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The h uman brain is often quite incapable of

appreciating the consequences of the theo-

ries it is able to prop ose. It is all to o easy

to mak e mistak es in logic when prop osing

an explanation in w ords, and to pass o v er

the mistak e rep eatedly . A computer mo del

that em b o dies our assumptions will ruth-

lessly exp ose an y w eaknesses that are inher-

en t in our theorising. . . on the otherhand

it will also rev eal unexp ected explanations.

The computer will presen t us with an un bi-

ased accoun t of our assumptions, something

w e migh t b e quite incapable of doing with

the most honest in ten tions. ( T o ates , 1975 ) .

I shall use the w ord mo del to mean a working version

of a theory or h yp othesis. Because it is a w orking v er-

sion, a mo del has to b e complete and unam biguous.

It is therefore a reliable and acurate w a y of w orking

out the consequences of our ideas. If there is a fault,

it is usually with our ideas.

The mo del ma y consist of equations whic h can b e

explored b y algebra but, more often it is a computer

program whic h m ust b e c hec k ed to see that the as-

sumptions are prop erly built in to the mo del and then

run to pro v e their consequences.

I susp ect that there is a useful role for mo delling in

most researc h programmes and the aims of the lecture

are to fo cus on one particular program and �nd

1. the kind of questions that needed further exp er-

imen ts,

2. those that w ere help ed b y mo delling,

3. the new questions that w ere raised b y the mo d-

elling w ork

4. and something of the steps in the mo delling pro-

cess

T o do this I ha v e c hosen our w ork on moth orien tation

and the session will b e divided in to three phases

1. A brief accoun t of the w a y ideas dev elop ed dur-

ing our researc h on male moths in a pheromone

plume. This will illustrate the questions w e

could answ er exp erimen tally and those that

needed mo delling

2. A session in whic h the group tries to �nd answ ers

to the mo delling questions

3. A review of the mo delling w e did during the

w ork, and of the questions it answ ered and raised

1 Moths in a pheromone plume

1.1 The dev elopmen t of ideas

Y ou ha v e already had the conclusions of our w ork on

moth orien tation, together with more recen t w ork.

My aim here is to describ e the w a y our ideas dev el-

op ed o v er time.

Kennedy ( 1940 ) Rep orted that mosquito es 
ying

in still air o v er mo ving strip es tended to 
y in

the same direction as the strip es. This is equiv a-

len t to turning up wind and he sho w ed that the
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turning tendency dep ends on b oth the sp e e d and

obliquity of image movement . He used the term

retinal v elo cit y to mean sp eed and direction of

image mo v emen t.

W righ t ( 1958 ); Kellogg et al. ( 1962 ) describ ed

up wind 
igh t b y Dr osophila in resp onse to fo o d

o dours.

Kennedy and Marsh ( 1974 ) demonstrated that

male moths ( Plo dia interpunctel la ) in a wind-

tunnel turned up wind in resp onse to 
o or pat-

tern in a plume of female sex-pheromone. They


ew up wind in a series of zig-zags. A c hange in

apparen t wind direction could b e in tro duced b y

mo ving the 
o or pattern do wn wind faster than

the wind. The moth's resp onse w as to rev erse

the direction of 
igh t and 
y a w a y from the

source in what no w app eared to b e the up wind

direction.

Marsh et al. ( 1978 , 1981 ) Describ ed trac ks of

Plo dia interpunctel la in pheromone in a wind-

tunnel and sho w ed that the ground trac ks had

the same angle to wind and the same ground-

sp eeds in three windsp eeds (0.1, 0.2, 0.3 m s

� 1

).

This w as the observ ation that started the mo d-

elling w ork.

Ludlo w and Marsh ( 1978 ) Prop osed that moths

resolv ed image mo v emen t in to longitudinal and

transv erse comp onen ts, instead of angle and v e-

lo cit y of mo v emen t. They suggested that turning

up wind w as ac hiev ed b y turning in the direction

of the transv erse image mo v emen t and sho w ed

that con trol of trac k angle required con trol of

airsp eed as w ell as longitudinal and transv erse

image mo v emen t.

Kennedy et al. ( 1980 , 1981 , 1982 ) Describ ed

the 
igh t b eha viour of moths in a wind tunnel:

in uniform pheromone; in a plume on its o wn;

and in a plume sup erimp osed on a bac kground

of uniform pheromone. The moths made an

initial up wind surge in uniform pheromone and

then cast from side to side, but with narro w er

casts than when pheromone w as withdra wn.

A t this stage w e had a complete theory of moth

orien tation in pheromone, based on wind-tunnel

exp erimen ts. A t the onset of pheromone a male

moth w ould surge up wind in a series of zigzags.

On losing the pheromone it w ould cast from side

to side at appro ximately 90

�

to the wind.

In uniform pheromone the moth ceased to mak e

up wind progress but turned from side to side

more frequen tly , so the c asts wer e shorter . When

the plume from a single female w as sup erim-

p osed on a uniform bac kground of pheromone

the male could �nd the female without di�-

cult y . In otherw ords, the male resp onded to in-

creases in pheromone b y surging up wind, ev en

when these increases w ere sup erimp osed on a

cloud of pheromone. In nature, with thousands

of females up wind the male's task is to �nd the

nearest female and this mec hanism w ould allo w

him to do that.

Da vid et al. ( 1982 ) used smok e plumes and

demonstrated that individual parcels of air

tra v elled in straigh t lines for sev eral metres

o v er rough grass in quite turbulen t winds. This

exp erimen t arose from a seminar giv en b y W all

and P erry who had b een told b y a meteorologist

that parcels of air tra v elled in straigh t lines ev en

in turbulen t winds. The Silw o o d con tingen t

did not b eliev e it so w e did exp erimen ts with

a smok e generator video ed from a 30 m high

to w er. W all and P erry w ere righ t and w e

published the results together.

Figure 1 sho ws the results and at once y ou can

guess the e�ciency of the system w e had w ork ed

out in wind-tunnel exp erimen ts. Y ou can also

understand wh y a dog (or a p olar b ear) has a

w et nose.

Da vid et al. ( 1983 ) to ok the moth exp erimen ts

in to the �eld using the 30 m to w er again and a

bubble generator to mark where the pheromone

w as lik ely to b e. The moths b eha v ed exactly as

w e had predicted heading up wind when in bub-

bles and across wind when it lost the pheromone.

Ho w ev er, w e added the disco v ery that when the

moth relo cated the plume on a cross-wind cast,
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Figure 1: Segmen ts of trac ks of smok e pu�s recorded

within a 10-min p erio d. Grid mark ers 5 m apart

(F rom Da vid 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 ha v e b een sho wn b y mo d-

elling, but w e had o v erlo ok ed it.

1.2 P oin ts of surprise

F ollo wing the early w ork b y Kennedy ( 1940 );

Kellogg et al. ( 1962 ) w e exp ected the moths to sho w

up wind 
igh t in resp onse to pheromone, alhough the

rest of the w orld probably did not. The common

theory at the time w as that moths follo w ed concen-

tration gradien ts. W e had exp ected 
igh t to dep end

on wind direction, but the zig-zag 
igh t in a plume

came as a surprise. So did the cross-wind casting

when pheromone w as withdra wn.

Later, the con trol of groundsp eed and trac k-angle

in di�eren t windsp eeds came as a surprise. So did

the b eha viour in uniform pheromone. W e had ex-

p ected the moth to 
y straigh t up wind in uniform

pheromone b e c ause we thought the zig-zagging was

due to r apid loss and gain of pher omone as the moth

sample d the e dge of the plume.

I think most p eople at the time though t that strong

enough uniform pheromone w ould jam the system

but, instead, w e found the moth able to lo cate a sin-

gle female against a uniform bac kground. That w as

a surprise at the time but it should not ha v e b een.

A male needs to b e able to cop e when the air is full

of pheromone so w e should ha v e exp ected moths to

ha v e ev olv ed a strategy for coping.

W e w ere stunned b y the information that individ-

ual pac k ages of air tra v el in straigh t lines. When

w e �nally accepted that it w as true, after trying to

dispro v e it, the accuracy and p o w er of the moths'

orien tation system w as ob vious. W e w ere surprised

to disco v er that the moths w ere closer to the source

when they lost the plume and found it again after

casting. But apart from that, w ere not a bit surprised

b y their b eha viour in the �eld. Ho w ev er, it w as the

�eld demonstration that con vinced the readers.

1.3 Generalising to other insects

These p oin ts of surprise sho w that our men tal mo d-

els, at ev ery stage, w ere wrong or incomplete and it is

instructiv e to ask ho w w ell w e could no w predict the

b eha viour of other insects. Other sp ecies use up wind

orien tation to �nd o dour sources. I ha v e w atc hed a

w asp casting a few inc hes from side to side, just ab o v e

the ground, b efore it p ounced on an insect larv a. In

all resp ects it b eha v ed lik e a male moth in pheromone

but there are other sp ecies where w e ma y exp ect dif-

ferences in orien tation b eha viour.

F or example, man y forest insects use pheromones.

Do es air b eha v e in the same w a y in a forest as it do es

on op en ground? The answ er is almost certainly no.

In particular, individual parcels of air no longer mo v e

in straigh t lines. They ma y do so at �rst, but a later

gust in a di�eren t direction will probably c hange the

direction of a parcel so that an insect going up wind

when it gets the scen t ma y head in the wrong direc-

tion. Do forest insects use di�eren t mec hanisms, or

do they simply ha v e a harder task? There is evidence

that the mec hanisms are the same, but they are less

e�cien t in forest b ecause the information in the wind

is less accurate. A mo del could sho w ho w m uc h
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less e�cien t.

Tsetse 
y liv e in areas where the wind is often 0.1

m s

� 1

, and they 
y so m uc h faster than this that it

ma y not b e w orth their w aiting for the wind to bring

the o dour to them. It ma y b e quic k er for the 
y to

searc h out an o dour source b y trial and error.

Slo w-
ying insects, lik e mosquito es, Dr osophila , and

so on, ma y use anemotaxis as moths do, but the e�-

ciency ma y b e v ery di�eren t. Sources of fo o d o dour

ma y b e v ery large compared with a single female, and

there is no race to fo o d, as there is when the �rst male

to mate wins. The insect m ust minimise cost of 
igh t

not time.

Some insects, suc h as aphids 
y so slo wly , that it

ma y b e most e�cien t to drift do wn-wind and land in

resp onse to a fo o d scen t.

There are man y questions ab out ho w w ell a strategy

w orks, and whic h is the optimal strategy , in di�eren t

conditions. Some progress on these questions could

b e made b y quan titativ e mo delling, esp ecially the dif-

ference b et w een forest and op en ground insects. Ex-

p erimen tal w ork w ould b e essen tial but �eld exp eri-

men ts are exp ensiv e and mo delling could b e used to

reduce some of this cost b y targeting the �eld w ork.

An example is giv en b y Belanger and Arbas ( 1998 )

who compared sev eral di�eren t mo dels of zig zagging


igh t and the mo dels w ere less e�cien t at �nding the

source than real moths.

Please p onder ho w y ou w ould mo del the e�ec-

tiv eness of di�eren t strategies of orien tation?

What inputs w ould a mo del insect neeed?

What resp onses w ould w e ha v e to build in?

What questions migh t suc h a mo del answ er?

2 Ho w do es the nerv ous system

w ork?

Throughout the w ork w e w ere funded b y the Agri-

cultural Researc h Council (later AFR C) and the cen-

tral questions w ere: Ho w do es a male moth �nd

a female emitting sex pheromone? Can w e

jam the system or is it b etter to try to attract

and kill the males? Ho w ev er, as w e made progress,

an additional question emerged: \What do our ob-

serv ations tell us ab out the w a y the nerv ous system

w orks?".

It seemed that w e migh t get a handle on the nerv ous

system b y lo oking in detail at the follo wing questions:

1. Ho w do es a moth turn up wind?

2. Ho w do es it ac hiev e a similar cross-wind ground

trac k in winds of di�eren t sp eed?

3. Wh y do es it k eep the same groundsp eed in dif-

feren t windsp eeds? Presumably , it c ould achieve

a higher gr oundsp e e d in low windsp e e ds but it

cho oses not to. This seems strange when the

male is racing other males to the female.

In the next sections w e examine these questions in

turn but �rst, w e need to examine the triangle of

v elo cities and agree some de�nitions.

2.1 Wind drift and the triangle of v e-

lo cities

Figure 2 sho ws a triangle of v elo cities. The moth 
ies

at an airsp eed, A , in to a wind of sp eed, W , and the

angle b et w een course and wind is the course angle,

� , In these circumstances, the moth will mak e some

headw a y in to the wind but will b e drifted bac k so that

its trac k o v er the ground is giv en b y G . Since its b o dy

is p oin ting in the direction of A and it is mo ving o v er

the ground in the direction of G , the images mo v e

o v er the moth's retina at the drift angle, � . Image

mo v emen t is in the opp osite direction to G while the

retinal v elo cit y of images will dep end on G and the

moth's heigh t ab o v e ground, h .

Notice that the trac k angle to wind is � and that

� = � + � (1)

� = � + �

� = � + �

I suggested, in 1978, that the image mo v emen t migh t

not b e stored in the nerv ous system as G and � but

it migh t b e resolv ed in to t w o comp onen ts: along the

b o dy axis, L , and across the b o dy axis, T

r

. The

question arose while trying to mo del the system but,

since then, neurons resp onding to longitudinal and
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Figure 2: T riangle of v elo cities for an insect 
ying

to the righ t of the wind-line, sho wing the notation

used throughout. The sides of the triangle are pro-

p ortional to the moth's airsp eed, A , the windsp eed,

W , and the resultan t groundsp eed, G . � is the an-

gle b et w een the insects long axis and the wind; �

is the angle b et w een ground trac k and wind while �

is the angle b et w een the insect's long axis and the

direction of the ground trac k. L and T

r

are the lon-

gitudinal and transv erse comp onen ts of the insects

groundsp eed.

transv erse comp onen ts of image mo v emen t ha v e b een

found ( Hausen , 1982a , b ). It is still sensible to con-

sider mo dels with � and G as w ell as those based on

T

r

and L .

It is imp ortan t to note that the moth has no direct

measure of wind sp eed, W , � or � . T o con trol these it

m ust calculate them in some w a y from the v ariables

it can measure directly . These are: A , G and � or,

alternativ ely , A , L and T

r

2.2 T urning up wind

The �rst observ ation is that moths turn up wind in

resp onse to pheromone onset. Kennedy ( 1951 ) re-

view ed his mosquito w ork sa ying:

Similarly , it w as suggested that when the

images pass transv ersely , sa y from left to

righ t, instead of directly from fron t to bac k

o v er the ey e, o wing to a cross-wind from the

righ t, the insect comp ensated b y follo wing

the direction of the transv erse image mo v e-

men t, that is b y turning to w ard the righ t

un til it is facing in to the wind, and trans-

v erse image mo v emen t has therefore ceased.

This sounds lik e a suggestion that left to righ t im-

age mo v emen t, T

l

, causes the insect to turn righ t but

Kennedy (p ers. comm.) alw a ys though t in p olar co-

ordinates and used the term retinal v elo cit y to mean

sp eed and direction of image mo v emen ts.

Nev ertheless, Kennedy's mec hanism w orks p erfectly

w ell. All w e need to think ab out is the mec hanics of

turning. Let us assume that the thrust of the righ t

and left wings can b e v aried. The moth will turn to

the righ t when the left wing-thrust is greater than

the righ t and vice v ersa. Figure 3 sho ws a simple

mo del whic h turns up wind. The thrust command,

P , increases wing-thrust on b oth sides but the left

wing-thrust is reduced b y righ t ! left mo v emen t de-

tectors while the thrust of the righ t wings is reduced

b y left ! righ t detectors.

This simple mo del can b e translated in to a computer

program (written in the language D ARE P) as sho wn

in T able. 1

Figure 4 sho ws output from the turning program in

T able 1 . The torque has a maxim um when the course
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T able 1: Computer program of the up wind-turning mo del

$D1

*

* UPWIND TURNING MECHANISM

* **************** ** *** ** *

*

* 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)

*

ALPHA' = 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

*

TORQUE = 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

*

THRUSTL = P - TR

THRUSTR = 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:

*

TR = WIND*MAX( SIN(ALPHA*RADIA N), 0.0)

TL = 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

*

END

*--------------- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --
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Figure 3: A mo del whic h turns up wind.

Figure 4: T urning tendency , TOR QUE, plotted

against angle to wind, ALPHA in three windsp eeds

angle to wind is +90

�

or -90

�

. It is zero at 0

�

or

180

�

but the do wn wind direction (180

�

) is unstable

so that the sligh test turn a w a y from do wn wind and

the moth will con tin ue turning un til it reac hes the

up wind heading. This mo del b eha v es exactly as the

mosquito es describ ed b y Kennedy ( 1940 ).

I ha v e assumed that the righ t ! left detectors reduce

left wing-thrust but they migh t increase righ t wing-

thrust instead. Ho w w ould this a�ect the mo del

and ho w could it b e tested?

2.3 The problem of main taining cross-

wind trac ks

Figure 5 c sho ws a moth casting at 90

�

to the wind.

The broad arro ws sho w that the wind direction

c hanged in mid-cast, and y et the moth w as able to

adjust its trac k to ab out 90

�

to the new wind direc-

tion. The windsp eed, to o, ma y ha v e v aried during the

cast, although w e cannot tell b ecause there w ere no

bubbles nearb y from whic h to calculate windsp eed.

Certainly , moths do main tain the same trac k angles

in di�eren t wind sp eeds (Fig. 6 ). As Fig. 7 sho ws,

the constan t trac k angles w ere ac hiev ed b y altering

b oth course angle, � , and airsp eed, A .

Bak er and Kuenen ( 1982 ) ha v e sho wn that moths

whic h ha v e exp erienced wind and pheromone can p er-

form mano euvres, suc h as casting or 
ying up a hang-

ing plume, ev en after the wind has dropp ed. More-

o v er, the orien tation of these mano euvres is closely

related to the former wind direction. In the case of

casting there can b e no question of c hemotactic ori-

en tation to the remaining plume, b ecause there isn't

one. Th us, the moths m ust ha v e �xed and retained

the former wind direction. The mo del describ ed b e-

lo w do es this.

2.4 A prop osed mec hanism of trac k

angle con trol

Ludlo w ( 1983 ) review ed and explored sev eral theories

that migh t explain con trol of trac k angle in di�eren t

wind sp eeds but found that most of them required

extremely complex connections within the nerv ous

system. In con trast, the follo wing theory places few

demands on the nerv ous system or on its ev olution

(Fig. 8 ). It has the added attraction that it is appro x-

imate and predicts that moths will not con trol their

trac k angles or groundsp eeds at exactly the same v al-

ues in di�eren t windsp eeds. Instead the theory pre-

dicts that they will mak e `mistak es'. The observ ed

distribution of angles and groundsp eeds sho ws evi-

dence of these `mistak es'. The theory also explains

wh y groundsp eed is con trolled.

The trac k angle, � , is the sum of course angle, � , and

drift angle � . The theory prop oses that trac k angle

con trol is in three parts:

1. The moth iden ti�es the up wind direction as the

direction in whic h there is zero transv erse image

mo v emen t.

2. It `commands' a giv en trac k angle with an exci-

tatory signal
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T able 2: E�ect of three windsp eeds on a v ariet y of measures of straigh t `legs' of moth trac ks, Plo dia in-

terpunctel la . Note, if moths wer e c ontr ol ling a variable acr oss windsp e e ds we should exp e ct �

2

r

= 1 : 39 and

T = 25 .

F riedman t w o-w a y Wilco xon matc hed

V ariable analysis of v ariance pairs test

�

2

r

P T P

T rac k angle to

wind, � 5.4 > 0 : 05 5 < 0 : 02

Groundsp eed, G 3.8 > 0 : 1 9 N.S.

L + T 1.4 0.5 25 N.S.

L

2

+ T

2

= G

2

4.2 > 0 : 1 10 N.S.

Longitudinal comp onen t

of groundsp eed, L 5.6 > 0 : 05 2 < 0 : 01

T ransv erse comp onen t

of groundsp eed, T 20.0 < 0 : 001 0 < 0 : 01

Airsp eed + Longitudinal

comp onen t of groundsp eed

( A + L ) 1.4 0.5 27.7 N.S.
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Figure 5: Selected trac ks of male gypsy moths ap-

proac hing a source of b oth sex pheromone and bub-

bles (Star). Thic k line, trac k apparen tly among bub-

bles, with asso ciated wind direction (solid arro ws).

Thin line, trac k a w a y from bubbles, with asso ciated

wind direction (op en arro ws). a. progress to w ards

source mainly b y up wind 
igh t among bubbles and

pheromone (duration of trac k 50 s, windsp eed when

moth among bubbles 0.8{2.0 m s

� 1

); b. progress to-

w ards source mainly during cross-wind casting a w a y

from bubbles (time marks 0.5 s, windsp eed when

moth among bubbles 1-3 m s

� 1

) c, p ortion of trac k 12

m from source sho wing c hange direction with c hange

of wind direction (wind sp eed among bubbles 1.7 m

s

� 1

) (F rom Da vid, Kennedy and Ludlo w, 1983).

Figure 6: F requency distribution of trac k angles to

wind along straigh t legs in three windsp eeds.

3. Opp osed to the command signal are t w o feed-

bac ks. The �rst increases as the moth turns from

the up wind direction. In e�e ct, the moth c ounts

the angle turne d fr om this p osition by an optomo-

tor system and the signal opp oses the c ommand

signal. Optomotor systems ha v e b een w ell es-

tablished in insect researc h

4. The up wind turning mec hanism is `left on' and

comp ensates automatically for wind drift b y op-

p osing the command signal so that the trac k an-

gle reac hed is a compromise b et w een the com-

mand and the t w o negativ e feedbac ks.

5. Suc h a system will not giv e constan t trac k an-

gle unless the moth divides b y groundsp eed or

c ontr ols gr oundsp e e d at a c onstant value . In oth-

erw ords, dividing b y groundsp eed can b e a v oided

if the moth con trols groundsp eed at a constan t

v alue. It also needs to main tain a constan t

heigh t. Both heigh t and groundsp eed w ere k ept

within close limits in the wind tunnel exp eri-

men ts and wild moths app ear to con trol these

v ariables to o.

The full mo del is sho wn in Fig. 8 and, returning to

the idea of righ t and left wing thrust, the thrusts are

giv en b y:
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Figure 7: T riangles of v elo cities summarising the ob-

serv ed b eha viour of moths 
ying at t w o sample trac k

angles, 30

�

and 90

�

to the righ t of the wind-line.

Note ho w the moths main tained the same trac k an-

gle and asso ciated course angle b y adjusting their

course angles to wind and their airsp eeds, according

to windsp eed. A t eac h trac k angle the groundsp eed

and therefore the sp eed of image mo v emen t w as the

same in all windsp eeds, but the direction of image

mo v emen t w as di�eren t b et w een windsp eeds (angle

of image mo v emen t is the angle b et w een course and

trac k) (from Marsh, Kennedy and Ludlo w, 1978)

Figure 8: The full mo del

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 
y up wind, when di�eren t it will 
y

at some angle to the wind. ALPHAL and ALPHAR are

signals prop ortional to the n um b er of degrees since

the moth last faced up wind. TR and TL are righ t ! left

and left ! righ t comp onen ts of image mo v emen t and

L is the longitudinal comp onen t.

Instead of con trolling groundsp eed, this mo del con-

trols the sum of L + T whic h is an appro ximation to

groundsp eed, and instead of con trolling the trac k an-

gle at the same v alues for eac h windsp eed it con trols

A + L . As T able 2 sho ws, these t w o sums w ere more

consisten t across windsp eeds than an y of the other

v ariables considered.

Another prediction of the theory is that the accuracy

of the system will dep end on the a v ailabilit y of opto-

motor cues needed for measuring the course angle, �

after last heading up wind.

3 Subsequen t w ork

When our w ork started, w e assumed that zig-zagging

o ccurred b ecause the moth w as rep eatedly `reac hing

the edge of the plume' and turning bac k on losing

the pheromone. That view had to b e rejected at

an early stage, esp ecially when zigzagging w as seen

in uniform pheromone. T om Bak er in tro duced the
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term `coun ter-turning' to describ e this feature and

an y mo del of moth orien tation should include a sub-

mo del to sim ulate coun ter-turning.

Suc h a submo del w ould explain ho w the `preferred

directions' or `command directions' c hanged with

pheromone and other stim uli, while the orien tation

submo del (describ ed ab o v e) explains ho w these com-

mand directions ma y b e ac hiev ed. In the mo del b y

Ludlo w ( 1983 ) the command signal for groundsp eed

is the sum of P

L

+ P

R

while the command for turn-

ing to the righ t is the di�erence P

L

� P

R

. Subsequen t

w ork has thro wn ligh t on the factors that a�ect these

signals.

Clearly the onset of pheromone, whic h leads to up-

wind 
igh t, w ould do so in the mo del b y reducing

the di�erence P

L

� P

R

. Charlton et al. ( 1993 ) used

di�eren t concen trations of pheromone from 10 ng

to 1000 ng and found that the moths steered sig-

ni�can tly smaller course angles as concen tration in-

creased. The o v erall width of the 
igh t trac k w as also

reduced inspite of the fact that at the higher concen-

trations the detectable pheromone plume w as wider.

Charlton et al. ( 1993 ) also found that the moths 
ew

at progressiv ely slo w er airsp eeds and groundsp eeds

as pheromone concen tration increased, whic h w ould

happ en if pheromone reduced the sum P

L

+ P

R

.

Increasing temp erature from 20

�

C to 26

�

C had the

opp osite e�ect: it increased groundsp eed and course

angles. This is consisten t with a higher sum ( P

L

+ P

R

)

and di�erence ( P

L

� P

R

).

But neither temp erature nor pheromone concen tra-

tion seemed to a�ect the mean turning frequency

(c. 4 turns s

� 1

), ev en though the moth's thoracic

temp erature di�ered b y 5

�

C. So the coun ter-turning

submo del should b e insensitiv e to temp erature and

pheromone concen tration.

Mafra-Neto and Card � e ( 1994 ) found that the �ne-

scale structure of the plume had a profound e�ect

on the trac k, with high frequency turbulence leading

to almost straigh t up wind mo v emen t. Man y sense

organs and neurones resp ond more strongly to high

frequency in termitten t input than to con tin uous stim-

ulation. Mafra-Neto and Card � e ( 1994 ) also found

that the moth could resp ond to individual pulses of

pheromone and, in a later pap er, they `dissected' the


igh t of moths in terms of single-pulse resp onses. A

more recen t study b y Lei and Hansson ( 1999 ) lo oks

at the cen tral pro cessing of pulsed signals.

In a more recen t study still, Zanen and Card � e

( 1999 ) rep eated the three windsp eeds exp erimen t

of Marsh et al. ( 1978 ) but with man y more details

recorded, including direct measuremen t of the moth's

b o dy angle. They sho w ed that the longitudinal axis

of the moth w as not alw a ys along the axis of its course

and deduced that the moth w as `rolling' so that its

thrust w as directed sligh tly to one side (as w ell as

do wn w ard and bac kw ard). This mano euvre allo ws

the moth to slip sidew a ys while it is facing more or

less up wind.

Zanen and Card � e ( 1999 ) reject m y mo del and pro-

p ose a mec hanism of their o wn. Y ou need to read

the pap er y ourselv es and form y our o wn view, but I

m ust p oin t out one or t w o things that are wrong or

di�cult to understand.

� They sa y that m y mo del con trols the v ector sum

of L + T , whereas it is the arithmetic or scalar

sum.

� They caim that m y mo del w as not designed to

sim ulate 
igh t in still air, whereas the whole

p oin t of in tro ducing �

l

and �

r

w as to explain

ho w the moth can cop e with still air.

� They seem to think that the mo del con trols only

L + T and mak e no reference to it measuring

the the n um b er of degrees since last p oin ting up-

wind.

� Wherev er they refer to rolling or y a wing (eg.

page 25 of their pap er) they mean pur e rolling

and pur e y a wing. This leads to misleadinging

statemen ts suc h as: \A v ery small p ercen tage

of 
ying time is sp en t y a wing." (p27). In fact,

nearly 50% of the moths time is sp en t in bank-

ing (whic h is y a wing and rolling sim ultaneously

(their Fig. 7)

� What really matters is the p ercen tage of steer-

ing angle that is due to rolling and what due to

y a wing. Calculations from their T able 3 sho w

that 70{90% of the mean trac k angle 
o wn b y

the moths w as due to wind drift; 12{24% w as

due to y a wing and only 2{3% due to rolling.
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� F or course angles the �gures are 9{15% of course

angle due to rolling, and the rest due to y a wing.

F or the true angle of visual mo v emen t only 2.1{

3.5% w as due to rolling, with the rest due to

wind drift.

� In otherw ords, their data sho w that rolling can

b e imp ortan t, in those cases where y a wing do es

not happ en, but most of the moth's steering is

done b y y a wing.

With these ca v eats, it is an excellen t exp erimen t and

a pap er w ell w orth reading. Zanen and Card � e ( 1999 )

prop ose that Gypsy moths con trol zigzagging 
igh t in

t w o steps: they �nd the wind direction on a coun ter

turn (as prop osed b y Ludlo w , 1983 ). Then, coming

out of the turn with their b o dies aligned with the

wind, the moth's roll a w a y from the wind to w ard a

preferred slip angle. (Slip angle is the true angle of

image mo v emen t allo wing for the fact that the moth

ma y b e p oin ting and 
ying in sligh tly di�eren t direc-

tions. Slip angle equals the sum of the drift angle and

the angle induced b y rolling).

In practice, this is v ery similar to m y mo del b ecause

they assume that the roll-induced angle is a measure

of the deviation b et w een wind and b o dy angle, while

I assume simply that the moth measures this devia-

tion b y coun ting the degrees it has turned since last

up wind, using either op otomotor or kinaesthetic cues.

Zanen and Card � e ( 1999 ) p oin t out that, in high wind-

sp eeds, a v ery small roll will reac h the preferred true

angle of image mo v emen t, so their system has built-in

comp ensation for wind sp eed.

The crucial questions are whether this comp ensation

is enough (whic h needs to b e mo delled); ho w m uc h

of the steering is due to y a wing and ho w m uc h due

to rolling; ho w the moth measures the sum of y a wing

and rolling, b ecause it cannot comp ensate for wind

drift unless it do es. It w ould b e particularly in terest-

ing to �nd what happ ens in still air: is all steering

b y rolling or is y a wing still imp ortan t?

Finally , there is nothing in the data they presen t that

tests m y mo del, although they cite Willis and Card � e

( 1990 ) who ha v e data that do c hallenge it.

A n um b er of other pap ers cite the mo d-

elling w ork and mak e useful reading.

They include: Belanger and Arbas ( 1998 );

Li et al. ( 2001 ); Mafra-Neto and Card � e ( 1996 );

Mafra-Neto and Card � e ( 1998 ); Vic k ers and Bak er

( 1996 ); Willis and Arbas ( 1991 , 1998 );

Willis and Bak er ( 1988 )

4 Conclusion

The imp ortance of mo delling is that it forces y ou to

de�ne all y our assumptions and to w ork out the con-

sequences of y our ideas prop erly . Orien tation is an

area where the mind cannot cop e, but there is a dan-

ger that w e ma y b e o v ercon�den t in other areas if

w e do not test our ideas b y building a mo del. The

literature con tains examples of theories whic h nev er

did predict what p eople though t they did.

The pro cess of mo delling also raises new questions

and triggers new researc h. F or example, I suggested

the idea that insects resolv e image mo v emen t in to

longitudinal and transv erse comp onen ts while trying

to mo del the orien tation system. Again, it w as mo d-

elling that led us to ask whether moths use Pythago-

ras' theorem to con trol groundsp eed, ( G

2

= L

2

+ T

2

)

and then led us to c hec k whether the moths use an

appro ximate measure ( L + T ) instead.

The b ene�ts of mo delling start when y ou are forced

to think ab out y our researc h in new w a ys and to b e

more thorough and consisten t. The mo del is a w ork-

ing v ersion of y our ideas and if y our ideas are not

complete the mo del w on't w ork.
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