








































































































































































































































































































































































































































































accelerations in three-dimensional space. However, vestibu lar signals that 

sense angular rotations could be used, in principle , to compensate for the ro ll of 

the body. Such compensation would work for short time scales, but would be 

increasingly susceptible to drift over longer periods, because the vestibular 

system does not have access to an absolute orientation reference. 

Directed illum ination in the room, as provided by the ceiling lighting , can, 

in principle, provide brightness cues that help stabilize roll and maintain a 

horizontal roll attitude, if the bird were to maintain an attitude such that the 

brightness is a maximum in the dorsal field of view. Such a cue would provide 

an absolute orientation reference, and avoid drift. In principle, the birds could 

also make use of salient visual edges and other geometrical features in the 

tunnel to ensure that the head remains horizontal. 

Head stabilization in budgerigars is analogous in some ways to that 

observed in insects. When mantids and locusts execute peering movements to 

estimate the ranges of objects through motion parallax cues, they actively 

counter-rotate the head relative to the thorax so as to maintain a constant head 

orientation in space (Boeddeker and Hemmi , 201 0; Collett, 1978; Sobel , 1990; 

Wallace, 1959). Schilstra and Hateren (Schilstra and Hateren, 1999) showed 

that blowflies maintain a constant head orientation (in roll as we ll as yaw) during 

flight, despite the fact that the rest of the body (thorax and abdomen) do not do 

so. 

In blowflies, the roll of the head is stabil ized by inputs from the visual system 

and possibly additionally by gyrosensory inputs from the halteres 

(Hengstenberg, 1988). Similarly, honeybees compensate for rotations of the 
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thorax by counter-rotations of the head (Boeddeker et al., 2010). This eliminates 

the rotational component of optic flow and leaves just the translational 

component, which provides information on the three-dimensional structure of 

the world. Exactly how the compensatory head rotations are achieved remains 

to be discovered, in insects as well as birds. 

6.4.3 The timing of wing closure 

We have seen that the birds consistently cease to flap their wings when they 

pass through the aperture. Cessation occurs earlier when the panels flanking 

the aperture are clearly visible (as when they carry a checkerboard pattern), 

compared to when they are indistinct (as when they are blank). Further work is 

required to determine the variables that control the precise timing of the 

cessation of the wing beat, and to ascertain whether this cessation occurs at a 

constant time or a constant distance prior to entering the aperture, or according 

to some other function of these variables. It has been established that gannets, 

plunging into the ocean to catch fish , close their wings at a specific time prior to 

contacting the water surface, rather than at a specific distance from the surface 

(Lee and Reddish, 1981). 

6.4.4 Wing postures during passage through the aperture 

We have seen that budgerigars adopt a variety of different wing postures when 

passing through the aperture. These range from both wings fully closed, to one 

wing closed and the other extended horizontally, to one wing extended upward 

and the other downward. It would be of interest to examine, in a more detailed 

study, whether these postures are characteristic of particular individuals, and 

also to investigate whether the propensity to extend one wing or the other 
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depends upon the bias of the individual bird , i.e. its tendency to approach the 

aperture from the left-hand side or the right-hand side. 
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Chapter 7 
General Discussion 
Birds have devised elegant strategies in order to achieve mastery in the aerial 

domain. However, to be successful , birds have to rely on various sensory inputs 

that their brain has to process accurately, and in real time, to generate 

appropriate motor outputs. For flights over short distances, guidance is provided 

primarily by the visual system. 

Budgerigars in the wild are found in central Australia. They live in large 

flocks of up to about 50-500 birds (Wyndham, 1982). Budgerigars fly through 

scrubland as well as woodland during their seasonal migration, avoiding 

obstacles and landing flawlessly on the branches of trees. 

The highly precise flight manoeuvres of these birds persist even under 

extreme conditions like high winds, or the low light levels that prevail during 

dawn and dusk. Observations of wild bird populations in a wide variety of birds 

(Video 7 .1) led me to carry out an investigation into the mechanism of edge 

detection in landing budgerigars. My studies have shown for the first time that 

budgerigars are able to detect and target visually contrasting edges when they 

come in to land. Presumably, such contrasting edges indicate the presence of a 

surface boundary that will afford a firm foothold upon touchdown and ensure a 

safe landing . This is essential , as a safe landing is important for survival. 

My results show that the edge detection mechanism operates either 

through a combination of the colour blind photoreceptor channel composed of 

the red and green single cones, or, alternatively, through the red double cones 

(Chapter 3, and (Bhagavatula et al., 2009)). The role of the red double cones in 

motion perception has been speculated on in previous studies (Hart, 2001 ). 

188 



However it would be interesting to investigate the role of double cones and 

develop a theoretical model to elucidate the functional significance of double 

cones in motion perception and contrast detection . This could be achieved by 

careful measurement and analysis of the spectral properties of various visually 

mediated behaviours in the budgerigar, and correlating these sensitivities with 

that of the red double-cones and those of the other photoreceptors. 

Some of the shortcomings of the above study were that the experiments 

were carried out under laboratory conditions on solitary, domesticated 

budgerigars. These results could therefore be different from those obtained 

from a wild population, in which the birds live under more natural conditions and 

in large flocks . It would be interesting to repeat the edge detection experiments 

on a wild population of budgerigars under natural sunlight. Similar experiments 

can also be carried out on various bird species living in different habitats, to 

investigate the generality of the role of edge detection in guiding landings. 

Birds fly flawlessly through dense forests and between tree branches. 

They are able to negotiate narrow gaps and manoeuvre through extremely tight 

spaces. In order to do so, birds evidently rely on information derived from lateral 

optic flow. The importance of optic flow information in guiding locomotion has 

been extensively investigated in flies (Hengstenberg , 1988; Kern et al. , 2006) 

honey bees, zebra finches, ants, and human beings, (Eckmeier et al. , 2008; 

Ronacher et al. , 2000; Srinivasan et al. , 2006 ). The importance of translational 

(lateral) and rotational optic flow has been investigated in zebra finches 

(Eckmeier et al., 2008). There is some evidence to suggest that zebra finches 

may extract lateral optic flow information while flying through narrow spaces, 

although it does not indicate how that information is used to guide flight 
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(Eckmeier et al., 2008). Optic flow field variables have been shown to control 

landing in hawks, but not in the case of pigeons (Davies and Green , 1990). 

Films of the landing trajectories of hawks and pigeons revealed that, while 

hawks extend their feet at a specific time point (, = 160 ms) prior to landing, 

pigeons do not use time-to-contact in the same way. Pigeons control their 

braking while landing on a perch by holding the rate of change of i: ( i) constant. 

(Refer to the 'tau ' hypothesis previously discussed in the introduction chapter). 

The experiments presented in this thesis show for the first time that lateral optic 

flow is used by birds to navigate safely through narrow spaces and corridors. 

My experiments to investigate the use of lateral optic flow cues were 

carried out by keeping the spatial period of the vertical stripes constant during 

the course of the experiments. In future experiments, it would be interesting to 

vary the spatial period of these stripes, to investigate the extent to which the 

budgerigar's visual system computes image velocity independently of the 

spatial texture of the retinal image. 

All of the experiments described in this thesis were carried out in a 

relatively short tunnel of length 728 cm. However, it would be ideal to carry out 

these experiments in a longer tunnel, to investigate cruising behaviour. 3-D 

tracking of the birds could then be accomplished by one video camera at an end 

wall and a row of video cameras along the ceiling , with the ceiling cameras 

being used in conjunction with the end-wall camera to reconstruct successive 

segments of the flight trajectory along the tunnel. 

It would be interesting to test my conclusions on the role of optic flow 

cues in the centring response by observing the behaviour of birds in the long 
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tunnel when the side walls display patterns that move in different directions 

and/or at different speeds. This would be a direct test of the hypothesis, arising 

as a result of my present study, that birds negotiate narrow passages safely by 

balancing the optic flow that is experienced by the two eyes. 

It would also be interesting to investigate whether cruising birds regulate 

the speed of their flight, and , if so, to explore the mechanisms by which they 

might do this . My experiments to investigate this question in the short tunnels 

(with vertical or horizontal stripes lining both walls, as described in Chapter 4) 

suggest that flight speed is regulated by holding constant the overall magnitude 

of optic flow that is experienced by the two eyes. It would be important to test 

this hypothesis more rigorously by flying birds in a long tunnel - in which they 

are more likely to reach stable, cruising speeds - and directly manipulating the 

motion of patterns displayed on the side walls. 

Longer tunnels would also be ideal to investigate whether birds use 

visual odometry to estimate how far they have flown. A bird could be trained to 

fly to food placed at location that is a fixed distance into the tunnel. The ability of 

the bird to gauge the distance that it has flown into the tunnel to get to the food 

can then be tested by removing the feeder and examining where the trained 

bird searches for the (now missing) food. One can then examine the importance 

of optic flow cues in gauging distance travelled by (a) varying the width of the 

tunnel in the tests or (b) moving visual patterns projected on the walls in or 

against the birds' flight direction . 

Future developments could also involve the construction of a wind tunnel 

where flight behaviour is studied in the presence of controlled air flow. One 
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could investigate, for example, whether birds regulate the speed of their flight 

visually even in the presence of wind, by adjusting their flight thrust to 

compensate for headwinds or tailwinds. One way that birds might accomplish 

this would be to hold constant the magnitude of the optic flow that is generated 

by the environment. This possibility can be tested by flying birds in a wind 

tunnel in which the optic flow cues are manipulated. 

Birds show lateralization in different aspects of their behaviour. For 

example, chicks are more likely to detect food, such as seeds on a floor, with 

their right eye (Rogers, 1990). Cockatoos show a preference for using their left 

foot to grab and raise food to their beak (Magat and Brown, 2009). On the other 

hand, Tree Swallows prefer to fly through a larger opening when two apertures 

of unequal sizes are presented to them, but show no lateralization in this 

behaviour (Mandel et al., 2008). 

My observations have shown for the first time that individual birds show a 

lateralization with respect to avoiding obstacles during flight. Some birds fly 

consistently to the left of the obstacle , while others fly consistently to the right. 

However, this side bias is overridden when the birds encounter asymmetrical 

lateral optic flow information , for example a blank obstacle on one side of an 

aperture and a chequered obstacle on the other. My results show that when a 

right-biased bird, which would normally approach a symmetrically decorated 

aperture from the right side , encounters a blank obstacle on the right hand side 

of the aperture, then it approaches the aperture from the left side, i.e. away 

from the chequered obstacle, presumably to glean more reliable lateral optic 

flow information. When the birds encounter two apertures presented side by 

side , then if the apertures are of the same size, the choice of the aperture is 
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determined by the bird's lateralization. However, if the apertures are unequal in 

size, the birds show a tendency to prefer the larger aperture, overriding their 

lateralization-induced bias. However, the strategy employed to decide on which 

aperture to fly through varies from one individual to another. Some birds appear 

to make this decision before they take off from the perch, while others make the 

decision during their flight and make the necessary adjustments in real time. 

Clearly, the entire operation involves very quick reflexes. 

All of my experiments used a vertically oriented aperture. In future 

investigations it would be interesting to carry out similar experiments using (i) a 

single horizontal aperture of variable height, carrying the same or different 

visual textures at the upper and lower ends; and (ii) two apertures of different 

heights, to investigate the role of aperture height in determining aperture choice. 

Flying animals show six degrees of freedom _ of movement in three­

dimensional space. These are composed of three translational movements: 

forward motion, lift, and sideways slip, and three rotational movements: yaw, 

pitch and roll. All flying animals need to maintain a more-or-less stable attitude 

with respect to gravity during flight. While yaw movements have little influence 

on flight attitude, roll and pitch movements do. Therefore, roll and pitch have to 

be stabilized and carefully controlled in order to promote stable flight. 

In insects, vision plays an important role in stabilization of the head 

during flight (Hengstenberg, 1988). Honeybees in flight hold the orientation of 

their head relatively constant in absolute space (Boeddeker et al. , 2010), 

interspersed by fast saccadic head and body yaw movements. During the 

periods of constant head orientation, the rotational components of optic flow are 
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kept at a minimum, thus allowing the perception of depth and the three­

dimensional structure of the environment from the (purely) translational optic 

flow that prevails during these flight segments (Boeddeker et al. , 2010). Head 

stabilization has also been observed in blowflies (Kern et al., 2006). 

In the experiments presented in this thesis, I have shown that 

budgerigars keep the orientation of their head stable whilst avoiding obstacles, 

and flying through narrow spaces. The head shows relatively little roll 

movement in comparison to the body. The roll oscillations of the body increase 

in frequency as the bird approaches the narrow aperture but the amplitudes of 

the head roll oscillations are low compared to those of the body. The rates of 

body roll and the manoeuvres of the body are more extreme when the flanking 

walls are blank as compared to when they are textured. The pitch of the head 

is also low and it remains close to horizontal during the entire flight trajectory, 

whereas the body shows a greater degree of downward pitch while approaching 

the aperture. 

Other interesting observations are that the wings beat in a roughly 

horizontal plane during level flight. Birds avoid flapping their wings while 

passing through the aperture. Most of the time the wings are held close to the 

body during transit through the aperture, but sometimes one wing is extended 

upwards and the other downwards. The birds also gain some altitude before 

entering the aperture in order to pre-compensate for the loss in altitude before 

entering the opening . When the tunnel carries no obstacles, the speed of bird 

flight is higher and the entire traverse through the tunnel is completed with 

fewer wing strokes. 
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My experiments to investigate head stabilization were carried out using high­

speed cameras that had a high frame rate, but a relatively low spatial resolution 

(1 megapixel}. 

Thus, in order to be able to resolve the tracking dots with adequate precision I 

had to fly the birds relatively high (i .e. close to the camera in the ceiling). In 

future experiments a higher resolution colour camera, along with the use of 

holographic tracking dots (whose apparent colour changes with viewing angle), 

could be used to track the positions and orientations of the head and body more 

accurately. 

In future work, a miniature gyroscope and accelerometer could be harnessed to 

the birds. The data from these devices could be combined with the information 

provided by the tracking dots to get more precise estimates of the orientation , 

and yaw, pitch and roll rates of the head and body. 

Since birds occupy a wide variety of ecological niches and habitats, they 

display a range of anatomically different shapes of the head, eyes and beak that 

are suited to these different habitats. Hence it would be interesting to 

investigate how the visual system helps the birds generate motor outputs under 

such widely varying conditions. These adaptations have evolved over millions of 

years of selection pressure that have promoted the development of highly 

efficient strategies and neural algorithms for visuomotor control , which are not 

yet fully understood . It would also be interesting to compare the strategies and 

algorithms used by birds with those used by other flying organisms like insects -

which are equally diverse, and occupy diverse ecological niches. Some of these 
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algorithms could be investigated for implementation on robotic airplanes and 

helicopters in order to enable them to take off, fly and land autonomously. 

At present we know relatively little about the genetic basis of avian 

behaviour. It would be interesting to investigate the molecular players that are 

involved in the regulation and synthesis of the opsins in various bird species. It 

would also be interesting to investigate naturally occurring mutants among the 

bird population and the effects that these mutations may have on visually 

guided behaviour, as seen in case of albino zebra finches , for example, which 

are unable to produce an optokinetic response (Eckmeier et al. , 2008). Such 

studies would allow us to identify the molecular pathways involved in a variety 

of visuomotor reflexes in birds. 

The future of avian research looks extremely promising. With more 

advanced tools becoming available for measuring and quantifying behaviour 

and with the recent publication of the zebra finch genome and the chicken 

genome there is a renewed scientific interest in avian biology. Moreover, with 

newly emerging fields like biorobotics, and the successful implementation of 

insect visual navigation algorithms on robotic platforms, it is very likely that 

these robotic platforms will eventually implement avian visual algorithms as 

we ll. 
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Appendix 1 

Further preliminary observations of budgerigar 
flight 

In addition to the studies described in the previous chapters, I have made a 

number of brief observations during the course of the experiments, which I 

bel ieve are interesting and worthy of pursuit in the future . Here is a brief 

description of them. 

A1.1.1 Landing on a moving perch 

Budgerigars were trained to take off from a perch and land on another perch, 

which was swinging in a plane roughly parallel to the bird's trajectory of 

approach towards it. The experimenta l set up is shown in Figure A 1. 

A 1.1 

244 
cm 

Camera 1 

Door 

Figure A 1. 1 Schematic diagram of the tunnel with a swinging perch. The 

budgerigars take off upon slow rotation of the perch to land on the swinging 

perch. 
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My preliminary observations indicate that the birds land preferentially at the 

extreme ends of the swinging trajectory of the perch, i.e. at the closest or the 

farthest point of the arc traced by the perch. During such landings, birds hover 

just above the (momentarily) stationary perch before landing on it. This 

suggests that budgerigars prefer to touch down at the instants of time when the 

perch is nearly stationary, and there is little or no relative motion between the 

perch and the bird. A few landings also occur when the perch is moving in the 

same direction as the bird. This again represents a situation in which the perch 

is almost stationary relative to the bird. This landing strategy could be important 

when touching down on a branch that is swaying in the breeze. Only rarely do 

birds land when the perch is moving against them. In such cases the birds 

would flap their wings strongly in the horizontal plane just before touchdown, 

effectively generating a reverse thrust that reduced the speed of flight quickly to 

make the bird 's motion more compatible with that of the perch . Presumably, the 

periodic, predictable, simple harmonic motion produced by the perch facilitates 

the planning and the timing of the touchdown. It would be of interest to 

investigate this phenomenon of landing on a swinging perch quantitatively and 

in greater detail. It would also be interesting to examine touchdowns on 

motorized perches that are programmed to execute aperiodic, unpredictable 

motions. 

A 1.1 .2 Landmark following by flying budgerigars 

Budgerigars were trained to fly through a tunnel that had a long, narrow strip of 

masking tape (2 cm wide) affixed to the surface of the floor, Experiments were 

conducted with the masking tape placed in three different configurations: 
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1) Close to the left wall of the tunnel (Figure A 1.2). 

2) Close to the right wall of the tunnel (Figure A 1.3). 

3) Along the diagonal of the floor area (right to left) (Figure A 1 .4 ). 

In all three cases it was observed that the budgerigars used the masking tape 

as a guiding landmark while flying through the tunnel (Video AV2, AV3 and 

AV4), That is, they tend to fly above the landmark, along the direction in which it 

was oriented. 

199 



A 1.2 

cm 

Al.3 

244 
cm 

~...,_'-,---Camera 1 

~ '.}Yr..- Landmark 

Door 
Camera 2 

--'-,.-'-~ Camera 1 

;_.;.-,-,-~ , I I , ! : . , . ':c:::: _.. Landmark :...--------;....: ·, ., ., ,, i: V v 

200 

Door 
Camera 2 



Al.4 

244 
cm 

-:..--'--Camera 1 

Door 
Camera 2 

Figures A 1. 2, A 1. 3 and A 1.4 Illustration of three different configurations of a 

landmark stripe on the floor. 

Landmark following has been documented in homing pigeons, in the context of 

long-range navigation outdoors where these birds tend to follow highways and 

other visually contrasting edges on the ground (Lau et al., 2006). But those 

studies were carried out under field conditions where it is difficult to change the 

different experimental parameters. In contrast, my preliminary observations, 

which were conducted in a laboratory under controlled conditions, should permit 

manipulation of the shape, colour and contrast of such ground-based visual 

features in future studies to gain a better understanding of how they affect or 

guide flight. 

A1 .1.3 Multiple obstacle avoidance in flying budgerigars 

Budgerigars were trained to fly a course that presented two obstacles. The 

obstacles were presented one after the other in a 'chicane' arrangement, as 
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shown in Figure A 1.5. The first obstacle consisted of a vertical sheet of black 

cloth perpendicular to the tunnel's axis and stretching from the floor to the 

ceiling. The second obstacle was a similar sheet, coloured white. The 

background against which both of these obstacles were viewed by the flying 

bird (the end wall) was black. 

Al .S 

244 
cm 

1•·::::?·,<f, : : . :J .: t:: -... .... ",:·:J Camera 1 

Figure A 1. 5 'Chicane ' arrangement of obstacles used for the multiple obstacle 

avoidance experiment. 

Each obstacle was nearly half the width of the tunnel , i.e. it obstructed nearly 

50% of the tunnel opening. Recordings of the flights of birds through this 

'chicane ' arrangement showed that the budgerigars would close their wings as 

they passed through the first opening , flap their wings during the flight between 

the two obstacles, and then close their wings again when flying through the 

middle of the second opening (Video AV5) . 
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This controlled study has interesting parallels with the flight of 

budgerigars while negotiating obstacles in the wild, where two successive 

obstacles can have contrasting differences. The above experiment could also 

be modified to investigate obstacle avoidance strategies adopted by birds in 

flight when there is no contrast between two or more successive obstacles. 

Wild birds encounter obstacles every day during flight. Dexterity in 

negotiating obstacles is essential for their survival. 

A1 .2 Further suggestions for future research 

A1.2.1 Scientific questions 

A1.2.1.1 Optic flow experiments 

The experiments involving lateral optic flow in flying budgerigars in Chapter 4 of 

this thesis have shown for the first time that birds rely on lateral optic flow 

information in order to navigate through tight spaces. However, I would like to 

investigate this problem more comprehensively by carrying out experiments in 

which patterns could be projected on to the walls of the tunnel using computer 

controlled video (LCD) projectors. This would enable precise control of the 

visual stimuli that the birds experience with regard to pattern, colour and 

movement. 

The mechanism of the centring response can then be examined more 

thoroughly by systematically varying the speed and /or contrast of the pattern 

on one (or both) walls, to develop a full understanding and a quantitative model 

of this behaviour. 

A detailed investigation of visual odometry has been carried out in honey 

bees (Srinivasan et al. , 1997). However, there is as yet very little information on 
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how birds estimate distance travelled. This question can be addressed by 

training budgerigars to find food at various points along a long tunnel , which 

carries visual patterns projected on the side walls to provide optic flow cues. In 

subsequent tests, the projected stripes can be moved at various speeds in 

order to manipulate the extent of optic flow that the birds experience en route to 

their goal. If movement of the patterns changes the location at which the trained 

birds search for the food , systematically and predictably, these experiments 

would indicate that the birds use optic flow cues to estimate distance travelled . 

A 1. 2. 1. 2 Avoidance of moving obstacles by flying birds 

All of the experiments on obstacle avoidance presented in this thesis have 

investigated obstacle avoidance with respect to stationary objects. However, it 

would be interesting to investigate how birds detect and avoid moving 

obstacles. Birds in the wild are able to fly between the branches of trees even 

when they are swaying. But these avoidance manoeuvres are not always 

successful, as evidenced by the considerable numbers of fatalities caused by 

collisions with wind turbine blades. A systematic investigation of the ability (or 

otherwise) of birds to avoid of moving obstacles would enable us to develop 

deterrent measures that can prevent or reduce collision related fatalities . 

A1.2.1.3 Real time object tracking and insect hunting by Pacific Swifts 

(Apus pacificus) 

Motion camouflage is a type of a dynamic camouflage in which the pursuer 

appears to remain stationary to the organism that is being pursued. Hoverflies 

are known to use motion camouflage while looking for prospective mates while 

in flight (Srinivasan and Davey, 1995). 
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Pacific Swifts are agile fliers . They are known to track and hunt insects. 

However, the mechanism by which these and other insectivorous birds hunt the 

insects in flight remains to be explored . There is a strong possibility that they 

use motion camouflage in order to fool the prey and hence successfully catch 

them. This could be studied with the aid of high-speed stereo videography. 

A 1.2.1.4 Obstacle avoidance in Gos hawks (Accipiter fasciatus) 

Gos Hawks (Accipiter fasciatus) are known to be very agile fliers, particularly 

when hunting for prey in densely wooded forests. However, little is known about 

how these birds avoid collisions while dodging obstacles in flight. A miniature 

video camera can be attached to the bird along with an attitude and heading 

reference system (AHRS). Such an arrangement would provide live streaming 

video of the bird's flight through the forest, as well as information about the 

attitude of the head and the body and the direction of flight while the bird is 

pursuing its prey and avoiding obstacles. 

A1.2.1.5 Visually guided docking and hovering in honey eaters, sun birds 

and humming birds 

Small birds like the Eastern Spinebill , (Acanthorhynchus tenuirostris) (a species 

of honey eater) (Pyke, 1981 ; Scoble and Clarke, 2006), the Olive Backed Sun 

Bird (Nectarinia jugularis) and the Ruby Throated Humming Bird (Archi/ochus 

colubris), (the first two being native to Australia and the last to the Eastern 

United States), are agile fliers and have a unique ability to hover during flight. 

This enables them collect nectar from flowers whilst airborne. The mechanism 

by which birds 'dock' to the flower appears to be under visuomotor control , and 

has not been systematically investig_ated . The docking behaviour can be 
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investigated by training the birds to feed at a sugar water feeder, and filming the 

birds' approach trajectories using high-speed stereo video cameras. To 

investigate the possible role of optic flow information in the control of approach 

and landing, approach trajectories can be measured when a rotating spiral 

stimulus is placed behind the feeder, in order to augment or reduce the 

apparent rate of expansion of the target. 

A 1.2.1.6 Establishment of a laboratory-reared genetically characterized 

strain of a wild type budgerigar 

All the budgerigars that are currently being used for laboratory investigations 

are sourced from local breeders. Such budgerigars are bred for their vivid 

colours. The breeding is carried out randomly. However, it would be ideal to 

establish a genetically characterized population of budgerigars for future 

experiments involving animal behaviour. A Karyotype of the chromosomes 

should be prepared (Dongen and Boer, 1984; Rothfels et al. , 1963) and all the 

known genes should be mapped on to the chromosomes. The establishment of 

a wild type laboratory strain of budgerigar would help in all future experiments 

involving budgerigar genetics. 

A1.2.1.7 Sequencing the budgerigar genome and functional and 

behavioural characterization of budgerigar mutants 

The first step towards budgerigar genomics would be to sequence the entire 

genome of the budgerigar, followed by complete annotation of all the genes. 

This data would be useful to characterize various genes involved in behaviour 

as well as to build transcriptional networks to show the interaction between the 
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genes and the various regulatory elements involved in the expression of a 

behavioural phenotype. 

A1.2.2 Technical developments 

A 1.2.2.1 Development and standardization of an organic motion capture 

system to digitize motion of flying birds 

Motion capture is a technique in which the movement of an object is recorded 

using two or more high speed cameras, after which the movement is 

incorporated into a previously-established model of the object. The technique 

has wide ranging applications in defence, entertainment, gaming and sports 

medicine. It is also widely used by researchers for the analysis of human and 

animal locomotion . Presently, the technique involves the use of active or 

passive tracking dots which act as markers or as reference points for digitization 

of a point on the object whose movement is to be recorded and measured. 

Once the video image sequences are acquired, they are processed by custom 

made-algorithms that convert the 2-D information acquired by all of the 

synchronized cameras into 3-D animations of the object, and which provide 

data on the kinematics of various body parts. While this technique is simple and 

straightforward , it has the disadvantage that the tracking dots placed on the 

subject can occasionally be displaced or dislodged, leading to inaccuracy or 

loss of measurements. 

An approach that overcomes the above disadvantage involves the so­

called 'organic motion capture'. This technique enables the tracking of static or 

dynamic body parts that have been filmed from different angles using multiple 

synchronized cameras, without the a[d of any markers or tracking dots. In 
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essence, the approach involves fitting 3-D models of the various body parts to 

the recorded video sequences, in order to establish the position and orientation 

of each body part. Organic motion capture, also known as marker less motion 

capture, is gaining popularity because it is more accurate in determining the 

motion of the subject. 

These endeavours would, of course benefit from the use of video 

cameras with a higher spatial resolution than the ones that I have used for my 

study. For example, the Viacom high-speed high-resolution digital cameras 

have a 5-megapixel image sensor, which should enable the experimenter to 

resolve and analyze data in greater detail and with higher accuracy. 

A1.2.2.2 Integration of motion capture video with data from an AHRS 

(Attitude and Heading Reference System) 

The data generated from high speed motion capture technology could also be 

integrated with data from an IMU (Inertial Measurement Unit) that is attached to 

the subject (or body part) under observation. An IMU consists of a three axis 

gyroscope, three accelerometers and three magnetometers. The three 

gyroscopes provide real time information about rates of yaw, pitch and roll . The 

magnetometers provide information on absolute orientation , relative to the 

earth 's magnetic field . The accelerometers provide real time information about 

the acceleration along three mutually perpendicular axes. Commercially 

available IMUs are equipped with onboard filters that process and integrate the 

information from all the three types of sensors to generate real time data about 

the movement of the subject under investigation . The resulting IMU data could 
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be integrated with the data generated from stereo motion capture cameras to 

get a very accurate picture of how birds behave during rapid flight. 
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Appendix 2 

Model of twin-aperture choice 

Here I present a simple mathematical model that captures the behaviour of the 

birds when they are confronted with the task of choosing between two 

apertures, and incorporates the factors and tradeoffs that could influence the 

passage of a flock of budgerigars through the two apertures. 

We assume that the width of the left-hand aperture is d, and that of the right­

hand aperture is (O-d), where D is the total width of the two apertures. 

When d = !}_ , the two apertures are of equal width . We assume that the time T 
2 

taken for a single bird to fly though a passage is inversely proportional to the 

width of the passage. While we do not know if this assumption is exactly true, it 

is a reasonable first approximation , given that (a) the narrower the passage, the 

greater the difficulty in negotiating it, and the longer the bird will take to pass 

through it; and (b) if visually guided flight dynamics of budgerigars are similar to 

bees, the speed of their flight through a passage will be proportional to the width 

of the passage (Srinivasan et al. , 1996), so that the time required to fly through 

the passage will be inversely proportional to its width. 

Thus, the times h and TR taken by a bird to fly through the left- and right-hand 

apertures will be given respectively by 

K 
TL =d 

K 
and Tn = D -d 
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When the two apertures are of equal width, we see that 

T. = T. 2K L R~ 
d 

(3) 

If a flock of N budgerigars encounters the two apertures, and if NL of them 

choose to fly through the left-hand aperture and NR through the right-hand 

aperture (NL + NR =N), the time required for the NL birds to transit the left-hand 

aperture will be 

T. = N K 
L L d (4) 

and the time required for the NR birds to transit the right-hand aperture will be 

K K 
TR= NR (D-d) =(N - NL) (D-d) (5) 

Let us now consider, in turn, a number ways in which the birds might choose 

between the two apertures and examine, for each case, the time taken by the 

entire flock to pass through the twin -aperture obstacle. 

Strategy A: All birds choose to fly through the left-hand aperture, irrespective of 

its width 

This situation would prevail if all of the birds had a strong left-bias. 

In this case, the total transit time Tr taken by the entire flock will be (from 

equation (4 )): 

TT = Nii 
d 
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Figure A2.1 shows how the total transit time h for this strategy wi ll vary as a 

function of the width d of the left-hand aperture (blue curve). Always choosing to 

fly through the left-hand aperture is unlikely to be an efficient strategy, because 

the right-hand aperture is never used by any bird. 

10 

g 

8 

7 

Q) 6 E .. 
115 
C 5 
'" ... 
:iii 
~ 4 

3 

2 

0L-----'--------'-- ----'-------'-----' 0 20 40 60 80 100 
d(mm) 

Figure A2.1 Illustration of total transit times as predicted by a model of a flock 

of budgerigars negotiating two simultaneously presented apertures of width d 

mm (left-hand aperture) and (D-d) mm (right-hand aperture), where D, the sum 

of the widths of the two apertures, is 100 mm. The curves show the variation of 

the total transit time with d for strategies A (blue) , B (green), C (black), D 

(dashed black) and E (red) , as described in the text. For clarity, the curve for 

strategy D is shown displaced slightly upwards. 
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Strategy B: All birds choose to fly through the right-hand aperture, irrespective 

of its width 

This situation would prevail if all of the birds had a strong right-bias. 

In this case, the total transit time Tr for the entire flock will be (from equation 

(5)): 

K - N -TT - (D -d) (6) 

Figure A2.1 shows how the total transit time Tr for this strategy will vary as a 

function of the width d of the left-hand aperture (green curve). Always choosing 

to fly through the right-hand aperture is unlikely to be an efficient strategy, 

because the left-hand aperture is never used by any bird. 

Strategy C: Birds choose randomly between the two apertures, irrespective of 

their size. 

This strategy would prevail either if (a) each bird were to choose randomly 

between the two apertures or (b) half the flock of birds had a strong left-bias 

and the other half a strong right-bias. 

If the size of the flock is N, each aperture would be chosen by (N/2) birds, on 

average. 

The transit time for the birds taking the left-hand aperture would be (from 

equation (4 )): 

TL = 1!_!5_ 
2 d 
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and the transit time for the birds taking the right-hand aperture would be (from 

equation (5)): 

N K 
TR =2 (D- d) 

(8) 

The transit time Tr for the entire flock to pass through the twin-aperture obstacle 

would be the greater of the two transit times, hand TR. 

If d < Q , then it is clear that h will be greater than TR; and if d> !!_, the 2 2 

opposite will be true. 

Therefore, the total transit time Tr for this strategy will be: 

TT= N !S_ 
2 d 

if d ~ !!_ 
2 

i.e . if the right-hand aperture is wider than the left-hand one, 

and 

N K 
TT =2 (D- d) 

if d>!!_ 
2 

i.e . if the left-hand aperture is wider than the right-hand one. 

(9) 

(10) 

Figure A2.1 shows how the total transit time Tr for this strategy will vary as a 

function of the width d of the left-hand aperture (continuous black curve) . This 
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strategy is not necessarily optimal , because it chooses wide apertures just as 

frequently as it does narrow apertures. 

Strategy D: Birds always choose the larger of the two apertures. 

If the left-hand aperture is wider, i.e. , if d > !!_, the total transit time will be 
2 

TT= N~ 
d 

(11) 

If the right-hand aperture is wider, i.e., if d :c;; !!_, the total transit time will be 
2 

K 
TT = N(D-d) (12) 

Figure A2 .1 shows how the total transit time Tr for this strategy varies as a 

function of the width d of the left-hand aperture (dashed black curve). This 

strategy is not necessarily optimal , because the narrower aperture is never 

used by any bird. 

Strategy E: Birds choose the two apertures with probabilities proportional to 

their relative widths. 

In this scenario the aperture of width d is chosen with probability !!...., and the 
D 

aperture of width (O-d) is chosen with probability D- d. If the size of the flock is 
D 

N (where N is a large number) then , on average, N !!.... birds would choose the 
D 

aperture of width d, and ND -d birds would choose the aperture of width (O-d). D . 
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The transit time for the aperture of width d would then be N !!_ 15_, or N15_ . The 
Dd D 

transit time for the aperture of width (O-d) would be N D - d ~ . which is also 
D D-d 

equal to N15_ . We note that, with this strategy (a) the transit times are the same 
D 

for both apertures, which means that both groups of birds will finish flying 

through their respective apertures at the same time; and (b) the transit times are 

independent of the relative widths of the two apertures. This is because the load 

(the number of birds) at each aperture is matched to the speed at which the 

birds can fly through that aperture. Since both apertures become clear at the 

same time, neither aperture is under-utilized , and this is the most efficient way 

to route traffic through the two apertures. The total transit time Tr for this 

strategy is N15_, and is shown by the red curve in Figure A2 .1. This represents 
D 

the best (lowest) total transit time among all of the strategies. Importantly, in this 

case the transit time is not only minimal, but is independent of the relative 

widths of the two apertures. 

The optimum strategy for minimizing the overall transit time, therefore, is to 

ensure that the probability of choosing each aperlure is proporlional to the width 

of that aperture. This leads to the optimum choice probability function shown in 

Figure A2 .2. The probability of choosing the left-hand aperture is !!__ , and the 
D 

probability of choosing the right-hand aperture is D - d where d is the width of 
D 

the left-hand aperture and O-d is the width of the right-hand aperture. 
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Figure A2.2 Probability functions for the choice of the right-hand aperture (red 

curve) and the left-hand aperture (blue curve) as a function of the width d of the 

left-hand aperture, for the optimum strategy (E) described in the text. 

Are the budgerigars indeed realizing this optimal strategy? To investigate this , 

we can begin by modelling each bird's choice behaviour by a unit step function, 

as a simple first approximation . This step function is described by u(B-d) , where 

u, the probability of choosing the right-hand aperture when the left-hand 

aperture has a width d, is equal to 1 when d :'> B, and 0 when d > B. B is a 

parameter that represents the bird 's bias. The bird is unbiased if B=(D/2), left­

biased if B < 50 mm, and right-biased B > 50 mm. A family of choice probability 

functions, for birds with different biases, is shown in Figure A2.3. 
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Figure A2.3. Choice probability functions for individual birds with a range of 

different bias parameters (B) varying from O mm to 100 mm in steps of 10 mm 

The choice probability for each bird is modelled by a step function (dashed blue 

curve). The continuous red curve shows the resulting average choice probability 

function for the entire flock. 

The desired optimum choice probability function for the entire flock can be 

realized by having a different bias parameter for each bird. If B varies uniformly 

over the range [O - D], it can be shown that the choice probability function for 

choosing the right-hand aperture for the entire flock will be D-d , as illustrated 
D 

by the continuous red curve in Figure A2.3. 

The proof of this is as follows : 

The probability of choosing the right-hand aperture, averaged over a large 

number of birds with biases distributed uniformly over the range [O,D) , is given 
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by the expected value of the function u(B-d). Denoting this expected value by 

PR, we have 

l ID l JD D - d PR= E [u(B-d)]= - u(B- d)dB= - l.dB=--
D O D d D 

(13) 

The average probability of choosing the left-hand aperture, PL, is given by 1-PR, 

which is !!___ These functions are exactly those illustrated in Figure A2.2. 
D 

Therefore, the optimum strategy illustrated in Figure A2.2 can be realized by a 

flock of birds in which the individual biases are distributed uniformly over the 

range [0,D]. 

In reality, we see that the choice probability curves for the individual birds are 

not exactly step functions. Rather, they are approximately sigmoidal in shape, 

as is evident from the data in Figures 5.6 A-F in Chapter 5. They can be 

approximated by the logistic function 

1 + e-a(B-d ) (14) 

where B is the bias parameter (as before), and a is a parameter which defines 

the sharpness of the bird 's transition between the left-hand aperture and the 

right-hand one. The larger the value of a, the steeper the transition ; when a =oo, 

we have a step function , as above. 

Choice probability functions modelled according to the logistic function , with 

a=0.15, for birds with various bias parameters (B) ranging from 0 mm to 100 

mm in steps of 10 mm, are shown by the dashed blue lines in Figure A2.4. 
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Figure A2.4. Choice probability functions for individual birds with a range of 

different bias parameters (B) varying from O mm to 100 mm in steps of 10 mm. 

The choice probability for each bird is modelled by a logistic function (dashed 

blue curve) . The continuous red curve shows the resulting average choice 

probability function for the entire flock. 

Proceeding as before, we can calculate the probability of choosing the right­

hand aperture , averaged over a large number of birds with biases distributed 

uniformly over the range [O , D] . This is done by evaluating the expected value of 

1 
the function 

1 
-a(B-dJ . Denoting this expected value by PR, we have 

+ e 

p _ j 1 j- 1 fD 1 dB 
R - .ell+ e - a(B-d) - 75 o 1 + e-a(B-d) (15) 

The integral in (15) can be evaluated by setting 
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I+ e - a(B-d) = P 

which leads to 

-dp - ____!jp__ 
dB= - a(B-d) - a(l - p) ae 

Thus, we have 

_ 1 f.l +e-•CD-d) dp _ 1 f.l +e-•(D-dJ l 1 1 } PR- - --- - - -+ - - 'P D l+ead ap(l- p) aD l+e"" p 1-p 

[ 1
+e-• (D-d) 

1 l+e -a ( D-d) 1 
i.e. PR=-[log(p)-log(l-p))i ad = - log(____E__) 

aD +e aD 1- p +e~' 

1 [ j l+e-a(D-d) } _f l+ ead }] 
which gives PR = aD lo9_ - e-a(D-d) -Io9_ - ead -

This can be simplified to read 

1 ~ 1 + e-a(D- d) } 
PR =-lo aD e-aD + e-a(D- d) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

PR is the probability for choosing the right-hand aperture as a function of the 

width of the left-hand aperture (d). It is plotted as the continuous red curve in 

Figure A2.4. We see that this function is very similar in shape to the optimal 

choice probability function for strategy E, illustrated by the red curve in Figure 

A2.2. 
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Therefore, we can say that the desired optimal strategy can be approximated 

well by a flock of birds in which the choice probability function for each bird is 

characterized by a sigmoidal function , and where the biases of the various birds 

vary over a wide range, going from extreme left, through zero, to extreme right. 

The data from the birds that I have tested suggest that this is indeed what 

occurs. 

Of course, we do not know as yet whether this is indeed the reason for the 

variation in bias that is displayed by the birds, but it brings up an attractive 

hypothesis that merits further investigation. 
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Appendix 3 

Geometry of Tracking Markers 
Here we describe the procedure for calculating the pitch and the roll of the head 

or the body, by analyzing the shape of the image of the corresponding diamond 

tracking marker. 

Figure A3.1 shows a view of a diamond marker (in brown), the four corners of 

which are labelled 3 (front), 4 (rear), 1 (left), and 2 (right). In this illustration the 

diamond is depicted as when viewed from below (which does not occur in the 

filming), but this does not compromise the validity of the trigonometric 

calculations. In this illustration the diamond is pitched upward by an angle cp , 

and has rolled counter clockwise about this pitch axis, through an angle 8, to 

take on the orientation illustrated by the blue, dashed line figure. In executing 

this roll, corner 1 moves to position 1', corner 2 moves to position 2', and points 

3 and 4 remain stationary because they are on the roll axis. 

We wish to calculate the pitch (cp) of the diamond marker, and the angle 8 

through which it has rolled about the 3-4 axis. The calculation proceeds as 

follows. 

Referring to Figure A3.1, let r denote the half-width of the diagonal of the 

diamond. This is read off from the calibration table shown in Figure 6.3 of 

Chapter 6, for the particular height of the bird. That is, 

01 =02=03=04=r, 

and 

01'=02'=r. 

(1) 

(2) 
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Let us now consider Figure A3.2, which shows two views of the diamond 

marker as captured by the overhead camera . Assuming that the diamond is 

pitched upwards (as is almost always the case), then the image of corner 1' will 

lead that of corner 2' if the roll is left-side-downward (as shown in Figure A3.2b}, 

and will trail behind that of corner 2' if the roll is left-side-downward (as shown in 

Figure A3.2a). The illustration in Figure A3.2a corresponds to that shown in 

Figure A and we shall continue the analysis for this case, without any loss of 

generality. In Figure A3.2, A, B, C and D refer to the projections of the corners 

1,2,3 and 4 of the diamond marker on the horizontal plane . 

Flight direction 

/ '---. 
/ Horizontal 

<1> plane 

' ----2' 

Figure A3. 1. Illustration of the geometry of the diamond marker, and the effects 

of a change in roll attitude. The long axis of the marker is 3-4, and is pitched 

upward by an angle rp (brown figure) . The blue figure shows the new view of the 

marker when it has rolled right-side-down, about the 3-4 axis, by an angle e. 
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In Figure A3.2a , we can calculate the lengths of the various sides and the 

longitudinal diagonal as: 

AC = J[ (x1 - x3) 2 + (Yi - y3) 2) (3) 

AD= Jr (x1 - x4/ + (yl - y4/) (4) 

CD= \I [ (x3 - x4)2 + ()'3 - y4) 2) (5) 

If the pitch is zero , the expected length of the longitudinal diagonal of the 

marker in the image captured by the overhead camera will be 2r. If this diagonal 

is pitched upward by an angle cp, the projection of this diagonal on the horizontal 

plane will be 2r cos¢. Setting this equal to CD, we obtain 

CD = 2r cos<j> , 

giving, for the angle of pitch, cp, 

¢ = cos-1 [cD] 
2.·r 

(6) 

(7) 

Where CD is computed from equation (5) above. As indicated in the text, the 

pitch of the head as well as the body is almost always upward throughout the 

flight. Thus, computing the polarity of the pitch is never an issue. 

Let us now turn to the computation of the roll angle 8. 
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Referring to Figure A3.2a, we begin by calculating the angle o 1 in the triangle 

APO from : 

AC' -AD'-CD" 
co s: a1 ;;;;; - 2(AD) ( GD) 

whence 

[ 
AC~- AD'- C.D ' ] 

a1 = cos-1. - 2 (.An ) ( CD) 

We also note from Figure A3.2a that 

A P= .4 Dsin a1 

(10) 

where sin a1 = ,J1 - cos 2 a1 . 

(8) 

(9) 

(11) 

In general , the triangles APO and BCQ will be congruent, because the figure 

ACBO is a parallelogram which implies thata1 = a2 . Nevertheless, we can 

calculate o2 independently of o1 to obtain a more robust estimate of this angle, 

which we will call o. o will then be used to compute the calculate the roll angle 

8, as described later below. 

From triangle BCQ, we can proceed as above to obtain 

cosa2 = BD2 - BC 2 -CD-:;;. 

2( BC) (CD) 

[ 
BD' - sc' - CD"] 

a2 = cos-1 2(s c) (CD) 

and BQ = BC sin a2 

where sin a2 = ,J1 - cos 2 a2 . 
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Figure A3.2. Two overhead views of the diamond marker. In a the roll is right­

side-downward, and in b the roll is left-side-downward. In both cases, the pitch 

is assumed to be upward, i.e. corner 3 is higher than corner 4. 

From the geometry of Figure A3.1, we see that 

OS= AP= r cos 0; (16) 

l 'S = r sin0; (17) 

Defining A as the projection of corner 1' on the horizontal plane passing through 

0 , we have 
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AS = l ' S. cos 0 = r sin 0 cos0 (18) 

Referring to Figure A3.1 and Figure A3.1 a, we have, for an estimate 81 of the 

value of 8, 

AP = r cos0i_ = AD sin a1 

which gives cose1 = AD , in er~ 
-,, 

or 

81 = cos -1 [ADs~n "'"]. 

(19) 

(20) 

(21) 

(Note that A is the projection of the corner 1' on the horizontal plane passing 

through 0) 

81 is one estimate of the value of 8, based on the value computed for a1 using 

equation (x) above. 

Analogously, for the estimate 82 of the value of 8, we obtain 

62 = c.os-1 1[ BCs~~ et2 ] 
(22) 

where B is projection of the corner 2' on the horizontal plane passing through 0. 

The final estimate of the roll angle 8, about the axis 3,4, is taken to be the 

average of 81 and Bi: 

e = 01 -t- 612 
2 (23) 

The direction (polarity) of the roll angle 8 is determined by whether the shape of 

the overhead view of the diamond marker corresponds to that shown in Figure 
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A3.2a or Figure A3.2b. If the shape corresponds to Figure A3.2a the roll is 

right-side-down , and is denoted as positive. If the shape corresponds to Figure 

A3.2b the roll is left-side-down, and is denoted as negative. 

The polarity of the roll angle 8 is determined as follows: 

e is positive if CQ + PD< CD (24) 

and 

8 is negative if CQ + PD > CD (25) 

where PD and CQ are calculated as 

PD= AD'cosa1 (26) 

and 

CQ = BCcosa.2 (27) 

Note that 8 is angle of roll about the longitudinal axis of the marker, i.e. about 

the axis 3,4. 

The effective angle of roll about the horizontal axis is a different angle - it is 

denoted by 8 in Figure A3.1. 

We see from Figure A3.1 that 

1•A 1,s d :o cj, ,- dl!ll'l s in ,c;!, 
tan E =- = ---=----

AP r ros i9 r ros61 (28) 

which gives 
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!E = tan - i [ t an fJ si111 4' ] (29) 

€ is the roll angle that is plotted in the data shown in Chapter 6. 

We can also calculate the effective angle of yaw, which is the angle AOS in 

Figure A3.1. Denoting this angle by i5 (not shown in Figure A3.1, in order to 

avoid excessive clutter) , we see that 

Tan delta = AS/OS= (1 'S cos phi)/(rcos theta)= (rsin theta cos phi)/(rcos theta)= 

tan theta cos phi 

A.S 1rScs>ii'el, _ 1' 11in6l co ii',.. = tan0coscp 
ta11 6 = 05 = r' c,:r,,50 - i· co~e (30) 

which gives 

i5 = tan- 1[tan fJ cos4i] (31) 
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Appendix 4 

List of Matlab Programmes 
The Matlab programmes that were used in this thesis are listed below. While a 

few of these were available on the internet, most of the programs were 

developed in-house for specialized purposes. The programmes are included as 

an electronic copy in the digital media. 

1) Chapter 2 

a) Camera Calibration tool box 

b) Tracking programmes (Trackman and cords 7) 

2) Chapter 3 

a) Bird landing density Graphical user interface 

b) Digitization programme 

c) Plot programme 

d) Stats programme 

3) Chapter 4 

a) Trackman- Tracking programme (same as chapter 2) 

b} Coords programme (same as chapter 2) 

c) Plot programme 

d) Stats programme 

e) Speed plot and Stats programme 
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4) Chapter 5 

a) Plot Programme 

b) Animation programme 

5) Chapter 6 

a) Diamond Calibration digitization programme 

b) Diamond Calibration plot programme 

c) Bird height to Diamond theoretical axial transverse programme 

d) Diamond tracking programme 

e) Diamond analysis programme 

f) Bird body orientation programme 
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