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Chasing of moving prey or mates by insects is a common behaviour of
species from various orders. Two strategies have been discerned in the
literature: Pure Pursuit, also called Tracking, and Interception. In the
Pure Pursuit strategy the insect is always moving in the direction of
the target. A most striking example of chasing behaviour is the circling
of two male butterflies Pararge aegeria (L.). The circling behaviour has
been filmed in the natural habitat. Apart from circling, collisions occur.
In most cases circling is superposed upon a drift independent of cir-
cling. The circling between collisions is modelled as two insects chas-
ing each other with the Pure Pursuit strategy.
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A territorial male speckled wood butterfly (Pararge aegeria L.) will chase another
approaching male. The intruder may react however, with the result that both
males are encircling each other in a contest (Kemp et al. 2006). This circling behav-
iour is occurring also with other species. The circling behaviour of Chrysozephyrus
smaragdinus and Neozephyrus japonicus has been filmed in the natural habitat
(Imafuku & Ohtani 2006, Imafuku et al. 2006). Chasing and pursuit by insects has
been studied quantitatively (Land & Collett 1974, Collett & Land 1975, 1978, Olberg
et al. 2000, Boeddeker & Egelhaaf 2005, Wijngaard 2011, Haselsteiner et al. 2014).
Two strategies have been discerned in the literature: Tracking and Interception
(Collett & Land 1978, Olberg et al. 2000). In the Tracking strategy the insect is
always moving in the direction of the target. Interception may occur when the
insect is following a constant bearing strategy. In modelling the chasing behaviour
it has been assumed in the literature that the path of the target is given as input
data. In this paper it will be shown that the circling behaviour of butterflies is to
be understood as two insects chasing each other. To this end the model for chas-
ing solitary bees (Wijngaard 2011) will be used for both circling butterflies. The
choice of this model implies a choice for the tracking strategy. In this paper the
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tracking strategy will be called Pure Pursuit, in line with the terminology from
missile guidance systems (Shneydor 1998, Zarchan 2007).

MATERIALS AND METHODS
Circling butterflies P. aegeria have been filmed in Sint-Michielsgestel, The
Netherlands, and a few other locations in The Netherlands. Short films are
made using a Casio EX-F1 camera with 300 frames/s (512 × 384 pixels) and a
Canon SX40-HS camera with 120 frames/s (640 × 480 pixels). Parts of the films,
to be called tracks, are evaluated frame by frame using ‘Tracker’ (http://www.
physlets.org/tracker/) to obtain the position of the butterflies as seen from the
camera. The films are coded by the date and time of recording the film. As an
example film 130512_1022 is recorded May 13 2012 at 10:22 hours. The tracks are
coded with the code of the film and eventually a code for a specific track. As an
example track 130512_1022A is track A from film 130512_1022. The first frame from
track 300413_1359 is given in Figure 1.

The butterflies are arbitrarily called A and B. The position of the butterflies
is evaluated with respect to a point of the paving as origin. It has been attempt-
ed to evaluate the position of the head, but this position was not always very
clear due to lack of contrast with the environment. The unit of length is approx-
imately 1 cm using the assumption that the wingspan of the butterflies is 3.7 cm.
The resulting position of butterflies A and B of track 300413_1359 is given in
Figure 2. In Figure 2 the circling is not obvious; however, an observer will see
circling by following the mean position of the butterflies. To show the circling,
the position will be referred to the momentary mean position, to be also called
the centre of mass, of both butterflies as given with the experimental results.
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Figure 1. First frame of track 300413_1359. The butterflies and their shadows on the pave-
ment are visible here.



Development of the model
The tracking strategy to be used here will be called Pure Pursuit in line with the
terminology from missile guidance systems (Shneydor 1998, Zarchan 2007). The
model for one insect is the model for male solitary bees (Wijngaard 2011). For
generality in the terminology of missile guidance systems, a Leader (L) and
Follower (F) will be discerned. The variables are defined in Figure 3. The struc-
ture of the model is given in Figure 4.

In the model for one butterfly rotation control is given by dφ/dt =
KrB*sin(θe) (Wijngaard 2011). The desired speed sp is determined by the propor-
tional control expression for the distance r:

sp = Kr*(r-rref) + sp0,
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Figure 3. Definition of angles (adapted from Wijngaard 2011).

Figure 2. The measured position of butterflies A and B of track 300413_1359. The red bar
indicates the end of the path.



where rref is a reference value, r>0, sp0 is a constant (>0), and Kr is the gain of
the distance control system. This expression for distance control has already
been suggested as a description of the velocity control of the hoverfly Syritta pip-
iens (Collett & Land 1975). An extra input velocity Vtranslate is implementing the
drift of the circling butterflies.

For two insects chasing each other the model for each insect is connected to
the other one as given in Figure 5. The insects are indicated by the labels F
(Follower) and L (Leader). Calculations have been performed with ‘Matlab’.

RESULTS

Experimental
For an observer looking at the behaviour of P. aegeria males, circling is quite con-
spicuous. However, analysing the films in more detail reveals many moments at
which the images of the butterflies overlap as seen from the camera. It was pos-
sible to gain more information about collisions in films in which both the but-
terflies and their shadows could be discerned as in Figure 1. The criterion to be
used here for a collision is overlap of the images of the butterflies and overlap of
the shadows. Using this criterion the interval between two collisions is of the
order of 1 s. So, for example in film 010513_1234, in 11 s eight collisions have been
detected. The resolution of the films was too small to follow a particular butter-
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Figure 5. Model for two insects chasing each other.

Figure 4. Model for one male butterfly (adapted from Wijngaard 2011).



fly during a collision. The experimental results will be discussed based on two
tracks, 300413_1359 and 130512_1022A. 

The measurements of position in track 300413_1359 are given in Figure 2. The
butterflies are arbitrarily labelled A and B. The circling is superimposed upon a
drift. The circling will become apparent when the position is given with refer-
ence to the centre of mass of the butterflies as given in Figure 6. The diameter
of the circles in Figure 6 is 5.5 cm.

The angle θ from butterfly A to B, with reference to the x-axis, is given as a
function of time in Figure 7. From Figure 7 the angular velocity ω = dθ/dt may
be evaluated.

For circling butterflies θ as a function of time is linear. In Figure 7 the angu-
lar velocity is 16 rad/s clockwise, therefore the time necessary for one revolution
is 2.π/16 = 0.39 s. The rotation direction, clockwise or anticlockwise, depends on
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Figure 7. θ as a function of time for track 300413_1359. The blue line indicates the experi-
mental results, the red is a linear fit. From the fit ω = -16 indicates a clockwise rota-
tion.

Figure 6. Position referred to the centre of mass. The red line connects the positions of
A and B at the end of the track (track 300413_1359).



the position of the camera with respect to the butterflies. When the butterflies
move in a circle but not perpendicular to the optical axis of the camera, the cir-
cle is imaged as an ellipse and the graph of θ as a function of time will show
bumps. According to Figure 6, as seen from the camera, the butterflies are mov-
ing nearly in a circle.

As a second example, track 130512_1022A will be investigated. The angle θ
from A to B is given as a function of time in Figure 8. The angle θ is increasing
until t = 0.6 indicating anticlockwise rotation. In the second part of the track the
rotation is uncertain and will even change to clockwise rotation. The first part
of the track (130512_1022AP), will be modelled in the modelling section. The
diameter of the circles is 4.2 cm.

The angular velocity of the line connecting both butterflies is a characteristic
parameter of the circling behaviour. Using 21 tracks the angular velocity has
been estimated to be 16.2 ± 3.5 rad/s.

Model
At first it will be shown that the model will explain circling behaviour. To sim-
plify the argument the butterflies, to be called F and L, are assumed to be iden-
tical with drift velocity Vtranslate zero. The rotational inertia is assumed to be neg-
ligible (Figure 9). In uniform circular motion the butterflies F and L will be at
symmetrical positions with respect to the centre of the circle. F is following L
and L is following F. At time t, F will rotate with the aim to shift the image of
L to the centre of its visual field with θe = 0. A moment later at t + Δt, F did
rotate but F also moved along the circle. L has moved too with the result that the
angle θe does not change. When the rotational inertia is neglected the velocity v
is in the direction of the body tangential to the circle.

When the movement is stationary θe is constant and in this simplification θe

= π/2. The movement of butterfly F will be investigated here. The angular veloc-
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Figure 8. The first part of this graph indicates anticlockwise rotation with angular
velocity ω = 20 rad/s (track 130512_1022A).



ity of the body is given by:

dϕ/dt = KrB*sin(θe) = KrB.

The angular velocity is also given by:

dϕ/dt = v/(d/2) (d is the diameter of the circle).

For speed control with reference distance 0:

V = speed = Kr*(d-0) + sp0.

For the example of Figure 6 |dϕ/dt| = 16, delivering KrB = 16. With d = 7 and
sp0 = 30, v = 56 and Kr = (v-sp0)/d = 3.7. Simulation with these parameters deliv-
ers the result given in Figure 10. Approximately the same result will be obtained
with sp0 = 0 and Kr = v/d = 8.

A result concerning the stability of the circular movement may also be
obtained in this way. From the equations given above the distance d between F
and L is:

D = (2*sp0)/(KrB-2*Kr).

From this relation it may be concluded that d will increase to infinity when
Kr = KrB/2. Therefore, when Kr>KrB/2 the model is unstable. The model will
become unstable too when KrB is too large.
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Figure 9. Uniform circular motion with rotational inertia neglected.



The simulation for butterfly F in Figure 10 should show an angular velocity
|ω| = KrB = 16; however, the angular velocity is only 12.6 rad/s due to the fact
that in the simplified theory the rotational inertia has been neglected. In Figure
10 the start conditions are not on the circle. After a short transient a stationary
oscillation (circling butterflies) will be obtained. Small changes in KrB or Kr
will only result in an other radius of the circle or a slight change in frequency.
Therefore the model is stable as it should be. In general the centre of mass of the
two butterflies will drift about. Drift is incorporated in the model with the inser-
tion of an extra translation velocity Vtranslate before the integrator to obtain the
position as given in Figure 4.

For the experimental result of Figure 2 a comparison between model and
experiment has been made in detail. The simulation has been run until a station-
ary movement is obtained with reference to the centre of mass of the butterflies.
One period of this stationary situation is compared with the experiment. The
simulated position had to be shifted to the range of the experimental results. The
mean position of F and L has been shifted to the mean of the experimental points
for A and B. In this way Figure 11 is obtained. Figure 12 presents the results with
reference to the centre of mass.

A fit between simulation and experiment is possible when A is identified
with L and B with F. In Figure 12 the ellipsis of butterflies A and B are shifted
over a few cm. From the simulation it can be concluded that this effect is caused
by the drift velocity of F and L.

The second track to be studied is the part of track 130512_1022A with clear cir-
cling, to be called 130512_1022AP. The experimental data for the position along
with the simulation results are given in Figure 13. The results referred to the cen-
tre of mass are given in Figure 14.

For track 130512_1022AP a fit between simulation and experiment is possible
when A is identified with F and B with L. For both tracks a reasonable fit
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Figure 10. Simulation of butterfly F using the parameters as calculated for the simpli-
fied example. The black lines indicate the body of the butterfly. Simulation time: 1.5 s.
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between simulation and experiment has been obtained. Although the simulated
butterflies are called L and F it has not been possible to designate a Leader or
Follower function to F or L or to indicate a winner of the contest.

DISCUSSION
The circling behaviour of two P. aegeria males is obviously three dimensional.
Nevertheless filming with one camera will deliver movies with unequivocal cir-
cling. The usefulness of filming with one camera has also been shown in the
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Figure 12. The position with reference to the centre of mass. Results of the model with
experimental points from Figure 2 track 300413_1359. For parameters see Appendix.

Figure 11. Results of the model with the experimental points of Figure 2, track
300413_1359. A is identified with L and B with F. For parameters see Appendix.



study of circling behaviour of Chrysozephyrus smaragdinus (Imafuku & Ohtani
2006). For C. smaragdinus horizontal and vertical circles were distinguished and
a tilt angle was calculated with the assumption that the butterflies are exactly
moving in circles (Imafuku & Ohtani 2006). For P. aegeria this assumption is not
justified due to the frequent collisions. For P. aegeria in most tracks the circular
movement is superposed upon a drift. Circling is apparent when the position is
referred to the centre of mass of the butterflies. The angular velocity is 16.2 ± 3.5
rad/s in accordance with the value of 17.6 rad/s for vertical circling of C.
smaragdinus (Imafuku & Ohtani 2006).
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Figure 14. Results referred to the centre of mass of the model with experimental points
from track 130512_1022AP. For parameters see Appendix.

Figure 13. Results of the model with experimental points from track 130512_1022AP. A
will be identified with F and B with L. For parameters see Appendix.



Fitting model and experiment has been done by hand. The number of param-
eters is high, but the fit is guided by the experimental data for the angular veloc-
ity, the radius of the circle and the drift velocity. The circling behaviour is a sta-
tionary situation not much influenced by the time constants. Only the filter
with time constant τ for filtering the velocity determines the angle between the
body-axis and the tangent of the circle. The reference distance was always cho-
sen zero to diminish the number of parameters. The fit given in Figures 11-14 is
evaluated by sight. A fair fit may also be obtained with constant velocity of F
and L (Kr = 0). Therefore, it will not be necessary to assume that the butterflies
are able to estimate distance.

The model calculates the direction of the body-axis; however, the resolution
of the movies is not high enough to compare model and experiment in this
respect. The flapping wings may also disturb the fit between model and experi-
ment. It has not been attempted to include collisions in the model due to the
impossibility of following the individual butterflies during a collision.

In conclusion, circling behaviour arises when two P. aegeria males follow
each other in a contest. The angular velocity of circling is a characteristic quan-
tity. In most cases the circling is superposed upon a drift velocity. A model is
developed, based on the butterflies chasing each other in Pure Pursuit. The
model delivers an explanation of many details of circling behaviour. The drift is
independent of circling. The origin of the drift velocity is not clear.

The model presented here is delivering a general framework for a quantita-
tive characterisation of circling behaviour. It would be of interest to follow indi-
vidual P. aegeria males to gain insight in the factors determining the winner of a
contest.
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APPENDIX

Parameters for the simulation of track _300413_1359
KrB = 27.00, Kr = 8.60
sp0 for L: 12.00
sp0 for F: 40.00
Vtranslate for L: x-component –10, y-component 40
Vtranslate for F: x-component –45, y-component 10

Parameters for the simulation of track 130512_1022AP
KrB = 28.00, Kr = 5.50
sp0 for L: 40.00
sp0 for F: 40.00
Vtranslate for L: x-component –15, y-component 5
Vtranslate for F: x-component –20, y-component 5
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