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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.

REFERENCES

Atick, J.J., Redlich, A.N. (1990). Towards a theory of early visual processing.
Neural Comp. 2, 308-320.

Collett, T.S. (1980). Some operating rules for the optomotor system of a hoverfly
during voluntary flight. J. Comp. Physiol. 138, 271-282.

Dong, D.W., Atick, J.J. (1995). Statistics of natural time-varying images. Network 6,
345-358.

Eckert, M.P., Buchsbaum, G., Watson, A.B. (1992). Separability of spatiotemporal
spectra of image sequences. IEEE Trans. Pattern Analysis Mach. Intelligence 14,
1210-1213.

Field, D.J. (1987). Relations between the staistics of natural images and the response
properties of cortical cells. J. Opt. Soc. Am. A 4, 2379-2394.

Geiger, G. and Poggio, T. (1977). On head and body movements of flying flies. Biol.
Cybern. 25, 177-180.

Gilbert, C. and Strausfeld, N.J. (1991). The functional  organization of male-specific
neurons in flies. J. Comp. Physiol. A 169, 395-411.

Götz, K. G. and Wandel, U. (1984). Optomotor control of force of flight in
Drosophila and Musca. II. Covariance of lift and thrust in still air. Biol. Cybern. 51,
135-139.

van Hateren, J.H. (1992a). Real and optimal neural images in early vision. Nature
360, 68-70.



Chapter 1

14

van Hateren, J.H. (1992b). Theoretical predictions of spatiotemporal receptive fields
of fly LMCs, and experimental validation. J. Comp. Physiol. A 171, 157-170.

van Hateren, J.H. (1997). Processing of natural time series of intensities by the
visual system of the blowfly. Vision Res. 23, 3407-3416.

van Hateren, J.H. and Ruderman, D.L. (1998). Independent component analysis of
natural image sequences yields spatiotemporal filters similar to simple cells in
primary visual cortex. Proc. R. Soc. Lond. B, 265, 2315-2320.

He, S. and Macleod, D.I.A. (1998). Contrast-modulation flicker: dynamics and
spatial resolution of the light adaptation process. Vision Res. 38, 985-1000.

Hengstenberg, R. (1992). Stabilizing head/eye movements in the blowfly Calliphora
erythrocephala. In The head-neck sensory motor system. (eds. A. Berthoz, W. Graf,
and P.P. Vidal), pp. 49-55. Oxford, Oxford University Press.

Land, M.F. (1973). Head movements of flies during visually guided flight. Nature
243, 299-300.

Laughlin, S.B. (1981). A simple coding procedure enhances a neuron's information
capacity. Z. Naturforsch. 36c, 910-912.

Olshausen, B.A. and Field, D.J. (1996). Emergence of simple-cell receptive field
properties by learning a sparse code for natural images. Nature 381, 607-609.

Ruderman, D.L. (1997). Origins of scaling in natural images. Vision Res. 37, 3385-
3398.

van der Schaaf, A. and van Hateren, J.H. (1996). Modelling the power specra of
natural images: statistics and information. Vision Res. 36, 2759-2770.

Smakman, J.G.J., van Hateren, J.H. and Stavenga, D.G. (1984). Angular sensitivity
of blowfly photoreceptors: intracellular measurements and wave-optical predictions.
J. Comp. Physiol. A 155, 239-247.

Srinivasan, M.V., Laughlin, S.B., Dubs, A. (1982). Predictive coding: a fresh view
of inhibition in the retina. Proc. R. Soc. Lond. B 216, 427-459.

Strausfeld, N.J., Seyan, H.S., Milde, J.J. (1987). The neck motor system of the fly
Calliphora erythrocephala. I. Muscles and motor neurons. J. Comp. Physiol. A 160,
205-224.

Wagner, H. (1986). Flight performance and visual control of flight of the free-flying
housefly (Musca domestica L.). I. Organization of the flight motor. Phil. Trans. R.
Soc. Lond. B. 312, 527-551.



General introduction

15



16


