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Methods

1 Introduction

Except for a few cases, the primary source of lights on Earth is the Sun. The light

emitted by our star is modified in a variety of ways before it reaches the eye of an animal

or a human and is transformed into visual information there. Due to the scattering in

various optical media and the refraction and reflection at boundary surfaces of different

media, the originally unpolarized sunlight generally becomes polarized and its spectrum

and direction may change. Many animals use the information encoded in the polarization

of light during their orientation, for example. The brain of mammals, however, became so

sophisticated during the evolution, that they do not need to perceive the polarization of

light; they compensate this disadvantage by complicated cerebral activity. The aim of my

Ph.D. thesis was to investigate some geometric optical problems and certain polarization

characteristics of the visual environment, which determine the behaviour of animals and

the orientation of humans. In my Ph.D. thesis I report on my major results obtained

during my three-year doctoral scholarship.

2 Methods

2.1 Wide field-of-view imaging polarimetry

For the polarimetric measurements of the rainbow I used 180
◦ field-of-view imaging

polarimetry, formerly developed by my supervisor. It uses a fisheye lens to take pictures of

the whole sky-dome. Linear polarization filters are taken in the optical way. Three pictures

of the same sky are taken, with three different directions of the transmission axis of the

polarizers (0◦, 45
◦ and 90

◦ from a given reference direction). These three polarization

pictures are evaluated by a computer program originally written by my supervisor and

improved later by me. As a result the patterns of intensity, degree and angle of linear

polarization are obtained in the red (650 nm ± 40 nm), green (550 nm ± 40 nm) and blue

(450 nm ± 40 nm) parts of the spectrum.

2.2 Atmospheric optical models

I developed a simple atmospheric optical model to investigate the polarization vision

of insects under cloudy skies. The basic idea is that the light reaching the eye of an

insect originates from two sources: from the clouds and from the sunlit air layer between

the clouds and the insect. The cloudlight is practically unpolarized due to the random

multiple-scattering events in the cloud, while the light from the sunlit air layer below the

clouds is partially linearly polarized. Taking into accout the spectra of both light sources, I
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determined the optimal wavelength range, in which the perception of skylight polarization

is easiest, i.e. the degree of linear polarization of skylight is highest.

2.3 Calculation of binocular image points of light beams refracted

at the water surface

Many animal and human visual systems use the information originating from the

differences between the images seen by the right and left eyes. From these differences the

brain is able to estimate the distance of the seen object. An aerial object point viewed

binocularly from water is seen at a location differing from the real position because of

the refraction at the water surface. In general (with arbitrary head tilting relative to the

object point and the water surface) it is not possible to calculate analitically the position

of the binocular image point. For the investigation of this phenomenon I developed a

computer program, which determines the apparent directions of an aerial object point

viewed by two underwater eyes. I defined the position of the binocular image point as

the middle point of the section connecting the two closest points of the viewing lines.

The result of this method is the trivial solution in the case of intersecting viewing lines.

However, this method gives results also in those cases, when the two viewing lines do not

cross each other in space. In these cases the program determines the minimal distance

between the two viewing lines as well.

2.4 Psychophysical experiments

I conducted two psychophysical experiments with humans in order to determine the

accuracy of visual location of the Sun occluded by clouds or set below the horizon.

In the first experiment I showed 25 sky pictures to 18 test persons on a computer

monitor in a random order. In these pictures the Sun was hidden by clouds. Each picture

was displayed 12 times to each person in 2 series. The task of the test persons was to click

on the position of the picture where they thought the Sun was. I determined the mean

azimuth and elevation angles of the estimated Sun positions for each picture, and also the

great circle of the sky-dome, for which the sum of the squares of the angular distances

between the great circle and the estimated Sun positions was minimal. I calculated the

square of the deviation of the angular distances of the estimated Sun positions measured

from this great circle, and from the perpendicular one. I also calculated the standard

deviation of the mean azimuth angle of the estimated Sun positions.

In the second experiment I showed 15 pictures of twilight skies to 18 test persons. In

each picture the Sun was slightly under the horizon. Each picture was presented to each

person 6 times. For each picture I calculated the mean and the standard deviation of the
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azimuth angles of the estimated Sun positions.

2.5 Calculation of the polarization pattern of skylight viewed

through the Snell’s window of the flat water surface

The linear polarization of skylight viewed from water is modified due to the refraction

at the air-water interface. I used the single-scattering Rayleigh model and measured po-

larization patterns of the clear sky to calculate the polarization patterns appearing in the

Snell’s window of the flat water surface. I determined the components of the Stokes vector

for every point of the polarization patterns, and the Mueller matrix, which describes the

changes of the polarization properties due to refraction at the water surface. The Stokes

vector of the refracted light was calculated by multiplication of the Mueller matrix and

the Stokes vector of the incident skylight. From the Stokes vector of the refacted light I

determined the intensity, degree and angle of linear polarization of the refracted light.

3 Results

3.1 Imaging polarimetry of the rainbow

• With the evaluation of the polarization pictures of a rainbow measured near the

Finnish town Oulu by 180
◦ field-of-view imaging polarimetry, I determined the po-

larization patterns of the rainbow and its optical environment in the red (650 nm),

green (550 nm) and blue (450 nm) parts of the spectrum.

• I experimentally prooved the theoretical prediction, that the degree of linear polar-

ization p of the primary and secondary arcs of the rainbow is much higher in the

red (650 nm) part of the spectrum, than in the blue (450 nm) one.

• I prooved, that p of the Alexander-band, located between the primary and secondary

rainbow arcs, is minimal.

• I showed, that there is no difference in the direction of polarization between the

rainbow and the backgrounding sky.
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3.2 Ultraviolet paradox of the polarization vision in insects

• Using a simple atmospheric optical model, I determined the degree of linear polar-

ization p of light originating from clouds and canopies versus a control parameter a

characterizing the distance of clouds and canopies from the observer.

• I calculated the critical value a∗ of the control parameter, for which the maximum

pmax of the degree of linear polarization is at wavelength λ = 400 nm being the

boundary between the visible and the ultraviolet spectral ranges.

• I showed that for a < a∗ the maximum of p is in the ultraviolet (λ < 400 nm) part

of the spectrum, while for a > a∗ it is in the visible (λ > 400 nm) spectral range.

• On the basis of my results I suggested an atmospheric optical resolution for the ultra-

violet paradox of the polarization vision in insects, which eliminates the weaknesses

of earlier explanations.

3.3 Underwater binocular imaging of aerial objects versus the

relative positions of the eyes

• I calculated the refraction-distorted geometric structure of the aerial world viewed

binocularly from under the flat water surface as a function of the relative positions

of the eyes.

• I determined the distance D between the viewing lines of the two underwater eyes

versus the position of the aerial object point. This quantity characterizes the ability

of the visual system to perform binocular image fusion.

• I computed the refraction-distorted binocular structure of the aerial world viewed

binocularly from water and the distance D of the viewing lines of the two eyes for the

cases when the object space was a vertical plane, a horizontal plane, three parallel

vertical planes and a cubic three-dimansional lattice.

• I showed that wrong solutions of the problem of underwater binocular imaging of

aerial objects frequently occur both in Hungarian and foreign optical textbooks. A

similar problem also appeared in one of the Hungarian mature examinations, where

not only the solution was wrong, but also the question itself.
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3.4 Visual Sun location in pictures of cloudy and twilight skies

inspired by Viking navigation

• In a psychophysical experiment I measured the accuracy of visual Sun location in

pictures of cloudy skies, when the Sun was occluded by clouds.

• With another psychophysical experiment I measured the accuracy of visual Sun

location in pictures of twilight skies, when the Sun was slightly below the sea horizon.

• According to my results, depending on the sky conditions, the location of the invis-

ible Sun with the naked eye in pictures of cloudy or twilight skies is more or less,

or even quite inaccurate. This fact does not support one of the widespread counter-

arguments of the theory of polarimetric Viking navigation. However, my results do

not deal with the validity of the polarimetric Viking navigation itself.

3.5 Experimental and theoretical study of skylight polarization

transmitted through the Snell’s window of the flat water

surface

• Based on the sky polarization patterns measured in Tunisia and calculated on the

basis of the single-scattering Rayleigh model, and using Fresnel’s theory of light re-

fraction on the air-water interface, I determined the polarization patterns of skylight

viewed from water through the Snell’s window of the flat water surface at different

solar elevations in the red (650 nm), green (550 nm) and blue (450 nm) parts of the

spectrum.

• Using statistical methods, I compared the theoretical polarization patterns with the

results of underwater measurements performed by other researchers.

• I showed that Fresnel’s theory describes well the change of polarization of skylight

refracted at the flat water surface.
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