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The human brain is often quite incapable of
appreciating the consequences of the theo-
ries it is able to propose. It is all too easy
to make mistakes in logic when proposing
an explanation in words, and to pass over
the mistake repeatedly. A computer model
that embodies our assumptions will ruth-
lessly expose any weaknesses that are inher-
ent in our theorising... on the otherhand
it will also reveal unexpected explanations.
The computer will present us with an unbi-
ased account of our assumptions, something
we might be quite incapable of doing with
the most honest intentions. (Toates, 1975).

I shall use the word model to mean a working version
of a theory or hypothesis. Because it is a working ver-
sion, a model has to be complete and unambiguous.
It is therefore a reliable and acurate way of working
out the consequences of our ideas. If there is a fault,
it is usually with our ideas.

The model may consist of equations which can be
explored by algebra but, more often it is a computer
program which must be checked to see that the as-
sumptions are properly built into the model and then
run to prove their consequences.

I suspect that there is a useful role for modelling in
most research programmes and the aims of the lecture
are to focus on one particular program and find

1. the kind of questions that needed further exper-
iments,

2. those that were helped by modelling,

3. the new questions that were raised by the mod-
elling work

4. and something of the steps in the modelling pro-
cess

To do this I have chosen our work on moth orientation
and the session will be divided into three phases

1. A brief account of the way ideas developed dur-
ing our research on male moths in a pheromone
plume. This will illustrate the questions we
could answer experimentally and those that
needed modelling

2. A session in which the group tries to find answers
to the modelling questions

3. A review of the modelling we did during the
work, and of the questions it answered and raised

1 Moths in a pheromone plume

1.1 The development of ideas

You have already had the conclusions of our work on
moth orientation, together with more recent work.
My aim here is to describe the way our ideas devel-
oped over time.

Kennedy (1940) Reported that mosquitoes flying
in still air over moving stripes tended to fly in
the same direction as the stripes. This is equiva-
lent to turning up wind and he showed that the
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Marsh et al. (1978, 1981) Described tracks

turning tendency depends on both the speed and
obliquity of image movement. He used the term
retinal velocity to mean speed and direction of
image movement.

Wright (1958); Kellogg et al. (1962) described

upwind flight by Drosophila in response to food
odours.

Kennedy and Marsh (1974) demonstrated that

male moths (Plodia interpunctella) in a wind-
tunnel turned upwind in response to floor pat-
tern in a plume of female sex-pheromone. They
flew upwind in a series of zig-zags. A change in
apparent wind direction could be introduced by
moving the floor pattern downwind faster than
the wind. The moth’s response was to reverse
the direction of flight and fly away from the
source in what now appeared to be the upwind
direction.

Plodia interpunctella in pheromone in a wind-
tunnel and showed that the ground tracks had
the same angle to wind and the same ground-
speeds in three windspeeds (0.1, 0.2, 0.3 m s~1).
This was the observation that started the mod-
elling work.

Ludlow and Marsh (1978) Proposed that moths

resolved image movement into longitudinal and
transverse components, instead of angle and ve-
locity of movement. They suggested that turning
upwind was achieved by turning in the direction
of the transverse image movement and showed
that control of track angle required control of
airspeed as well as longitudinal and transverse
image movement.

Kennedy et al. (1980, 1981, 1982) Described

the flight behaviour of moths in a wind tunnel:
in uniform pheromone; in a plume on its own;
and in a plume superimposed on a background
of uniform pheromone. The moths made an
initial upwind surge in uniform pheromone and
then cast from side to side, but with narrower
casts than when pheromone was withdrawn.

At this stage we had a complete theory of moth
orientation in pheromone, based on wind-tunnel
experiments. At the onset of pheromone a male
moth would surge upwind in a series of zigzags.
On losing the pheromone it would cast from side
to side at approximately 90° to the wind.

In uniform pheromone the moth ceased to make
upwind progress but turned from side to side
more frequently, so the casts were shorter. When
the plume from a single female was superim-
posed on a uniform background of pheromone
the male could find the female without diffi-
culty. In otherwords, the male responded to in-
creases in pheromone by surging upwind, even
when these increases were superimposed on a
cloud of pheromone. In nature, with thousands
of females upwind the male’s task is to find the
nearest female and this mechanism would allow
him to do that.

of David et al. (1982) used smoke plumes and

demonstrated that individual parcels of air
travelled in straight lines for several metres
over rough grass in quite turbulent winds. This
experiment arose from a seminar given by Wall
and Perry who had been told by a meteorologist
that parcels of air travelled in straight lines even
in turbulent winds. The Silwood contingent
did not believe it so we did experiments with
a smoke generator videoed from a 30 m high
tower. Wall and Perry were right and we
published the results together.

Figure 1 shows the results and at once you can
guess the efficiency of the system we had worked
out in wind-tunnel experiments. You can also
understand why a dog (or a polar bear) has a
wet nose.

David et al. (1983) took the moth experiments

into the field using the 30 m tower again and a
bubble generator to mark where the pheromone
was likely to be. The moths behaved exactly as
we had predicted heading upwind when in bub-
bles and across wind when it lost the pheromone.
However, we added the discovery that when the
moth relocated the plume on a cross-wind cast,
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Figure 1: Segments of tracks of smoke puffs recorded
within a 10-min period. Grid markers 5 m apart
(From David et al, 1982).

it usually found the plume closer to the source
than when it had lost it. This is a consequence of
geometry, and should have been shown by mod-
elling, but we had overlooked it.

1.2 Points of surprise

Following the early work by Kennedy (1940);
Kellogg et al. (1962) we expected the moths to show
upwind flight in response to pheromone, alhough the
rest of the world probably did not. The common
theory at the time was that moths followed concen-
tration gradients. We had expected flight to depend
on wind direction, but the zig-zag flight in a plume
came as a surprise. So did the cross-wind casting
when pheromone was withdrawn.

Later, the control of groundspeed and track-angle
in different windspeeds came as a surprise. So did
the behaviour in uniform pheromone. We had ex-
pected the moth to fly straight upwind in uniform
pheromone because we thought the zig-zagging was

due to rapid loss and gain of pheromone as the moth
sampled the edge of the plume.

I think most people at the time thought that strong
enough uniform pheromone would jam the system
but, instead, we found the moth able to locate a sin-
gle female against a uniform background. That was
a surprise at the time but it should not have been.
A male needs to be able to cope when the air is full
of pheromone so we should have expected moths to
have evolved a strategy for coping.

We were stunned by the information that individ-
ual packages of air travel in straight lines. When
we finally accepted that it was true, after trying to
disprove it, the accuracy and power of the moths’
orientation system was obvious. We were surprised
to discover that the moths were closer to the source
when they lost the plume and found it again after
casting. But apart from that, were not a bit surprised
by their behaviour in the field. However, it was the
field demonstration that convinced the readers.

1.3 Generalising to other insects

These points of surprise show that our mental mod-
els, at every stage, were wrong or incomplete and it is
instructive to ask how well we could now predict the
behaviour of other insects. Other species use upwind
orientation to find odour sources. I have watched a
wasp casting a few inches from side to side, just above
the ground, before it pounced on an insect larva. In
all respects it behaved like a male moth in pheromone
but there are other species where we may expect dif-
ferences in orientation behaviour.

For example, many forest insects use pheromones.
Does air behave in the same way in a forest as it does
on open ground? The answer is almost certainly no.
In particular, individual parcels of air no longer move
in straight lines. They may do so at first, but a later
gust in a different direction will probably change the
direction of a parcel so that an insect going upwind
when it gets the scent may head in the wrong direc-
tion. Do forest insects use different mechanisms, or
do they simply have a harder task? There is evidence
that the mechanisms are the same, but they are less
efficient in forest because the information in the wind
is less accurate. A model could show how much



less efficient.

Tsetse fly live in areas where the wind is often 0.1
m s~!, and they fly so much faster than this that it
may not be worth their waiting for the wind to bring
the odour to them. It may be quicker for the fly to
search out an odour source by trial and error.
Slow-flying insects, like mosquitoes, Drosophila, and
so on, may use anemotaxis as moths do, but the effi-
ciency may be very different. Sources of food odour
may be very large compared with a single female, and
there is no race to food, as there is when the first male
to mate wins. The insect must minimise cost of flight
not time.

Some insects, such as aphids fly so slowly, that it
may be most efficient to drift down-wind and land in
response to a food scent.

There are many questions about how well a strategy
works, and which is the optimal strategy, in different
conditions. Some progress on these questions could
be made by quantitative modelling, especially the dif-
ference between forest and open ground insects. Ex-
perimental work would be essential but field experi-
ments are expensive and modelling could be used to
reduce some of this cost by targeting the field work.
An example is given by Belanger and Arbas (1998)
who compared several different models of zig zagging
flight and the models were less efficient at finding the
source than real moths.

Please ponder how you would model the effec-
tiveness of different strategies of orientation?
What inputs would a model insect neeed?
What responses would we have to build in?
What questions might such a model answer?

2 How does the nervous system
work?

Throughout the work we were funded by the Agri-
cultural Research Council (later AFRC) and the cen-
tral questions were: How does a male moth find
a female emitting sex pheromone? Can we
jam the system or is it better to try to attract
and kill the males? However, as we made progress,
an additional question emerged: “What do our ob-

servations tell us about the way the nervous system
works?”.

It seemed that we might get a handle on the nervous
system by looking in detail at the following questions:

1. How does a moth turn upwind?

2. How does it achieve a similar cross-wind ground
track in winds of different speed?

3. Why does it keep the same groundspeed in dif-
ferent windspeeds? Presumably, it could achieve
a higher groundspeed in low windspeeds but it
chooses not to. This seems strange when the
male is racing other males to the female.

In the next sections we examine these questions in
turn but first, we need to examine the triangle of
velocities and agree some definitions.

2.1 Wind drift and the triangle of ve-
locities

Figure 2 shows a triangle of velocities. The moth flies
at an airspeed, A, into a wind of speed, W, and the
angle between course and wind is the course angle,
a, In these circumstances, the moth will make some
headway into the wind but will be drifted back so that
its track over the ground is given by G. Since its body
is pointing in the direction of A and it is moving over
the ground in the direction of G, the images move
over the moth’s retina at the drift angle, 6. Image
movement is in the opposite direction to G while the
retinal velocity of images will depend on G and the
moth’s height above ground, h.

Notice that the track angle to wind is § and that

0=a+6 (1)
0=a+6
0=a+0

I suggested, in 1978, that the image movement might
not be stored in the nervous system as G and § but
it might be resolved into two components: along the
body axis, L, and across the body axis, T.. The
question arose while trying to model the system but,
since then, neurons responding to longitudinal and



Figure 2: Triangle of velocities for an insect flying
to the right of the wind-line, showing the notation
used throughout. The sides of the triangle are pro-
portional to the moth’s airspeed, A, the windspeed,
W, and the resultant groundspeed, G. « is the an-
gle between the insects long axis and the wind; 6
is the angle between ground track and wind while §
is the angle between the insect’s long axis and the
direction of the ground track. L and T, are the lon-
gitudinal and transverse components of the insects
groundspeed.

transverse components of image movement have been
found (Hausen, 1982a,b). It is still sensible to con-
sider models with § and G as well as those based on
T, and L.

It is important to note that the moth has no direct
measure of wind speed, W, a or 8. To control these it
must calculate them in some way from the variables
it can measure directly. These are: A, G and § or,
alternatively, A, L and T,

2.2 Turning upwind

The first observation is that moths turn upwind in
response to pheromone onset. Kennedy (1951) re-
viewed his mosquito work saying:

Similarly, it was suggested that when the
images pass transversely, say from left to
right, instead of directly from front to back
over the eye, owing to a cross-wind from the
right, the insect compensated by following
the direction of the transverse image move-
ment, that is by turning toward the right
until it is facing into the wind, and trans-
verse image movement has therefore ceased.

This sounds like a suggestion that left to right im-
age movement, 7}, causes the insect to turn right but
Kennedy (pers. comm.) always thought in polar co-
ordinates and used the term retinal velocity to mean
speed and direction of image movements.
Nevertheless, Kennedy’s mechanism works perfectly
well. All we need to think about is the mechanics of
turning. Let us assume that the thrust of the right
and left wings can be varied. The moth will turn to
the right when the left wing-thrust is greater than
the right and vice versa. Figure 3 shows a simple
model which turns upwind. The thrust command,
P, increases wing-thrust on both sides but the left
wing-thrust is reduced by right—left movement de-
tectors while the thrust of the right wings is reduced
by left—right detectors.

This simple model can be translated into a computer
program (written in the language DARE P) as shown
in Table. 1

Figure 4 shows output from the turning program in
Table 1. The torque has a maximum when the course
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Table 1: Computer program of the upwind-turning model

UPWIND TURNING MECHANISM
stk sk o sk sk sk ok sk sk sk sk sk sk ok ok ok sk ok ok sk ok skok

Let ALPHA be the angle, in degrees, between the insect’s long axis
and the upwind direction (wind from left to right is positive).
ALPHA’ is the turning rate (degrees per second, right positive)

PHA’ = DELAY(TORQUE, TORLAG, 1, 0.0 )

where DELAY(...) is a function which makes ALPHA’ equal to the
value that TORQUE had exactly TORLAG seconds before

RQUE = C1*(THRUSTL - THRUSTR)
where C1 is a constant of proportionality, and where THRUSTL and
THRUSTR are left and right wing-thrust respectively. These are

given by

RUSTL
RUSTR

P - TR
P - TL

where P is a signal increasing wing-thrust on both sides.

TR and TL are the rates of right-left and left-right image
movement. (NOTE: it could be THRUSTL = P + TL; THRUSTR = P + TR.
What difference would that make and how could we test the model?

Right-left image movement is proportional to the transverse
wind drift (WIND*SIN(ALPHA)) but the neurons carrying this signal
cannot go negative, so the signals carrying TR and TL are given by:

WIND*MAX( SIN(ALPHA*RADIAN), 0.0)
WIND*MAX( SIN( -ALPHA* RADIAN), 0.0)

where MAX(...) is a function that ensures that TL and TR
never go negative.

An initial value for ALPHA must be set elsewhere in the program,
as must values for the parameters TORLAG, C1, P, WIND and RADIAN
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Figure 3: A model which turns upwind.
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Figure 4: Turning tendency, TORQUE, plotted

against angle to wind, ALPHA in three windspeeds

angle to wind is +90° or -90°. It is zero at 0° or
180° but the downwind direction (180°) is unstable
so that the slightest turn away from down wind and
the moth will continue turning until it reaches the
upwind heading. This model behaves exactly as the
mosquitoes described by Kennedy (1940).

I have assumed that the right—left detectors reduce
left wing-thrust but they might increase right wing-
thrust instead. How would this affect the model
and how could it be tested?

2.3 The problem of maintaining cross-
wind tracks

Figure 5c¢ shows a moth casting at 90° to the wind.
The broad arrows show that the wind direction
changed in mid-cast, and yet the moth was able to
adjust its track to about 90° to the new wind direc-
tion. The windspeed, too, may have varied during the

cast, although we cannot tell because there were no
bubbles nearby from which to calculate windspeed.
Certainly, moths do maintain the same track angles
in different wind speeds (Fig. 6). As Fig. 7 shows,
the constant track angles were achieved by altering
both course angle, o, and airspeed, A.

Baker and Kuenen (1982) have shown that moths
which have experienced wind and pheromone can per-
form manoeuvres, such as casting or flying up a hang-
ing plume, even after the wind has dropped. More-
over, the orientation of these manoeuvres is closely
related to the former wind direction. In the case of
casting there can be no question of chemotactic ori-
entation to the remaining plume, because there isn’t
one. Thus, the moths must have fixed and retained
the former wind direction. The model described be-
low does this.

2.4 A proposed mechanism of track
angle control

Ludlow (1983) reviewed and explored several theories
that might explain control of track angle in different
wind speeds but found that most of them required
extremely complex connections within the nervous
system. In contrast, the following theory places few
demands on the nervous system or on its evolution
(Fig. 8). It has the added attraction that it is approx-
imate and predicts that moths will not control their
track angles or groundspeeds at exactly the same val-
ues in different windspeeds. Instead the theory pre-
dicts that they will make ‘mistakes’. The observed
distribution of angles and groundspeeds shows evi-
dence of these ‘mistakes’. The theory also explains
why groundspeed is controlled.

The track angle, 6, is the sum of course angle, «, and
drift angle . The theory proposes that track angle
control is in three parts:

1. The moth identifies the upwind direction as the
direction in which there is zero transverse image
movement.

2. It ‘commands’ a given track angle with an exci-
tatory signal



Table 2: Effect of three windspeeds on a variety of measures of straight ‘legs’ of moth tracks, Plodia in-
terpunctella. Note, if moths were controlling a variable across windspeeds we should expect x> = 1.39 and
T = 25.

Friedman two-way  Wilcoxon matched

Variable analysis of variance pairs test

X2 P T P
Track angle to
wind, 6 5.4 > 0.05 5 < 0.02
Groundspeed, G 3.8 > 0.1 9 N.S.
L+T 1.4 0.5 25 N.S.
L>+T?=G? 4.2 > 0.1 10 N.S.

Longitudinal component
of groundspeed, L 5.6 > 0.05 2 < 0.01

Transverse component
of groundspeed, T 20.0 < 0.001 0 < 0.01

Airspeed + Longitudinal
component of groundspeed
(A+ L) 14 0.5 27.7 N.S.



Figure 5: Selected tracks of male gypsy moths ap-
proaching a source of both sex pheromone and bub-
bles (Star). Thick line, track apparently among bub-
bles, with associated wind direction (solid arrows).
Thin line, track away from bubbles, with associated
wind direction (open arrows). a. progress towards
source mainly by upwind flight among bubbles and
pheromone (duration of track 50 s, windspeed when
moth among bubbles 0.8-2.0 m s~ !); b. progress to-
wards source mainly during cross-wind casting away
from bubbles (time marks 0.5 s, windspeed when
moth among bubbles 1-3 m s~1) ¢, portion of track 12
m from source showing change direction with change
of wind direction (wind speed among bubbles 1.7 m
s71) (From David, Kennedy and Ludlow, 1983).
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Figure 6: Frequency distribution of track angles to
wind along straight legs in three windspeeds.

3. Opposed to the command signal are two feed-
backs. The first increases as the moth turns from
the upwind direction. In effect, the moth counts
the angle turned from this position by an optomo-
tor system and the signal opposes the command
signal. Optomotor systems have been well es-
tablished in insect research

4. The upwind turning mechanism is ‘left on’ and
compensates automatically for wind drift by op-
posing the command signal so that the track an-
gle reached is a compromise between the com-
mand and the two negative feedbacks.

5. Such a system will not give constant track an-
gle unless the moth divides by groundspeed or
controls groundspeed at a constant value. In oth-
erwords, dividing by groundspeed can be avoided
if the moth controls groundspeed at a constant
value. It also needs to maintain a constant
height. Both height and groundspeed were kept
within close limits in the wind tunnel experi-
ments and wild moths appear to control these
variables too.

The full model is shown in Fig. 8 and, returning to
the idea of right and left wing thrust, the thrusts are
given by:
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Figure 7: Triangles of velocities summarising the ob-
served behaviour of moths flying at two sample track
angles, 30° and 90° to the right of the wind-line.
Note how the moths maintained the same track an-
gle and associated course angle by adjusting their
course angles to wind and their airspeeds, according
to windspeed. At each track angle the groundspeed
and therefore the speed of image movement was the
same in all windspeeds, but the direction of image
movement was different between windspeeds (angle
of image movement is the angle between course and
track) (from Marsh, Kennedy and Ludlow, 1978)
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Figure 8: The full model
THRUSTL = PL - ALPHAL - TR - L/2.0
THRUSTR = PR - ALPHAR - TL - L/2.0

where PL and PR are command signals. When equal
the moth will fly upwind, when different it will fly
at some angle to the wind. ALPHAL and ALPHAR are
signals proportional to the number of degrees since
the moth last faced upwind. TR and TL are right—left
and left—right components of image movement and
L is the longitudinal component.

Instead of controlling groundspeed, this model con-
trols the sum of L + T which is an approximation to
groundspeed, and instead of controlling the track an-
gle at the same values for each windspeed it controls
A+ L. As Table 2 shows, these two sums were more
consistent across windspeeds than any of the other
variables considered.

Another prediction of the theory is that the accuracy
of the system will depend on the availability of opto-
motor cues needed for measuring the course angle, a
after last heading upwind.

3 Subsequent work

When our work started, we assumed that zig-zagging
occurred because the moth was repeatedly ‘reaching
the edge of the plume’ and turning back on losing
the pheromone. That view had to be rejected at
an early stage, especially when zigzagging was seen
in uniform pheromone. Tom Baker introduced the



term ‘counter-turning’ to describe this feature and
any model of moth orientation should include a sub-
model to simulate counter-turning.

Such a submodel would explain how the ‘preferred
directions’ or ‘command directions’ changed with
pheromone and other stimuli, while the orientation
submodel (described above) explains how these com-
mand directions may be achieved. In the model by
Ludlow (1983) the command signal for groundspeed
is the sum of Pr, + Pr while the command for turn-
ing to the right is the difference Pr, — Pr. Subsequent
work has thrown light on the factors that affect these
signals.

Clearly the onset of pheromone, which leads to up-
wind flight, would do so in the model by reducing
the difference P;, — Pg. Charlton et al. (1993) used
different concentrations of pheromone from 10 ng
to 1000 ng and found that the moths steered sig-
nificantly smaller course angles as concentration in-
creased. The overall width of the flight track was also
reduced inspite of the fact that at the higher concen-
trations the detectable pheromone plume was wider.
Charlton et al. (1993) also found that the moths flew
at progressively slower airspeeds and groundspeeds
as pheromone concentration increased, which would
happen if pheromone reduced the sum P, + Pg.
Increasing temperature from 20°C to 26°C had the
opposite effect: it increased groundspeed and course
angles. This is consistent with a higher sum (P, + Pg)
and difference (Pr, — Pg).

But neither temperature nor pheromone concentra-
tion seemed to affect the mean turning frequency
(c. 4 turns s™1), even though the moth’s thoracic
temperature differed by 5°C. So the counter-turning
submodel should be insensitive to temperature and
pheromone concentration.

Mafra-Neto and Cardé (1994) found that the fine-
scale structure of the plume had a profound effect
on the track, with high frequency turbulence leading
to almost straight upwind movement. Many sense
organs and neurones respond more strongly to high
frequency intermittent input than to continuous stim-
ulation. Mafra-Neto and Cardé (1994) also found
that the moth could respond to individual pulses of
pheromone and, in a later paper, they ‘dissected’ the
flight of moths in terms of single-pulse responses. A
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more recent study by Lei and Hansson (1999) looks
at the central processing of pulsed signals.

In a more recent study still, Zanen and Cardé
(1999) repeated the three windspeeds experiment
of Marsh et al. (1978) but with many more details
recorded, including direct measurement of the moth’s
body angle. They showed that the longitudinal axis
of the moth was not always along the axis of its course
and deduced that the moth was ‘rolling’ so that its
thrust was directed slightly to one side (as well as
downward and backward). This manoeuvre allows
the moth to slip sideways while it is facing more or
less upwind.

Zanen and Cardé (1999) reject my model and pro-
pose a mechanism of their own. You need to read
the paper yourselves and form your own view, but I
must point out one or two things that are wrong or
difficult to understand.

e They say that my model controls the vector sum
of L + T, whereas it is the arithmetic or scalar
sum.

They caim that my model was not designed to
simulate flight in still air, whereas the whole
point of introducing «; and a, was to explain
how the moth can cope with still air.

They seem to think that the model controls only
L + T and make no reference to it measuring
the the number of degrees since last pointing up-
wind.

Wherever they refer to rolling or yawing (eg.
page 25 of their paper) they mean pure rolling
and pure yawing. This leads to misleadinging
statements such as: “A very small percentage
of flying time is spent yawing.” (p27). In fact,
nearly 50% of the moths time is spent in bank-
ing (which is yawing and rolling simultaneously
(their Fig. 7)

What really matters is the percentage of steer-
ing angle that is due to rolling and what due to
yawing. Calculations from their Table 3 show
that 70-90% of the mean track angle flown by
the moths was due to wind drift; 12-24% was
due to yawing and only 2-3% due to rolling.



e For course angles the figures are 9-15% of course
angle due to rolling, and the rest due to yawing.
For the true angle of visual movement only 2.1-
3.5% was due to rolling, with the rest due to
wind drift.

In otherwords, their data show that rolling can
be important, in those cases where yawing does
not happen, but most of the moth’s steering is
done by yawing.

With these caveats, it is an excellent experiment and
a paper well worth reading. Zanen and Cardé (1999)
propose that Gypsy moths control zigzagging flight in
two steps: they find the wind direction on a counter
turn (as proposed by Ludlow, 1983). Then, coming
out of the turn with their bodies aligned with the
wind, the moth’s roll away from the wind toward a
preferred slip angle. (Slip angle is the true angle of
image movement allowing for the fact that the moth
may be pointing and flying in slightly different direc-
tions. Slip angle equals the sum of the drift angle and
the angle induced by rolling).

In practice, this is very similar to my model because
they assume that the roll-induced angle is a measure
of the deviation between wind and body angle, while
I assume simply that the moth measures this devia-
tion by counting the degrees it has turned since last
upwind, using either opotomotor or kinaesthetic cues.
Zanen and Cardé (1999) point out that, in high wind-
speeds, a very small roll will reach the preferred true
angle of image movement, so their system has built-in
compensation for wind speed.

The crucial questions are whether this compensation
is enough (which needs to be modelled); how much
of the steering is due to yawing and how much due
to rolling; how the moth measures the sum of yawing
and rolling, because it cannot compensate for wind
drift unless it does. It would be particularly interest-
ing to find what happens in still air: is all steering
by rolling or is yawing still important?

Finally, there is nothing in the data they present that
tests my model, although they cite Willis and Cardé
(1990) who have data that do challenge it.

A  number of other papers cite the mod-
elling work and make  useful reading.
They include: Belanger and Arbas  (1998);
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Liet al. (2001); Mafra-Neto and Cardé (1996);
Mafra-Neto and Cardé (1998); Vickers and Baker
(1996); Willis and Arbas (1991, 1998);

Willis and Baker (1988)

4 Conclusion

The importance of modelling is that it forces you to
define all your assumptions and to work out the con-
sequences of your ideas properly. Orientation is an
area where the mind cannot cope, but there is a dan-
ger that we may be overconfident in other areas if
we do not test our ideas by building a model. The
literature contains examples of theories which never
did predict what people thought they did.

The process of modelling also raises new questions
and triggers new research. For example, I suggested
the idea that insects resolve image movement into
longitudinal and transverse components while trying
to model the orientation system. Again, it was mod-
elling that led us to ask whether moths use Pythago-
ras’ theorem to control groundspeed, (G2 = L? +T?)
and then led us to check whether the moths use an
approximate measure (L + T') instead.

The benefits of modelling start when you are forced
to think about your research in new ways and to be
more thorough and consistent. The model is a work-
ing version of your ideas and if your ideas are not
complete the model won’t work.
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