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Summary

Films of pigeons flying to a perch were analysed to test a theory of how speed of
approach and timing of foot extension in preparation for landing are visually controlled.
Rapid neural computation of distance to perch and of speed and decel eration would seem
to be required. However, according to the theory, none of this is necessary. Simpler
control is possible based solely on the value of the tau function of certain optic variables
X, where the tau function of xis x divided by itsrate of change; i.e. T(X)=x/X. 7(X) is afirst-
order approximation of timeto contact with the perch and so could be used for timing foot
extension. Controlled braking is possible by ssimply keeping 7(x), the rate of change of
7(x), constant. The results indicated that pigeons did regulate their braking when
approaching the perch by keeping 7(x) constant and initiated foot extension when 7(x)
reached a threshold value of approximately 150ms. They followed this procedure even
when they had one eye covered, and so binocular vision was not necessary for regulating
braking or timing foot extension. It is shown that an optic variable that the pigeons could
be using isthe width of the optic projection of the gap between foot and perch. It isfurther
shown that they could be using the same optic variable for controlling the trgjectory of
their feet to contact the perch.

Introduction

In order to land successfully, a bird must regulate visually its speed and direction of
approach to a perch, and time appropriately manoeuvres such as the extension of its feet.
Davies and Green (1990) analysed the visual control of foot extension in pigeons and
hawks, using amethod devised by Wagner (1982). By taking measurements from films of
houseflies approaching a landing target, Wagner calculated in each frame the values of
severa optical parameters, including the distance, retinal velocity and rate of retinal
dilation of the target. This last parameter is equivalent to =, which provides a first-order
approximation of time-to-contact (Lee, 1980). Wagner argued that the optical parameter
controlling landing would show less variation than the others just before the initiation of
landing, and his results showed that T varied less than other parameters at this stage. This
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finding indicates that flies may extract the value of 7 from visual input and use the value
of T totrigger landing. Borst and Bahde (1988) have proposed and presented evidence for
an alternative model for the triggering of landing behaviour in flies, based on the spatio-
temporal integration of movement detectors’ output signals. However, their results are
not strictly comparable with Wagner's, since the flies were tethered while small discs
were moved towards them but did not contact them, whereas in Wagner’s experiments
the flies were free-flying and physically landing on a surface.

In Davies and Green’s (1990) analysis of birds' landing flights, T varied |essthan either
distance or angular velocity just before landing in hawks, but distance varied least in
pigeons. Davies and Green argued that the rhythmic oscillation of the head relative to the
body (head-bobbing) observed in pigeon landing flight (Davies and Green, 1988) caused
greater variation in head velocity in pigeons than in hawks, which were shown not to
head-bob. The implication was that head-bobbing may prevent the use of T as a means of
timing landing accurately, although in further experiments Davies and Green (1991)
found that pigeons switch to the use of T when landing with monocular vision or when
stressed by tape being placed near the eyes.

Whereas previous work on the visua control of birds landing manoeuvres has
concentrated on the timing of a single discrete action — the extension of the feet — the
present analysis is concerned primarily with a different aspect of landing, the control of
braking. Braking appropriately is important: if the bird brakes too hard it will stop short,
drop and miss the perch; if it does not brake hard enough it will be unable to check its
momentum when its feet hit the perch and will tip forward. In either case injury could
result. We will first outline atheory of how the bird might visually control its braking and
then present evidence testing the theory from film analyses of pigeonslanding.

Theory of control of speed of approach

Controlling speed of approach to a destination, as when a bird lands on a perch or a
driver stops behind another vehicle, isintrinsic to many locomotor acts. To illustrate the
theory of control of speed of approach, we will consider the linear approach of an animal
to a surface. The theory, however, applies to approach along any dimension, including
curvilinear approach and rotary approach aong the angular dimension, aswhen an animal
turnsto orientate. The implications of the theory are summarized in Fig. 1 and details are
givenin Appendix 1.

Constant deceleration approach

We start by considering what might appear the simplest way of controlling approach,
by maintaining constant deceleration. Referring to Fig. 1A, suppose at a certain time an
animal A is at a distance —x from a destination O and is approaching O at speed x.
Suppose it now starts decelerating at constant deceleration —X (>0). Then its stopping
distance will be —x?/(2X) and so it will stop short of , stop at, or collide with O according
to whether —x2/(2X) isless than, equal to, or greater than —x. Therefore, to stop at O, for
instance, it would appear to have to know its distance away (—x) and its speed of
approach (X) to set its deceleration (—X) appropriately.

However, thisis not necessary. A simpler solution exists.
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Fig. 1. (A) Notation for linear approach. At time t, the animal has coordinate x (<0) and is
approaching destination with velocity X (>0) and acceleration X (X = dx/dt, X = d2x/dt?). Tau
function of x=1(x)=x/x. Rate of change of T(X)=7(x). (B) Curves showing how normalized
velocity would change over time if approach were controlled by keeping 7(x) constant at the
different values shown (see Appendix 1 for equations of curves). (C) Summary of
implications of the theory of control of speed of approach described in text.

The tau function
The ratio of the animal’s distance away from O (—X) to its speed of approach (X)

provides afirst-order estimate of itstime-to-contact with O. If the speed of approach were
to stay constant, then the ratio provides an accurate estimate, but if speed decreases or
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increases the ratio respectively under- or over-estimates time-to-contact. The ratio has
been termed the tau-margin (Lee and Y oung, 1986). For the more general theory, we here
use the idea of the tau function of x, defined as x divided by its rate of change over time
(¥). In symbols:

T(X) = XX @

It has been shown that, in theory, the value of 7(x) is directly derivable from the
optic flow field and does not need to be computed from information about distance and
speed (see Lee, 1976; Tresilian, 1990). Likewise, visual perceptual experiments using
simulations of approaching surfaces have shown that the value of 7(x) can be
perceived from the display without information about distance or speed of the
approaching surface (Schiff and Detwiler, 1979; Todd, 1981). Experiments indicate
that optically specified 7(x) is used to time interception of moving objects by humans
(Bootsma and van Wieringen, 1990; Lacquaniti and Maiolo, 1989; Lee et al. 1983;
Savelsbergh et al. 1991) and to time locomotor actions when approaching surfaces by
birds (Lee and Reddish, 1981) and humans (Lee et al. 1982; Sidaway et al. 1989;
Warren et al. 1986).

Sopping at a destination

Therate of change with respect to time of 7(x) [=7(X)] is a dimensionless quantity with
the interesting property of providing information for controlling braking (see Appendix 1
for details). To avoid collision, al that isin principle necessary isto register the value of
7(X), adjust braking so that 7(X)=<0.5 and then keep braking (and hence deceleration)
constant. This procedure would generally result in stopping short of the surface (see
Fig. 1C).

A general procedure to stop at a surfaceis again to adjust braking so that 7(x)<0.5 but
now to keep (X) — and not braking — constant (Fig. 1B,C). This procedure requires the
brakes to be steadily slackened off as the surface is approached (except for k=0.5, when
deceleration is constant). Analysis of braking behaviour of test driversindicated that they
followed the stop-at procedure with 7(x)=0.425 (Lee, 1976).

Controlling collision

If 7(X) is kept constant at a value of k between 0.5 and 1.0, then braking has to get
progressively harder as the destination is approached. In fact, stopping at adestination in
thisway theoretically requires reaching infinite braking force. A realistic procedure—the
controlled-collision procedure —is to keep 7(x) constant at a value between 0.5 and 1.0
until maximum braking power is reached, and then to maintain this braking force. This
would result in the animal colliding with the destination but in a controlled way
(Fig. 1B,C).

Film analysis of a hummingbird aerial-docking on a feeder tube indicated that it
followed the controlled-collision procedure; as it braked it held 7(X) constant at a mean
value of 0.71 and its bill passed into the feeder rather than stopping at the opening (Lee
et al. 1991). It has also been shown (Kim et al. 1992) that a person can judge from a
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computer simulation of approach to a surface with 7(x) held constant at different values
(but with no information about distance, speed and deceleration of approach) whether the
approach would result in a‘ soft collision’ [7(x)=<<0.5] or a‘hard collision’ [7(X)>0.5].

Aims of the experiments

From measurements of pigeons approach to a perch, we set out to determine whether
they maintain a constant braking force or whether they adjust braking forcein such away
asto hold 7(x) constant. In the first case, a plot of x against time should be linear and that
of 7(X) against time should be non-linear [except when 7(xX)=0.5; see Fig. 1C]. In the
second case, the plot of 7(X) against time should be linear and the plot of x against time
should be generally non-linear [again, except when 7(x)=0.5]. We carried out thisanalysis
on landing flights made with norma vision and with one eye covered in order to
determine to what extent binocular vision isrequired for controlling approach.

We also sought to determine whether extension of the feet as the bird comesin to land
is activated at a particular value of T(x), of distance (—x) or of timeto contact tc with the
perch. [Notethat, at each instant when the bird is decel erating approaching the perch, t(x)
will be shorter than the time to contact t¢, since 7(X) equals the time to contact if the
approach velocity were to remain constant.] Davies and Green (1990) measured 7(x) and
distance using successive positions of the eye, and the results suggested that, when
pigeons land with normal vision, distance isthe effective parameter. Here, our aim wasto
determine whether the sameistrueif the variables are measured using a point on the body
which is not affected by head-bobbing.

Materials and methods

Measurements were taken from the films of pigeons landing used in Davies and
Green’ s (1990, 1991) analyses. The films were taken at 52.5framess~1 whilebirdsflew a
distance of 3.3m through aflight cage towards acylindrical perch 75cm long and 2cmiin
diameter. As well as making normal landing flights, each bird was also filmed landing
with temporary monocular vision, in order to test for any effect of removing binocular
information specifying perch distance. In a third condition, intended to control for the
possibility that any effect of monocular occlusion was of anon-specific kind, birds landed
with acover placed near an eye but not obscuring frontal vision.

After making normal landings, birds flew several timesin the control occlusion (CO)
condition, with thin strips of masking tape placed around the eye so as to form a rough
circle. The tape was pressed flat against the feathers and bel ow the level of the orbital skin
so asto prevent occlusion of the visual field, particularly the frontal field. Birds then flew
under monocular occlusion (MO), with one eye completely covered by masking tape, and
protected by a layer of Sterispon no. 1 absorbable gelatin sponge between eye and tape.
At the end of each flight, the tape was checked by presenting afast looming object to the
occluded eye; the absence of any reaction was taken as evidence that the eye cover was
intact. In conditions CO and MO, flights were divided roughly equally according to
whether the | eft or the right eye was occluded.
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The overal landing performance of the birds in conditions CO and MO was not
obviously different from that observed in normal landings. In both cases, accuracy in
landing on the perch did not appear to be affected, and the head-bobbing movements seen
in landing flight (Davies and Green, 1988) occurred normally. Fifteen records of normal
flight, 16 from condition CO and 15 from condition MO proved suitable for further
analysis.

In previous work, films were analysed by recording in each frame the coordinates of
the centre of the bird’s eye relative to the centre of the perch. Measurements of speed,
acceleration and T obtained in this way would be affected by head-bobbing, and so it was
necessary to take areference point on the body which would be minimally influenced by
the head-bobbing rhythm. The point chosen, termed the breast point, was the furthest
forward protrusion of the sternum.

Calculating x and T(x) during approach to the perch

Fig. 2A—E shows a sequence of film frames of a pigeon approaching the perch in the
present experiment. The frames run from 247ms before the feet contacted the perch to
19ms before contact. The interframe interval is 57ms. It can be seen that during the flight
the head changesits position relative to the breast: the head isforward in Fig. 2A, back in
Fig. 2B and so on. This is because the head was bobbing (at about 8Hz) as the pigeon
came in to land (Davies and Green, 1988). The feet also move relative to the breast.
Notably, in Fig. 2C, which corresponds to 133ms before contact, the feet start to extend
forward preparatory to landing.

Film measurements of the movement of points on the head, breast and foot showed that
each point oscillated dightly forward and back as the bird moved towards the perch. The
amplitude of oscillation of the breast point was only about 5mm, compared with an
amplitude of about 25mm for the head and about 12mm for the feet. Thus, movement of
the breast point gives agood measure of the movement of the bird as awhole towards the
perch.

Fig. 2F shows some typical approach paths of the breast point. The paths were in
general quite straight but were inclined downward at various angles between 1° and 24°
to the horizontal. In calculating X and 7(X), first the approach path was approximated by
the straight line regression of the Y-coordinate of the breast point on the X-coordinate.
Theregression lineinvariably passed above the perch. x was defined as the distance of the
breast point to the plane passing through the perch and perpendicular to this linear
approximation to the approach path. Thus, x was the distance of the breast point to its
(linearly approximated) point of nearest approach to the perch. For each separate
approach, x, X and 7(x) were calculated at each sample point from the (X,Y) coordinates of
the breast point relative to the centre of the perch, asfollows.

(1) The X and Y time series were smoothed using a Butterworth filter (Wood, 1982)
with 6Hz cut-off to give time series Xs, Ys. (The filter tended to eliminate the
approximately 8Hz oscillation of the breast point which accompanied the head-bobbing,
but the amplitude of this oscillation was negligibly small at about 5mm.)

(2) The slope, m, of the linear regression of Ys on Xs was calcul ated.

(3) x was calculated asx=(Xs+tmYe)/Q1+m?).
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(4) The time series of x was differentiated to give X, using the formula: X,=
(X Xn-1)/(0.019).

(5) 7(X) was first calculated as T(Xpreast)=X/X. This assumes that the hirds were
controlling the movement of the breast point to a destination at the closest point of
approach the perch (i.e. where x=0).

(6) T(X) was aso calculated as T(Xreet,Ip)=(Xoreast- Xbreast at contact)/Xoreast, Where
Xbreast at contact IS the coordinate of breast point in the framein which the feet first contacted
the perch. This assumes that the birds were controlling the movement of the landing
position of the feet — coordinate Xfeet,|p — t0 adestination at the perch (where Xseet,1p=0).

Results
Testing the constant 7(x) hypothesis

The hypothesis that braking is controlled by keeping 1(x) constant predicts that during
deceleration T(x) will approach zero linearly with time to contact. The constant
deceleration hypothesis, in contrast, predicts that speed (X) will decrease linearly with
time to contact.

Fig. 3 shows the plots of T(Xpreast), T(Xfeet,ip) 8N Xoreast @gainst time-to-contact of the
feet with the perch for individual flights under the three experimental conditions. Table 1
gives the means and standard deviations of the linear regressions of the plots. Under each
experimental condition three results were obtained.

(1) The values of r2 for both the T(Xoreast) @nd the 7(Xfeet,|p) regressions were close to
unity, the value corresponding to perfect linearity. However, the values of r2 were
significantly higher for the t(Xeet,|p) regressions (P<0.005, paired t-test).

(2) The mean intercepts were not significantly different from zero for the t(Xfeet,Ip)
regressions but were for the T(Xoreast) regressions (P<0.001, t-test). Although the
difference in the intercepts could have been due to the way T(Xfeet,p) Was calculated (i.e.
XfeetIp WaS zero at landing), the significantly higher r2 value for the T(Xfeet,p) regressions
cannot be so explained.

(3) The values of r2 for both the 7(Xfeet,ip) and T(Xoreast) regressions were significantly
higher than the r2 values for the corresponding x regressions (P<0.01 and P<0.05,
respectively, t-test). Also, the plots of x against time (Fig. 3) are of the form predicted if
7(X) were being kept constant (Fig. 1C): the slope steepens as the perch is approached,
corresponding to braking getting harder.

These three results indicate that the pigeons controlled deceleration by keeping
T(Xfeet,|p) CONStant, as against keeping deceleration (X) or 7(Xoreast) COnstant. The fact that
the regression slopes (Table 1), which are estimates of the constant 7(Xfeet,|p) Values, were
significantly greater than 0.5 and lessthan 1.0 in all conditions (P<0.001, t-test) indicates
that the birds were flying on a controlled collision course with the perch. This agreeswith
the velocity graphsin Fig. 3, which show that the birds were moving forward slowly as
their feet contacted the perch.

Timing of foot extension
In previous analyses of these flights, Davies and Green (1990, 1991) obtained evidence
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Fig. 2. (A-E) Seguence of film frames of a pigeon approaching the perch in the present
experiment. Thefirst frameisat 247ms before the feet contacted the perch, the last frameis at
19ms to contact, and the inter-frame interval is 57ms. Foot extension started at C, 133ms to
contact. (F) Typical trajectories of the point on the breast during normal approach to the perch
[coordinates (0,0)]. Timeinterval between the marked data pointsis 19ms. The duration of the
trajectories shown is about 500ms.

Table 1. Means (standard deviations) of coefficients of linear regressions of 7(Xpreast),
T(Xreet,|p) @nd vel oCity Xoreast ON time-to-contact of feet with perch under the three
experimental conditions

T(Xoreast) T(Xreet,Ip) Xbreast

Normal r2 0.982 (0.017) 0.992 (0.011) 0.893 (0.124)
(N=15) Slope 0.719 (0.094) 0.775 (0.109) 0.220 (0.091) (ms ?)
Intercept - 0.033(0.022) (s) 0.006 (0.029) (s) - 0.057 (0.012) (ms' 1)

Monocular r2 0.971 (0.042) 0.987 (0.031) 0.841 (0.130)
control Slope 0.770 (0.098) 0.814 (0.082) 0.135 (0.055) (ms 2)
(N=16) Intercept - 0.045(0.030) () - 0.001(0.009) (s) - 0.048 (0.007) (ms 1)

Monocular r2 0.945 (0.054) 0.980 (0.035) 0.869 (0.125)
(N=15) Slope 0.722 (0.169) 0.792 (0.144) 0.122 (0.056) (ms 2)
Intercept -0.071(0.044) ()  -0.003(0.019) (s)  -0.040(0.012) (ms 1)

Regressions are for data shown in Fig. 3.
Units of coefficients given in parentheses; if not so indicated, coefficient is dimensionless.
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Fig. 3. Plots of T(Xoreast), T(Xfeet,Ip) @nd Xoreast 8gainst time-to-contact of the feet with the perch
for al the individual flights under the three experimental conditions: A, normal vision; B,
control occlusion; C, monocular occlusion. In general, the t(Xfeet,ip) plots were highly linear,
the T(Xbreast) plots were a little less so and the Xoreast plots were even less linear (regression
coefficients given in Table 1). The data thus support the hypothesis that the birds were
adjusting braking force to hold 7 (Xfeet,|p) constant, as against keeping 7(Xbreast) OF deceleration
(—X) constant.

that foot extension was governed by the distance between eye and perch in normal
conditions, but by T of that distance [i.e. T(Xeye)] in the two occlusion conditions. The
finding that braking during landing flight is controlled so as to hold 7(Xfeet,ip) constant
suggested that it would be interesting to look again at foot extension and compare
variation of distance and variation of t(Xseet,Ip) rather than t(Xeye).

Foot extension was identified as the interval between frames in which the greatest
increase occurred in the distance between the crissum (base of the tail) and the toes. The
index of dispersion (standard deviation/mean) was calculated for Xeet,lp, T(Xfeet,p) and
time to contact with the perch at foot extension and in each of the preceding frames.
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Fig. 4. Index of dispersion (standard deviation/mean) for Xseet,ip, T(Xfeet,Ip) and time to contact
(tc) with the perch at foot extension (time O on abscissa) and at preceding times, under the
three experimental conditions: A, normal vision; B, control occlusion; C, monocular
occlusion. Under normal vision, index of dispersion was consistently lowest for t(Xreet,p),
indicating that foot extension is governed by T(Xreet,p) 8s against distance from perch (Xseet,Ip)
or time to contact with perch (tc).

Fig. 4 showstheresultsfor flightsin the three conditions. In normal flight, 7(Xseet,ip) has
the lowest index of dispersion of the three variables, indicating that the feet were
extended when 7(Xfeet Ip) reached athreshold value. The mean value of 7(Xfeet,|p) When the
feet were extended was 87ms (s.0. 21ms). If we take 60ms as an estimate of visuomotor
delay (Davies and Green, 1990), the threshold val ue was approximately 150ms.

Thus, in normal flight, the pattern of results obtained here is the opposite of that
obtained by Davies and Green (1990), where the index of dispersion for T(Xeye) Was
greater than that for distance. The difference arises from the different ways of measuring
the parameters in the two cases, using eye position in the earlier work to give Xeye and
T(Xeye), but landing position of the feet here to give Xfeet,)p and T(Xfeet Ip). It iSOt surprising
that T(Xeye) Yields higher indices of dispersion than T(xfeet,p) because the head-bobbing
rhythm causes an approximately twofold variation in t(Xeye) Over asingle head-bob cycle.

Effect of interfering with vision
To test whether covering one eye significantly affected control of braking, the
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monaocular occlusion (MO) condition was compared against the control occlusion (CO)
condition. None of the t(xfeet Ip) regression coefficients (Table 1) differed significantly (t-
test) between the conditions. Thus, with one eye covered, T(Xfeet,p) Was still maintained
constant during approach. This control of 7(Xseet,1p) Was &l SO unaffected by the attachment
of tape near the eye: the T(Xreet,1p) regression coefficients for normal and CO flights were
not significantly different (t-test; see Table 1).

As regards timing of foot extension, the indices of dispersion of distance Xfeet,Ip,
T(Xreet,Ip) aNd timeto contact at different intervals before the feet were extended are shown
in Fig. 4. The curves lie closer together in conditions CO and MO than in the case of
normal vision, and a likely explanation is that the birds were flying more slowly in
conditions CO and MO (Davies and Green, 1991) and with less deceleration (compare
right-hand panels of Fig. 3). Asaresult, variation in speed was lower and so distance and
speed were more nearly proportional; this, by itself, would make the indices of dispersion
close in value. The mean of T(Xfeet|p) When the feet were extended was 124ms (s.D.
38ms) in condition CO and 149ms (s.0. 57ms) in condition MO, compared with 87ms
(s.p. 21ms) with normal vision. The difference between the means for CO and MO was
not significant (t-test). However, both means were significantly greater than the mean
under normal vision (P<0.01, two-tailed t-test). To summarize, interfering with vision by
covering one eye or by having tape near the eye appeared to make the birds more
cautious, in that they approached the perch more slowly, braked more gently and
extended their feet sooner before contact.

Although the slower landing approach of the birds in condition MO brings the curves
for the indices of dispersion of time to contact and 7 closer together, the index of
dispersion of distance 60ms before foot extension lies just as far above that of T aswhen
birds have normal vision. We can conclude that the timing of foot extension by T(XfeetIp),
like the regulation of braking by 7(Xfeet,Ip), does not require binocular vision.

In condition CO, the index of dispersion for distance is lower than that for 7, 60ms
before foot extension. There is no apparent explanation for this result, and the small
difference in the two indices, caused by the birds' slow approach speed, suggests that
these data may not reflect areal changein visual control of landing flight.

Discussion

The results indicate that the pigeons regulated their braking when approaching the
perch by keeping the dimensionless variable 7(Xfeet,p) constant and initiated foot
extension when t(Xteet,p) reached a threshold value (approximately 150ms when they had
normal vision). This procedure was followed whether the bird had normal vision or had
one eye covered, and so binocular vision was not necessary for regulating braking or
timing foot extension.

What optical information is available to pigeons to detect values of T(Xfeet,p) and
T(Xreet,Ip) ? T(X) Measured at the eye is the ratio of eye—perch distance to eye speed, and is
equivalent to the tau function of the size of the image of the perch on the retina (Lee,
1980). As discussed earlier, however, this optical parameter fluctuates in value during
landing flight as aresult of head-bobbing, and there is evidence that it isnot used to time
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landing manoeuvres under normal circumstances (Davies and Green, 1990). However,
the value of T(xreet, p) iS Specified optically by adifferent variable — the tau function of the
retinal separation of the images of feet and perch — and this variable is unaffected by
head-bobbing. We next demonstrate this relationship and also show that head-bobbing
can contribute to the control of abird’ s approach to aperch.

Bobbing to land

Head-bobbing appears at first to make the visual guidance of landing more difficult. It
occurs at about 8Hz with an amplitude of about 25mm (Davies and Green, 1988), which
means that the eyes are subject to accelerations up to about 6g. Because of the speed of
landing flight, head-bobbing does not fix the eyesrelative to the environment for a period
in each cycle, as it does when pigeons are walking, and so the function of the behaviour
cannot beto stabilize the retinal image. Isit possible that head-bobbing actually assistsin
the visual control of landing flight, whatever visual functions it may have in other
contexts? One possibility isthat it provides a means of guiding the feet towards the perch,
aswewill next demonstrate.

Fig. 5 shows aschematic eye of apigeon. The nodal point of thelensisat E and the flat
‘retina’ is paralel to the instantaneous direction of travel of the bird. A flat retina is
chosen simply for mathematical convenience: the argument appliesin principleto aretina
of any shape (see Appendix 2). Onto the ‘retina are projected images of the feet and of
the perch to which the bird is flying. Inspection of films of the birds flying indicated that,
during the head-bob cycle, the feet were visible to the bird most of the time, both before
and after they had been stretched forward in landing. In Fig. 2A-D the feet are clearly

Projection plane
‘retina’

Trajectory
of foot

y '—]-[—; XFp P

Fig. 5. Optica variables providing information for controlling flight path to a perch and
regulating braking. See Discussion and Appendix 2 for details.
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visible to the pigeon; in Fig. 2B, where the head is at the back of the bob cycle, the feet
aremarginally visible to the bird.

InFig. 5, P isapoint on the perch to which the bird is flying. F is the landing position
of the feet — the point in the pigeon’s body space which the centre of the foot occupies
when it is stretched forward in landing. It is assumed that the pigeon has sufficient body
sense that it can determine the visual direction of F from the visual direction of the foot
even before the foot is stretched forward in landing. The optic projection (real or virtual)
of FisF’, and the optic projection of PisP'.

In Fig. 5, F is on a course that will pass above perch point P. However, the course
might equally well have been drawn so that F passed below P or —which isthe pigeon’s
aim —directly towards P. How are the different types of course optically specified by the
events on the ‘retina ? A simple answer lies in two optic variables: (1) the acceleration
X'er of theimage of F relative to the centre of the retina and (2) the acceleration X'gp of
the image of F relative to the image of the perch P. A point to note is that the optic
acceleration X'gr is determined solely by the acceleration of the eye relative to the foot. It
therefore provides an intrinsic metric against which to measure the other optic
acceleration X' pp. The latter reflects the movement of the foot relative to the perch, which
iswhat the bird reguires information about.

As shown in Appendix 2, to direct the flight path of the feet towards the perch it is
sufficient to regulate flight until the optic acceleration X'gp of the image of the feet
relative to the image of the perch is zero. If at any time X'gpis not equal to 0, then if X'gp
and X'gr are both accelerations or both decelerations the flight path needs to be lowered,
otherwise the flight path needs to be raised. Natice that this theory does not require
accurate measurement of optical accelerations. All that is required is to determine
whether accel erations are zero, negative or positive.

If head-bobbing contributes to the control of landing trajectory by generating optical
accelerations, how are the problems of controlling braking and of timing foot extension
solved? The theory devel oped here provides a straightforward answer. The optic distance
X' rp between the images of the landing position F of the foot and of perch P provides the
necessary information. As shownin Appendix 2, 7(X'rp) is equal to the quantity (Xreet,ip),
which was measured in the experiment. Furthermore, this relationship is independent of
head-bobbing. Therefore, throughout the head-bob cycle, the optic variables t(x'rp) and
7(X'Fp) continuously specify the physical variables T(Xeet,p) and 7(Xfeet,p), Which the
present results indicate govern braking and foot extension during landing flight.

General implications of tau

The tau function of distance to a surface, 7(x), is apparently used by a number of
species for controlling timing during approach — not only under constant approach speed,
where T(X) gives a precise measure of time-to-contact, but also under changing speed (as
in the present study), where 7(x) provides afirst-order estimate of time-to-contact. There
is, for example, evidence that T(x), registered visually, is used by gannets to trigger
streamlining when plunge-diving into the sea (L ee and Reddish, 1981) and by humansto
time shock-absorption when landing from a fall (Sidaway et al. 1989) and to time the
hitting of adropping ball (Lee et al. 1983).
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Thus, T(X) is potentially a powerful variable for controlling approach to adestination. It
provides valuable information for timing preparatory actions like leg extension and for
regulating speed of approach. Furthermore, 7(x) is of such asimple form that it could be
registered by avariety of sensory means. The only requirement isfor asensory variable S
that is a power function of distance x to the destination (i.e. S=kx®, where k and « are
constants). Given such asensory variable, 7(x) isgiven simply by thevalue of at(S). [The
proof is straightforward: if S=kx* then, differentiating with respect to time, Skax 1L,
Hence, 7(9=9 S (Va)x/*=(La)t(X); i.e. 1(X)=ar(S).]

As an example from a non-visual modality, echolocating bats also appear to control
their deceleration when approaching a surface by keeping +(X) constant (Lee et al.
1992a). There are two sensory variables that are power functions of distance which bats
might use for this purpose: echo-delay and intensity of echo.

7(X) might also be used by electrolocating fish. A nearby object at a distance x from the
fish distorts the el ectric field generated by the fish around its body and induces achange S
in the transepidermal voltage on the fish which appearsto be apower function of distance,
the estimate being S=kx~17 (Bastian, 1986). Because k varies with the conductivity and
size of the object, Scannot, by itself, specify the distance x of the object. 7(x), however, is
specified by 1(X)=—1.77(9).

Finally, it may be noted that controlling approach using 7(x) is not restricted to alinear
approach. Somersaulters, for example, landing upright on their feet appear to control their
angular speed to the destination upright by keeping +(x) constant, where here x is the
angular distance from the destination (Lee et al. 1992b).

Appendix 1: theory of control of speed of approach

The theory which applies to approach along any dimension, will be illustrated by the
linear approach of an animal to a surface (Fig. 6A). The point on the surface being
approached is considered the origin O and at time t the animal A has coordinate x
(arbitrarily taken to be less than zero) and is approaching O at speed x and acceleration X
(xand X denote thefirst and second derivatives of x with respect to time). The tau function
of xis defined asx divided by itsrate of change over time (X):

7(X) = X/% (A1)

—1(xX) isthe time it would take the animal to reach O if it were to continue at a constant
approach speed X The rate of change of T(X) [=7(X)] provides information for controlling
speed of approach. Differentiating equation A1:

F(X) = 1 — XK/X2. (A2

It is clear from this equation that, during approach to O (i.e. x<0 and x>0): (x)>1
implies that the animal is accelerating (i.e. X>0) and time-to-contact is less than —1(X);
7(X)=1 implies that the animal is moving at constant velocity (i.e. X=0) and time-to-
contact=—m(x); #(X)<1 implies that the animal is decelerating (i.e. X<0) and time-to-
contact is greater than —7(X).
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Fig. 6. Anillustration of the theory of control of speed of approach. (A) Notation for linear
approach. At timet animal has coordinate x (<0) and is approaching its destination with speed
X (>0) and acceleration X (X=dx/dt, X=d?x/dt?). Tau function of x=(x)=xX. Rate of change of
7(X)=7(X)=7. (B) Curves showing how normalized deceleration would change over time if
approach were controlled by keeping T constant at the different values shown (see Appendix 1
for eguations of curves). (C) Corresponding curves for normalized speed of approach. If
0<7<0.5, normalized deceleration monotonically decreases (curves for 7=0.1-0.4 in B) and
animal stopsjust as destination is reached (corresponding curvesin C). If 7=0.5, deceleration
is constant (horizontal line in B) and again animal stops just as destination is reached (7=0.5
line in C). If 0.5<7<1, deceleration increases monotonically, as shown by curves for
7=0.6-0.9in B; horizontal lines at top of curves correspond to reaching a deceleration ceiling.
Thus, animal reaches destination with a certain reduced speed (curves for 7=0.6-0.9 in C) and
makes controlled collision with it.

Constant deceleration approach

Suppose the animal is decelerating towards O with constant deceleration —X (>0).
Then the stopping distance from approach speed xwill be —x2/(2X). Therefore, the animal
will stop short of O, providing —x2/(2X)<—X, i.e. providing xx/x2>0.5. Thus, applying
equation A2, the condition for stopping short is:

#(X) < 0.5. (A3)

If 7(x)=0.5, the animal will stop right at O.

Thus, though control of braking might appear to require information about the current
distance from the destination, and about the current speed and decel eration of approach,
none of thisinformation is strictly necessary. To avoid collision, it is sufficient to register
the value of 7(x), adjust braking so that 7(xX)<0.5 and then keep braking constant.
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Application of this constant-braking procedure will necessarily result in 7(x) getting
progressively smaller over time and the animal stopping short of the destination [except if
7(X)=0.5, when +(X) will stay constant and the animal will stop a the destination].
Conversely, if deceleration is kept constant when (x) is greater than 0.5, then 7(x) will
get progressively larger over time and the animal will collide with the destination.

Constant +(x) approach

To stop at a destination it is sufficient to adjust braking so that 7(x) stays constant at a
value k, 0<k=0.5. The equations of motion resulting from following this procedure are
obtained by integrating equation A2 and substituting the constant value k for +(x). The
equations of motion are:

XIxo= (1 + kt/to)M), (A4)
XI%o= (1 + kt/t0)WK—1, (A5)
X(xo/%0?) = (1 — K)(1 + kt/70)MW =2, (A6)

where —Xo, X0, —Xo are, respectively, the animal’s distance from the destination and its
speed and decel eration of approach at time t=0. To=Xo/Xo.

We assume the animal is moving towards the destination O at time t=0; i.e. xo<0 and
X0>0. Therefore 70<0. Hence, from equation A4, x/xo will decrease over time, i.e. the
animal will continue to approach O. [If the animal were moving away at t=0, then by
keeping 7(x)=k it would move away from O.] Equations A4-A6 may then be normalized
by writing:

normalized distance = (distance from destination)/(initial distance) = Xn = X/Xo,
normalized speed = (speed)/(initial speed) = X = X/Xg,

normalized time=time/(initial time-to-contact with destination under constant speed)
= tn = _t/'TO,

normalized decel eration = decel eration/(twice constant decel eration needed to stop at
destination) =%, = X(Xo/%0?).

The normalized equations of motion are:

Xn = (1 — ktn)K), (A7)
Xn= (1 — ktp)K-1 (A8)
%n= (1 — K)(1 — kty)K-2, (A9)

where normalized time to reach destination is 1/k.

Following the ‘stop-at’ procedure of keeping 7(X) constant at a value of k, 0<k=0.5,
requires steadily dackening off the brakes as the destination is approached (except for
k=0.5, when deceleration is constant). This is because the exponent (1/k)—2 in equation
A9is positive. How deceleration falls off is shown in Fig. 6B by the lines (derived from
equation A9) for 7(x)=0.1-0.4. In Fig. 6C, the lines for 7(x)=0.1-0.4 (derived from
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equations A7 and A8) show how speed of approach decreases to zero asthe destination is
approached.

Equations A7-A9 also describe the motion of the animal which would result from
keeping (X) constant at a value of k, 0.5<k<1. In this case, the exponent in equation A9 is
negative. This means that braking has to get progressively harder asthe destination is
approached. Moreover, stopping at the destination in this way theoretically requires
reaching infinite braking force. A realistic procedure —which we will call the controlled-
collision procedure —isto keep 7(X) constant at a value between 0.5 and 1.0 until maximum
braking power is reached, and then maintain this braking force. Thiswould result in the
animal colliding with the destination but in a controlled way. In Fig. 6B, the curves for
7(X)=0.6-0.9 (derived from equation A9) show how deceleration builds up when following
the controlled-collision procedure; the horizontal lines at the top of the curves correspond
to maintaining, up to collision, a constant maximum normalized deceleration of unity.
How normalized speed of approach decreases as aresult of these deceleration patternsis
shown by the corresponding curvesin Fig. 6C (the thicker lines at the end of the curves
correspond to the horizontal lines on the deceleration curvesin Fig. 6B).

The aboveresults are summarized in Fig. 1C.

Appendix 2: opticinformation for landing

Fig. 5 shows a schematic eye of a pigeon flying to a perch and bobbing its head. The
nodal point of thelensisat E and theflat ‘retina’ is parallel to the instantaneous direction
of travel of the bird (for further details, see Discussion). P isapoint on the perch to which
the bird isflying and F is the point in the pigeon’ s body space which the centre of the foot
occupies when it is stretched forward to strike the perch in landing. On the retina, the
optic projection (rea or virtual) of F is F’, and the optic projection of P is P'. Fig. 5
shows F on acourse that will pass above P. Other courses might pass below P or directly
towards P, which isthe pigeon’ saim. The different types of course are optically specified
by events on the ‘retina asfollows. From similar triangles:

Xer = X'EFYEF, (A10)
Xer + Xrp = (X'EF + X' FP)YEP- (A11)
Differentiating each of these equations twice with respect to time:
XeF = X' EFYEF, (A12)
XeF + Xrp= (X'eF + X'FP)YEP. (A13)

When the head is bobbing, the acceleration Xgr of the eye relative to the foot reaches
about 6 g and is generally large compared with the acceleration Xgp of the foot relative to
the perch. Therefore, ignoring Xrp in equation A13:

Xer = (X'er +X'FP)YEP. (A14)
Hence, from egquations A12 and A14:
Yerlyep= 1 +(X'rp/X'EF). (A15)
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Thus, assuming that [X’ep|<|X’er|, the position of the perch relative to the flight path of the
foot is optically specified as follows. If X'Fr/X'er<O (i.e. X'Fp and X'er have opposite
signs), then yer<yep, i.e. the perch is below the flight path. If X'ep/X'ee=0, then Yer=yep,
i.e. the perch is on the flight path. If X'rp/X'eF>0 (i.e. X'Fp and X'gr have the same sign),
then yer>Yep, i.€. the perch is above the flight path.

Thus, for apigeon to steer itsfeet in the direction of the perch it is sufficient to regulate
itsflight until X'zp=0. If at any time X'gp isnot equal to 0 then (a) if X'gp is of the opposite
sign to X'er the flight path needs to be raised and (b) if they are of the same sign the flight
path needs to be lowered.

As regards the information for controlling braking, when foot point F is on course for
the perch, then yep=yer, and so from equations A10 and A11:

XFP = X'FPYEF . (A16)
Differentiating with respect to time:
Xrp = X'FPYEF. (A17)
Dividing equations A16 and A17:
XFp/ Xep = X' FRIX' Fp. (A18)
That is:
T7(XFP) = T(X'FP) (A19)
and so
T(Xep) = T(X'FP). (A20)

Since F isthe point in the pigeon’ s body space which the centre of the foot occupieswhen
it is stretched forward to strike the perch in landing, T(xrp) equals the quantity T(Xreet,Ip)
measured in the experiment. Thus, from equation A20, T(Xreet,Ip) IS Optically specified by:

T(Xfeet,Ip) = T(X'FP). (A21)

It will be noted that the values of the optical quantitiest(x'rp) and 7(X'rp), which specify
T(Xfeet,p) aNd T(Xreetip) and hence provide information for controlling braking, are
unaffected by head-bobbing.
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