig. 4G-I) are directly related to the
torques generated (torque=inertial momentum×angular acceleration). We will
assume that the forces generating these torques are a (possibly nonlinear, but at least
monotonic) function of the energy consumption of the muscles involved: more
acceleration ≈ more force ≈  more energy consumption. Then we can infer from Fig.
4 the ordered sequence of energy investment during a saccade. This is especially
illuminating for large, energetically costly, saccades as in Fig. 4I: acceleration
extrema are reached, first, by the roll, second, by the yaw and pitch (close to a zero
for the roll acceleration), third, by the roll again (close to a zero for the yaw and
pitch accelerations), fourth, by the yaw and pitch again (close to a zero for the roll
acceleration), and finally, by the roll again (with decreasing yaw and pitch
accelerations). Apparently, the serial investment of energy (force) makes an efficient
use of the available resources, whilst going through the right series of movements to
bring about the saccade. Clearly, the above is only a qualitative, preliminary scheme:
for a full analysis of the energy balance, a more detailed model of the muscular
energy requirements is needed, and also an analysis of the force required by the
(linear) acceleration during a turn.

Finally, it appears that the realized thorax angular accelerations are close to the
maximum possible as suggested by a consideration of the forces, masses, and inertial
momenta involved. The maximum force generated by the wings, in excess of the
force necessary to remain airborne, can be estimated from the linear acceleration,
ignoring friction. The maximum acceleration was approximately 2 g (Fig. 7), which
yields a force of 2⋅10-3 N (taking 100 mg as a typical mass of a blowfly). The yaw
and roll torque a fly can produce depends on the effective point of application of the
force on a wing, in the radial direction. For Calliphora, the distance from the
wingbase to this point is approximately half the length of the wing, i.e. 5 mm
(Ennos, 1989), which implies a distance of approximately 7 mm from the fly’s
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centre of mass. Assuming that during saccades approximately half of the available
maximal force of  2⋅10-3 N is used for keeping the fly airborne (just cancelling the
gravitational force), and half is available for and equally divided between linear
acceleration, yaw, pitch, and roll, the order of magnitude of the torque generated in
the yaw direction is 7⋅10-3 m×2.5⋅10-4 N ≈ 1.8⋅10-6 Nm. The inertial momentum of
the fly in the yaw direction (8.8±1.4⋅10-10 kg⋅m2, measured with a torsion pendulum)
then gives a maximum angular acceleration of 2⋅103 rad/s2 ≈ 1.2⋅105 º/s2. This is of
the same order of magnitude as the maximum yaw acceleration measured during
saccades (approximately 105 º/s2, Fig. 6). The order of magnitude is also about right
for the roll acceleration (inertial momentum 3.4±0.4⋅10-10 kg⋅m2), and the pitch
acceleration (inertial momentum 7.5±1.5⋅10-10 kg⋅m2). For the pitch, the torque is
most likely brought about by a forward shift of a few millimeters of the force vector,
shifting away from the fly’s centre of mass (Zanker, 1988).
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Chapter 5

Blowfly flight and optic flow:
head movements during flight

SUMMARY

The position and orientation of the thorax and head of flying blowflies (Calliphora
vicina) were measured using small sensor coils mounted on thorax and head. During
flight, roll movements of the thorax are compensated by counter rolls of the head
relative to the thorax. The yaw turns of the thorax (thorax saccades) are
accompanied by faster saccades of the head, starting later and finishing earlier than
the thorax saccades. Blowfly flight can be divided into two sets of episodes: ‘During
saccades’, where high angular velocities of up to a few thousand degrees per second
are reached both by thorax and head, and ‘Between saccades’, where the thorax and
in particular the head are well stabilized in orientation. Between saccades, the
angular velocities of the head are approximately two times lower than those of he
thorax, and lie mostly in the range of 0-100 °/s for any rotation (yaw, pitch, and
roll). These velocities are low enough to keep the visual blur attributable to rotation
limited. It is argued that the split in periods where either rotational optic flow
dominates (‘During saccades’) or translatory optic flow (‘Between saccades’) is
helpful for processing optic flow when signals and neurons are noisy.

INTRODUCTION

Blowflies are well-known for their agility during flight, performing fast and
acrobatic flight manoeuvres. This flight behaviour must have important
consequences for vision. First, fast turns can lead to motion blur, impairing vision of
spatial details (Srinivasan and Bernard, 1975). Second, turns interrupt the pattern of
optic flow that reveals the three-dimensional structure of the surroundings during
translation (Koenderink, 1986). In principle, these adverse effects of flight behaviour
can be alleviated by compensating eye movements (Carpenter, 1988; Land, 1973,
1975; Steinman and Collewijn, 1980).

For blowflies, with their compound eyes fixed to the head, these eye movements

Based on: J.H. van Hateren and C. Schilstra, Blowfly flight and optic flow. II. Head movements
during flight. Accepted for publication in the Journal of Experimental Biology.
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correspond to head movements. The head of blowflies has appreciable freedom of
movement, because the neck is flexible and controls head posture via an elaborate
system of muscles (Strausfeld et al. 1987; Hengstenberg, 1992). Experiments on
tethered flies show that head movements can indeed be used to partly compensate
thorax rotations (roll: Hengstenberg, 1986, 1992; yaw: Land, 1973, 1975). In the
study of Land (1973, 1975), thorax rotations in the yaw direction (rotation around a
vertical axis) occurred in fast steps (called thorax saccades). Between the saccades,
the thorax and in particular the head were more stable. These experiments were
subsequently challenged by Geiger and Poggio (1977), who argued that the saccadic
behaviour was an artifact attributable to the appreciable mass and inertial momentum
added to the animal by the tether. With a more light-weight tether, they were unable
to repeat Land’s observations. Subsequent measurements on insects in free flight,
however, gave support to the existence of at least thorax saccades (Syritta: Collett,
1980; Musca: Wagner, 1986). Unfortunately, with the available techniques (video
and film), these experiments could not resolve head movements, gave no or only
limited information on roll movements, and had a rather low temporal resolution
(typically 20 ms).

With the development of a modified search coil technique suitable for measuring
position and orientation in (almost) freely flying blowflies (Schilstra and van
Hateren, 1998a,b, 1999), it has now become possible to readdress this question of
how the head and thorax move during flight. The new technique was specifically
developed to give information on the spatiotemporal input received by the blowfly
eye during normal flight: this input can be reconstructed from the stimuli on the
walls of the flight cage, and the measured eye positions and orientations. The
statistical properties of this input play an important role in recent theories of early
visual processing (see e.g. van Hateren, 1992a,b). A full analysis of this input is
beyond the scope of the present article, however. Instead, it will concentrate on the
detailed properties of the head movements occuring during thorax saccades (see the
accompanying article, Schilstra and van Hateren, 1999). It is shown that free flight
behaviour of blowflies can indeed be separated into two sets of episodes (‘during
saccades’ and ‘between saccades’), which have strongly different patterns of
rotational optic flow.

MATERIALS AND METHODS

Position and orientation measurement

Position and orientation of flying blowflies were measured as described in the
accompanying article (Schilstra and van Hateren, 1999; see Schilstra and van
Hateren, 1998a, for further details on the method). Briefly, pairs of coils surrounding
the flight cage (40×40×40 cm3) generate magnetic fields that induce voltages in
small sensor coils attached to a blowfly (female Calliphora vicina). These voltages
are transferred via a thin cable, hanging down from the fly’s abdomen, to amplifiers,
and can be used to infer the fly’s position and orientation at a rate of 1000 readings
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per second. Whereas in the accompanying article coils were attached to the thorax,
they are here either attached to the head only (Fig. 1A), or to both thorax and head
(Fig. 1B) whilst using two sets of sensor coils and amplifiers. The coils attached to
the head are lighter (0.8 mg, 40 windings of 2 mm diameter) than those attached to
the thorax (1.6 mg, 80 windings of 2 mm diameter). The size of the head coils was
chosen as a reasonable compromise, which still gives an adequate angular resolution
(signal-to-noise ratio) without disturbing the head motion significantly (see Results
for control experiments). As shown in Fig. 1, the cable goes from the head coils to
the thorax via a loop of 8-10 mm height, which is flexible enough to enable virtually
unrestrained head movements (see Results for control experiments). As in the
accompanying article, the walls of the flight cage were covered with photographs of
natural scenes, and the luminance was 150 cd/m2 for the walls and 800 cd/m2 for the
ceiling.

Preparation and flight recording

Preparations for attaching the coils to the head are similar as described for the thorax
(Schilstra and van Hateren, 1999). On the dorsal side of the head, hairs hindering
mounting of the coils were cut away, and the coils were glued with a tiny amount of
(viscous) cyanoacrylate. The position of the coils is such that only a small part of the
field of view of the compound eyes is restricted. This restriction appears to induce
no measurable changes in thorax and head movements, as indicated by experiments
with different coil sizes (1, 2, and 3 mm), restricting different amounts of the field of
view. The coils restrict the field of view of the ocelli (3 single lens eyes on top of the
head) more severely, though not completely. The influence of this on thorax and
head movements is probably also small: first, because we did not find differences in
(thorax) flight behaviour between flies with or without head coils, and second,
because the role of the ocelli for head posture appears to be negligible (Schuppe and
Hengstenberg, 1993).

The orientation of the coils was estimated, and deviations from the standard
orientation were corrected in the final reconstruction. This yielded angles relative to
an orthogonal coordinate system fixed to the head. This system is defined by a plane
parallel to the chitinous surface at the back of the head capsule, and the plane of

Figure 1. (A) Blowfly with coils mounted on the
head. The wire loop provides freedom of
movement for the head. The wire runs via thorax
and abdomen to the bottom of the flight cage. (B)
Blowfly with coils mounted on head and thorax.
All 2×6 degrees of freedom are measured
simultaneously using two sets of 9 lock-in
amplifiers each.
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symmetry of the head. Position of the head is calculated as the origin of the head
coordinate system, a point approximately midway between the compound eyes.

The cable forming the loop coming from the head coils was glued to the thorax, led
to the abdomen, and was glued to either the last or last but one segment. For
experiments with a second set of coils (on the thorax), the second cable was also
glued to the abdomen. The two cables running to the bottom of the cage were
loosely twisted in order to keep them together during flight.

For most of the analysis below, the results of experiments on 4 flies with coils on
both the head and thorax were used. The head movements measured in these
experiments were consistent with experiments on 13 flies where only head
movements were measured. Moreover, control experiments were performed (with
various coil configurations) on another 17 flies. For the averages and histograms of
Figs. 4-6, only flights of at least 2 seconds duration were selected, yielding a total
flight time of 703 seconds containing 6697 (detected) saccades.

Angular coordinates

Angles are defined according to a Fick system (see Haslwanter, 1995), where the
orientation of an object is given by a rotation matrix, formalizing an ordered
sequence of yaw, pitch, and roll rotations of the object (Fig. 3, inset). The rotation
matrix describes the orientation of an object relative to a fixed, external coordinate
system, which will be called the laboratory system below. Apart from this, the
angular orientation of the head is in several places also given relative to the thorax.
This is calculated by multiplying the inverse of the thorax rotation matrix with the
head rotation matrix (Haslwanter, 1995). Angular velocities are not calculated in the
laboratory coordinate system, but in the coordinate systems rotating with either the
thorax or the head. These velocities are obtained from the (differential) rotation
matrix describing the rotation of, e.g., the thorax from one millisecond to the next.
Once this rotation matrix is obtained, the yaw velocity, pitch velocity, and roll
velocity are easily calculated (with Eq. A4 of Haslwanter, 1995). From the
differential rotation matrix it is also possible to calculate the rotation velocity vector
(analogous to Eqs. 23 and 25 of Haslwanter, 1995), which then yields the total
angular velocity (analogous to Eq. 22 of Haslwanter, 1995). Finally, from the
angular velocities in the thorax and head coordinate systems one obtains the
corresponding angular accelerations by time differentiation.

RESULTS

Mounting coils on the head rather than on the thorax increases the risk of artifacts.
Not only is the mass ratio worse (coils : head = 0.8 : 8 mg, coils : thorax = 1.6 : 80
mg), also the extra load on the neck muscles due to the loop connecting head and
thorax may be a problem. Therefore, a series of control experiments was done to
assess the extent of the mechanical disturbance attributable to the coils and loop.
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Below, these experiments are presented first, and subsequently the results of the
free-flight experiments are described.

Control experiments

Two types of experiments were designed to estimate the effects of the sensor coils
and cable loop on the head motion of the fly. The first experiment determines
whether the stiffness of the cable loop running from the head to the thorax affects
the head motion. The second experiment investigates how much mass can be added
to the head before normal head motion is significantly disrupted. Both experiments
were based on measuring the compensating head roll reflex of blowflies: when the
thorax is suddenly rolled, the head rolls partly back after a short delay
(Hengstenberg, 1986, 1992). A tether was glued to the dorsal part of a fly’s thorax,
and the fly was suspended such that it could be rotated around its long axis without
changing its position. The fly was placed inside a perspex cylinder (diameter 6 cm,
length 18 cm), of which the lower half was covered with black paper and the upper
half with frosted paper, brightly lit from the outside. Despite the tether, flies usually
tried to fly for periods of variable duration. During such flight, the fly was
occasionally subjected to an abrupt roll of 90°.

In the first experiment, the head and thorax were both recorded on video at a rate of
50 fields (=half-frames) per second. Compensating head rolls were recorded for a
series of thorax rolls, both with and without the cable loop running from the head to
the thorax, but without any additional mass (i.e., no coils). Segments of the video
were digitized, and subsequently analyzed field by field using a public domain
graphics browser (Paint Shop Pro). From these measurements, the thorax roll
(relative to the laboratory) and the compensating head roll (relative to the thorax)
were determined. Figure 2A shows an example of a measurement. First, no loop was
present (open circles, average of 5 rolls), second, a loop was attached to the head
and thorax of the same animal, and the experiment was repeated (plusses, average of
10 rolls), and finally, the loop was removed (crosses, average of 4 rolls). As can be
seen, the presence of the loop has no discernable effect on the compensating roll
reflex: both with and without loop, the head compensates about 50% of the thorax
roll, with a delay of a few video fields (of 20 ms each). The head roll reflex we find
here is similar to that reported by Hengstenberg (1986, 1992). We performed this
experiment on two other flies, and found consistently no effects of the loop on the
head roll reflex. Furthermore, we observed that manually moving the (loosened)
thorax end of the loop over realistic distances had negligible effect on the head
position. We conclude that the stiffness of the loop is small enough for the present
purpose.
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In the second control experiment, the head orientation was (again in tethered flies)
measured at a rate of 1 kHz with a very light-weight system of sensor coils, made of
coils with 20 windings and a diameter of 1 mm. The total system had a mass of
approximately 0.2 mg (cf. 8 mg for the head). Movements were also recorded on
videotape, enabling a post-hoc visual check on the head roll reflex and on when the
fly had been flying. Small pieces of metal with different masses were subsequently
attached to the head by sticking them to a tiny amount of grease, and the
compensating head roll was measured. Figure 2B shows the results for rolls of
approximately 90° to the right (upper panel, average of 20-40 rolls) and to the left
(lower panel, average of 20-40 rolls). The relative roll compensation (=size of
compensating head roll divided by size of thorax roll) is given at three particular
times after the start of the thorax roll: 50 ms (filled circles), 150 ms (open circles),
and 450 ms (crosses). The difference between leftward and rightward compensation
lies within the normal variation one finds for the roll compensation: this varies
somewhat between flies, and even for a single fly it may vary as a function of time
or roll direction. As can be seen from the roll compensation as a function of the
added mass, the roll reflex is only disturbed for the largest masses (7.6 mg and 14.5
mg). In these cases, we also observed, in the traces with 1 ms resolution, transient
artifacts immediately after the initiation of the thorax roll. For the smaller masses
(0.2, 0.65, 2.5, and 4.6 mg), the compensating head rolls were free from this artifact,
and all similar. It thus appears that the blowfly head has a certain amount of
mechanical reserve to carry and move loads that go beyond its own mass (8 mg). For
rotation, it is not just the mass, but rather the added inertial momentum that is

Figure 2. Control experiments for checking the influence of coils and loop on normal head
movements. (A) Imposed thorax roll (relative to the laboratory) and compensating head roll
(relative to the thorax), measured by an analysis of video recordings of tethered flies. The open
circles show the response when the head is completely free, the plusses with a loop connecting
head and thorax (but no coils present), and the crosses after the loop was removed. (B) Relative
roll compensation (size of compensating head roll divided by size of thorax roll) as a function of
mass mounted on the head. Measurements were done with light-weight sensor coils; the symbols
show the roll compensation at different times after the thorax roll: 50 ms (filled circles), 150 ms
(crosses), and 450 ms (open circles). Upper graph: rolls to the right, lower graph: rolls to the left.
See text for further explanation.
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important. Because the coils are mounted on top of the head, this problem is larger
for roll and pitch movements than for yaw movements (because in the latter case the
axis of rotation goes approximately through the centre of mass of the coils,
minimizing the effective inertial momentum). From the fact that the roll movement is
only affected for larger masses, we conclude that the mass of the standard coil
system used for the head (0.8 mg) is not expected to have a large influence on head
rotations. Nevertheless, we show below (see the section ‘Head pitch oscillations’)
that there are subtle effects on the small head oscillations in the pitch direction that
are induced by the wing beat.

Angular motion of head and thorax

Head and thorax rotations during a typical blowfly flight are shown in Fig. 3. The
upper panel shows the saccadic behaviour of both the thorax (thin line) and the head
(fat line). At a rate of about 10 times per second, the yaw (a rotation around a
vertical axis, see inset) changes abruptly. The size of the steps in yaw varies; most of
the steps are small (up to several tens of degrees), but occasionally larger steps of up
to 90° occur (Schilstra and van Hateren, 1999). The head saccades are generally
faster than the accompanying thorax saccades (Schilstra and van Hateren, 1998b),
starting later and finishing earlier (see insets for examples, see below for averages).

The middle panel of Fig. 3 shows the pitch (up-down rotations). Steps in pitch
usually occur simultaneously in the thorax and head. Between steps, the pitch is
slightly more stable for the head than for the thorax (see e.g. the traces around time
1000 ms). Furthermore, the head is held more level than the thorax; the latter is kept
at a pitch of approximately 30° during flight. Much of the variation in thorax pitch
has to do with varying the direction of the flight force, thus producing variations in
forward and vertical speed.

The lower panel of Fig. 3 shows the roll (rotations around the length axis of the
animal). The thorax makes fast and large roll movements during flight, because those
are required to make turns (similar to the roll an aeroplane has to make when
changing course; see further Schilstra and van Hateren, 1999). The head roll, on the
other hand, is quite modest for most of the time, because most of the thorax rotation
is effectively compensated by counter rolls of the head relative to the thorax (for
similar results on tethered flies see Hengstenberg et al. 1986; Hengstenberg, 1992;
for results on blowflies in free flight see Schilstra and van Hateren, 1998b). Only
large thorax rolls can (but not always do) give some residual roll of the head.

Saccades can be detected from peaks in the total angular velocity of the head. Figure
4 was obtained by subsequently averaging the various angles and angular velocities
over a stretch of 100 ms surrounding the detection point; this was done here for
saccades with a yaw of 20°-30° to the right. Figure 4A shows the resulting yaw for
the thorax (t), the head (h), and the head relative to the thorax (ht). The yaw of the
thorax starts to change first, whilst the head is kept stable by a counter rotation of
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the head relative to the thorax. After about 10 ms, the head starts to move, faster
than the thorax, and reaches its final orientation well before the thorax. This is
accomplished during the final stages of the turn by again a counter rotation of the
head relative to the thorax.

The pitch (Fig. 4B) changes, on average, only little during a saccade (note the
difference in scale of B and A). The residual movement of the head is typically
concentrated at the time when the yaw speed is high. The roll (Fig. 4C) has an
entirely different behaviour than the yaw. Here, the head is not working with, but
against the thorax. The head performs a counter rotation (ht, head relative to thorax)
effectively compensating the thorax rotation (t), leading to only small residual roll
movements of the head relative to the outside world (h).

Figure 3. Angles during a typical blowfly flight. Thin lines denote thorax movement, and fat lines
the corresponding head movement. Yaw, pitch, and roll are defined as shown in the inset. Further
insets show enlarged views of yaw saccades (2.5× horizontally, 1.5× vertically). Note that the head
saccades are generally shorter than the corresponding thorax saccades, and that the roll of the
head is typically much smaller than the roll of the thorax. A movie showing a reconstruction of
thorax and head movements can be found at http://hlab.phys.rug.nl/demos/flying_eye.
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The angles for h and t in Fig. 4A-C are given relative to the laboratory coordinate
system. For the flight control as performed by the fly’s sensors and muscles,
however, the coordinate systems defined by the thorax and the head are at least as
important. These coordinate systems are fixed to the thorax and head, respectively,
and move and rotate along with them. A yaw in the thorax coordinate system implies
a torque produced by the wings around a well-defined axis of the thorax. Therefore,
it can be produced, at least in principle, by a fixed program of muscular activity. The
coordinate system of the head is identical to the coordinate system of the compound
eye. This is the preferred system for assessing the blur caused in the compound eye
by the various rotations. Furthermore, this system clarifies the visual consequences
of rotational optic flow for the various visual interneurons.

Since the thorax and head coordinate systems are continuously changing in
orientation, they can not yield absolute values for the yaw, pitch, and roll
coordinates themselves (there is no fixed scale for these coordinates). What can be
calculated unambiguously, however, are differential measures, i.e., angular velocities
and angular accelerations. The current yaw velocity of the thorax, for example, is
then defined as the yaw rotation per millisecond needed to rotate the thorax from its
coordinate system one millisecond ago to the present thorax rotation. The yaw
acceleration is the time derivative of the yaw velocity; it is proportional to the torque
that must have been present around the yaw axis of the thorax (because
torque=inertial momentum×angular acceleration). Figure 4D shows an example of
the yaw velocities of the thorax (t, in the thorax coordinate system), the head (h, in

Figure 4. Average angles and angular velocities of 620 saccades to the right, with a yaw between
20° and 30°. (A) Yaw of thorax (t), head (h), and head relative to thorax (ht). (B) As (A), for the
pitch. (C) As (A), for the roll. (D) Yaw velocity of the head (h, differentially measured relative to the
head coordinate system), of the thorax (t, relative to the thorax coordinate system), and of the head
relative to the thorax coordinate system (ht; this is the rotation per unit of time required to go from
the previous head orientation relative to the previous thorax orientation to the current head
orientation relative to the current thorax orientation).
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the head coordinate system), and of the head relative to the thorax (ht, in the thorax
coordinate system). Again, we see that the head rotates shorter and faster than the
thorax.

Angular velocities and accelerations during a saccade

Average angular velocities and accelerations are shown in Fig. 5 for yaws (to the
left) of 10°-20° (A and B), 30°-40° (C and D), and 60°-70° (E and F). Yaws to the
right give similar results, and yaws of intermediate sizes give intermediate curves.
The broken lines denote thorax movements, and the continuous lines head
movements. The yaw (y) of the head starts later, stops earlier, and reaches higher
speeds than the yaw of the thorax. For small saccades, this difference in speed is
approximately a factor of two, which implies that the neck muscles contribute about
as much to the angular speed of the head as is contributed by the flight muscles,
rotating the thorax. For larger saccades, the increased angular speed and acceleration
of the head are exclusively produced by an increase in thorax speed and

Figure 5. Angular velocities and accelerations of the head (continuous lines) and thorax (broken
lines); for the head this is measured relative to the head coordinate system, for the thorax relative
to the thorax coordinate system; y=yaw, p=pitch, r=roll. (A), (B) Average of 722 saccades with a
yaw of 10°-20° to the left. (C), (D) Average of 449 saccades with a yaw of 30°-40° to the left. (E),
(F) Average of 112 saccades with a yaw of 60°-70° to the left.
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acceleration. The yaw velocity of the head relative to the thorax is approximately
constant (684±92 °/s, mean±s.d.) for saccades larger than 20°. Also the yaw
acceleration of the head relative to the thorax reaches a plateau for saccades larger
than 20° (5.1±0.6×104 °/s2).

Whereas the pitch (p) velocity of the thorax increases with increasing saccade size
(Schilstra and van Hateren, 1999), the pitch velocity of the head is more variable.
The duration of pitch movements of the head is generally shorter than that of the
thorax. As can be seen in Fig. 5, the pitch movement of the head shows a clear
ripple, with a frequency close to the wing beat frequency (between 120 and 170 Hz
in blowflies). This pitch ripple will be further discussed below.

The roll (r) velocity and acceleration of the head are much reduced compared to
those of the thorax. The roll velocities of the head relative to the thorax increase
along with the roll velocities of the thorax to values of 1000-1200 °/s for large
saccades. The maximum acceleration of the head relative to the thorax (8.6±0.6×104

°/s2), is almost as large as that reached by the thorax during large saccades (about
105 °/s2, see Schilstra and van Hateren, 1999).

Stabilizing gaze

The thorax and head movements made by blowflies during flight have consequences
for the functioning of the fly’s visual system. It is useful to distinguish two different
sets of episodes, the first consisting of the periods surrounding the point where the
thorax makes a saccade, and the second consisting of the periods between saccades.
From for example Fig. 3 it is clear that such a distinction can be made: the saccades
are sharp and short, and demarcate periods of more stable angular orientation.
Between saccades, this stability is higher in the head than in the thorax for all three
angles, and during saccades head stability is highest for the roll. To assess this
quantitatively, we calculated probability densities of the velocities and accelerations
of the yaw, pitch, and roll for the two sets of episodes (Fig. 6). Head saccades were
detected from peaks in the total angular velocity of the head. Integrating this angular
velocity over the entire saccade gives the length of the angular trajectory traversed
by the head during the saccade. Subsequently, the times when 10% and 90% of this
trajectory was completed were computed. Finally, the period between these two
times was extended by 25% both at the onset and end, to include the early and late
phases of both the head and thorax saccade. This then defines a period classified as
‘during saccades’. Visual inspection of a large number of traces showed that this
(somewhat heuristic) algorithm gives, independent of saccade size, a good estimate
of the period during which the saccade unfolded. All other times (63% of the total
flight time) are then defined as ‘between saccades’.
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Figure 6A shows that during saccades, the yaw velocity of the head and the thorax
reach high values of a few thousands degrees per second. Yaw velocities between
saccades (B) are much lower, in particular for the head relative to the surroundings
(fat line). This is accomplished by yaw velocities of the head relative to the thorax
(thin line) with a similar distribution as those of the thorax (broken line). This is also
true for the pitch and roll velocities between saccades (D and F): the residual head
angular velocities are mostly lying in a range of 0-100 °/s, significantly lower than
those of the thorax. During saccades, the yaw, pitch, and roll velocities (A, C, and E)
are much higher than between saccades. Whereas the yaw and pitch velocities of the
thorax and head are similar during saccades (A and C), this is different for the roll
velocity (E). In the roll direction, the head is always better stabilized than the thorax,
even during saccades.

The lower row of Figure 6 gives the accelerations corresponding to the upper row.
As expected, the yaw acceleration of the head is much larger during saccades than
that of the thorax. The reverse is true for the roll: head accelerations are smaller than
thorax accelerations, both during and between saccades. Note that the accelerations
of the head relative to the thorax are in general similarly distributed as the
accelerations of the thorax. This matching of effective neck muscle performance to
effective flight muscle performance is a necessary requirement for an effective gaze
stabilization.

Head pitch oscillations

Single traces of the pitch of flying blowflies always display an oscillation with a
frequency between 120-170 Hz, and with an amplitude that varies somewhat, but

Figure 6. Probability densities of the angular velocities and accelerations of the head (h, fat line),
the thorax (t, broken line), and the head relative to the thorax (ht, thin line). The total flight time was
divided into two sets of episodes, ‘During saccades’ and ‘Between saccades’; see text for further
explanation. Full scales are: (A) 3⋅10-3 deg-1s, (B) 2.5⋅10-2 deg-1s, (C) 5⋅10-3 deg-1s, (D) 1.5⋅10-2 deg-

1s, (E) 3.5⋅10-3 deg-1s, (F) 1.5⋅10-2 deg-1s, (G) 5⋅10-5 deg-1s2, (H) 2.5⋅10-4 deg-1s2, (I) 10-4 deg-1s2, (J)
3.5⋅10-4 deg-1s2, (K) 8⋅10-5 deg-1s2, (L) 3⋅10-4 deg-1s2.
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generally lies around 0.5° (peak-to-peak, see Fig. 7A). The frequency matches the
wing beat frequency of Calliphora, and it appears that these are vibrations that are
somehow transferred from the flight motor in the thorax to the head. The yaw and
roll often show similar oscillations, but smaller and more variable. As the pitch
oscillation is not as obvious in the thorax movement as it is in the head, we
investigated the possibility that it is an artifact caused by the coils on the head or the
loop connecting thorax and head.

One possibility is that the loop transfers (small) vibrations from the thorax; these
vibrations might be amplified if the stiffness of the loop forms a resonator with the
mass of the head. We tested this possibility in tethered flies by mechanically driving
the (loosened) thorax end of the loop (by attaching it to a small loudspeaker) with
frequencies in the range of the wing beat frequency. We observed no significant
movement, nor resonance, of the head, and conclude that the loop is not causing the
head pitch oscillations.

The only other way the oscillations generated by the flight motor can be transferred
to the head is through the neck. Pitch oscillations of the head may be produced by
pitch oscillations of the thorax, but also by small oscillatory displacements of the
thorax. For example, if the thorax oscillates slightly along its length axis
(superimposed on its overall movement, similar to the intermittent forward motion of
a rowing boat), this might cause a pitch movement of the head. This happens if the
resulting force vector, as transferred through the neck, is not going right through the
centre of mass of the head. As the mass of the coils is expected to shift the centre of
mass slightly upwards, the head oscillation may thus be a function of the coil mass.
We tested this possibility by varying the mass of the coils, and measuring the
amplitude of the pitch oscillation from the surplus of power observed at about the
wing beat frequency in the power spectrum of the pitch. The right side of Fig. 7B
shows the results of 13 blowflies (small filled circles) with coils of 1.6 mg (80
windings, diameter 2 mm), 0.8 mg (40 windings, 2 mm), and 0.4 mg (20 windings, 2

Figure 7. (A) Example of the pitch oscillation observed in the head during free flight. (B) The peak-
peak amplitude of the pitch oscillation as a function of total coil mass. To the right, measurements
on the head of 13 flies are shown (dots), to the left on the thorax of 4 flies (dots). The lower vertical
bar shows the average and standard error of the thorax oscillation amplitude, the upper vertical bar
the linear extrapolation to coil mass zero of the head oscillation amplitude.
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mm). Still smaller coils give too much noise to reliably estimate the amplitude of the
pitch oscillations. The open circles and bars show the averages and standard errors
of these measurements. These averages lie close to a straight line; the continuous
line is a least squares fit to the averages. The vertical bar to the left denotes the
average and standard deviation of this fit for coil mass zero. Thus if we assume that
such a linear extrapolation is justified, this analysis predicts that without coils, the
amplitude of the pitch oscillation of the head would be 0.35°±0.08° (peak-peak). On
4 other flies, with coils mounted only on the thorax, we  observed that pitch
oscillations also occur in the thorax (4 data points to the left), but these are smaller
than those of the head. The small vertical bar denotes the average and standard error
of these measurements: 0.15°±0.02°. This is significantly different from zero, but
also significantly smaller than the estimated head oscillation. Some of the head
oscillation may indeed be generated by oscillatory displacements of the thorax: we
observed peak-peak amplitudes of 50-100 µm in all directions (again determined
from peaks in the power spectrum of the various displacements). However, as the
dorsal part of the thorax (where the coils are mounted) is likely to move in a
somewhat different way than the neck (driving the head), no further conclusions
about the thorax-head mechanics can be drawn at this stage.

DISCUSSION

During flight, head rotations of blowflies are effectively compensating part of the
thorax rotations, which results in improved conditions for vision. Between saccades,
stabilization of the head in all angular degrees of freedom (yaw, pitch, and roll) is
about twice as good as that of the thorax (Fig. 6). During saccades, the head
compensates most of the thorax roll, and the yaw movement of the head is shorter
than that of the thorax (Figs. 4 and 5). As a result of these head movements, blur in
the visual system is significantly reduced. Furthermore, by minimizing the duration
of head rotations, rotational optic flow is kept to a minimum. The optic flow due to
translation will then dominate. This type of optic flow yields, contrary to rotational
optic flow, information about the three-dimensional structure of the visual
environment (through motion disparity, i.e., differential visual speeds of objects at
different distances). Unfortunately, the simultaneous occurrence of rotational and
translatory optic flow is potentially confusing to the visual system, and rotational
optic flow is unavoidable when turns must be made when changing course. Although
untangling the two types of optic flow is possible in principle (Longuet-Higgins and
Pradzny, 1980; Koenderink, 1986), this may not always be feasible if there is noise
in the signals, and if the neurons are noisy and have a limited dynamic range
available for their responses. Then the strategy followed by the blowfly may be a
superior one: the rotational optic flow is concentrated at specific points in time (the
saccades), whilst the remaining time can be used for analyzing the structure of the
visual environment on the assumption of translatory optic flow only.
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The shortening of the yaw saccade of the head compared to that of the thorax can be
viewed as a further specialization to increase the time available for scene analysis
(Schilstra and van Hateren, 1998b). The saccade becomes effectively almost as short
(for the smallest saccades only a 15-20 ms period of significant visual blur) as the
integration time of the photoreceptor (10 ms for the conditions of the experiment).
Saccades much shorter than the integration time are disadvantageous, because they
do not reduce visual blur further, and cost more energy because of the higher
accelerations (~forces) required.

Between saccades, several systems are acting to stabilize the gaze (Hengstenberg,
1992), such as the prosternal organs on the thorax (Preuss and Hengstenberg, 1992),
visual feedback through optic flow analysis (Egelhaaf and Borst, 1993; Krapp and
Hengstenberg, 1996), and a mechanical system of gyroscopic sensors attached to the
thorax, the halteres (Nalbach and Hengstenberg, 1994; see Chan et al. 1998 for a
recent overview). The visual system, however, is too slow to explain the angular
stability of the head at the onset and end of a saccade (e.g., the latency of just the
photoreceptors is already 8 ms at the light levels of the experiment). It is possible
that the thorax and head movements during a saccade are entirely preprogrammed,
based on predicted flight dynamics. A more likely possibility, however, is that the
head stabilization at early and late stages of the saccade is controlled by the halteres.
This analogue of the vestibulo-ocular reflex (VOR) in vertebrates (see e.g. Tabak et
al. 1997) has been shown in experiments where mechanical stimulation of the
halteres yields head movements (Sandeman and Markl, 1980), with a minimum
latency of approximately 5 ms (Hengstenberg et al. 1986). We propose the following
scheme: early in the saccade, the haltere-head reflex (HHR) causes the head rotation
that compensates for the early stages of the thorax saccade. Subsequently, the HHR
is suppressed or overruled, and the head makes its saccade (with the size and
direction under control of the brain, which also initiated the preceding thorax
saccade). Finally, the HHR becomes dominant again towards the end of the head
saccade, producing the final counter rotation of the head.

The oscillations found in the pitch of the head appear to be genuine, although
influenced by the mass of the coils mounted on the head. The amplitude of the
oscillation (0.35°±0.08° peak-to-peak) is much smaller than the angular sensitivity
of single photoreceptors (approximately 1.5° FWHM, Smakman et al. 1984). This
amplitude will nevertheless produce a significant intensity modulation when an edge
or bar happens to cross the visual field of the photoreceptor. The frequency of this
modulation (typically 120-170 Hz) is rather high for blowfly photoreceptors (with an
integration time of 7 ms in very bright light), which significantly reduces the
resulting modulation. Thus the pitch oscillation will not have a strong visual effect
on single photoreceptors. This is different, however, for wide-field neurons: as the
head oscillation affects the entire visual field at the same time, a noticeable effect is
expected when the signals of many photoreceptors converge. This assumes that the
contributions of brightness increments and decrements over the visual field do not
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cancel, because this is prevented by nonlinearities in the signal pathways before they
converge.

The present method records head movements, and infers gaze position from the
head. Although the facet lenses of the compound eye are fixed to the head, the
photoreceptors in blowflies are not completely fixed relative to the facets. Via
several muscles, small movements of up to a few degrees can be made by the
photoreceptors relative to the head (Hengstenberg, 1971; Franceschini and
Chagneux, 1997). A visual function for these movements has been suggested
(Franceschini and Chagneux, 1997). As the movements are generally small and slow
compared to the saccadic head movements presented here, we believe that these
internal retinal movements are at most a second-order effect compared to the head
movements during saccades.

The histograms in Fig. 6 show that angular velocities of the head between saccades
are generally lower than 100-200 °/s. This is well matched to the velocity where blur
in the photoreceptors becomes important. This so-called characteristic velocity (van
Hateren, 1992a; see also Glantz, 1991) is  /c ≈∆∆= tv ρ 200 °/s, with ρ∆ ≈ 1.5° the
full width at half maximum of the photoreceptor angular sensitivity, and t∆  ≈ 7 ms
that of the photoreceptor impulse response. Nevertheless, this is only part of the
story, because this analysis only gives the blur attributable to rotation. The blur
attributable to translation has to be accounted for as well. This blur can be
determined from a reconstruction of the complete spatiotemporal input to the eye,
taking into account the animal’s time-varying position and orientation, and the visual
stimuli on the walls of the cage. Such a study is currently under way.
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Chapter 6

Flight behavior and head movements
of hoverfly and honeybee:

a preliminary analysis

INTRODUCTION

It is interesting to compare head motion strategies between different species of flying
insects. The visual system of each species receives its own particular visual input
determined by the properties of its flight behavior, head movements and its visual
environment. It is highly probable that during evolution these visual systems have
become tuned to the expected properties (statistics) of this visual input, for example
to optimize information transfer in the visual system (e.g. van Hateren, 1992).
Therefore, characteristics of flight behavior may partly explain properties of the
visual system, and vice versa (e.g. O’Carroll et al., 1996; O’Carroll et al., 1997). In
this chapter, the methods used before on the blowfly (Chapters 3-5) are applied to
two other species: hoverflies (Eristalis tenax) and honeybees (Apis mellifera).

The hoverfly is an interesting species to compare with the blowfly for two reasons.
First, its kinematics and dynamics are quite different from that of the blowfly, since
it often flies sideways and backwards, and hovers for prolonged periods of time
(Collett and Land, 1975; Collett, 1980). Second, hoverflies were found to perform
body saccades, at least in the horizontal plane. As it was suggested that the head
remains fixed with respect to the thorax (Collett and Land, 1975), the question is
how much the thorax , and thus the head, rolls during flight.

Honeybees have been used extensively for behavioral experiments on, for instance,
pattern discrimination (e.g. van Hateren et al., 1990) and navigation (e.g. Collett,
1996; Lehrer, 1996; Srinivasan et al., 1996). Little is known, however, about the
kinematics and dynamics of free flight. Still, it is interesting how honeybees control
body and head orientation, because they  belong to the Hymenoptera, which lack the
halteres found in Diptera. In Diptera, only the halteres are fast enough to establish
effective stabilization of the head (Chapter 5). The lack of halteres may thus have
important consequences for the kinematics of head motion in honeybees and
therefore for their visual system.
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A series of experiments on hoverflies and honeybees was performed in order to
obtain answers to the above questions. The results below present a first, preliminary
analysis of the experiments. A more extended analysis is currently in progress.

MATERIALS AND METHODS

Position and orientation measurement

Position and orientation of flying hoverflies (female Eristalis tenax) and honeybees
(Apis mellifera, worker) were measured with the method described in Chapter 2 of
this thesis. The insects carried sensor coil systems on both head and thorax, which
enabled position and orientation measurements of both. The sensor coil systems used
were the same as those used on blowflies (see Chapters 4, 5). The hoverflies and
honeybees used in the experiments had a mass of 100-125 mg and 90-100 mg,
respectively. Therefore, the relative masses of the sensor coil systems were similar
as in the case of blowflies. Since the added masses did not significantly influence the
movements of head and thorax of blowflies (Chapters 4, 5), we assume that they do
not influence those of the hoverfly and honeybee either.

Preparation and flight recording

Hoverflies and honeybees were caught in the wild in July and August. Preparation of
the insects was basically identical to that of blowflies. Hoverflies and honeybees
have more hairs than blowflies on both head and thorax, which had to be removed
since they hinder mounting of the sensor coil systems. Head coils were mounted on
top of the head, blocking the ocelli. This probably does not hinder normal head and
thorax motion, since the role of ocelli in controlling head and body orientation of
both hoverfly and honeybee is small (review: Mizunami, 1994), just like in
blowflies. Honeybees were cooled to about 5 °C before and during preparation to
prevent them from stinging.

Both species of insects flew in a 40×40×40 cm3 cage with walls covered with
photographs of natural scenes. The ceiling was covered with brightly-lit frosted
paper onto which gray squares at semi-random distances were printed. This provided
the insects with depth clues, preventing them from accidentally flying into the
ceiling. The bottom of the cage was covered with black paper onto which gray
squares were printed with the same dimensions and distances as those printed on the
ceiling.

Both hoverflies and honeybees were cooled for 25 minutes at 3 °C before being
released in the flight cage, to prevent them from escaping immediately after release,
with the entrance of the cage still open. Hoverflies usually started flying within a
few minutes after release, while honeybees needed at least 30 minutes. Behavior was
essentially the same as that of blowflies (Chapter 4). However, when walking on the
bottom of the cage, both hoverflies and honeybees occasionally became entangled in
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the cable lying there. This is probably caused by the hooks on their legs, which are
much larger than those of blowflies. The flights performed by hoverflies had a
duration approximately equal to those of blowflies (Chapter 4), while honeybees
tended to perform longer flights of up to several minutes. The results presented
below are typical for measurements obtained in three hoverflies and three
honeybees.

RESULTS

Hoverfly flight track

Figure 1 shows a horizontal projection of a typical hoverfly flight path of 1400 ms.
The orientation of the lines show the orientation of the body (yaw) for every 20 ms.
The filled circles symbolize the head. The fly is climbing from 0 to around 540 ms,
stays approximately level until 840 ms, then descends until 1040 ms, after which it
climbs again. Independent of vertical motion the hoverfly is able to fly sideways and
backwards. Hoverflies can perform turns while the body orientation is kept at a
constant angle for seconds, independent of the flight direction. However, on average
hoverflies have a preference to fly forward, as was reported before (Syritta pipiens:
Collett and Land, 1975). The yaw angle of the body changes with saccade-like steps
while the yaw angle remains relatively constant between the saccades, just like in the
blowfly Calliphora vicina (Chapter 5; Wagner, 1986) and in the hoverfly Syritta
pipiens (Collett and Land, 1975; Collett, 1980).

Figure 1. Example of a 1400 ms
track of hoverfly flight, projected on
a horizontal plane. Lines indicate
body (yaw) orientation while filled
circles indicate head position. The
position is shown every 20 ms.
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Hoverfly saccades

Figure 2 shows an example of the angular motion of the head (fat line) and thorax
(thin line) of the hoverfly. Shown are the yaw, pitch and roll angles as defined in
Fig.1A in Chapter 4 (see also Haslwanter, 1995). The saccades in the yaw are
clearly visible in both thorax and head. Like in Calliphora, head and thorax perform
saccades simultaneously, while the head starts to perform the saccade around 10 ms
later than the thorax. In addition, it also ends earlier, thus shortening the head
saccade compared with the thorax. Between saccades, the yaw angles of both head
and thorax are held stable, again just like in Calliphora. The typical interval between
two saccades is 200-300 ms. The pitch angle of the head is seen to follow that of the
thorax, though the head is held more horizontally than the thorax. Neither head nor
thorax show saccades in the roll angle. The head roll follows the thorax roll, but lags
by about 20 ms. Overall, the head of a hoverfly mostly follows the motion of the
thorax, though it is not strictly fixed to the thorax as was suggested earlier (Collett
and Land, 1975).
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Figure 2. Yaw, pitch and roll angles of head (fat line) and thorax (thin line) during 700 ms of
hoverfly flight. Angles are defined as in Fig. 1A in Chapter 4
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Hoverfly head and thorax roll

To elucidate the characteristics of the head roll further, Fig. 3 shows head (fat line)
and thorax roll (thin line) during three seconds of flight. Here, it is even more clear
that the head roll follows the thorax roll. Both for small and large roll angles the
delay of the head is about 20 ms. There is no stabilization of head roll as in
Calliphora (Chapter 5). Furthermore, an oscillation of about 25 Hz, having an
amplitude of 5-10°, can be distinguished both for the thorax and the head. The large
roll angles which occur typically every 300 ms (corresponding to an oscillation of
about 3 Hz) are not all associated with saccades. However, when a saccade occurs it
is generally accompanied by a large change in the roll angle.

Honeybee flight track

Figure 4 shows a horizontal projection of a typical 2 s flight path of a honeybee.
Lines indicate the thorax orientation (yaw) for every 20 ms while the filled circles
indicate the head. Honeybees flew often close to the ceiling of the cage (mostly
within 5 cm) which was also the case for the flight track shown here. As far as the
amount of sideways and backwards motion is concerned, flight behavior of
honeybees resembles that of blowflies (Chapter 4). However, honeybees show more
periods of (nearly) hovering, once or twice a second, lasting about 200 ms. This can
be seen in Fig. 4 between 220 and 580 ms, and between 1540 and 1760 ms. They
also perform more U-turns and more zigzag manoeuvres than blowflies. The yaw
angle of the honeybee thorax remains fairly constant between turns, but it does not
show the truly saccadic behavior of the blowfly and the hoverfly.

Figure 3. Roll angle of head (fat line) and thorax (thin line) during 3000 ms of hoverfly flight.
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Honeybee angular motion

Figure 5 shows 500 ms traces of yaw, pitch and roll angles of both head (fat line)
and thorax (thin line) with angles as defined in Fig. 1A of Chapter 4. The head of the
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Figure 4. A 2000 ms track of
honeybee flight, projected on a
horizontal plane. Lines indicate
body (yaw) orientation while filled
circles indicate head position. The
position is shown every 20 ms.

Figure 5. Yaw, pitch
and roll angles of head
(fat line) and thorax
(thin line) during 500
ms of honeybee flight.
Angles are defined as
in Fig. 1A in Chapter 4.
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honeybee shows saccade-like motion in the yaw direction, typically every 200 ms.
However, only the onsets are sharply defined, after which the yaw movement fades
away slowly. The stability of the head yaw between saccades is relatively poor
compared to that of blowfly and hoverfly. The thorax yaw does not show saccadic
behavior: the thorax yaws faster during a head saccade, but also yaws with
appreciable speed between head saccades.

The pitch of both head and thorax does not show saccades like that of the blowfly
(Chapter 5), and it is also not really stable. Just like the pitch angle, the roll angles of
both head and thorax are not very stable and do not show saccadic behavior. The
thorax roll angle tends to be large during a head saccade, similarly as during the
banked turns performed by blowflies.

Honeybee head and thorax roll

Although the roll of the head is not very stable, it is usually smaller than the roll
angle of the thorax. Figure 6 shows 2 s traces of head (fat line) and thorax (thin line)
roll angle. The head roll angle is, on average, about half of the thorax roll angle.
Occasionally, an oscillation of about 60 Hz with an amplitude of about 3° is
superimposed on the slow head roll motion, which is not seen in the thorax roll.

DISCUSSION

Although the high manoeuvrability of hoverflies might suggest otherwise, it appears
that the force vector of a hoverfly has at least a partly fixed direction. As a result, the
roll motion associated with turns resembles the banked turns of blowflies (Chapter
4). Hoverflies also roll on their side when flying sideways, though not as much as
blowflies.

Hoverflies exhibit saccadic changes in the yaw angle for both thorax and head. The
hoverfly head turns later and faster than the thorax, comparable to blowflies
(Chapter 3, 5). Furthermore, the yaw angles of both head and thorax are quite stable
in between saccades. The frequency of saccades is lower than for blowflies, though,
while the frequency of turning (with or without making a saccade) is comparable.

Figure 6. Roll angle of head (fat line) and thorax (thin line) during 2000 ms of honeybee flight.
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This partly explains the abundance of sideways and backwards flights. The
frequently measured sideways and backwards movements are in agreement with
earlier measurements on a different species of hoverfly, Syritta pipiens (Collett and
Land, 1975).

The head and thorax motion in the yaw direction may be similar to that of the
blowfly, the pitch and roll motion are quite different. The head does not compensate
for thorax roll motion. In fact, the roll of the head resembles the motion produced by
a passive, damped mass-spring system connected to the thorax, lagging behind
because of the inertial moment of the head. The 25 Hz oscillation is probably caused
by the thorax and transferred to the head via the neck, because changes in oscillation
amplitude are correlated with changes in head oscillation about 20 ms later. Since
Eristalis has a wing beat frequency of 170-180 Hz (Ennos, 1989) the 25 Hz
oscillation is probably an actively produced movement, and not a side-effect of the
wing beat, in contrast to the head pitch oscillation of the blowfly (Chapter 5). The
movements of the head with respect to the thorax in all angular directions show that
the head is not entirely fixed to the thorax during flight, as was assumed earlier for
Syritta (Collet and Land, 1975).

As far as the occurrence of sideways and backward flight is concerned, honeybee
flight shows appreciable resemblance with blowfly flight. Furthermore, honeybees
also perform banked turns and roll movements when flying sideways, suggesting a
fixed direction of the force vector. However, in contrast to blowflies, honeybees do
not make real thorax saccades, although the thorax tends to yaw and roll faster
during head saccades. The start of a head saccade is similar to that of a blowfly
saccade, reaching yaw velocities of up to several thousand deg/s. However, the yaw
velocity decreases slowly, leaving the end of the saccade ill-defined.

The particular structure of honeybee head saccades may be explained by the absence
of halteres. First, at the onset of the saccade, a voluntary movement of the head is
made, during which the optomotor reflex (the compensating mechanism driven by
input from the visual system) is temporarily suppressed or overruled. After some
time, the optomotor reflex starts to stabilize the head again. Since the visual system
of honeybees is slower than the haltere system in Diptera, the stabilization of the
head is slower than in Diptera. In the roll direction, the honeybee head does not
show saccadic behavior like the blowfly head. Nevertheless, the head roll is reduced
compared to the thorax roll by a factor of about two, a reduction similar to that
found in the blowfly. Apparently, the visual system of the honeybee is able to cope
with the remaining rotational optic flow both in the yaw direction (during the end
part of head saccades) and in the roll direction.
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Samenvatting

Om een goed inzicht te krijgen in de informatieverwerking die plaats vindt in een
visueel systeem is het belangrijk te weten wat de gemiddelde eigenschappen zijn van
de visuele input (optische signalen) die een visueel systeem onder normale
omstandigheden binnenkomt. De temporele (d.w.z. tijdafhankelijke) kenmerken van
deze visuele input worden grotendeels bepaald door de (oog)bewegingen van het
organisme zelf. Dit proefschrift beschrijft de resultaten van onderzoek aan de
bewegingen van vliegende insecten, met name die van de bromvlieg, en de
consequenties voor de visuele input. De meeste experimenten zijn uitgevoerd op
bromvliegen omdat er veel kennis beschikbaar is over de werking van hun visueel
systeem en omdat ze zich goed lenen voor het onderzoeken van de principes die aan
de informatieverwerking in visuele systemen ten grondslag liggen.

Bromvliegen hebben een kop die via een nek met de thorax (het borststuk) is
verbonden. De samengestelde facetogen zitten vast aan de kop, en kunnen niet ten
opzichte van de kop bewegen. De kop kan echter wel worden bewogen ten opzichte
van de thorax door een uitgebreid systeem van spieren. Wanneer we de visuele input
willen bestuderen is het dus niet voldoende de stand en positie van de thorax te
meten, zoals tot nu toe veelal werd gedaan, maar moeten vooral die van de kop
worden gemeten. Door het tijdsverloop van de stand en positie van de kop te
combineren met hoe de visuele omgeving er uit ziet, kan de visuele input worden
gereconstrueerd. Hiertoe moeten de tijd- en hoekresolutie van de gekozen
meetmethode minstens even goed zijn als die van het oog. Met traditionele optische
methoden, zoals video-opnamen, is dat niet mogelijk. Dit maakte de ontwikkeling
van een nieuwe meetmethode noodzakelijk. Door tegelijkertijd met de beweging van
de kop ook de bewegingen van de thorax te meten, wordt bovendien inzicht
verkregen in de bewegingen die de kop uitvoert ten opzichte van de thorax.

In hoofdstuk 2 wordt de nieuw ontwikkelde methode beschreven waarmee de
beweging van de kop en de thorax van een vliegend insect kan worden gemeten.
Hiervoor zijn om de kooi waarin het insect vliegt grote spoelen geplaatst die
wisselende magnetische velden produceren. Deze velden veroorzaken kleine
electrische signalen in spoeltjes die op de kop en de thorax van het insect zijn
geplakt. Deze spoeltjes zijn slechts 2 mm in diameter en wegen ongeveer 1 mg. De
spoelen rond de kooi en die op de vlieg functioneren op een analoge wijze als de
primaire en secundaire spoelen in een transformator. De electrische signalen worden
via een zeer dunne, flexibele kabel naar gevoelige meetapparatuur geleid. Deze kabel
hangt tijdens de vlucht van het insect via het achterlijf naar beneden en is zo licht dat
de bewegingen van het insect niet meetbaar worden verstoord. De groottes van de
electrische signalen zijn afhankelijk van zowel de positie als de stand van de
spoeltjes. Hierdoor kan uit de gemeten signalen met behulp van een
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computerprogramma worden teruggerekend wat de positie van het insect op een
bepaald moment was en wat de stand van de kop en thorax waren. Deze methode
kan dat met de vereiste hoek-, plaats- en tijdnauwkeurigheid meten.

In hoofdstuk 3 worden de belangrijkste resultaten beschreven van experimenten
waarbij de kop- en thoraxbeweging tegelijkertijd zijn gemeten. Het blijkt dat tijdens
het vliegen zowel de kop als de thorax ongeveer tien keer per seconde een korte,
snelle draaiing uitvoeren. Deze draaibewegingen duren gemiddeld slechts enkele
tientallen milliseconden en worden gebruikt om van koers te veranderen. Tussen
deze draaiingen in blijft de stand van de thorax redelijk constant terwijl de kop nog
beter stabiel wordt gehouden. Bij de mens zien we soortgelijke korte, snelle
bewegingen van het oog, afgewisseld door periodes met een stabiele kijkrichting.
Deze snelle oogbewegingen worden saccades genoemd. Vanwege de
overeenkomsten met saccades van de mens worden de snelle draaiingen van de
bromvlieg ook wel saccades genoemd.

Het gemiddelde verloop van een saccade van een vlieg is opmerkelijk. In het
horizontale vlak draait de thorax gedurende de eerste 10 milliseconden van de
saccade, terwijl de kop nog steeds in de oude richting blijft kijken. Daarna draait de
kop in dezelfde richting als de thorax, bereikt daarbij zelfs een hogere draaisnelheid
en haalt daardoor de thorax in. De kop stopt ongeveer 10 milliseconden eerder dan
de thorax met draaien en heeft dan alweer een stabiele kijkrichting terwijl de thorax
nog bezig is met draaien. De kopbeweging lijkt hierdoor enigszins op de
stabiliserende hoofdbewegingen van een kunstschaatser tijdens een pirouette.
Tijdens een saccade draait de thorax niet alleen in het horizontale vlak, maar rolt ook
rond zijn eigen lengteas, net als een vliegtuig dat een bocht maakt. De kop van de
vlieg daarentegen blijkt tijdens een saccade zo veel mogelijk horizontaal te worden
gehouden, net zoals tijdens de periodes tussen de saccades in. Dit wordt bereikt
doordat de nekspieren de kop precies voldoende draaien ten opzichte van de thorax
om de rol van de thorax te compenseren.

In hoofdstuk 4 worden de bewegingen van de thorax nader bestudeerd. Diverse
vliegmanoeuvres worden in detail besproken, zoals de duikvlucht en de
haarspeldbocht. Verder wordt de structuur van de saccades zoals uitgevoerd door
afzonderlijke vliegen met elkaar vergeleken. Deze blijken behoorlijk goed met elkaar
overeen te komen.

De grootte van een saccade wordt gedefinieerd als de hoek waarover de thorax draait
in het horizontale vlak. Hoewel er saccades van 90° voorkomen, is de meerderheid
van de saccades bescheiden in grootte: 90% is kleiner dan 50°. De duur van een
saccade neemt nauwelijks toe wanneer de grootte toeneemt. Dit komt doordat een
grotere saccade met een hogere draaisnelheid wordt uitgevoerd. Voor het visuele
systeem is het om verschillende redenen echter gunstig de draaibeweging zo kort
mogelijk te laten duren (zie hieronder). Hiervoor zouden ook hoge draaisnelheden
bij kleine saccades nodig zijn. Er worden verschillende mogelijke verklaringen
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besproken waarom de draaisnelheid tijdens kleine saccades desondanks lager is dan
bij grote saccades.

De kopbewegingen en de consequenties daarvan voor het visuele systeem worden
bestudeerd in hoofdstuk 5. Elk visueel systeem heeft een bepaalde traagheid in het
verwerken van de visuele input. Dit treedt al op in de lichtgevoelige zenuwcellen die
het licht in een electrisch signaal omzetten; deze traagheid is dan vergelijkbaar met
de sluitertijd van een fotocamera. Hierdoor worden fijne details in het beeld van de
omgeving versmeerd wanneer het oog een draaibeweging maakt. Voor de bromvlieg
begint deze versmering op te treden bij een rotatiesnelheid van ongeveer 150 °/s.
Behalve deze versmering is er nog een tweede nadelige consequentie van een
rotatiebeweging: het levert verstoring op van de normale optic flow (de beweging
van het de onderdelen van het beeld over het netvlies). Tijdens een rechtlijnige
beweging is uit de locale snelheid van de optic flow de structuur van de omgeving te
bepalen (een object dat dichterbij is beweegt schijnbaar sneller dan een verder
verwijderd object). Een draaibeweging van het oog voegt bewegingen aan de optic
flow toe die door het visuele systeem eerst weer zouden moeten worden gescheiden
van de normale optic flow. Dit is theoretisch mogelijk maar kan in de praktijk lastig
zijn. Het is voor het visueel systeem dus gunstig wanneer het oog een stabiele stand
heeft, dus zonder rotatie.

Om de consequenties van de karakteristieke kopbewegingen voor het visuele
systeem te bepalen wordt de totale vliegtijd opgedeeld in twee soorten episodes:
'gedurende saccades' en 'tussen saccades'. Het blijkt dat tussen saccades de
rotatiesnelheden van de kop laag genoeg zijn om versmering te voorkomen. Dat de
stabilisatie van de kop beter is dan die van de thorax blijkt uit het feit dat de thorax
hogere rotatiesnelheden bereikt tussen saccades dan de kop. Gedurende saccades zijn
de rollen omgedraaid: de kop bereikt dan hogere rotatiesnelheden dan de thorax. De
rotatiesnelheid van de kop is hoger omdat het in feite de optelsom is van de
rotatiesnelheid van de thorax en de rotatiesnelheid van de kop ten opzichte van de
thorax. Dit verkort de tijdsduur van de saccade die de kop uitvoert en maximaliseert
dus de tijdsduur waarin de kop een stabiele stand heeft.

Het is interessant de bewegingsstrategieën van verschillende insectensoorten te
vergelijken. Niet alleen verschillen de visuele systemen, ook het al dan niet
aanwezig zijn van halteres varieert. Halteres zijn sensoren die op mechanische wijze
draaibewegingen van de thorax registreren, qua functie enigszins te vergelijken met
ons eigen evenwichtsorgaan. In hoofdstuk 6 worden de voorlopige resultaten
beschreven van metingen aan zweefvliegen en bijen. Zweefvliegen zijn interessant
omdat ze, in tegenstelling tot bromvliegen, stil in de lucht kunnen blijven hangen.
Bijen behoren tot de (meerderheid van) insectensoorten die vier vleugels hebben in
plaats van twee, zoals bromvliegen en zweefvliegen. Hierdoor ontbreken bij bijen de
halteres, wat gevolgen kan hebben voor de controle van de stand van de kop. Het
blijkt dat de kop- en thoraxbewegingen van zweefvliegen en bijen zowel
overeenkomsten als verschillen vertonen met die van bromvliegen. Zweefvliegen
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voeren bijvoorbeeld wel saccades uit om de verticale as maar stabiliseren hun kop
niet rond de lengteas. De kop van de bij wordt wel gestabiliseerd rond de lengteas.
Verder maken bijen saccade-achtige bewegingen met hun kop rond de verticale as
maar het eind van een saccade is niet zo scherp gedefinieerd als bij de brom- en
zweefvliegen. Dit laatste is mogelijk een gevolg van het ontbreken van halteres.


