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1.

ABSTRACT,

Ilethods, both physical and subjective in
nature, fof assessing the effect of surface texture of
materials on their light reflecting properties are discussed
and colorimetric techniques of analysing such data considered.

Since the appreciation of surface texture
is essentially a visual phenomenon, the variation of reflected
light with angle must convey.much of this information. In
this context it is held that such variations may be considered
to be basically in colour and luminance. |

The latter two parameters are investigated
both over angular ranges and at various loéations upon ‘the
surface of naturally occurring specimens of differing texture.
In particuler the effects on colorimetric properties of both
randomly rough and periodically rough saemple surfaces are
considered, together with variations in gloss content.

Data from the investigation are used to assess
the capability of colour media to reproduce with accuracy
the parameters responsiblerfor faifhful texture appreciation,
and a useful methced of assessment is quantitatively
considered with respect to reversal and negative colour
photographye.

Furthef treatment of the angular light
reflecting properties from a material can only be considered
with ektremely detailed knowledge of the specimen construction.
The Morpho butterfly wing provides a natural material of
outstanding colour properties and texture. The results of

recent scanning electron microscope studies on the insect



are used to provide a detailed explanation of the angular
chromaticity and luminance distributions measured on the
material with reference to interference and diffraction
theory. Other structural colours are discussed to obtain

further information on such iridescent samples.
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CHAPTER ONE.

COLOUR SPECIFICATION AND MEASURING TECHNIQUES.

l.,1l Colour Specification.

The number of possible colours discernable
by the normael human eye is very large, and in an attempt to
specify any particular colour sensation with both accuracy
and ease it is necessary to reduce this information to a
few variables. The analysis is greatly simplified since any
given colour may be represented by three variables, this
being attributed to the presence of three receptive channels
in the human visual system with different spectral sensiti-
vities. The variables may, for example, be three primary
stimuli upon which few restrictions are placed and could
therefore be spectral distributions of light obtained from
filters or pure spectral colours. To express this gquantit-
atively using vector notation, a particular colour gl is
given by

€, = B4R + GG + ByB cecsvecesss(lel)
- where R, G and B are the unit vector quantities of the
three primaries in this so called (RGB) system. It is then
customary to give the name tristimulus values to the
quantities Rl, Gl and Bl' Similarly a second colour g2
may be expressed as a match of the same primaries in
different proportions, so that

C, = BB + G, + ByB verereeenea(L1.2)
It is possible to specify the quantities R, G and B in

normal photometric units such as lumens, but in order %o



simplify further work a somewhat different approach may be
used. A suitable white light is normally specified such as
an equal energy spectrum, and since this conveys the idea
of a 'colourless' object the tristimulus values are made
equél for this colour by suitable scaling of R, G and B.

' Experiments on mixing three coloured lights

were summarised by Grassmann (1853), (Judd and Wyszecki,

5o

1963) in laws which form the basis of all modern colorimetry,

and from which the concept of additivity follows. That is
if the colour gl in equation (1.l) above, with tristimulus
values R,, Gl, Byy is added to colour C,, ftristimulus
values RZ’ G2, By, a third colour, 23, is obtained
C3 =0y +Cp = RyR + G3G + ByB ceceee(le3)
whose tristimulus values are the sums of the corresponding
tristimulus values of the two component colours, so that
R3 = Rl + R2
G3 = Gl + Gy
and B3 =B, + B,

In general this will hold for more than two colour mixtures

R =§i‘ Ry etc.

i=1

so that

This is only applicable when using foveal fields of 20
angular subtense or less, and breaks down under conditions
of very high or very low luminance.

The tristimulus &alues may now be reduced
to a two dimensional representation by the normalising
process, thus

r = R / (R+G+B)



g = G/ (R+G+B)

b = B/ (R+G+B)
and so

r+g+b=1

This linear relationship means that only
two quantities are necessary and sufficient to specify
uniquely any colour C and so information must therefore
have been lost in the process concerning actual magnitudes.
This now enables a two dimensional plot to be made of say
r versus g in rectangular coordinates, and any given colour
will occupy an exact point in this diagram. The quantities
r, & and b are then referred to as the chromaticity coord-
inates of a particular colour and the diagram in which they
are plotted, the chromaticity diagram., It follows from the
law of additivity that any mixture of two colours will lie
on a straight line joining the two colours in such a diagram,
the exact point being determined directly by the proportions
of each in the mixture.
Since there are many possible sets of

primaries it is most important to be able to perform
transformations between different sets. In order to do

this the relationships

R = xpX + yp¥ + zp2
G = ng + yGZ + ZGQ
B = xgX + yp¥ +'ZB§

must be known and it is then possible to form an equation

sinilar to (1.l1l) giving
9_1=X1_)g+Y1§+Z

where Xl, Yl and 7

12

1 are the new tristimulus values of



T

colour C; in the (XYZ) system.

1.2 Colour Matching Properties of the Human Visual Systenm,

It is now important and necessary to consider
the colour matching properties of the human visual system,
and since some variations are bound to occur from one
observer to another, even excluding defective observers,
the average data of several experiments must be obtained.

In 1931 the C.I.E. d;fined the spectrum
locus shown in Fig.l.1l to be representative of a standard
observer's colour matching properties in terms of the three
stimuli 700, 546,1 and 435.8 nanometers wavelength, with
the units based on an equal—energy white, E, situated at
the centroid of the RGB triangle. These data were based on
separate experiﬁents by Wright (1928-29) and Guild (1931)
and transformed to the new primary stimuli from their own
particular choice of stimuli,

Two main points are worthy of consideration
in this diagram, Firstly, the locus falls on or outside
the RGB triangle meaning that one of the chromaticity
coordinates is zero or negative. The physical meaning of
this 1is that a certain amount of one of the primaries must
be added to the test field before a match can be achieved
by the observer, and thus if C is the test colour which
had to be desaturated by, say, R we get

C + R'R = RR + GG + BB
The tristimulus values of C are R-R', G and B, where R-R'
is a negative quantity, leading to a negative chromaticity

coordinate,
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Fig. 1.2 C.I.E. (1931) distribution coefficients.
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Secondly, since all real colours are a
mixture of spectral colours, and the spectrum locus is
everywhere concave, all real coloﬁrs must lie inside the
area bounded by this locus and the line joining its ends.

To aid computation and avoid the:possible
omission of negative signs it would be preferable to have
a system in which the entire spectrum locus fell within
the positive quadrant. For this reason stimuli X, Y and
2 in Pig.l.l were finally adopted by the C.I.E. on the
recommendation of Judd, since considering the triangle X,
Y, Z, the spectrum locus lies entirely on or within it.

The final restriction placed upon points X, ¥ and Z to
determine their -exact positions were that X and 2 primaries
should have zero luminance and therefore that points X and
2 should lie on the so called Alychne, a concept first
introduced by Schrddinger (1925) and followed up by Judd

in 1930, This system then has the great advantage that all
luminance information is contained in the Y tristimulus
value, calculation of which will directly give the luminance
factor of a surface colour or the transmission factor of

a filfer.

The basic 1931 C.I.E. tables listing both
the chromaticity coordinates Xay Yps and z, and the
spectral tristimulus values X,, y,, and z, are extensively
quoted in the literature, (see for example Wyszecki and
Stiles (1967) or Wright (1969)) usually over a wavelength
range of 380 nm to 780 nm, The spectral tristimulus values,
2lgo known as distribution coefficients or colour matching

functions, are illustrated in PFig.l.2, and by plotting the
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Xns ¥» values the spectrum locus is obtained in the x-y

plane as in Fig.l.3.

1.3 The 1931 C.I.E. Chromaticity Diagram.

| The important diagram obtained in Pig.l.3
-the 1931 C.I.E. chromaticity diagram - will be referred
to continuously throughout the thesis and several points
are worth some discussion at this stage. The coordinates
of the standard illuminants 5,, Sz and SC’ corresponding
to colour temperatures 2854, 4870 and 6740°K, are shown
together with the equal-energy white, E, at the centroid
of the triangle.

To define a colour C, the chromaticity
coordinates (x,y) may be quoted, but perhaps a more
immediately recognisable method would be to quote a
second pair of coordinates, namely dominant wavelength
and purity. If a straight line is drawn from the illuminant,
say (xc,yc), through the colour C to meet the spectrum
locus at a point (xd,yd), the wavelength on the locus at
this point is referred to as the dominant wavelength, A 4.
The distance of the point C along the line Sc‘kd is then
taken as a measure of the purity of this particular colour

and may be calculated from either

P, = (x - x,) or P, = (¥ - 5,)
(x4 = x,) (yqg = ¥¢)

Strictly this is the excitation pu?ity of the colour,
another scale sometimes used being colorimetric purity,
which is obtained by multiplying the above quantity with
a factor (y4/y), thus
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Fig, 1.3 C.I.E. (1931) Chromaticity Diagram.
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For the colours in the purple segment of
the diagram the line must be continued back through the
illuminant point giving a so called complementary wave-—
length at 7\0 on the spectrum locus, although the purity
is still the ratio of the distances C'SC and PSC.

Similar data for larger fields than 2°
angular subtense have since been recommended (C.I.E.,1963)
based on the work of Stiles (1955) (Stiles and Burch, 1959)
and Speranskaya (195q).

1.4 Formulation of Object Colours.

In an attempt to specify exactly the colour
of a surface, or of thetlight transmitted by a filter, on
the chromaticity diagram, it is necessary to consider what
happens when light strikes this surface.

The amount of energy reflected by an object
over a wavelength range dA will be

Py © P an
where P, 1is the amount of energy striking the sample per
unit wavelength interval anddpo\its reflection factor for
that wavelength. The tristimulus values X, Y and 2 of that
reflected light will therefore be of the form

X=k|Py. ParFae an ebCaeuos(Lod)

replacing'io\by'§% and Eg to give ¥ and Z. k is a constant
whose value is unimportant since the eye will adapt to

changes in the overall illumination level and we need only
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therefore measure the tristimulus values relative to a
perfeqt reflector under the same illumination., It can be
shown that a summation rather than an integration is
sufficiently accurate, so long as the wavelength interval
is feasonably small, say less than 10 nm. Thus equation
1.4 may be replaced by

X = kZPm.JoAA. T oo AN

Y = kZP,x.Jo%. T o AN ieveea. (1.5)

72 =k, P . Pae En o DN

Since P4 is a function of the illuminant,
tables 0f (k.Pa oXsp o AN, (k.Py JTn DN and (k.Py .Zp LAN)
are available for several standard illuminants adopted by
the C.I.E. in 1931, giving values of the three functions
at wavelength intervals of 10nm or less throughout the
vigible spectrum. (0.S.A. 1953, Wyszecki and Stiles(1967)
and Wright (1969)). The tables are usually scaled to give
Y a value of 100 for a perfect reflector, whose value of\/:m
will be unity at all wavelengths., The tristimulus values
of a surface may then be obtained by measuring its value
°f~fM~at several points throughout the spectrum, and
performing the necessary computations. The chromaticity
coordinates (x,y,z) are then obtained by normalising the
values of X,Y and Z, Asurface colour is usually specified
by ¥, x and y, since the former gives the luminance value
and the latter pair of values its location in colour
space.

It would seem possible therefore that two
or more samples having different spectral reflection

functions may, under certain illuminating spectral distrib-
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utions, sum to give the same X, Y and 2 values. Such

samples do occur and are called metamers,

1.5 Recommendations for Colour Measurement.

The intensity of reflected light from a
surface will in general vary with both angle of incidence
and angle of collection, and it is therefore necessary when
measuring a sample relative to a calibrated standard to
measure both under identical angular conditions. Because
of this variation the C.I.E. in 1931 specified certain
measuring configurations and standards for accurate
spectrophotometry, namely

i) 45° angle of incidence and normal collection
to sample or vice versa, since this should relate closely
to what is seen, due to the exclusion of any specular
reflection,

and ii) the use of magnesium oxide as a standard,
since it has a luminance factor approximately equal to
100 throughout the visible spectrum and is almost a perfect
diffuser. A perfect diffuser obeys Lambert's Law, the
intensity of reflected light being proportional to the
cosine of the angle of collection, thus luminance is a
constant.

Under this recommendation other luminance
factors would be guoted relative to that of magnesiunm
oxide., There have been many attempts to measure the
absolute luminance factor of magnesium oxide samples,
prepared by deﬁositing the smoke from burning magnesiun

onto metal substrates. Quite large variations occur, it
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being generally found that a value somewhat less thaﬁ 100
is obtained and some slight wavelength dependence noted.
Although some of the discrepancies may be put down to
diffefent preparation techniques several other notable
poiﬁts arise. The thickness of the deposited layer was found
to be of importance by Tellex and Waldron (1955) and
variations of up to 0.5% were found by lMiddleton and
Sanders (1951) in samples prepared identically. Gibson and
Keegan (1938) (Gibson, 1949) reported a decrease in lumin-
ance factor with time and explanations due to formation of
Mg003 and absorption of water were put forward by Gordon-
Smith (1952) and Blett-Talbot (1955) respectively. In 1959
therefore the C.I.E. recommended that magnesium oxide be
used as a calibrated substanderd and that all results be
quoted with respect to a theoretical perfect diffuser. In
1967 (C.I.E., 1967) further recommendations were given
concerning integrating sphere instruments and their
geometry, together with acceptable angular discrimination
of 45°/0° instruments.

The necessary component parts Qf a spectro-
photometer for accurate colour measurement and specification
without involving observer differences are now clear. The
ingtrument must have a source of light containing all
visible wavelengths followed by a dispersing system and
some means of isolating monochromatic light.throughout the
spectrum., This beam must be incident on sample and standard
in turn under identical angular conditions and a detecting
system available, capable of accurately measuring the

reflected or transmitted light from each specimen. The
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required reflection factor at each wavelength may thus

be obtained.

1.6 Goniophotometers.

Various characteristics of a surface determine
the distribution of reflected light from that surface. In
order to measure this distribution an instrument must
have great flexibility in illuminating and viewing conditions
over the complete hemisphere surrounding the surface,
Perhaps the earliest attempt at building and using such an
instrument was that by Bouguer in the 18th century for the
investigation of matt surfaces. The goniophotometer has
since been modified and improved by many succeeding workers,
some being designed for special purposes, and attempts to
reduce the number of polar luminance curves for particular
problems have been put forward.

The necessary components of a goniophotometer
are:

i) a source of illumination whose angle of incidence
upon the sample may be varied continuously from grazing to
normal incidence, on either side of the normal

ii) a detector whose angle of collection may
similarly be varied, and whose receiver aperture restricted
to definite dimensions

and 1ii) some means of reference to a calibrated standard
under identical photometric conditions when required.

In addition a goniospectrophotometer musgt
also include a dispersing system between source and

detector to facilitate measurements under monochromatic
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illumination throughout the visible spectrum,

The basic design of a goniophotometer is
illustrated in Fig.l.4, showing a source S focussed on the
entrance glit at Al, a lens Ll collimating the emergent
beam onto the sample surface. The variable aperture at Az,
placed directly before the detector D, ig at the focus of
a second lens L2 which collects the light scattered from
the surface at this particular angle of viewing, r.

By comparing the reflected flux, measured at
various angles of incidence and collection, with similar
measurements from a calibrated standard it is possible to
build up a family of polar reflection curves in different
planes of incidence for a particular surface. Examples of
guch curves in one particular plane are shown in Fig.l.5
for three different surface types, the length of the radius
vector in any one direction being proportional to the
reflected intensity in that direction. It is possible to
construct an instrument for absolute measurements, but more
often relative reflection measurements are made by reference
to a calibrated standard such as freshly smoked or pressed

magnesium oxide.

l.7 Instrument Geometry.

Several geometric factors in'the construction
of a‘goniophotometer may influence the results obtained from
that instrument. In particular the size of the illuminated
patch on the sample, the angles of convergence of incident
and collected beams, and receiver aperture size.

When there is any convergence or divergence
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Fig. 1.4 A basic goniophotometer.

1) Matt I1) Semi-Matt III) Glossy

WA

~

Fig. 1.5 Typical polar curves of reflected intensity for

45° incidence.
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of beamg onto or from the sample this will inevitably lead
t0 some spread in the angular values used throughout a
polar curve, and only the mean angles will be specified.,
There is therefore an advantage in using collimated light
at this point in the apparatus, although in the exceptional
case of very small areas of illumination it is often
necessary to use some convergence in the incident bean.

An increase in receiver aperture size has
the effect of reducing the angular resolving power of the
instrument, resulting in a flattening of any specular peaks
in the polar luminance curve. To introduce some uniform
method of measuring reflected light distributions several
workers, notably Harrison (1950) and Nimeroff (1952), have
suggested limiting dimensions to these quantities, although
inevitably some recommendations apply to the measurement
of gpecific materials.

The spectral content of the illuminating
gsource has also been considered in some detail, but, since
agreement between measured and visual observation depends
to gome extent on the colour of the sample as well as

illuminant, no single source is completely adequate.

1.8 The Wright Spectrophotometer.

The instrument used for all spectrophotometric
and goniospectrophotometric measurements was the Wright
Spectrophotcmeter (Wright, 1954). A description follows and
it can be seen that by suitable adjustment the instrument
conforms to all the conditions normally specified for both

precise spectrophotometry and precise goniophotometry, The
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instrument has been modified for ease of operation and to
improve the speed of data acquisition, so that this data
may be processed directly by computer. The optical arrange-
ment of the spectrophotometer is illgstrated in Fig.l.6,
A tungsten ribbon filament 1amp,\run from
a constant current supply, is imaged onto the entrance
slit B by means of the achromatic condenser lens A, The
slit is adjustable in both height and width, a field lens
being placed directly in front of it to reduce vignetting
in the system and ensure uniform illumination over the
height of the spectrum. The two dispersing prisms C and D
are separated from the entrance slit by several apertures
at intervals, thus reducing the amount of scattered light
in the instrument. Aperture Y restricts the cross—-sectional
area of the incident beam at the first prism face to 4.2cm #*
5.0cm, and is placed directly after lens W of focal length .
60cm. The dense flint prisms, each 10.5c¢m high and of 7.5cnm
and 8.75cm side respectively, disperse the light, forming
a spectrum about 3em in height and 25c¢m in length in the
plane F at the focus of the lens E, focal length 1l5cm,
Here mirrors may be mounted on a long metal
arm which pivots about a point beneath the first surface
of the second prism, The lens E also turns with the arm,
so that the mirror may run along the spectrum plane and
select any desired waveband. A series of mirrors is available.
whose widths are 2mm, 5mm, 1, 2, 3, 4 and 5cm, so that any
change of bandwidth on moving through the spectrum may be
overcome if necessary, and the illumination level increased

in, for example, the measurement of a very dense filter.
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Fige 1.6 The Wright Spectrophotometer,

21.
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All the mirrors are curved to the plane of the spectrum and
thus have the same effect as a field lens in the plane of
the spectrum. A continuous strip of mirror is also availsble
so that, by methods described by Wright (1954), Boshoff (1957)
eté., a template may be cut and the tristimulus values
found directly by three measurements after suitable weighte
ings for illuminant and sensitivity of the detector are
taken into account. The rest of the spectrum is absorbed
in two black plates mounted parallel, at 45° to the spectrum
plane,

The waveband is reflected back from the
mirror G, through the bottom half of the original prisms
and finally reflected along the third branch of the instru~
ment by means of a smaller prism H, This prism, which is
only half the height of the original pair, may be rotated
and tilted to bring the image of the entrance slit onto the
exit slit. The instrument is thus a double monochromator.
The aperture at I may be varied to alter the size of the
final image, and again there are several fixed apertures
between this and the exit slit J, as well as the objective
X, identical to lens W. This exit slit is conjugate to the
entrance slit and in construction they are identical, so
that varying the size of the mirror in the spectrum plane
only alters the final level of illumination, and bandwidth.
Following this is a further lens K which collimates the beam
as shown, a simple mechanical shutter being used to interupt
it when necessary, for photomultiplier dark current
readings etcCe.

The whole instrument is mounted on a rigid
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cast iron base and covered by means of a blackened hard-
board case, eliminating any back reflections through the
instrument.

The samples are mounted on the table at L
which can be moved in a plane at right angles to the
monochromatic beam so that sample and standard may be
alternated without any movement of the optics. This table
may also rotate through 360° so that any angle of incidence
on the sample may be obtained. An E.M.I. 9558A photomulti-
plier, selected for a good red regsponse, has replaced the
photocell as detector, and is mounted vertically at M with
a 45° prism feflecting the light from the sample onto the
photomultiplier cathode. The mounting M may also be rotated-
through 360° so that any angle of collection may be achieved
and transmission measurements made,

In normal use the cross——sectional afea of
the beam incident on the sample is about 1l.0cm * 0.8cm,
This may be increased or decreased if necessary or, by
uge of a higher power lens at K, a reduced image of the
exit slit J may be focussed on the sample. If the length
of the exit slit is reduced, the illuminated area of the
sample can be diminished to 1 sq mm or less, and this is
the technique employed in several of the following |
measurenmnents. _

The H.T., supply to the photomultiplier
dynode resistor chain was chosen for stability of output
and the chain itself constructed from good quality
resistors, housed in a separate metal box to minimise any

fluctuations in the tube from heating, and complete the
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earth shield. The photomultiplier anode current is measured
by means of a digital voltmeter which monitors the voltsge
developed across a 1 megohm load resistor by this current.
In order to reduce noise, mainly in the form of pick-up

in cables and Shot noise in the photomultiplier tube, a
capacitance of 10 microfarads is connected in parallel with
the load resistor and may be switched in or out as required.
This necessitates a certain 'rise time' of the order of

a second between readings from zero. The voltage displayed
on the digital voltmeter is passed to a serializer unit
which trips the voltmeter at any required rate and converts
the signal into a form suitable for a tape punch unit at
its output. The values of voltage, or effectively anode
current, are punched on five hole tape in Elliot Autocode
and are then fed into an Elliot 803A computer for any

necessary calculation.
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CHAPTER TWO.

BACKGROUND AND AIMS OF THE PRESENT WORK,

Introduction.

When a beam of light strikes a surface many
varied procegses may take place, depending on its structure.
If the surface is perfectly smooth the reflections,
transmissions and absorbtions are straightforward obeying
well known laws of opties. Howevef, if the surface is
optically rough scattering will take place, and any emergent
reflected beam will be composed of scattered, diffracted,
refracted and reflected elements,

It is possible to approach the problem of
surface texture in many different ways. A rigorous
mathematical approach may be used to obtain the reflected
or transmitted light properties of certain materials or
structures, but this is inevitably of only limited application.
The mathematics involved become rapidly more complex for
any but the simplest surfaces, and, unless successive
approximations are employed, irregular or complicated
structures are beyond the scope of such treatment.

Since the texture of a surface is essentially
appreciated visually, with perhaps an exploratory touch
with the fingers, the information concerning its structure
must be obtained mainly from the reflected light viewed by
the human eye. Invariably the best impression of texture
is obtained by moving the head about so that effectively

the viewing conditions are altered with respect to the
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incident illumination, a condition which would suggest
goniophotometry as an ideal method of investigation.

In the second part of the thesis a more
mathematical approach to the problem of light interaction
with a particular material is used in order to understand
the reflection characteristics of the surface from which

an observer would normally deduce the texture.

2.1l Surface Reflection Properties,

i) Smooth Surfaces.

The reflection properties of simple basic
surfaces such as planes, spheres and thin film stacks are
relatively easily formulafed by the application of electro-
magnetic theory and their treatment is well documented.

(see for example Born and Wolf, 'Principles of Optics' 1959).
The particular case of thin film structures will be covered
in more detail in the second part of this thesis.

I+t is possible to extend this approach to
surfaces whose overall profile has a varying but regular
shape such as 2 sinusoidal (corrugated) surface. If the
mathematical equation of the profile and the width of the
incident beam is known the specular reflected light intensity
at any particular angle of reflection may be calculated,
having first determined the reflection coefficient of the
wave at various sngles of incidence., In these circumstances
the peak specularly reflected light may not in fact be
single as in Fig.,1.5, but consist of many peaks, in general
at angles other than the specular angle of the mean surface.

In practice, however, such surfaces rarely
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occur and are either microscopically or macroscopically

rough,

ii) Rough Surfaces.

Much work has been published on this subject
and many theories to the exact treatment of rough surfaces
have evolved, however none are both general and rigorous.

It is important to have some quantitative
measure of the transition point between a rough and a
smooth surface, or the change from specular to diffuse
reflection. Rayleigh suggested a method by which this may
be done by reference to Fig.2.l, a surface of irregularities
of height h, light incident upon the surface at an angle © .
The path difference between the two rays a and b is

As = 2n,sin®
and the phase difference

Aq} = 2_}10 AS = 4T‘hoSine ’
) o

When this phase difference Aq) is zero or

small the two rays will almost be in phase, as in the case
of a smooth surface. However, if this difference is large
the rays will interfere until at

AP = T
they will cancel, and no energy flows in this direction.
This is egquivalent to a rough surface scattering light
diffusely. By arbitrarily choosing the mid-value, a division
of rough and smooth is obtained, namely the 'Rayleigh

Criterion' that

AP = Ti/2
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Fig. 2.1 Derivation of the Rayleigh Criterion.
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Thus a surface may be considered smooth when
h < /’\/8. sin ©
Other values oqu), say T/4 or even T/8, have been proposed
by other workers, but perhaps the best method is to express
the‘ factor 4mh.sin ©/A as a measure of the surface rough-

ness and state that a surface is effectively smooth when

h/ N or B —=0

In order to make calculations on scattering
possible for rough surfaces, certain simplifications are
necessary, the most obvious being to distinguish between
defined periodic profiles and purely random profiles. The
former are easier to handle but the latter are by far the
more usual surfaces encountered. In either case most theories
are based on the Xirchoff approximation of the boundary
conditions required to evaluate the Helmholtz integral.

A comprehensive survey of this work is
provided by Beckmann (1963) who also derives the general
Kirchoff solution for the field scattered by perfectly
conducting periodic surfaces of certain specified profiles.
A sinusoidal surface, for example, is represented by the
equation

f(x) = h.cosKx
where K, the phase constant of the éurface, is equal to
21t //\., N\.being its period or wavelength. By combining
this with the general Kirchoff solution a relation is
obtained for the reflectance from the surface as a function
of incident and viewing angles, expressed in terms of a

scattering coefficienti/O . This coefficient is defined
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as the ratio of the field reflected in a particular
direction to that in a direction of specular reflection
by a smooth perfectly conducting plane under theAsame
conditions.

Fig.2.2 illustrates typical results obtained,
showing the lobes of scattered light, for 45° incident
illumination, in four particular cases. The value N/N
remains constant at 10, but thervalue of kh reduces from
i) 0 iv) as the surface becomes progressively smoother.
This illustrates the slow transition from diffuse scattering
to an almost pure specular reflection at 45° viewing.

Other profiles such as sawtooth and rect-

angular are also considered with reasonable accuracy.

The second class of rough surfaces are'those
more commonly occuring samples whose roughness has a
random profile. One possible mathematical approach to
this problem is to assume some statistical distribution
to the spread in angles of the reflecting facets to the mean
level of the surface and from this calculate the statistical
distribution of the scattered flux. (Beckmann and Spizzichino,
1963). By assuming a Gaussian distribution for the reflecting
elements of an optically rough surface, Chinmayanandam (1919)
derives an expression for the intensity of the reflected
light from such a surface at an angle © of viewing to be

I(©) = exp ( ~8172. cos’O )

( a?\z_)

where a is a surface constant.

A comparisen of theoretical and measured
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i)

Jo(db)
ii)

Jo (ab)
iii)

f (ab)
iv)

0 =20 =50 -50 20 0 L (ab)
Fig. 2.2 Scattering by a sinusoidal surface. A = 10A : B = 45°,
i) ¥h = 10 ii) ¥h = 3
iii) Xh = 0.3 iv) kh = 0,03

-3

(Beckmann and Spizzichino, 1963)
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results shows that there is fairly good agreement up to
angles of approximately 540, but beyond this large
discrepancies occur. Since one of the original assunptions
is that the incident illumination should be uniform upon
the sample surface, the author explains the théoretical
failure at large angles in terms of a shadow effect of
adjacent facets, and puts forward a complicated empirical
relation which proves to be in better agreement at these

extreme angles,

Several workers (Toporets, 1964: Polyanskii,
1966) have extended the general statistical microfacet
treatment of surface roughness in order to obitain some
correlation between the measured reflected flux énd the
mean heights of surface irregularities causing this rough-
ness, |

In particular Bennett and Porteus (1961)
derived an equafion for such reflectance in terms of the
root mean square roughness o , and the root mesun square

slope of the surface profile m, where, at normal incidence

R =8, e | -(4no?)/ N2 | + 7, 22mt o/ (862
m

R is the measured reflectance, Ro the specular reflectance
of a perfectly smooth surface, AO the instrumental
acceptance angle, and A the particular wavelength used,

The first term on the right hand side of the equation
represents the specular component and the second term the
diffuse component, so that if A is sufficiently large only

the specular component need be considered, from which the
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value of o may be calculated,

| Verification of this formula was achieved
by using incident illumination in the 2 - 22/u.infrared

region, and good agreement was found in the measurement

of i:nowncr values. _

Thus it is possible to express quantitatively
the contribution of gurface irregularities to the reflecting
properties of a surface. In many cases however these
irregularities are much longer than the wavelength of the
incident light, and a more general method of analysing

goniophotometric curves is necessary.

2.2 Analysis of Goniophotometric Information.

Apart from the purely mathematical treatment
of the light reflection properties of various surface
structures, which are inevitably limited in application,
much work has been reported on relating measured photometric
reflection quantities to the physical nature of wvarious
materials, and it is this approach which is of more direct
significance to the present work,

Barkas (1939), by extending the ideas put
forward by Bouguer, Pokrowski and others, published a
method for the separation of reflected flux into its
specular and diffuse components for surfaces of low gloss.
A surface was assumed to contain many mirror like facets
at various angles to the mean surface, and a formula wasg
derived for the total emitted flux under given angular
conditions in terms of the two component fluxes received

from rough elements and mirror elements under these
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conditions. This then does not rely on assumptions that the
measured light reflected under say the 45°/Oo configuration
represents entirely the diffuse component, since observers
may still receive information regarding the surface gloss

at viewing angles other than specular, Thereforé a comparison
of specular reflection and diffuse reflection at Jjust two
viewing angles does not relate exactly to a visual estimate
of gloss.

By using a goniophotometer it was possible
to measure the angular reflected flux from both Bristol
board and magnesium oxide surfaces and split them into both
specular and diffuge components as in Figs. 2.3 and 2.4,
for various incident angles. The diffuse component does
not necessarily follow that predicted by Lambert's Law,
since the diffusing facets need not all lie parallel to the
mean surface, a fact allowed for in this treatment. However,
in the case of magnesium oxide in Fig.2.4 the curves are
fairly Lambertian in shape, showing that the rough facets
are more uniformly distributed. The presence of a specular
component for this material is assumed.to be due to the
observable presence of projecting larger smoke particles,
giving rise to separate bright spots. Other attempts on
similar lines have been put forward but are usually

confined to studies on particular types of material.

The subject of gloss has received much
attention from workers such as Hunter, Harrison and dJudd
because in surface specification it is sometimes of equal

importance to such attributes as colour. In this connection
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Pig. 2.3 Resolution of scattered flux into diffuse (=~ = =~ =)

and specular ( ) components for Bristol board,

(Barkas, 1939).
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Pig. 2.4 Resolution of scattered flux into diffuse and specular

components for magnesium oxide. (Barkas, 1939).
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Nimeroff (1952) applied statistical analysis to goniophoto-
metric curves and by reducing this data to particular
properties of a curve, such as dispersion, skewness and
kurtosis index, was able to relate subjective estimates of
different types of gloss to just such definite ﬁroperties.

Boshoff (1957) extended this approach in
the gloss analysis of paint surfaces, much of the work
being the determination of a so called just noticeable
difference of gloss. In the course of this work a colorim=
etric method of analysing angular luminance curves was prop-
osed, involving the use of the purity of light reflected
at different angles from low gloss surfaces, an idea put
forward by Judd. (see for example Judd and Wyszecki, 1963).

Under perfectly diffuse reflection conditions,
where no specular component is included, the reflected
light should be of the same colour as the body colour of
the material under test. This is due to the selective
scatterings, reflections and passages within the actual
sample, emerging at this particular angle.

At the specular angle however the reflected
light will be a mixture of top surface reflection, whose
colour will be approximately that of the illuminant, and
similar reflections to those mentioned above, which by
chance emerge at the specular angle.

The exact ratio of the components in such
a mixture will be determined by the type of surface under
investigation, a glossier sample producing more top
surface reflection. |

At intermediate angles between diffuse and
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specular conditions a series of chromaticity coordinates
for a particular sample should lie systematically along a
line between these two extreme colours, so that on increasing
the angle of viewing up to the specular angle a series of
coordinates as in Fig.2.5 is obtained, collapsiﬁg'towards
the illuminant point at roughly constant dominant wavelength.
On passing the specular angle, in this particular case 450, |
the points should move back towards the body colour
progressively with inereasing viewing angle.

It is therefore possible to estimate the
ratio of specular to diffuse component at any angle by
the position of the chromaticity coordinate at that angle
relative to the two extreme cases. This ratio then allows
the goniophotometric plot of the surface to be split into
its two component parts as in Fig.2.6. The method will be

further discussed later.

2.3 Surface Texture.

It has already been stated that the problem
of surface texture is essentially a visual one, and that
information used to differentiate between different samples -
must be contained in the reflected light.

Valyus (1966) suggests that some of the
appreciation of texture must be as a direct result of the
stereoscopic nature of the human visual system. This enables
such effects as the characteristic lustre of metallic or
glass surfaces to be perceived, as well as the more
immediately recognisable stereoscopic éffects of depth and

perspective appreciation. Similarly the impression of relief
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Fig. 2.6 Typical goniophotometric curve split into the two
component parts of reflection, (Boshoff, 1957).
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may be created by light and shade, contrast, and colour -
desaturation giving an impression of perspective for
instance =~ dque to our stereo visual system. All these
factors are said to give plasticity to our visual image,
an'important step in texture recognition,

In an attempt to define texture in a more
definite way, BEvans (1959) suggested the concept of a two
dimensional variation. If surfaces vary continuously from
rough to smooth, at the same time as their finish varies
from perfectly matt to perfectly glossy, we should be able
to classify every surface texture at some point. This is
- a very useful idea, but as will be seen later it requires
nmore careful consideration of the exact quantities and
scale involved, since for example a magnesium oxide surface
microscopically would be considered rough, whereas on a
macrogscopic scale it must be considered smooth.

In an essay on surface texture Wright (1967)
suggests that the visual impression of texture is due to
many different effects which the incident light on a surface
is subjected to. The penetration of such light into and
through the material; the diffusion within its structure;
the sheen of top surface reflection; the effects of 1ight
and shade and the many gradations of colour across the
surface are some of the processes by which an interpretation
of the reflected light distributions convey. the information
regarding the detailed structure of an object to the visual
system.

The same author also discusses the application

of these ideas, often in ignorance of any detailed theory,
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by some of the great artists in the method of colour
mixture and juxtaposition, and sometimes it is through
their finished products that these concepts become more

obvious.,

2.4 Aimg

The term surface texture is a very loosely
defined property of a material., The word texture, originally
applied to the weaving trade and cloth, is now used to
describe the structure or substance of a material. The
meaning which has been assumed here is really the appearance
of a substance and the sensation of surface finish which is
conveyed to an observer by the reflected light.

Two particular lineg of investigation seen
obvious, firstly the information the eye receives regarding
the surface texture, from the reflected light, and secondly,
the cause and root of this reflected light. Physically, the
latter is important but due to the complexity involved for
most materials, such analysis is applicable only to a specific
sample. In more general terms the former approach is useful
since this enables us to isolate the particular light
reflecting properties the visual system associates with
different types of texture.

In approaching surface texture from a
colorimetric viewpoint it would appear that several features -
of a specimen are responsible for the correct overall |
appreciation of texture by the human visual system.

Small gradations of coiour across the sﬁrface

of samples, typical of their material, or perhaps due %o
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surface deformities as in the case of the folds inrsay
velvet, are important in this respect, as also must be the
correct interpretation of light and shade, caused by surface
irregularities. It wasg thereforg proposed to measure such
gradations on several, preferably naturally occurring,
gsamples of varying surface texture by scanning across such
surfaces at several fixed points within an area;

The ability to alter the angular viewing
conditions of a specimen when an observer is determining its
texture cannot be overstressed. lleasurements of typical angular
chromaticity and luminance shifts for wvarious structures
should provide guantitative information of this type which
would normally be used in evaluating the appearance of the
sample., As Evans (1959) has indicéted, the highlights of an
object are extremely important to an observer since their
removal from say a photograph may make the most glossy samples
look matt, dull, shapeless objects. This is again the effect
of the observer relating various angular views of the object,
knowing the highlights to be specularly reflected light.
Without such highlights there is no firm basgis on which to
build an impression of the surrounding contours and texture.

Similar measuring programmes on surfaces
whose structure could, to some extent, be altered were
envisaged, as also were measurements on a series of samples
whose surface contours were periodic, but varying in profile
from one to another. This was in an attemp?t to relate such
angular luminance and chromatioity changes not only to the
gloss content but also the actual physical structure of the

material.
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A natural consequence of such data would be
to test how well such information was retained, or stored,
by colour reproduction techniques which necessitated quantite
ative values to this information, and techniques for assessing
this ability. The most immediately obvious medié are colour
photography, colour printing and colour television. These
processes are effectively a two dimensional representation
of an essentially three dimensional structure, and rely
heavily therefore on correct reproduction of the visual
attributes of texture. Such media must provide the fine
variation of colour gradient, light and shade, and highlighfs
present in the original, although relatively large errors
may in many circumstances be acceptable in the absolute value
of the colour at any one point (see for example Wright, 1948).
It was felt that any programme of measurements as that
outlined above would be incomplete without some discussion
of the relevance of such results to the colour reproducing
processes, and that some quantitative results would be
useful in assessing the extent to which present materials
are capable of handling such information.

To obtain anything like a complete picture
of the entire reflection process from a particular material,
it is essential to have a very detailed knowledge of its
structure and construction. Without such information any
theory may only be very general in application.

It was therefore proposed to study one of
the specimens in some detail in an attempt to relate directly
the small colour gradations and angular chromaticity and

luminance shifts to the internal structure of, and the
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interaction of light within, the material. In the latter

part of the thesis, by discussing quantitatively such
relationships together with knowledge of such variables as
refractive index and colour pigmentation, it is found possible

to explain some remarkable colour and texture effects.



CHAPTER THREE,

SOURCES OF ERROR AND THEIR TREATMENT.

Introductione.

An instrument as complex as a specffOphoto-
meter is bound to be prone to errors from many possible
sources., In any work involving the measurement of both
small colour and small luminance variations it is important
to isolate and minimise such errors if the results are to
be meaningful.

Sources of error fall mainly into two
categories -~ those inherent in the optical system of the
instrument and those in the detecting system. Some however
do not fall neatly into either category and must be treated

as a function of the whole measuring process.

3.1 The Optical System.

i) Wavelength and Bandwidth Errors.

Their are two basic sources of error in the
wavelength scale of an instrument. A systematic error due
to a miscaliﬂration and a random error introduced because
of difficulty in setting to a predetermined point on the

scale.

45.

By regularly calibrating the Wright instrument

against spectral wavelength lineg obtained from a mercury -
cadmium - zinc lamp, and checking this against the peak
transmission wavelengths of a calibrated didymium filter,

it is possible to minimise the effects of say vibrations,
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causing a wavelength scale shift. The vernier used on the
scale enables settings to 0.005cm to be accurately obtained.
At the red end of the spectrum, where any random error would
be greatest due to the prism dispersion, one nanometer
wavélength interval is equivalent to some 0,025cm and thus
sufficient accuracy is available.
The bandwidth of an instrument is determined
mainly by the width of entrance and exit slits and, in
the case of the Wright instrument, by the width of the
mirror in the spectrum plane. Reduction of the entrance slit
width both reduces the overall illumination level in the
instrument and decreases the range of wavelengths present
at any given point in the spectrum, thus increasing the
spectrum purity. Owing to diffraction, a theoretical
limit to this purity is reached with an infinitely narrow
slit, but since a certain light output is necessary for
the detector to function the slit must be opened to some
extent., Correction formulae for finite slit widths have
been put forward by such workers as Hardy and Young (1949),
Eberhardt (1950) and Brodersen (1954), and it is also
important to specify the shape of the transmitted waveband.
From work by Keegan, Schleter and Judd (1962)
and Robertson (1965), who calculated chromaticity and
luminance change with both wavelength error and finite
bandwidth, it is possible to say that bandwidths up to
10nm may be used in the following werk. In the Wright
spectrophotometer this may be obtained throughout the
spectrum by suitable choice of mirror size.

The above mentioned errors are particularly
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important in the measurement of very saturated samples where
the spectrophotometric curve is changing rapidly with wave-
length, and in these cases it may be necessary to restrict

even further the tolerances placed on such errors.

ii) Stray Light.

This may occur in a spectrophotometer for
several reasons., Insufficient shielding from room lighting,
back reflections from optical components, and multiple
reflections of light reflected from the sample away fron,
and eventually reaching, the detector, are all possible
causes. A less obvious, but perhaps more important one, is
the incidence of light of other wavelengths onto the sample
together with the monochromatic beam, This is often caused
by imperfections in the optical components, but is
normally removed by the second traverse of the dispersing
system in the double monochromator type of instrument.

The Wright Spectrophotometer was tested by
removing the spectrum mirror, and since no increase above
the dark current was obtained, it was assumed to be free

from stray light effects.

iii) The Light Source.

Drifting in such components as the light source
may lead to significant errors, depending on the time course
of such drifts. In the instrument used in this investigation
readings at any one wavelength are comparative and taken
within say 30 to 60 seconds, so that if any drift is

sufficiently small over this time period it may be ignored.
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Significant drifts were measured over
periods of several tens of minutes despite carefully
controlled supplies to both lamp and detector, and allowing
a 'warn up' period of about an hour. However, their effect
was so small over the time for the readings at one wavelength
to be taken that no significant error is introduced from

this source,

iv) Angular Errors.

Variations occur from one instrument to
another on exact angles of incidence and collection used,
Similarly, large variations in the width of the angular
cone of light collected by the detecting system occur,
and in an attempt to standardise these conditions the
Cel.Ese in 1967 recommended for 450/0o geometry that:

The specimen is illuminated by one or more
beams whose axes are at an angle of 45° + 5° from the
normal to the specimen surface. The angle between the direction
of viewing and the normal to the specimen should not exceed '
10°, The angle between the axes and any ray of an illuminating
beam should not exceed 5°. The same restrictions should be
observed in the viewing beam,

Similar recommendations followed for 0°/45°
instruments and integrating sphere instrunents.

In general it is important to set as
accurately as possible to the specified angle, but providing
this central angle is correct,‘quite wide cones of
reflected light are acceptable so long as the resolving

power of the instrument is not excessively reduced, The
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standard and sample must also be measured under identical
angular conditions, and in general be mounted rigidly and
accurately normal to the plane containing incident and
collected beams.

| It was found possible to comply with the
recommendations at both standard and non standard config-

urations of measurement,

3.2 The Detecting System.

i) Response Linearity.

In operation the photomultiplier anode
current must be such that it never exceeds a value 1/100th
to 1/1000th of the current in the dynode resistor chain in
‘order that the response of the detecting system will be.
linear over a wide range of incident illumination, This
is important in any precise spectrophotometry since it
is assumed that the measured anode current, or more
correctly the voltage developed by this current, is
proportional to the illumination at the photomultiplier
cathode, and any loss of linearity would introduce signi-
ficant errors into the measurements. The total illumination
range is something less than 1000 to 1 in the following
work = corresponding to a variation in the reflectance
data of 100% to 0.1%. The linearity of response as a
function of illumination in the system was checked by the
following method.

Nine Johnson tiles from the grey series
described by Robertson (1965), (Robertson and Wright, 1965)
were used - tiles: Jet Black, 9843, 9837, 11616, 9855, 9849,
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9846, 9862, 11612, This gave a range of reflectances from
0.4% to 80.7%. The tile 11572, a white tile, was accurately
calibrated as a substandard and used throughout as a
reference standerd. A suitable wavelength, 600mm, wag chosen,
the reference tile having a reflectance of 86,6% at this
point. The series of tiles were then calibrated at this

wavelength giving the results in column 2 of table 3.1l.

IABLE 3,1
Column 1 Column 2 Column 3 Column 4

Tile  RZ R% a% 600nm R% at 600nm R3/R2

Jet Black 0.395 0.392 0.9932
9843 0.46 0,515 0.511 0,9911
9837 1.570 1.568 0.9990
11616 4.6 4.602 4.604 1.0005
9855 29,51 29.340 29.346 1.0002
9849 32,538 32,508 0,9991
9846 38.168 38.164 0.9999
9862 60.8 60,511 60.485 0.9996

11612 80,707 80,767 1.0008

A neutral density filter was then placed at an aperture
prior to the dispersing prisms and calibrated in situ,.

That the filter was not absolutely neutral was not

important as only one wavelength was used throughout the
experiment., The filter reduced the level of the illumination
by approximately four times and thus extended the range

of linearity to a factor of almost 800 to 1. This was

approximately the range desired. The tiles were then
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calibrated as before and the results, corrected for the
effect of the neutral density filter, are given in column 3
of table 3.1l. Finally a comparison of results is given in
column 4 by taking the ratio of results 3 and results 2.

‘ The assumption must be made that the tile
calibrations by Robertson are accurate. This would be
reasonable since his measurements were carefully made with
a G+E.Ce Universal Precision Photometer Unit and potentiometer
arrangement which was shown to be linear over a range of
1000 to 1 (Robertson, 1965)., It is then possible to make
a plot of the present feadings against their original
calibration, those results in column 1 of table 3.1, a
straight line AB resulting as in Fig.3.l. This confirms
the linearity of the detector over this illumination range
of approximately 200 to 1.

By choosing a neutral density filter which
reduces the value of the highest reflectance tile, yet
still keeps this point within the known linear range, it
is possible to measure the points a second time and plot
thegse values against the calibrated values corrected by the
reducing factor of the neutral density filter. This produces
a line, extending the line AB, through B. Three main
possibilities may result:

i) a straight line (1), offset as shown in Fig,3.1
indicating some error in measurement of either tiles or
neutral density filter,

ii) a continuing straight line (2) through the point
B, indicating that the system was linear over the total

range measured, and
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Pig. 3.1 Check on detector response linearity.
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iii) a line curving away as shown in (3), as the
linearity of the system disappears.

The results of the experiment did in fact
follow the second course, and a convenient method of
assessing error is to effectively slide the secbnd results,
along the line obtained, to their original values by
correcting for the effect of the neutral density filter.
The ratio of these results is then shown in column 4.

A larger error would be expected on the two
lowegt readings, due to errors inherent in measuring a
reflectance of a fraction of a percent relative to a tile
whose reflectance is some 87%. It is believed a fair
assessment of the linearity would be obtained by taking
the average of column 4, this giving a result of 0.9982
including the two lowest readings, and 0.9999 excluding
them, It can therefore be seen that the linearity holds
at this wavelength to better than 0.2% over a range of
illumination of 800 to 1, a range congidered to be quite
adequate for the measurements to be made,

It is assumed that the measurements are
representative of any other wavelengths within the range
normally used. The method has the advantages that no
accurately made apertures are necessary and the measuring_

system as a complete unit is tested.

ii) Uniformity of Cathode Sensitivity.

Some non-uniformity in sensitivity over the
cathode area of the photomultiplier is inevitably present

and although this will not effect a particular spectro-
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photometric curve, any variation in angular conditions
or comparison between gets of results taken at different
angular settings will result in some error. Whenever any
movement in the measuring system occurs, different parts
of fhe cathode area will be used, thus changing the
gsensitivity of the detecting system.,

It is possible to overcome this problem by
using either a lens or opal diffusing glass directly before
the detector, the latter being employed at times throughout
the following work.

3.3 Other Iypes of Error.

i) Polarization Effectsg.

In an instrument such as the Wright
Spectrophotometer much polarization is present in the
incident beam upon the samples. This arises from the many
glass faces which the beam meets at non-normal incident
angles, éach introducing some polarization.

Robertson (1965), by describing the state
of polarization by the direction of the electric vector
in relation to the plane containing incident and measured
beams, measured, with respect to wavelength, both the
polarization sensitivity of the detector (S) and the
polarization present in the incident beam of the Wright
Spectrophotometer (I).

The former quantity is defined as the ratio

sensitivity to horizontally polarized light
9

sensitivity to vertically polarized light

and the latter quantity, the ratio
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amount of incident light polarized horizontally

amount of incident light polarized vertically

Since the photocell detector has been .
replaced by a photomultiplier the experiments were repeated,
good agreement being achieved for the value of I, and a
figure of unity obtained for S, thus

S = 1.00
I= 3,80 @ 400nm I = 3,58 @ 500nm
I=3.52 @ 600nm I = 3,51 @ 700nm

By placing a piece of polaroid immediately
prior to the sample and a second piece before the detector
it is then possible to meagsure the luminance factors under
the four main polarised conditions of incident and collected
beamns. Measurements which were made were in general in good
agreement with those of Robertson, indicating a marked
dependence on the state of polarization of the two beams,
and on the type of surface structure under investigation.
In general, differences will be greatest for glossy samples
reducing in the case of matt surfaces due to the diffusing
and scattering processes an incident beam will be subjected
to.

This then is a very important source of
error in such an instrument, unless suitable precautions
are taken. By using the normal incidence and 45° collection
configuration for measurements it is poésible $0 reduce
any polarization errors and obtain consistent results,
since at normal incidence the top surface reflection from
even glossy samples is reasonably constant for any degree

of polarization.
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Complete removal of any polarization in the
instrument would be a better solution, and to some extent
this may be done by coating the surfaces of all optical
components in the system. An easier method in this particular
casé would be to vary rapidly with time, space or wavelength
the state of polarization in the beam, so that light will
appear effectively depolarized, by placing some device at
the exit slit of the spectrophotometer.

Many methods are available, the chosen one
being a 6mm thick retardation plate of calcite inserted
after the exit slit, with its optic axis at 45° to the
horizontal, and a sheet of polaroid positioned so that only
'horizontally' polarized light reaches the calcite. The
state of polarization of the emergent beam in such a

system varies rapidly with wavelength according to

S =2
2\

where S is the retardation in cycles, J the birefringence
of the material and t its thickness. Thus if t and J are
large, within the waveband used there will be many cycles.
( Buc and Stearns, 1945). This may be checked by rotating
a piece of polaroid in front of the detector, wheréupon
little or no variation in output signal should be obtained.
This indeed was confirmed to be so.

Such a device is not suitable for the
receiving arm of the instrument since its transmission will
be dependent upon the state of polarization of the incident
light, however the diffusing glass used to reduce the effects

of non-uniformity in the photomultiplier'cathode should
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prove adequate in also reducing polarization errors at

this point,.

ii) Reference Sitandards.

Reflectance measurements in a spectrophoto-
meter are normally made with reference to an accurately
calibrated standard. The most widely used standard at
present is magnesium oxide in either a smoked or pressed
form, and any deviations from the accepted calibration will
inevitably lead to error in the final result.

Whichever method of preparation is chosen,
the oxide must be freshly made for each series of measurements,
and even variations between identically prepared samples
have been reported. For this reason a ceramic white tile,
(Johnsons no. 11572) reported by Robertson (1965), (Robertson
and Wright, 1965), has been used in the following work
where possible, but, since it has a glossy surface, this
is only possible when measuring under such configurations
as O°/45°; Ideally, the same author recommends the use of
the complete white to black series of tiles (see previous
section on linearity) so that the difference between sample
and standard may be kept to a minimun,

Several studies on the departure of
magnesium oxide from a perfect diffuser have also been
reported, for example Preston (1929-30), Barkas (1939),
Boshoff (1957) and Robertson (1965). Variations from a
perfect Lambertian surface have been found and Boshoff
reports a shift in the chromaticity coordinates of oxide

surfaces at increasing viewing angles. The results quoted
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in Chapter 4 tend to reflect these imperfections for

pressed magnesium oxide surfaces also.

Other errors occur in automatic recording
instruments which are not found in an essentially ménual
instrument such as the Wright Spectrophotometer. Pen
inertia and the effects of automatic slit width variation
are some of these particular errors, which, since they do
not affect the work of this thesis, will not be considered

in any more detall here,

Despite all the precautions mentioned above
some error is bound to be present in the process of measurement
and it is important to have some idea of its magnitude, if
results are to be expressed with any meaning,

Results of spectral luminance factar[3a,
or spectral transmigssion value‘T:x, are invariably difficult
to measure at either extreme of the visible spectrum in
a spectrophotometer. At the blue end, say below 400nm,
lack of light in a tungsten source, and the transmission
of prisms in the system tends to reduce the output signal
from the detector to very small quantities, whereas at
the red end, say above T700nm, the sensitivity of the
photomultiplier is beginning to drop rapidly.

In the Wright Spectrophotometer the problem
below 400nm is resolved by using a broader mirror -in the
spectrum plane since the bandspread in the blue is very

wide, and no significant increése in bandwidth 1s therefore



59.

introduced., Above 700nm the photomultiplier, having been
chosen for a good red response, remains reliable up %o
approximately 780nm, and since in any case the colour
mixture functions X, , Y. » %, are small in these extreme
regions it is believed that the resulits are accurate

throughout the spectrum from 380mm to 770nm,

The summations
X = k2, Py o By o Ky o AN ete.
over 1Onm intervals are bound to introduce some error
over the ideally integrated quantities, however, de Kerf
(1958) has shown that the method is accurate to within
02 NeB.S. units for all samples except those with very

rapidly varying fo functions,

Uncertainties in spectrophotometric data
however are still bound to occur from random fluctuations
in the photometric scale readings of the instrument. It
is important at this stage to consider the effect these
uncertainties have on computed tristimulus values and
chromaticity coordinates, a problem dealt with by both
Nimeroff (1953) and Macﬁdém (1953, 1954).

I+t has already been shown that the chromaticity
coordinates (x,y) of a colour, whose spectral reflectance

function is\/D%, are given by

X = X = Z’A: (f,) .P/’\ . -}-C/)\ .A)\)
X+Y+2 (Py Xn + Po Ja + Pa Za JAN
%Y_ﬁx A Xy T » 2 ]

and
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y = Y Z(f;A.P')\ . y% .A?\)

X+Y+2 z[f) T+ Py Zs )A?\l

Since the functions P,.X,, P, .y, and P,k.'z'%

have internationally agreed values it may therefore be

assumed that any errors in the chromaticity coordinates
must arise solely from uncertainties in the‘/oa\ values.

The variance of JD"‘ is assumed to be given by

Var<f>)~z(f> - pra)?

ne-1

where Jo.% is the ith individual measurement of the spectral
reflectance at wavelength A, and fm'x is the mean value
of n measurements.

Nimeroff defines the following quantities

in terms of this variance, thus

Var (x) = Z(S aEn = XTp)° Var(p,) AN
)
S

Var (y) = L (SB,F, - YT\ Var(p AN
4
S

and the Cov (x,y) = ‘;(SP‘X?{'X Ll XT')\) (SP,‘?—; - YT')\) Var(fA)A%
4
S

where S =X + ¥ + 2 and T = Py Xy + Py Tp + Py %y &
The chromaticity coordinates Xi94
obtained from the ith set of individual measurements of /o,‘ ’
are assumed to have a joint normal distribution about their
mean values X Tme
It can be shown that the ellipse expected to
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contain 95% of all chromaticity points computed from the

n spectral reflectance functions will be given by

(xi-xm)ZVar(y) + (y;=y,)%Var(x) + 2(x;=x,) (v;~7,)Cov (xy)

= 5,99 {Var(x).Var(y) - [Cov(xy)] 2}

By comparing this equation with the general equation of an
ellipse

(xi-xm)2 [_J: c0s°D + 1 sinze] + (yi-ym)z [_]; sin®B+ 1 cosze]

a2 b2 a2 b2

2

+ 2(xi-xm) (yi-ym) cosB sinB [-]: +E ] =1
a b2

(where a and b are the lengths of the semi-axes and © is
the angle between the x axis and the semiw-axis a.)
it is possible to plot the ellipge around any given point
in the chromaticity diagram.

A typical example, calculiated from a series
of results taken on the Wright instrument, is shown in the
enlarged portion of the chromaticity diagram in Fig.3.2,
centred on the point (0,3644, 0.3284), Although the exact
size may vary somewhat from point to point, this illustrates
the typical uncertainty in any measurement on the instrument
from purely random fluctuations, and therefore differences
in colour of this magnitude, or less, cannot be specified
with any certainty.

The tendency for such results to be orientated
along a yellow=blue axis is well known, since Nimeroff (1953)

showed that a purely random error in‘/O% will produce
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chromaticities distributed in an ellipse orientated in
this direction, and so this variation may well be a

property of the C.I.E. coordinate system itself,

Conclusions.

The major causes of error in an essentially
manual spectrophotometer upon measuring spectral reflection
or transmission functions of a sample are outlined above.
Each possible error has been minimised where it would
affect the desired accuracy of the measurement of small
variations in both chromaticity and luminance with change
in location or angle on the sample.

Random fluctuations in the final output of
the instrument are inevitable, and the typical magnitude
of uncertainty in measured chromaticity coordinate values
is given above, and it is perhaps important +to consider the
significance of this error here,

The most widely accepted criterion in the
judgement of spectrophotometric accuracy is that the magnitude
of any error in colour measurement should be less than that
detectable by the normal human eye. The criterion is
particularly applicable in this work since colour differences
less than this so called just noticeable difference, or
variations in luminance less than that detected by the
human eye, should not convey any information regarding the
visual appearance of texture, and it is this which is of
the main consideration here.

In an attempt to produce a chromaticity

diagram whose colour spacing was more uniform than that of
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the 1931 diagram, the CeI«BEs in 1959 recommended the use
of the CeleEs = UsC.S. diagram. The chromaticity coordinates
of this system are given by

u = 4x

-2x + 12y + 3

and v = 6y

-2X + 12y + 3

in terms of the 1931 coordinates. The diagram produces a
variation of approximately four times in the size of a
'jen.de' over the entire range of colours, and it is
therefore possible to give some sort of estimate to the
typical average colour discrimination 6f the human eye in
terms of u and v. In the most favourable conditions a
value

Ac = 0.0004
has been suggested by several workers (Shipley and Walker,
1956; Wright, 1957 and 1959; Perry, 1958) for this limit

by a trained observer, where

1
Ac = {_(Au)z + (Av)z} 2
Similarly a figure of 1% is suggested for the smallest

detectable luminance change.

On this basis it is possible to caleulate a
value of Ac for the uncertainty in chromaticity coordinates,
due to the random fluctuations in the system, for the |
extreme points of Fig.3.2. A figure of 0,0002 is obtained
for the quoted results, which lies well within the limits
of the above criterion and would therefore be acceptable

for the present work.,
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CHAPTER FOUR.

THE EFFECT OF SURFACE ROUGHNESS ON GONIOSPECTROPHOTOLETRIC
DATA,

Introduction,

It has already been indicated in Chapter 2
that the overriding physical factor in any discussion of
surface texture must be the actual structure at the surface,
Since very few objects in practice have perfectly smooth
surfaces, microscopically we must consider nearly all
samples to be in some measure rough, and to vary generally
in a random, rather than a periodic, fashion.

The effect such a roughness has on the light
reflection properties of a material varies widely depending
on the exact structure involved, however the surface will
tend to scatter and diffuse more of the incident light than
& similar, perfectly flat one, Owing to the enormous
complexity of the large number of such inter-reflections
which are thereby created it is only possible to generalise
by saying that the diffusely reflected component must
increase in magnitude for a randomly rough surface, and
to an observer this would generally create the appearance
of a more matt surface. This is the principle employed in
paint manufacture in producing both matt and glossy paints
by varying the binder to pigment particle ratio.

It is important however to now consider the
scale of the roughness involved because both rough, glossy

specimens and smooth, matt ones are well known., The former
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surfaces, for example the hard backs of certain large
beetles, tend to be only macroscopically rough so that in
detail they are in fact fairly smooth, the roughness being
on such a scale that it has little optical effect on the
light reflecting characteristics of the material over small
areas. omooth matt surfaces on the other hand, although
appearing to the unaided eye to be smooth, on a microscopic
scale invariably have a rough structure which creates the
necessary scatterings and so oh, typical of a matt surface.
An outstanding example of this is the surface of a pressed
magnesium oxide tablet which appears both smooth and matt.
Should too much pressure be applied in the press, especially
in a rotary movement, the top particles of oxide are ground
into an almost microscopically smooth structure, creating
glossy specular highlights at these points.

It would appear from the preceding introd-
uction that only the microscopic structure is of any
relevance to the reflection properties of a material which
of course is Jjust not so. It seems likely that the visual
system absorbs this information almost subconsciously,
noting the extent to which a material is matt or glossy
and relating this to the type of microstructure which must
cause it. Superimposed on this impression however is the
information the eye is capable of discriminating, such as
surface structure and undulation, causing light and shade,
highlights and gradations of colour. It is just such
information which is of great importance in the reproduction
of texture in a flat two dimensional representation, since

it is necessary to copy such variations in reflected light
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faithfully if a convincing copy of the structure is to be
achieved.

Since the approach of this work is photometric
and colorimetric it was decided to investigate the effect

of surface macrostructure on just such variables.,

Two converient approaches were readily
available in the investigation. Firgtly a material whose
surface could be deformed at will, and secondly one which
had been manufactured in several different surface finishes,
although of the same bagic material, It had also to be
borne in mind that random and periodic variations may

produce widely differing results.

4,1 Randonmly Rough Surfaces.

i) Sampleg and lMethod of lieasurement.

In selecting a material for such an
experiment a powder surface, which could be pressed into
a fairly smooth structure, measufed, randomly deformed, and
finally remeasured, was considered to be suitable. Since
the properties of magnegsium oxide powder are well known to
colorists and equipment is readily available for handling
pressed samples of the material it was decided to use the
oxide for these further experiments.

Extremely high quality magnesium oxide
powder was formed into tablets some 25mm in diameter using
a Zeiss ELREPHC Press. In this process the oxide surface is
pressed against a glass plate, thus producing a matching

replica of the glass profile, and therefore by using a very
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smooth piece of glass the resulting oxide profile should
have few deviations from a macroscopically flat, smooth
finish, The sample was then rigidly mounted on the kinematic
slide mount in the Wright Spectrophotometer and the
insfrument adapted to the following specifications.

The final monochromatic beam in the instru=—
ment was restricted in cross-—sectional area to some 0,15 cm
square by methods outlined in Chapter 1, and four patches,
each approximately 0.15 cm square, were arbitrarily chosen
along a horizontal line across the oxide surface. The
position of the slide adjusting lever in each of these four
locations was carefully noted so the points could be
relocated at will, and the fifth position, that of the
reflectance standard in the incident beam, similarly noted.

Previous to the experiment it was found that
relocating each point on the sample and standard in turn
at each wavelength was more accurate than measuring the
sample and standard throughout the wavelength range one
location at a time since drifting in the electronics was
appreciable, whereas the error in position relocation was
very small,

The reference standard used was smoked
magnesium oxide, freshly smoked from pure magnesium ribbon
onto a metal substrate to the recommended depth, because
the material in general has been found to have better
reflectance and diffusing properties than its powdered
counterpart.

The spectral reflectance of the four points

was then measured from 380nm in the violet through to 770nm
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in the red at several angles of collection from normal %o
65° to the normal at a constant incident angle of 45°, A1l
measurements were made with respect to the reference
standard, measured under identical conditions,

Without removing the sample from its mount
within the instrument, the oxide surface was arbitrarily
disturbed over approximately three—quarters of its area,
until vigually it appeared quite rough. The remainder of
the area was left as undisturbed as possible to act as a
control point in the experiment. The first three points,
located in the rough area, and the fourth point, in the
remaining smooth ares, were then remeasured as before
under similar conditions.,

It is a well established fact that over a
period of a few days magnesium oxide samples deteriorate
(Gibson and Keegan, 1938), a fact most readily noticed by
the yellowing process which takes place. In order to
minimise such effects all the necessary results were taken
over a period of abcocut two days and as usual all samples

and standards were made immediately prior to measuring.

ii) Results.

Each spectral curve for a given angular
arrangement, position on the sample, and either rough or
smooth was then reduced to its chromaticity coordinates
and luminance value by means of a computer programme run
on an Elliot 803A computer, calculating these values for
the C.I.E. recommended illuminénts A, B, C and D6500’ For

ease of comparison illuminant C will be used throughout the
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following results,

Figures 4.1, 4.3, 4.4 and 4,7 show the poldr
luninance plots of the specimen under test. The continuous
line represents the perfect Lambertian diffuser, which the
smoked oxide surface is here assumed to be. Departures from
the cosine distribution do occur, (Billmeyer et al, 1971)
especially at large angles of incidence to the surface normal,
but at incident angles used here, are assumed to be negligable,
The crossed and ringed points represent the angular luminance
plots for the smooth original, and the final roughened,
oxide surfaces respectively up to an angle of 65° to the
normal.

It can be seen that at all four points the
pressed magnesium oxide curve follows the smoked oxide
curve well with an overall reduction of about 5% in
luninance value. However the curves for the roughened
surfaces are far less predictable, in general being lower
in value than the corresponding curves for the smooth surface
by anything up to about 15%, but at times being fractionally
greater. |

Positions 1 and 4 show little difference
in luminance value whether the surface was rough or smooth.
However it should be noted that position 4 was the control
point, remaining untouched throughout the experiment,
Position 3 reduces considerably in luminance at all angles
when roughened, but position 2 is somewhat higher when
rough at angles of viewing less than 150, beyond which it
also reduces progressively below that of the smooth oxide

surfacee.
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The pressed oxide samples appear to be good
diffusers, showing little or no specular refiection and
following the perfect Lambertian surface closely. The
presence of any specular peaks would tend to be under—
emphasised if anything since the reference smoked magnesium
oxide surface was assumed to be Lambertian in character,
however the error would be small at this angle of incidence,
and the above results must be accurate. The rough surface
similarly is a good diffuser, and the roughening process
in no way appears to affect this property, the only
photometric effects bheing to alter the percentage reflectance
value in a somewhat unpredictable fashion, depending on
the exact surface contours involved. |

It is the colorimetric properties which are
of perhaps more direct relevance here and the chromaticity
coordinates corresponding to the spectral reflectance
curves measured as above are plotted in Figures 4.2, 4.5,
4,6 and 4.8, on an enlarged section of the 1931 C.I.E.
chromaticity diagram. The points were obtained with 45°
incident light at collection angles from normal to 65°
to the normal, the crossed points representing the original
smooth surface and the ringed points, the final roughened
surface, BEach graph represents one particular position on
the surface, Figure 4.8 being the unroughened control
point.

In the case of measurements taken on the
smooth surface, in all four cases the chromaticity shifts
progressively away from the illuminant point with increasing

collecting angle, This shift is almost identical at each
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measuring position on the sample surface, the\coordinates
increasing in puriiy at an almost constant dominant wave~
length of approximately 574nm up to, and including, the
65° point.

The corresponding results for thé sanme
positions when rough however show a somewhat different
trend. Again the tendency for the coordinates to move away
from the illuminant towards the gpectrum locus at constant
dominant wavelength is observed, but the increase in purity
is much larger as the angle of collection increases. In
fact the purity of the 45°/65° point on the smooth surface
is obtained at a collecting angle of between 15° and 30°
on the rough surface,

Position 1 apuvroaches approximately the same
dominant wavelength as its smooth counterpart and position
2 a slightly longer dominant wavelength. Position 3
however reverses its direction completely and moves towards
the blue section of the chrometicity diagram. The control
position 4 shows little difference between the two sets of
results as would be expected, and will be discussed
further in the following section.

A table of comparative purity and dominant
wavelength values at three angles for both rough and smooth
surfaces follows,

The variation in dominant wavelength, in
Table 4.1, is only to be expected since chromaticity
coordinates so close to the illuminant point require only
a small movement on the chromaticity diagram to produce

large shifts in dominant wavelength. The variations in
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dominant wavelength therefore belie the close proximity

of the coordinates at a given angle for the smooth surface.

TABLE 4.1,
0° 45° 65°
Posn Struct p% Ao  p % Agqm  p % Aym
Smoocth 0,38 569,8 0,84 57L.6 1.58 574.3
1l
Rough 0.,60 494.5 3.34 577.6 - 5.40 580.5
Smooth 0.08 568.7 0.54 569,5 1.26 573.5
2
Rough 0059 48307 8.56 57306 20022 . 57403
Smooth 0,13 572.2 0,40 572.2 1.05 574.1
3
Rough 0.48 577.6 5.87 476.1 12.13 475,3
4 Smooth 0,19 566,11 Q.49 571.6 1.98 574.6

Rough 1.55 585.3 1.32 571.6 2.61 574.0

iii) Discussion of Results.

The physical properties of smoked magnesium
oxide and the powder used to press samples do seem somewhat
different. Electron microscope photographs (Heidenreich,
1942) have shown the particles of magnesium oxide smoke
to be regularly cubic, some O.Z/u in width, this coincid-
entally being the optimum size for the scattering processes

of light. This ig further aided by the high refractive index,

leading to a large index difference between the oxide and air.
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The powder used however, when viewed under
a good quality microscope, appeared very irregular, the
particles possessing both straight and highly curved outlines,
The large variation in size was assumed to be due to
aggregates of several particles, these being 20)4 , and
more, in diameter. The smallest found were approximately
5/* to 10/* in diameter although it was difficult to ascertain
if these were truely single ones. This should still lead
to a good diffuser, since diffraction and scattering does
begin to occur with particles of this size, and light is
not necessarily reflected and refracted according to the
Fresnel equations. The diffusing properties would not be
expected to be as efficient as those for the smoked material
however,

Thus the flat pressed oxide surface may
be assumed to be flat to this sort of precision, a fact
verified microscopically, the rough surfaces above on the
other hand exhibited undulations of the order of O,lmm
to 0.5mm varying widely with location.,

The above results are of main interest in
two particular respects. Firstly, the use of magnesium
oxide in a pressed form as & reference standard and
secondly, the colorimetric effect obtained on roughening
a powdered surface,.

When used as reference standard it is
normally assumed that a magnesium oxide sample remaiﬁs a
constant colour or at a constant chromaticity coordinate,
namely that of the illuminant, under all usual modes of

measurement. Any deviations which occur will introduce some
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error into a particular set of measurements unless specif-
ically taken into account when calculating the tristimulus
values of the sample under test. Very little attention
seems to have been paid to this problem, perhaps the first
beiﬁg Boshoff (1957) who published figures regarding measured
shifts in smoked magnesium oxide samples. The variations
reported above in Figures 4.2, 4.5, 4.6 and 4.8 for the
smooth oxide surface show a gradual movement of the colour
towards the yellow part of the C.I.E. diagram as the collect-
ing angle is increased, but no attempt has been made to
determine whether this is a true shift of the pressed oxide
surface or whether the effect was created by some movement
in the chromaticity coordinates of the smoked reference -
surface, which was assumed to be ideal,

It is true that the results of Boshoff do
indicate a tendency for a smoked magnesium oxide surface
to move in a direction roughly opposite to that shifit
reported here, in fact towards the blue segment of the
chromaticity diagram, as the collecting angle increases,
however this movement is not sufficiently large or suffic-
iently well defined to accommodate the above data. It
must therefore be noted that certainly some error would
be introduced when using pressed magnesium oxide as a
reference standard at large viewing angles in terms of
chromaticity coordinate, although even in precise spectro=-
photometry any such error would be emall.

If the surface of a pressed oxide standard
were not perfectly smooth however, reference to Figures 4.2,

4.5 and 4.6 show errors due to angular instability of colour
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significant enough to introduce errors which are not really
tolerable in any type of spectrophotometry. Although it has
been shown earlier that the diffusing properties of a rough
surface are still fairly acceptable, the colorimetric
properties appear to be both unpredictable and ﬁoor, in

fact beyond collecting angles of about 20° very large

errors may be introduced, depending on the particular surfacé

contours of such a sample.

Turning to the colorimetric aspect of the
results, there appears to be a very marked connection
between the surface structure and the angular variation
in chromaticity. As would be expected the results of point
4 on the surface, the control point, rémain reasonably
alike for both conditions of measurément. The small
variations present are assumed to be partly due to spectro-
photometric errors, but in the main the effect of contamin-
ation of small oxide particles from the other roughened areas
of the sample.

On this bagis then, the other, large
chromaticity shifts must be a direct result of the change
in surface structure of the other three pogitiong. These
positions showed an increase in excitation purity of
anything up to 20% at a collecting angle of 65° over that
value at normal viewing, whereas for the same positions when
smooth the equivalent increase was only about 1%. In
general all movements were towards the yellow part of the
chromaticity diagram except for the point 3 when rough

which was remarkable in that it moved in a direction almost
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opposite, towards the blue portion.

Visually, positions 2 and 3 were rougher, or
surface undulations deeper, than position 1 and it may be
noted that the increase in purity of results associated
with position 1 is much less than that associated with
either of the other two, Similarly the position 3 appeared
overall to be at an angle nearer normal to the incident
light, effectively‘making the angles of collection greater
with respect to the average orientation of the surface than
the values quoted, This would explain to0 some extent the
reduction in luminance curve for the roughened surface in
position 3, a fact further explained by the possibility of
shadowing effects due to rough facets adjacent to this
area.

The reason for the observed chromaticity
shifts are not obvious when considered as a direct result
of macroscopical disturbances of the physical surface, Since
there is no marked increase in the specularly reflected
component on roughening, it is fair to assume that the
diffusely reflected light from such a material results from
scatterings, diffusions and inter-reflections within the
oxide itself, emerging randomly at various angles to the
surface normal, and that any top surface specular reflection
is very small indeed. Reference to Figure 4,9 indicates a
progressively large selective wavelength absorption to be
taking place as the viewing angle is increased, in this case
for point 2, at the blue end of the spectrum. However, if
the equivalent reflection curves for point 3 were substituted

the reduction in reflectance would occur nearer the red end,
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since the chromaticity shifts towards the blue portion of
the C.I.E. diagram. In a sense this would not be expected
gsince such wavelength distribution changes would normally
be associated with structural changes on a microscopic
level rather than on this much larger scale,

The results show a marked trehd for the
angular increase in purity %o be larger at points where the
surface was rougher in the previously explained meaning of
the word., Obviously however, some limit must be reached
where this will no longer be true, In general the macro=—
scopical roughness of a surface does tend to increase the
body colour of that material compared with the same material
crushed flat where the top surface 'white' reflection
*diluteg?! the colour, however the chromaticity shifts in
this case were not always in a constant direction,

The results are relevant to cnly one powdered
material and it is important not to generalise in detail
t0 other types of arbitrarily rough surface without first

considering their own particular light reflecting processes.

4,2 Rough Surfaces With a Periodic Profile,

i) Samples and Method of lMeasurement.

In order to have sample surfaces whose
profile was as periodically accurate as possible it was
necessary to turn to manufactured materialg. The four chosen
gsamples were different finishes of an I.C.I. Perspex,

Grade Opal 040. The first was the normal polished perspex

gloss finish and the second had a matt surface, termed
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'satin' by the manufacturer. Both specimens were flat. The
third and fourth sampleg were glossy but each possessed a
definite surface structure -~ the third termed 'diamond!

and the fourth 'pyramid'. Each specimen was some 3 mm thick
and no backing layer was attached during the measurements.
Reference to Plate 4.1 illustrates the particular structures
involved, the lighting being placed 4o emphasise this
detail.,

Using an incident angle of 45° the reflectance
of each sample was measured in turn at eight different
viewing angles from the surface normal to 65° to the normal,
throughout the spectral range from 380nm in the violet to
T70mm in the red. The reference used was freshly prepared
magnesium oxide, pressed, since by careful weighing of the
oxide powder it was possible to obtain good reproducibility
on each daily prepared specimen, Sample and standard were
mounted as usual on the kinematic slide in the Wright
Spectrophotometer and the photomultiplier aperture restricted
to some 5 mm in width to obtain good angular resolution.
Readings on the first glossy sample were more closely spaced
to the specular angle in an attempt to define more satisfact—
orily the expected enormous increase in angular luminance
curve in this region, although the complete range of
angular measurements was identical in all four sets.

The final exit beam from the monochromator
of the instrument was increased in cross-sectional area to
a little over 1 cm square at its point of incidence on
the specimens. It was felt that this reproduced the more

normal observing conditions of the eye since within this



Plate 4.1 The fbur perspex samples, Grade Opal 040,

illuminated to emphasise the structure.,
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area several periods of the structure occurred. As before

exact relocation of the measured area on returning from

the standard reference surface was most important if the

consistency of results was to be maintained, and to this

end several preliminary repeat measurements weré made as

a check, Such relocation was again found to be excellent

and introducing negligable error into the final result.
Having ascertained these prelininary results

the experiment was conducted and the data reduced as

previously described to tristimulus values and chromaticity

coordinates by the usual methods.,

ii) Results.
The data quoted in this section will all be
with respect to standard illuminant C for ease of comparison.
The polar luminance distributions of each of
the four samples (1 to 4) are illustrated in Figures 4.10,
4,12, 4.14 and 4.16 for an incident light angle of 45°,
Pigure 4.10 shows the sharp, specularly reflected peak
intensity associated with a flat glossy sample, while
Figure 4.12 clearly demonstrates the expected polar luminance
curve for an almost matt sample, having a much reduced peak
under 45° viewing conditions. Figures 4,14 and 4.16
however are, in many respects, similar to the polar curve
obtained for the matt specimen despite the fact that their
actual surface finishes were almogt identical to sample 1
whose luminance curve showed the large specular peak.
This is clearly a direct result of the surface structure

differences occurring in the two later figures. It is
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possible to generalise in saying that sample 4 appears a
more matt surface overall from its polar distribution
curve than sample 3, despite the fact that both surfaces
were apparently equal in gloss to sample 1., Other than
near the specular angle the curves show similar absolute
values, differing for example at the 450/0o position by less
than 5% for all samples.

The equivalent colorimetric properties are
illustrated in Figures 4,11, 4,13, 4,15 and 4,17 by
plotting the chromaticity coordinates for the samples 1 to
4 respectively as a function of measuring conditions on
a portion of the 1931 C.I.E. chromaticity diagram, with
respect to standard illuminant C. The colour of each
sample, described as bluigh white by observers, cccupied
the section of the diagram shown, only slight variations
in the chromaticity occurring under measuring conditions
of 45°/0° for all four samples. This was as expected
since the four had been chosen for their similarity in
colour.

In the case of sample 1 in Figure 4,11, as
the angle of collection approaches specular, so the
chromaticity coordinates approach the.source point along
an almost straight line between SC and the 45°/Oo point.
This would be expected as progressively more specularly
reflected light is collected, after which the points
move out, the purity of the colour increasing as more
'body' reflected light is collected. Two points will
however be discussed later since they do not fit into

this normally acceptable pattern, The coordinates of
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the measured colour at 42° collecting angle are on the
opposite side of the illuminant point at a good distance
from it, and the specular point itself shows properties
not normally associated with it.

The matt surface 2 shows a similér, but
more ordered, movement of chromaticity coordinate with
changing angle of view, a minimum of purity occurring at
the specular angle. The overall movement is somewhat
smaller than the corresponding one for a glossy surface
finish but illustrates the presence of a good deal of top
surface reflected light even in a fairly matt sample.

The interesting data however are those
contained in Figures 4,15 and 4.17 for samples 3 and 4
respectively. Once again the effect of the chromaticity
coordinates collapsing towards the illuminant point at
almost constant dominant wavelength as the specular angle
is approached clearly appears, but in these cases the
movement continues well beyond the 45° viewing position
until an angle of approximately 55° is reached. On reaching
this minimum purity the points again reverse in direction
with increasing collecting angle as the 'body' colour is
restored.

A listing of the angular variation in

excitation purity is given in Table 4.2 for all four
samples in order to give a rapid comparison of the effects

obtained from the different structures.



TABLE 4.2
Sanple :- ht
Angle of View Be%
0° 4,03
15° 3.76
30° 2,67
40° 2,07
45° 5,02
50° _—
55° 4.28
60° —
65° 5.28
Approx. A nm 480,0

3.11
2,87
1.80
0.78
0.42

0.96
1,68

2.75

481.4

iii) Discusgsion,

R %
3.61
3.57
3.23
2.58
2.53
1.94
1,40

2.63

479.9

95.

b=

B
3.56
3.34
3,12
2,19
1.64
1.37
1.21

2,30

480,1

A very important point arises from the

preceding polar luminance curves. The results cobtained

from samples 1 and 2 are well known curves, indicating

the obvious difference bhetween the high gloss surface

and its fairly matt counterpart. Such curves may be analysed

by well established methods, for example those of Nimeroff

(1952), to obtain an accurate measure of the surface gloss.

Cne particular method is to determine the kurtosis index, %y

for the actual goniophotometric curve, a method shown to

correlate well with the distinctness~of-~image gloss. The
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application of this approach to curves similar to sanpleg

3 and 4 is obviously misleading. Although the figure
obtained, which would be of the order of that obtained in
case 2, does indicate what in practice is obtained, that

is 1little or no image formation at the specular angle,
observers under any other conditions rank the surface gloss
of samples 3 and 4 highly.

It is difficult on observing such rough
semples to determine whether by careful choice of measuring
conditions one would obtain a truer representation by a
goniophotometric curve of the real appearance of such
material, As a test of this, several other configurations
were measured and a selection of results of polar luminance
distribution appear in tables 4.3 and 4.4,

Table 4.3 illustrates the effects of
rotating the sample about an axis in the plane of measurement
and normal to the sample surface, readings being given at
each 20°=step. The material was symmetrical in each 90°
quadrant, therefore only angles of rotation between 0° and
90°are congsidered. Intermediate angles were checked during
a continuous rotation of the specimen for irregularities
av angles other than those measured in detail. For an angle
of incidence of 45° the results for an arbitrary 0°
angular position have been normalised to unity at each
collecting angle, and data at the other angular steps given
as a fraction of this result,

The similarity in results for each setting
within a few percent, and the constancy of each colunmn,

indicates that only slight variations in the polar luminance



curves occur as a function of angular rotation of such

a sample.,
IABLE 4.3
Angle of Incidence = 45°

Angle of Angular rotation of sample.

Collection 0° 20° 40° 60° 80°
-5° 1.00 0.99 0.95 0.94 0.93
10° 1.00 0.97 0.95 0.93 0.96
25° 1,00 0.95 0.92 0.93 0.98
35° 1,00 0.99 0.97 0.98 0.97
37° 1.00 1.00 0.99 0.97 0.96
39° 1.00 1.02 0.97 0.97 0.94
40° 1.00 1.02 0.99 0.99 0.93
41° 1.00 1.01 0.98 0.98 0.92
43° 1.00 1.00 1.01 0.98 0.94
45° 1.00 1.04 1.01 1.01 0.97
50° 1.00 1.02 1.00 0.99 0.97
55° 1.00 1.04 1.04 1.01 0.97
60° 1.00 1.03 0.97 0.96 0.97

Table 4.4 outlines similar results obtained
when the angle of incidence of lizsht striking the sample
surface is varied. The luminance data are given for angles
on either side of, and in the immediate vicinity of, the

specular angle, and the figures already quoted in the
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preceding section for 45°% incident light have again been
made unity. An easy comparison may be made with these
further data by again quoting them as fractions of the

first colunmn.

TABLE 4.4
Angle of rotation = 80°

Angle of collection Angle of Incidence.
about specular. AQO 30° ;20
-10° 1.00 0.85 0.70
-50° 1.00 0.88 0.74
-3° 1.00 0.87 0.72
-1° 1.00 0.85 0.72
Specular 1.00 0.85 0.72
1° 1.00 0.86 0.71
3° 1,00 0.84 0.72
59 1.00 0.85 0.72
10° 1.00 0.83 0,75

Again the constancy of each column indicates
little or no deviation from the polar curves already quoted,
the only difference being that as the incident angle is
reduced so the corresponding luminance curve will also
reduce in value in the region of specular reflection.

Similar, although not such exhaustive, tests

oﬁ sample 4 suggest the same conclusions applicable on



99.

this surface.

One method of analysing the true surface
gloss which immediately seems obvious is to decrease the
measuring spot to dimensions very small compared with those
of the structure under investigation. In the abéve data the
area of crosswsection of the incident light beam effectively
integrated the effect of many 'cycles' of roughness, a
process the human visuval system does not necessarily
duplicate., In practice on attempting to employ such a method
by reducing the spot size to some 0,5 mm squere compared
with a structure 'cycle'! of some 4 to 5 mm it was found
to be fairly ineffective. The results did tend to give
somewhat more peaked curves than those already quoted butb
their variation was large, dependent mainly on location as
might be expected, and no true absolute value for the
material could really be quoted. Since a spot considerably
smaller would be necessary in practice, effectively to
reduce the surface at any given point to a smooth one, the
method was not really suitable using the present instrument.
Iultiple reflections and shadowing from adjacent peasks also
tended to affect such measurements to the extent that no
reliable information was received,

An important point is raised here however,
since the measurement of texture must reflect the visual
assessment of a surface. It therefore follows that the inform=—
ation concerning the gloss content of a sample such ag the
present one must be made with a patch area whose dimensions
are more clogely related to the area from which the eye

gathers its knowledge of gloss content, in this case
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obviously less than 0,5mm square. In regular, periodic
structures this may be assisted by, visually, considering
areas at identical points on the structure period - a
difficult instrumental operation. Thus we have two basic
visual agsessment processes = a macroscopic invéstigation
of surface contour, together with a spatially, very
precise, investigation of, say, gloss content - often
beyond the capabilities of the instrument, and thus
defining the limits at which an instrument may measure
gloss information directly related to the texture of a
surface.

Finally it is important {to consider the
gcale of roughness involved. It is not possible simply to
extend such results ag the above ones to materials whose
roughness is on a smaller scale since the reflection and
collection process is far too complex. However, on a
macroscopic level it appears much of the preceding is
generally true. Sample 4 for example, whose structural period
was much smaller than that of sample 3, was measured to
have an even more matt polar distribution curve than
sample 3, although their respective material surface

finishes were identical and only the structure different.

Turning to the colorimetric aspect of the
results, Figures 4.11 and 4.13 are in accordance with
previous statements as to the mixing of 'surface' and 'body'
reflected light, with the exception of the points at 42°
and 45° collection for sample 1. It is felt that the

explanation of such points, which when remeasured remained
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at these coordinates, is probably due to some optical
phenomenon since the critical angle for total internal
reflection in perspex is approximately 42°.

However the corresponding plots for the two
surfaces 3 and 4, Figures 4.15 and 4.17 respectivelj,
illustrate a somewhat different property of the material
when structured. The reduction in purity, at almost constant
dominant wavelength, with increase in viewing angle is
again present, but continues up to an angle of épproximately
550 when the trend reverges direction., Despite the fact |
that the polar luminance curve maxinises at the specular
angle, 450, the spectral distribution of reflected light
continues to approach more closely that of the illuminant
up to angles of ten or more degrees beyond,

' If one simplifies the problem by assuming
such reflected light to be 2 mixture of top surface
reflected light, whose colour is that or aspproximately
that of the illuminant, and internally reflected and
diffused body reflected light, whose colour would be
approximately that measured under 45°/O0 conditions, it
would appear that the ratio of these quantities continues
to increase for samples 3 and 4 despite the fact that
apparently top surface reflection maximises at 45°,

Due to the complexity of the reflection
processes involved in such a rough structure a simplified
approach is not necessarily correct., Shadowing and multiple
reflections from adjacent facets may have the effect, for
instance, of reducing the overall level of reflected light

at certain angles without affecting its spectral content.
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The manifestation of these processes would be in results
as those found above,

The apparent similerity of results from
sanple 3 and 4 is somewhat incorrect since on more detailed
angular measurement it was found that the point of minimum
purity for sample 3 was at 62° viewing angle, and that for
sample 4 at 64°, The sudden increase in purity at 65°
viewing conditions tends to support such ideas as those
outlined above in that at some point the effect returns +to
one almost identical to a smooth surface. lieasuring under
angular conditions of 450/650 would then give results
similar +to those of samples 1 or 2, a result found to occur
in Figures 4,15 and 4.17.

A consquence of such results may be particul-
arly important when measuring rough surfaced materials in
spectrophotometers, for instance industrially. In the above
caseg there is a point at approximately 559 viewing angle
which is almost as high in luminance as the specular angle
reading, and whose distribution is more nearly that of the
illuminant than that at the specular‘angle. Therefore
large errors may occur in measurements on say integrating
sphere instruments where the specular angle is purposely
excluded. Work by Billmeyer and Marcus (1969) has shown
the dependence of results on measuring conditions to vary
as the surface texture of the sample varies. The changes
however were relatively small since onrly samples having a
texture which had non- directional characteristics were

used.,
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4,3 Conclusions,

On using pressedvmagnesium oxide samples
as reference standards allowance must be made for the
variation in chromaticity with angular viewing conditions,
Such variations would appear to increase in size if
disturbances in the perfectly flat surface are present and
introduce extremely large errors at viewing angles greater
than 20°, The diffusing characteristics of flat magnesium
oxide surfaces appear to be good at an incident angle of
450, and extremely constant over large areas, however the
presence of any surface roughness, although not significantly
impairing the diffusing properties of the material, will
tend 0 alter the absolute reflectance value in a somewhat
unpredictable fashion,

Measuring techniques for perfectly flat
surfaces are well documented, however when employed on
structured materials they effectively integrate the
reflection effects from large areas and as a result the final
data are not necesgsarily in agreement with visual observation.
Heasuring configurations which overcome these difficulties
appear generally to be difficult or impossible to achieve
and analysis of goniophotometric curves in order teo obtain
a gloss scale should not be attempted without knowledge
of the surface structural characteristics, otherwise large
differences will occur between visual and measured rankings.
A periodically structured surface mey also give rise to
angular chromaticity shifts not normally associated with
its smooth counterpart, and shadowing effects within the

surface may also lead to distortions in polar luminance
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distribution,

The foregoing discussion illustrates a
most important point regarding any analysis of surface
texture; in any specification of texture a simple gloss~matt
scale is insufficient. The minimum specification would need
to be a two dimensional one with a rough-smooth scale as
the second variable, On a microscopic level this secondary
scale is adequately covered by usual goniophotometric
curves, since the eye cannot resolve individual contributions
from the various facets, a situation duplicated by the
detector in the measuring instrument. The curves may be
analysed by techniques discussed earlier in Chapter 2, in
particular those resulting from the microfacet theory
(Toporets, 1964). Such theories result in equations relating
the specular component (S) %o the diffuse component (D)

+thus

S

=  exp {-kh‘2 (cosgi)/’xz}
D+3S

where h is the microfacet height, k a constant, and A

the wavelength of the incident light; Obviously therefore

a measure of the irregularities (h) may be obtained from

goniophotometric data, a fact illustrated by Billmeyer (1971)

who took as a measure of the quantities S and D, the areas

under the respective partg of their polar luminance plot.
However for macroscopic variations in

roughness the integration is not performed by the human visual

gystem in many cases and the usual polar distribution curves

must then be further aided by the addition of data from
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either goniospectrophotometric scans across the material
with a spot, very small in comparison to the typical size
of the surface undulations, or physical traces of the
surface from such an instrument as a profileometer. The
former may in certain circumstances prove difficult since
few instruments are capable of such measurements and in
many cases the data itself has, as mentioned above, been
found difficult to interpret. This is due in part to the
complexity of the optical reflections involved, and partly

the lack of generality in any treatment of such surfaces.
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CHAPTER FIVE.,

COLORIMETRIC ASPECTS OF SURFACE TEXTURE.

The results of the previous chapter indicate
a definite link between the physical structure of a surface
and its angular colorimetric properties. Further, the
particular material also affects these properties and both
lead to definite chromaticity changes, with location, across
any sample. Such chromaticity variation must naturally be
enhanced by the presence of actual colour differences
within the material itself, and all contribute in part +to
the total colour effects observed upon viewing under every-
day conditions.

The very essence of texture appreciation
would appear to depend on the ability to perceive such
variations in colour down to the smallesgt limits. The
presence of smooth, glossy or greasy surfaceg for example
is normally noticed by the specular reflections or highlights
-~ effectively a desaturation of the object colour, and
gsimilerly a rough, irregular, matt surface by the variations
in light and shade, and therefore colour, caused bty the
small protruding facets.,

This type of data tends to add a certain
'plasticity' to the final visual image, without which
materials tend to look flat and fealureless, possessing
an overall matt finish. Since such information is fundamental
therefore in the wvisual appreciation of texture, and

consequently, in its successful reproduction in any colour



107.

medium, an investigation into the extent of such variations

in different samples was felt to be extremely important.

5.1 Choice of Samples.

‘The possible range of materials for such an
experiment is extremely wide and in order to make the data
obtained reasonzbly compact for any following analysis and
discussion, yet at the same time to cover as wide a range
of variables as possible, it was necessary to choose the
samples t0 be measured with care.

Pirstly it was decided to concentrate on
naturally occurring samples rather than man-made materials,
in contrast to the preceding chapter, since such materials
are of particular interest in the reproduction field,
usually occurring more'often and invariably presenting the
greatest problem. This mainly arises from the greater
complexity and nonuniformity of reflection characteristics
from such materials, this in turn being due to the very
complicated nature of construction involved. liany samples
in this category, however, were not suitable since the
measuring programme on each was such that reasonable
stability of their properties over periods of several days
was necessary to obtain self consistent results.

Three samples were then chosen which fulfilled
such conditions and gave a range of surface textures typical .
of those found in normal circumstances.

Sample a), the inner surface of a piece of tree bark, whose
surface was fairly rough, showing a definite structure, had

an extremely matt finish. The colour variation in general
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appeared to be very small indeed,

Sample b), the inner surface of a scallop shell, was
extremely glossy, possessing a sﬁooth, but curved, surface,
the curvature varying somewhat from point to point. There
was.a reasonable colour variation already present in the
sample, depending on the exact location under test.

Sample ¢), an iris leaf, was the least permament of the
gspecimens and special care had to be taken that the |
necessary measuremnents were made before any appreciable
deterioration in its condition had taken place., The sample
again appeared to possess only very small colour variation
across its surface and its structure was almost flat,
showing no marked deviations or undulations. The finish

would be classified as matt,

5.2 The Measuring Programme.

The particular sample under test was mounted
rigidly on the kinematic slide mount in the Wright Spectro-
photometer and the cross-—-sectional area of the incident beam
reduced to some lmm square. Points were then arbitrarily
chosen along a horizontal line across the sample surface at
spacings of approximately 4mm and the position of the slide
adjusting lever carefully noted in order that accurate
relocation be possible.

The reference standard, freshly pressed
magnegium oxide powder, was similarly mdunted and used
under identical conditions to those of the teét sample,
Corrections were applied to the results in the light of the

results of Chapter 4,
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The spectral reflectance of each point was
then measured throughout the visible spectrum, from 380nm
to 770nm at 1O0nm intervals, at several viewing angles
between normal and 65° to the surface normal. The angle of
incidence used for the investigation of samples a) and b)
was 30° to the surface normal and that for sample c), 45°,
To avoid pogsible systematic errors, and therefore any
systematic variation in chromaticity coordinates, measuring
techniques were varied somewhat arbitrarily so that at
times each location was measured under various angular
conditions and similarly at other times all points on the
specimen were measured at each angle in fturn. No obvious
systematic movenent of chromaticity results however wag
detected due t0 the method of measuring.

It was felt that in essence such dats were
a reasonable duplication of the typical information received
by an observer, via the visual system, regarding the
reflection properties of an object. It must therefore
contain many of the necessary 'clues' used in assessing the
particular surface texture. Also a clear estimate of spatial
chromaticity variations would be obtained, hoth under
normal measuring conditions and varying angular conditions.

Specified angles, although accurate with
respect to the instrument slide mount, must be treated as
approximate since no sample was perfectly flat, and
therefore sume spread must be present from point to point

on ‘the sample.,
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5.3 Results.

The resulant spectral reflection curves were
reduced further to their respective chromaticity coordinates
and luminance values, and will all be quoted with respect
to illuminant SC in this chapter. |

The data are given in three distinct sections
depending on the sample.

Figures 5.1 to 5.10 inclusive show, alternately,
the polar luminance distribution and the angular chromaticity
coordinates at each of five points, lmm square, separated
by some 3mm, on the sample a) - the results from the sixth
point being somewhat unreliable due to the slide mount
partially obscuring the reflected light towards the detector.
Figures 5.11 to 5.24 inclusive and Figures 5.26 to 5,37
ineclusive show corresponding data for seven points on sample
b) and six points on sample c¢) respectively. The first
chromaticity diagram of each set shows an insert of the
enlarged area in relation to the whole chromaticity diagram.
Figure 5.25 illustrates the spectral reflectance curves for
position 2 on sample b) at seven different angles of
collection in order to illustrate the detailed changes
responsible for chromaticity shifts observed in Figure 5.14.

Finally, figure 5.38 compares the result
obtained at a viewing angle normal to the surface for each
location on a particular sample, the result which would

be quoted in any routine measurement of a surface colour,

5.4 Discussion of the Results.

It is possible to draw certain conclusions
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from these data which are borne out by further measurements
on similar surface types.

1) The three sets of angular luminance curves
are in the main ag expected, showing the transition from
the extremely matt surface a), via the matt sample ¢), o
the very glossy example b). The first five polar curves
illustrate how matt the surface a) is in fact, since no
specular peak at all is present, unlike those for sample c¢)
where, although the surface would be classified as matt by
visual observation, a distinct specular peak is discernable
on the polar plot. The odd numbered Figures from 5,11 %o
5.23-inclusive however confirm the extreme glossiness of
sample b).

It is now possible, however, to consider the
spatial variation of luminance factor across such specimens.
In the case of the extremely matt, almost Lambertian,
surface of the tree bark, a variation of only about 2% in
a value of approximately 20% is recorded between the six
points measured, over the entire angular range considered,
This 10% variation in result becomes a 30% one when
considering sample c¢), this too being virtuslly constant
over the entire angular range. The seven points considered
on sample b) illustrate an enormous spatial variation in
luminance, a variation which does not remain constant with
angle, despite an almost perfectly smooth surface. The effect
of surface curvature is most readily noticed in this latter
specimen since the specular angle varies over 15° or more
in terms of instrumental angle, however this should no%t

affect such conclusions in any great manner,
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It must be noted therefore that such spatial
variations in luminance value, as a fraction of the total
luminance value, occur to & much greater extent and less
predictably in the glossier specimens of this type, a fact
supﬁorted by measurements on the glossy samples in the latter
part of this thesis and other widespread data on matt
objects such as vegetation and earth, This may well be
visually translated as a sharpening up of highlights,
emphasising a glossy surface relative to a spatially flat
even matt one., Certainly in the limiting case of a perfect
diffuser there would be no such differences from point to

point.

2) Colorimetrically several points are werthy
of consideration. Certainly there would appear to be a
systematic angular chromaticity movement dependent on the
type of surface under consideration and almost independent
of position on that surface. The largest deviations from
this rule are found in sample b) and are thought to be due
in a large measure to two distinet errors. Pirstly, the
varying curvature of the surface makes angular comparisons
difficult, despite accuracy in the instrumental angles, and
secondly, errors in reflectance measurements near the
specular angle on high gloss surfaces are bound to be
larger due to the large disparity between sample and
standard readings,

In no case is there good agreement between
the measured angular chromaticities and the suggestions of

Judd (1963) and Boshoff (1957) with regard to 'top surface'
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and 'body' reflected light. Thus, although such ideas can
be seen to hold for perfectly flat, man-made specimens, as
those illustrated in Pigure 5.39, their quantitative
application is not possible in relation to surfaces of
more conmplex texture,

In detail the chromaticity coordinates of
sample a) for any one location appear to be little influenced
by any specular component and remain fairly independent of
the illuminant point, as one might expect. As the even
numbered Figures from 5.2 to 5,10 inclusive show, there is
a definite movement up to 10° viewing angles, whereupon
the trend reverses and the points move in a regularly
increasing arc in the opposite direction. Thus the specular
angle has little meaning colorimetrically as well as
photometrically here, and what angular movement is'present
within the coordinates is extremely small indeed.

Sample b) however, in Figures 5.12, 5.14,
5.16, 5.18, 5.20, 5.22, and 5.24, illustrate a movement
closer to that of the ideal surface mentioned in Chapter 2,
showing a movement away from the 0° point, increaging up
0o the speculer angle after which it slowly reverts back
to the original. The movement here however is not directly
towards the illuminant point but towards the blue~purple
section of the chromaticity diagram., A further complication
introduced probably by optical effects from the multilayered
shell struciure, producing a distinct blue component at 30°
as shown in the spectral reflection curves of Figure 5.25,
Despite this the specimen does show that a glossy surface

will produce this type of movement, returning to the original



134.

0° viewing point by angles of approximately 60°,
Finally sample c¢), illustrated in odd numbered
Figures from 5.27 to 5.37 inclusive, shows the almost ideal
angular chromaticity movement up to the specular angle,
coliapsing towards the illuminant point at almost constant
dominant wavelength. Beyond this point however, the trend
continues, albeit at a very much reduced rate, and thus
despite a maximum luminance factor at the specular angle
the colour reaches a minimum saturation beyond this angle,
The exact solution to such colorimetric
shifts requires an extremely detailed knowledge of the
surface construction and also an equally detailed treatment
of the light interaction with this material, as in Chapters
7 and 8, However it is possible to draw general colorimetric
éonclusions with respect to the photometric properties of
different materials.
It would appear from all the available
goniospectrophotometric data that three very basic types
of surface are of colorimetric importance., Namely:-
i) a glossy surface -
ii) an almost matt surface possessing only small
specular increase in reflected light
and iii) extremely matt surfaces, tending almost to
Lambertian in characteristics and whose specular angle is
of no photometric significance.
Their importance stems from the fact that
three distinct types of angular chromaticity movement
appear to be discernable.

i) The regular collapse of coordinates towards
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the illuminant point on approaching the specular angle
and then the movement back to the 0° viewing point at
angles of approximately 20°% %o 30° beyond, dependent
somewhat on the angle of incidence employed. Such results
are often difficult to obtain for reasons outlined above.
ii) The regular angular movement of chromaticity
coordinates towards the illuminant point up to, and
including, the specular angle. There would then appear to
be a whole range of possibilities for points at greater
angles, at one extreme returning systematically towards
the 0° point but even at large viewing angles reaching only
a small distance towards it, and at the other extreme
continuing collapsing towards the illuminant, although at
a much reduced rate. The movement, howevér, remains
systematic with angle and the range tends to reflect an
increasingly matt surface as one approaches the latter case,
FProm the point of view of texture discrimination therefore,
such measurements tend to be important in the range of
viewing angles from specular to say 20° beyond.

iii) No definite trend is apparent in results
obtained from extremely matt surfaces, since the 11luminant
point has little or no influence on the angular chromatic
variations, this presumably being due to lack of light
directly reflected from the top surface, No definite pattern
emerges in this category, the exact distribution of points
being very dependent upon the material under investigation,

This final pattern, although unpredictable,
is quite distinguishable from the earlier class i) and ii)

types, and certainly, as would be expected, sample a), the
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tree bark, falls into this category with a regular, small
but illuminant independent movement of chromaticity
coordinates. The magnesium oxide surface of the previous
chapter also exhibits these properties, but is influenced
to some extent by the illuminant point due to its almost
perfect 'whiteness' at normal viewing angle,

The difference between class i) and class ii)
surfaces is well. shown by the results contained in Figure
5+39, They represent measurements taken on either side of
a colour chip similar to those of the Colour Harmony ilanual
(Granville and Jacobson, 1944). The chips are produced from
a cellulose~acetate base to which a pigment layer has been
applied = thus one side is extremely glossy, points marked
X in Figure 5.39, and the other side fairly matt. It can be
seen that, although both sides have an almost identical
dominant wavelength, the angular purity variation of the
mnatt side is much smalier, especially when considering
angles beyond the specular one. Thus the glossier surface
would definitely fall in class i) whereas the more matt
finish is beginning to show many of the characteristics
of class ii), ag its angular luminance plot would predict.

In the latter half of Chapter 4 it was found
that & rough finish on a glossy surface considerably
reduced the specular luminance peak under that of a flat
specimen, This reduction should be enough to remove such a
material from the so-called class i) to class ii), and to -
some extent it is now understandable why the chromaticity
coordinates continue towards the illuminant point beyond

the specular angle, since they must also be exhibiting the
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colorimetric properties of class ii) surfaces also.

3) Finally there remains the important
information on the size of typical chromaticity movements,
associated with either spatial or angular changés in
measuring conditions,.

In the cagse of the angular variation in
viewing conditions it is not really possible to put any
definite figure on typical colour differences which is
meaningful, This arises since not only is the magnitude of
such differences of interest, but perhaps more important
is the order of spread in the coordinates from a given
number of sample locations, Equally, although one could
resolve this by defining an area by means of two dominant
wavelengths - one maximum and one minimum - and in addition
two corresponding purity valueg, this may be grossly
misleading when some points are very near the illuminant
and others far away, as here, This arises since a small
movenment iﬁ a point of very low purity may well cause an
enormous variation in dominant wavelength.

However, by observing the angular chromaticity
plots presented earlier it is possiblé to make a general
comment. Such a spread in chromaticity coordinates upon
changing the viewing conditions is very small for the matt
surface a), while that for sample c¢), a less matt surface,
is a factor of about 6 or 7 times as large in values of y,
while remaining approximately the same in values of x, Both
sets of points being roughly in the same area of the

chromaticity diagram. Sample b) - the very glossy sample ~
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is not constant from location to location across the
surface, leading to values greater and smaller in spread
than either sample a) or ¢)., From other measurements on
glossy materials it would appear that such movements are
normally much larger than those from a) or c), especially
in the vicinity of the specular angle, but the complications
which arise from the type of surface sample b) possegses,
and which have been discussed earlier, tend to mask this

in certain locations.

The more interesting case however from the
point of view of texture reprcduction is that of spatial
chromaticity coordinate movement at a viewing angle of
0%, Table 5.1 sets out the measured values for x and y
at the various locations on the three samples, and their
corresponding dominant wavelengths and excitation purities.
The following Table 5.2 gives the spread in these latter
two quantities for each sample.

This is felt’to be a useful and valid method
of expression in this case since the spread is relatively
small, and the arguements put forward earlier apply only
partially in the case of sample b) and not really at all
in the othefs. Furthermore the data are of importance in
the following chapter.

The spreads obtained increase progresgsively
with the gloss content, but it is felt that much of this
is due to actual surface colouration rather than the type
of surface, especially in the case of sample b). The
figures do indicate that the variation for these particular

materials igs often of the order of the colour discrimination
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of the normal human eye, sometimes smaller, often a good
deal larger, despite the apparent visual constancy over

the surface of say sample a). The results are thus extremely
important in any attempted texture reproduction of such a

surface,

TABLE 5,1

Location 1 2 3 A 2 6 I
Sample
A

X 4293 L4271 L4259 L4273 .4283 ,4266

y .3823 ,.3832 .3799 .3844 .3830 .3809
Ad 585,85 585,41 585.96 585,18 585.59 585.83
P,  49.66 45.20 43,98 45.58 45.41 44.43
B

x 3443 .3862 ,3907 .3785 .3629 .3394 .3337
¥ .3077 .3328 .3328 .3352 ,3350 .3191 .3225
Ag CA93.97 597.78 598.43 594,90 591.81 605.68 595.51
p, 10.54 24.82 26.03 23.40 19.17 8.60 7,99

x 03582 .3633 .3669 .3641 .3683 3712
y 4533  .4624 .4665 .4621 .4654 L4675
Ng  564.T2 565.09 565.48 565.27 565.82 566.19
p, A49.79 53.58 55.96 53.68 55.69 57.05
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TABLE 5,2

Sample AN (am) Dp (%)
A (matt) 0.78 5.68
B (glossy) > 100 18.04
¢ (semi-matt) 1.47 T.26

5.5 Conclusions.

Only a very limited number of surface types
have been investigated in detail, due to the enormous
complexity and number of other possible surfaces. Such
effects as 'negative gloss?! ~ the effect in pronounced
spiked surface structure, for the peak of directional
reflectance to be along the angle of incidence = have
been omitted, since they often occur in materials unsuitable
for measurement = the above example, in forests viewed from
the air. The enormous variation in surfaces is often better
specified by such clagsifications of gloss as those of
Hunter (1937) and Hunter and Judd (1939).

However from the colorimetric point of view,
certain points are of interest from the above results,

1) The spatial variation in luminance value from
point to point on a surface appears to increase as the
gloss content of that surface increases, and becomes somewhat
unpredictable in high gloss samples.

2) Systematic angular chromaticity movements do

occur and are dependent on the surface type. Extremely matt
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surfaces show little or no distinct trend, the movement
apparently being almost entirely governed by the surface
characteristics. The intermediate range between matt and
glossy shows a whole series of variations - the important
coordinate movement being that of points measuréd.at viewing
angles just beyond the specular angle, since those up to

the specular are usually well behaved. Glossy samples are
fairly predictable up to and beyond the specular angle. In
general, for a given starting chromaticity the movement is
greater for a glossy sample than that for a matt one.

3) Three distinct chromaticity movements are
obvious, corresponding to three degrees of gloss content,
and measurements under 45° illumination at 00, 45° and 65°
viewing angles would be sufficient to identify a sample as
such.

4) Theories involving the division of reflected
light into 'top' and 'body' reflected light can only be
successful, and then only qualitatively, in a relatively
small number of cases, since very little evidence was found
in the measured, naturally occurring samples of any such
distinet divislons,

5) Sizes of typical spatial variation in chromaticity
are given in Table 5,1 for different surface finishes. In
such samples differences of less than 1lnm and 1% are
common in the values of dominant wavelength and excitation

purity respectively,
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CHAPTER SIX.

THE COLOUR REPRODUCTION OF SURFACE TEXTURE.

It is apparent from the foregoing chapters
that the spatial variation in chromaticity of a material
and the surface texture of that material are closely connected.
Few surfaces exist which, even on a macroscopic scale, are
perfectly smooth and perfectly flat. Therefore, although a
sample may be of only one colour over its entire area, the
variation from point £0 point will still exist in almost
every case. The particular surface texture and structure
governs the magnitude of this effect markedly, as hag been
shown, and conversely, much information concerning these
properties is available from such chromatic changes.

This is obviously extremely important in
colcur reproduction where one is essentially trying to
represent the effects of a three-—dimensicnal structure =
the texture -~ upon a tﬁo—dimensional print or screen,
which in turn will have its own surface finish, In such
cases the ability to reproduce small colour differences and
also the dark, shadowy colours, and light, desaturated
colours of the highlights becomes an overriding factor in

the aggessment of the medium's abilities.

6.1l Factors Influencing Texture Reproduction.

The quantitative measurement of how good a
reproduction of an original may be has received much

attention and involves several complicating factors. At
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first sight, a simple check on the tristimulus values of
the two elements = the original and reproduction = appear
$0 be all that is necessary, the error being proportional
t0 the discrepancy between these. It has been shown,
(MaéAdam, 1951; Bartleson, 1959, 1962) that for many
observers exact tristimulus value reproduction of many
well known object colours, such as flesh and grass-green,
is not the most desirable one, and therefore the simple
approach may well be in error,

The quantitative estimation of the discrepancy
between tristimulus values is also difficult, Were it
done simply by taking the distance between coordinate points
in the 1931 C.I.E. diagram, the values obtained would be
confusing since equal distances do not represent equal visual
steps (Wright, 1941)., Similar attempts in more nearly
uniform systems such as the U*V*W* system also give problems
gince the relative weightings of chromaiticity and luminance
errors are difficult to determine (Hunt, 1967). Changes
in overall adaption between the original and reproduced
scene lead to further problems (Hunt, 1965).

However, in the present investigation only
one aspect of this comparison is important, namely the
ability of a médium to reproduce small colour variations.

If it is possible to assume a reasonably good colour
reproduction, what then becomes important is the relative
copying of colours at various locations which may vary
slightly, for example in their purity value.

The emphasis must definitely be placed on

the purity variation at almost constant dominant wavelength,
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since the evidence of the previous chapters indicates that
angular viewing changes lead basically to a movement of
chromaticity ccordinates along, or closely around, a line
of constant dominant wavelength. Inveriably, therefore, the
problem reduces to one of varying colorimetric ﬁurity
together with light and shade variation from protruding
faéets, in a material of only one basic colour,

Wright (1948) puts forward the suggestion
of a "purity gamma' for colour photographic processes,
similar to the characteristic curve of a black and white
photographic process, which relates the logarithm of the
exposure to the density of the developed emulsion, Here
the relationship between the purity of the reproduction
and the purity of the original would be of some definite
form for a particular hue, Therefore, just as the accuracy
of light and shade reproduction depends on the exposures
of the scene being within the linear region of the density
gamma curve and the slope of this region, so the reproduction
of small purity variations would depend heavily on the
form of this 'purity gamma', This in turn would appear to

lead to good or bhad texture reproduction,

6.2 Investigation of the Reproducing Ability of Photographic

et e

HMaterialse.

Since we are only interested in the relative
reproduction of colours and not their absolute reproduction,
it is possible to have some measure by obtaining the
tristimulus values of the original and the copy. Natural

objects are difficult to use since point to point relocation
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is not easy when transferred to the photograph, and the
required range of purity may not be available. Suitable
colour chips were therefore required which would equate to
these varying, angular colorimetric properties.

| The official German Standard Colour Chart,
or DIN system (Richter, 1955), is based upon a method of
arranging colours according to hue (T), saturation (S)
and darkness degree (D), The terms hue and saturation are .
translational terms and are not strictly accurate.
Reference fo Figure 6,1 indicates the position of all the
theoretical colours in such a system for one value of D,
their chromaticity coordinates being given by the intersection
of the saturation contours and the radial hue contours.
Obviocusly all such colours are not realiszble in a simple
reflection atlas.

However, a given series, at constant T and D
values, does give a good set of samples varying basically
only in purity value, for a given dominant wavelength,

This therefore meets the necessary requirements
in an attempt to illustrate angular chromaticity wvariations
with permanent samples.

To supplement these rather widely spaced
samples, some chips prepared by Crawford (1971) were used,

The method of preparing these samples was to mix varying
quantities of two different, coloured paints and run the
mixture over a glags slide, finally masking the back of

the paint surface with tape. This provides a very closely
spaced range between the two extreme colours, and the results,

measured on a 'Colormaster Model V' colorimeter are given
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in Figure 6.2, The differences in colour for most series
were such that most observers could arrange them in order,
in good viewing conditions, with only one or two mistakes
at the most,

Not all series were suitable, since small
differences in purity were desired at a reasonably constant
dominant wavelength, and as can be seen, not all series
collapse towards the illuminant point - source SC‘

It was not possible to control any medium
to be tested, and therefore it was decided tc choose colour
photography as the most easily available., Since no control
on processing was possible, conditions similar to everyday
ones applied, in that the exposed material was returned to
the nanufacturer direct, for processing normally, and the
resulting frames measured,

The conditions under whizch +the photographs
were taken, however, were carefully chosen and maintained.
All photographs were taken in a G.,E.C. Illumination Booth,
with extra diffusers to maintain even illumination over the
whble field of view, The illuminant was chosen to be C.I.E.
source Sc and checked by means of a ;Megatron' colour
temperature meter., This illumination was incident normally
on the sample series, mounted on a black 'velvet pile!
paper, to prevent light scattering, and surrounded by a
seriegs of identical neutral grey chips just within the
viewing field. These were to act as a guide to uneven
illumination and general errors in colour reproduction.

A single lens reflex camera, with a well

corrected lens, was placed to photograph this field at an
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angle of 450 to the surface normal. Each series of chips
was photographed complete on one frame, so that point to
point variations on the film were kept to a minimum and
the exposure was identical within the series. Exposures
were then made over the whole range from fl1.8 to fl6 at
various shutter speeds, and the entire operation repeated
for different positioning of the chips within one frame,
The series chosen for investigation were
DIN T = 23, D=2 ( or 23: :2) = a red series
DIN == T, D=2 (or T7: :2) = a green series
and to supplement these
series 7 or DP -~ DG
series 12 or AG -~ LBG
respectively of the Crawford chips.
The films were
I) Xodacolor X = a colour negative film,
II) KXodachrome X = a colour reversal film, and

I1I) Agfacolor CTl8 = a colour reversal film,

After processing, the results were viewed
by several observers and the best reproduction of each
film chosen under illumination approximately +that of
source Sge These were then measured at the centre of each
sample together with the surrounding grey samples. The prints
from film I) under 0°/45° configuration, by reflection,
and films II) and III) by straightforward transmission.
Other reproductions were also measured at exposures about
this ' best ' result.

Finally, all the chips used were carefully
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calibrated under 0°/45° conditions on the Wright Spectro-
photometer using an area, sufficiently magnified, and
location which duplicated those measured on the photographs,

to avoid any influence of sample surface variation.

6.3 Results and Discussion.

Figures 6.3, 6.4, 6,5 and 6,6 illustrate the
chronaticity coordinates of the four test series DIN 23: :2,
DIN 7: :2, series 7, and series 12 respecfively together
with their best reproductions by the three chogen types of
£ilm,

It is immediately obvious that no copy is
perfect, although as explained above this is not surprising.
Apart from colorimetric errors inherent in such experiments,
exact chromaticity reproduction is rare, However, the first
important point that emerges is that, if an observer were
asked to0 specify which réproduction applied to which chip
in a series from the chromaticity coordinates alone, in
nearly every series this would be possible since the ordering
in terms of purity value, or saturation, of the reproductions
is the same as their equivalent originals,

The DIN serieg are both reproduced with a
good variation in purity value, apparently almost that of
the originals for the reversal material. In the case of
the negative material, some collapsing of the chromaticity
coordinates towards more desaturated colours is obvious,
accompanied therefore by poor absolute colour reproduction
and also an apparently poor 'location' of the illuminant

point. However, even these badly reproduced sets are still
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well ordered in terms of saturation, showing the correct
arrangement of sample points and direction of their location
in colour space,
The more closely spaced series are at first
sight reproduced less well, the reversal materials both
" showing the colorimetric purity changes to be recorded
well overall, with certain clearly observable errors at
some midpoints. Again the absolute colour reproduction is
in some error,
The negative material, on the other hand,
leads t0 very confusing results. Little definite pattern
is discernable, and it is true to say that without the
labelling, the points would be almost impossible to identify.
Both types of material will now be covered

in somewhat more detail,

6.3.1 Negative Material,

The immediate conclusion one might draw
from such data is that the medium could represent large
point to point gradations but would fall down over the
smaller ones, represented by the latter two series, typical
of angular variations found in the more matt type of texture,
It would qualitatively appear therefore that the two
distinct types of test - the widely spaced chips of the
first two series and the more closely spaced ones of the
latter series ~ represent the cases on either side of the
point of breakdown for the medium, as far as good purity
reproduction is concerned, This is verified, since, although

Figures 6.5 and 6.6 show a confusing array of points, the
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extreme values at points 1 and 10 are clearly defined and
show the boundaries of what may only be called a general
movement between then,

Since this is of the order of, or slightly
larger than, one step in the more widely spaced series,
breakdown is shown to occur somewhere between the two types
of spacing. '

The criticism is valid however, only within
the confineg of the experiment and certain points are
therefore important.

Firstly, apart from errors inherent in this
type of experiment, namely incorrect illuminant, uneveness
of illumination, chromatic aberrafions of lenses etec., the
photographic process of 'integrating to grey' may also
introduce large errors. The arrangement, first suggested by
Evans (1946), is a method by which the constituent primaries
of the process are balanced automatically to give a grey
upon gpatial integration over the photograph, This is a
quick, automatic method of handling such material in bulk.
Obviously in a frame of the type described above some
colorimetric error will be introduced since the photograph
is mainly of one hue, surrounded by black and grey.

Secondly, the position of +the illuminant
point may not be that specified, due to érroneous calibrating
within the illuminating booth. This is not quite so critical,
however, since some measure of the error may be obtained by
measuring the surrounding greys in the reproduction and
comparing these with their original positions, close to the

illuminant point at SC'
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Thirdly, the illumination may not be constant
over the entire frame introducing colorimetric distortions,
but this again.may be checked by measuring the almost
constant greys from point to point,

| The last two points will be dealt with in
more debtail in the next section, but since the first is
of such overriding importance, little more may be deduced

from the results on this type of material,

6.3.2 Reversal lMaterial.

Here one has a much more favourable looking
situation. The chromaticity coordinates, although not exact
copies of the original, do present a systematic ordering of
purity value, and, with certain exceptions, do so even in

the more closely spaced series.

a) In the case of the two DIN series, both types of
reversal film seem to make an adequate job of reproducing
the purity movement with more absolutely accurate coordinates
than in the previous section. This success may be more
accurately judged with reference to Figure 6.8. Since the
length of exposure may affect such results, the equivalent
measurements taken on series (23: :2) for exposures
either side of the 'best' one for film II) are given,
together with this 'best'! frame and the similarly chosen
one for film III), in Figure 6.7.

If the average dominant wavelength for the
series =~ approximately 553nm ~ is used to determine the

values of colorimetric purity for various reproduced points
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at different exposures it is then possible to plot the
original purity values against those of the various
reproductions. This is done in Figure 6.8,

The ideal locus of such points would obviously
be é straight line at 45° to the axes, drawn in over Figure
6.8, thus giving an exact purity reproduction throughout.
This certainly camnot be so with extremely saturated colours,
almost upon the spectrum locus, and one would doubt that
this would be maintained in the vicinity of the illuminant
pointe.

Over the range considered (approximately
7% %o 48% in terms of excitation purity, or 4% to 66% in
terms of colorimetric purity), the results given by frame -
(A) of film II) are excellent, falling almost exactly upon
the line. With the exception of the most saturated point
in the case of frame (B), the other exposures on this film
also show a similar 45° trend, although displaced either
side of the frame (A). This is not critical since only
relative, rather than absolute, agreement, within limits,
is required from the point of view of texture reproduction.
The only stray point, at highest levels of saturation on
freame (B), may in fact be extremely significant, since this
would require a purity in reproduction of some 55% to
preserve the linearity of the plot for frame (B) instead
of the 46% indicated. This may well be the first indication
of the upper limit of the linear portion for this particular
hue. Further, more saturated, samples were not available
to check this point however.

On this basis the results of film III) appear
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to be good, but not quite as accurate as those of film

II). Exposure appears to be important, within limits, only
in obtaining the correct absolute purity values but not

the relative ordering. The exposure however, will determine
othér factors which in turn may to some extent affect the
reproduction of texture, for example the light - shade

content of the photograph,

In assessing the values of purity for any
particular set of chromaticity coordinates an important
point arises. Above, the value of dominant wavelength has
‘been taken as the average value for the actual series under
test. This has given results which do indicate the most
accurately reproduced purity scale to be also that chosen
as the '"best' reproduction. However, certain chromatic
differences are obvious between the original serieg and the
various reproductions, leading to appreciable variations in
the value of dominant wavelength from point to point. The
excitation purities of frames (A) and (D) for films II) and
III) respectively were then recalculated, for both DIN
series reproductions, by the usual methods outlined in
Chapter 1 and also Wyzsecki and Stiles (1967). The values
were then plotted against the originals in Figures 6.9 and
6.10 for series (23: :2) and (7: :2) respectively.

The curves obtained here deviate by fairly
large amounts from the ideal 45° line. They in fact possess
a shape remarkably similar to that proposed by Wright (1948)
in his sketch, showing a reduction in the reproduced purity

value compared to that of the original, up to values about
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30%, thereafter a marked increase in this value over the
original, The curves also give the impression of flattening
off at either end somewhat. This might be expected, in that
100% purity of'original, or spectral colour, will always,
of necessity, be reproduced as something less than this value,
and a perfect white may also be distorted slightly from the
illuminant point.

The cross over points for each film are
fairly consistent for the different hues, in that film II)
gives a value between 25% and 30% and film III) a value
between 30% and 40%.

The graphs indicate a 'gomma' value, or
gradient, somewhat greater than unity - approximately 1.6.
This should not inhibit the satisfactory reproduction of
texture, if anything it effectively magnifies it, except
at the extreme ends of the purity range. liogt of the samples
dealt with earlier should therefore be reproduced well as
far as the texture is concerned. However, extremely white
samples, such asg the magnesium oxide specimens, or objects
of extremely saturated coloration may represent some problens,
if they fell within say the first or last 5% of the
excitation purity scale. This may therefore distort the
highlights, or specular points, of highly glossy specimens,
although a distortion of the highlights would probably be
insignificant, with respect to the fact that a highlight
of some description occurred, in terms of texture appreciation.

It must be stressed that the graphs are
obtained from measurements on the frame whose exposure was

judged to be best by observers. The most saturated point for
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each seriegs was measured on several reproductions of
varying exposures and some of these are indicated by further
points on Figures 6,9 and 6,10, For both series, exposures
on either side of the earlier one gave smaller purity values
for film II), yet still above that of the origiﬁal. Film
III) could only be measured at exposures shorter than the
chosen one and these all gave larger purity values in
reproduction than even the 'best'! frame.

Therefore even exposures which are slightly
different to the most acceptable one still give a more
saturated colour than the original at saturation levels

gbove the 'cross over point' of the purity curve.

b) Turning to the two more closely spaced serieg -

series 7 and 12 - certain points require further discussion.
i) Taking the results of series 7, Figure 6,5,

again there are obvious colorimetric errors in the reprbduced
chromaticity coordinates. Two particular types are obvious.
Pirstly a shift of the entire range, suggestive of an
illuminant coordinate movement in the reproduction to a
higher value of y and a lower value of x, and secondly,
systematic distortions of chromaticity coordinates within
one series = that of film III).

In Figure 6,11 the chromaticity coordinates
of four of the grey samples used as surround are given.
They fall close to the illuminant point, SC’ and have very
little spread in their values, Samples 1 and 3 occupied
positions respectively left and right of the frame, and

samples 2 and 5 similarly above and below, The coordinates
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of the four greys when reproduced in frame (K) of film
III) are also given in this figure together with the
corresponding results on frame (1) of film II), The former
surrounded the seriegs 7 (DP=DG) and the latter series 12
(AG-LBG). |

It is now possible to attempt a somewhat
better estimate of where the illuminant point is, during
the time of the exposure, from the position of these neutral
colours, and this has been approximately indicated in
Figure 6.5 for the results of film III). The series now
shows a much closer colorimetric copy of the original by
allowing for the discrepancy in illuminant points. It is
not possible, however, to transform back to the original
illuminant SC with accuracy, mainly due to lack of linesrity
within such a figure.

The coordinates of the grey samples raise a
further point in that the coordinates of the point 3 show
a marked movement away from the cthers, towards the yellow
part of the spectrum locus. This suggests an uneveness in
illumination, or lack of consistency over the photographic
frame., It also explains the systematic distortion of the
coordinates of points 4 and 5, 9 and 10 on film III) because
it is also in this direction, assuming the original series
to present a set of progressively decreasing purities.,
Since chips 4,5,9 and 10 were all in the same area of the

frame as grey 3 it appears to be conclusive,

ii) Moving to the results of Figure 6.6 one

again finds evidence of a distortion in illuminate coordinate



167.

position., The approximate coordinates of the photograph
illuminant for film II) have been derived from Figure 6.11

as before, except this time from the third set of grey points,
and is indicated in Figure 6.6 also.

Again it can be seen that the chromaticity
coordinates collapse to this point and this partly explains
colorimetric errors,

Obvious systematic frame errors are again
present between reproductions of chips 6 and 10 = the
bottom row, for both films, In fact they overlap. Referring
to the greys in Figure 6.6, it appears probable from the
position of sample 3 = the right hand side = that the effect
is due partly to a distortion of the illuminant at this side
towards the blue, since the chips in each series were laid
out systematically left to right, 1 to 5 in the top row and
6 to 10 in the bottom, in these two frames. This may again
be due to uneven illumiration or distortion within the
photographic frame.

To distinguish between the two causes is
difficult, especially since the cause of the overall
illuminant shift may well be due to a third possibility -
namely the processing of the film itself. Such illumination
variations within the cabinet are possible since the
chromaticity mbvements are extremely small and could
certainly change to this extent between exposures. The
effect, however, is present in both films for the gsamples
in FPigure 6.6 but for only one film in Figure 6,5, Unless
both films suffered from almost identical distortions on

frame II) (1) and III)(N) it seems more likely to be an
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illumination variation. For the present investigation, it
is not necessary to explain the exact cause of the error,
only to note its presence in explaining the apparently
erroneous coordinates of certain reproduced colours,

| It appears therefore that the errors present
may almost all be explained by illuminant shifts and thet
in all likelihood without these, the medium woﬁld reproduce
the small purity changes well as indicated by all the other
points which have not received any detailed mention above.

Attempts to quantify these results, as for

the previous ones in Figures 6.8, 6.9 and 6,10, would be
wrong, since the errors outlined above are virtually
impossible to correct mathematically without introducing
equally significantly large errors.

Qualitatively one may say that purity
variations of less than 1% are well recorded allowing for
errors above and beyond the actual photographic medium,

( Series (DP-DG) ranges in excitation purity from 13.0%

to 22.8% and series (AG-LBG), similarly 7.3% to 15.9%,

and therefore both are if anything well down in the 'toe?
of the purity curve, setting an even more exacting problem
for the medium.) Certainly the resulting chromaticity
coordinates of the reproductions could then be well ordered

without the labels in Pigures 6.5 and 6,6,

6.4 Colour Difference Reproduction Cver a Saturation Range.

Since texture appreciation depends not only
on the angular chromaticity variation, bagically changes in

purity, but also spatial chromaticity variation over the
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surface of a material, a further important criterion for

good reproduction is obtained = that is good colour difference
reproduction. This is shown in the above data by good order—
ing of the test chips in colour space in reproduction,

however it is possible to obtain a more gquantitative

estimate of this ability by comparing the magnitudes of
actual colour differences.

The reproduced colours and original cclours
are, in general, in close proximity on the chromaticity
diagram, For this reason it is valid to compare the
reproduction of such colours and their colour differences
in terms of the simple geometric magnitude of their
differences in colour space.

By expressing the colour difference

AE = /(xl - x,)% + (77 = ¥,)°

where x and y. are the chromaticity coordinates of two

samples (1 and 2), it is possible to compare the colour
difference (AE) between two original chips and their
reproduced colour difference (AE') on the photograph,
Ideally the ratio of the two quantities (AE'/ AE) should
be close to unity over a large range of saturation and hue.
Such a comparison, especially in a coordinate system as
visually non-=linear as the x=y space, is only valid in an
application such ag the present one where the comparison
of colour difference is made within a small area of colour
space.

The ratio of original and reproduced colour

differences (AE!'/AE) has been derived for the above data
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and is shown plotted against the average purity of each
reproduced colour step for DIN series 23: :2 and 7: :2
in Pigures 6.12 and 6.13 respectively, for the three films,
The ideal line of unity has also been dotted in.

Similar data for the more closely spaced series
are difficult to obtain due to the overriding effects of
non-uniform frame illumination and errorgs in the chromaticity
of the illuminant, However the colour difference ratio has
been derived for series (AG=LBG) and each film to illustrate
typical values, but is plotted against the purity of the
original chips in Figure 6,14, since the dominant wavelength
of the reproduced colours varies widely, and therefore the
purity of the reproduction has little meaning. Data for
differences between samples 5 and 6 have been omitted due
to large illumination error at this point.

For the two reversal films Figures 6.12 and
.13 show that the colour differences are reproduced well
for the two main hues chosen, over a fairly large range of
saturation. The ratio of colour differences remain close to,
or above, unity at points above about 20% in reproduced
purity, although it was impossible to continue the saturation
range beyond these limits, where it would be expected that
the agreement in colour difference ratio would tend to
become worse.,

The results for the colour negative material
indicate a poor and confusing reproduction in the main for
the reasons previously outlined.,

Pigure 6,14 indicates that for small colour

differences the reproduction is less accurate for all materials,
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due mainly as before to the larger effect of illumination

variations.

6.5 Further Factors,

Iunminance values are also important in
differentiating between various textures. Again it is
obvious from earlier chapters that it is the variation with
angle which is important, not necessarily the absolute
values,

In photographic terms however the relation-
ships between the original and reproduction in this direction
would tend to be complex, depending upon the photographic
medium, The discussion of this will therefore be restricted -
to its influence on the colorimetric approach already dealt
with,.

If the luminance values of the reproduction
at least follow those of the original, with wide limits on
their absolute values, then the results earlier will remain
unchanged. Typical luminance comparison curves follow in
Figure 6.15 for measurements on series (7: :2) for both
films. It is clear that both reproduée these well, if at
different levels, levels which would be very exposure
dependent, and therefore the earlier discussion remains
valid.

It is felt that further discussion is of
little help since the whole effect is extremely dependent
on just such factors as exposure, material and processing,

some of which are beyond experimental control.
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6.6 Conclugions.,

| In earlier chapters it has been shown that
different types of colorimetric change do occur at various
angles for surfaces of differing texture. Since these are
almost always at nearly constant dominant waveléngth, the
important variation is that of purity. If colorimetrically
we are therefore to define the important parameters with
respect to texture reproduction it must certainly be that
of correct reproduction of purity variations,

This has been tested in the cases of colour
photographic materials, and even with no control over the
processing very good results have been obtained with
reversal material, down to limits of purity typically found
to exist in earlier chapters. Negative materials were good
except at the lower purity increments where they appeared
to break down, although it is likely that this is due in
part to the method of processing rather than the material
itself,

Errors, where they existed, in the reproduc-—
tions have been shown to be mainly due to the illumination
difficulties.

A method of determining the quality of
purity, and therefore texture, reproduction is outlined and
the 'purity gamma'® curves have been derived for the reversal
materials both for an average dominant wavelength, and
the more realistic condition of a varying dominant wave-—
length,

In the former case the results indicate an

extremely close, exact purity relationship at the correct
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exposure, whereas the second case indicates a slope of
reproduction versus original of approximately 1.6, and the
first evidence of the flattening of this curve at the
extreme ends of the purity scale, thus leading to poor
reproduction at these points.,

| Good agreement was obtained on these pointsg
for two different hue conditions = one in the green, the
other in the red.

Given control over the processing of such
photographic material it should be possible to obtain
results more colorimetrically accurate than those above,
The above established criteria for good texture reproduction
may then be employed to check to a finer degree these prop-
erties, Unfortunately the necessary control was not
available in other media to enable such a programme to be
undertaken, however the criteria for good reproduction

remain the same whatever the process.
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6.7 The Role of ILuminance Reproduction in Texture Appreciation.

Although the colorimetric features of surface
texture have been sitressed in the earlier chapters, it is
apparent that the luminance variation of a surface also
conveys a great deal of information about this property. The
field of goniophotometry and gloss measurenment is primarily
baged on this fact, and the exclusion of such data in the.
assegsnents of this chapter was in no way intendéd to reduce
this inportance.

The acceptance of photography and television
for many years in black and white form is indicative of the
success such systems have achieved in conveying more than a
simple flat monochrome image of the scene and its component
parts. The fact that such a system also reccrds, and passes
on, information regarding the surface quality of objects by
means of aécurate Juninance reproduction- from point to point
is in a very large meagsure responsible for this acceptance.

Therefore, despite the extra dimension of
colour being unavailable, it is still possible to give a
satigfactory reproduction of surface finish and structire in
termg of luminance gradations to such an extent that, for
example, manufacturers are often content to advertise their
products in fhis manner.,

With the addition of colour to a reproduction
process, the further information given above on the colorimetric
aspects of surface texture is necessary to assess the ability
of the process to reproduce texture satisfactorily.

It is perhaps significant in this respect to

consider the relative importance of both luminance and colour



176 ii)

reproduction in relation to the fine detail of the piecture. -
An indication of this is supplied by consideration of colour
television broadcasting where, despite the large increase in
potential information of a éubject, the signal carrying
luminance information still retains some four times the
bandwidth of the colour difference signals (Hunt, 1967).
This arises from the knowledge that luminance differences
are of much greater importance then colour variations in
detail appreciation by the human eye. The high definition
luninance signal therefore retains a very great deal of

importance even where a system has expanded to include colour

information.

6.8 The Practical Effects of Viewing Colour Transparencies

in Dark Surround Conditions.

At several points in the preceding chapter a
purity ‘t'gamma' of 1.0 has been considered ideal; however
this statement requires some qualification.

Since reversal materials have been the main
centre of discussion above with regard tb this quantity,
certain otﬁer factors which will have marked effects on the
colours when viewing transparencies in practical conditions
must be considered.

The measurements_which are illustrated
earlier have been made in the ideal circumstances of specular
tfansmission, with virtually zero stray light present. Such
a result indicates the ideal transmission colour, which in
practice is not obtained on projection due to the presence

of stray light or flare. Such flare originates either at the
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projector, multiple reflections between screen and opjects
in the room, or from secondary sources within the room, all
affecting screen image. The presence of this flare is such
that the overall gamma value of the process is lowered and
inevitably the colour saturation is decreased (Hunt, 1969).

Transparencies are invériébly viewed by projecion
in a darkened room, thus the reproduction is edged by a dark
surround whose effect has been shown to make the image appear
lighter than in the case when a2 higher luminance surround is
employed, for instance in reflection prints. This influence
varies over the picture area, being greater towards the
edges and occurs to a greatér extent in the dark areas of
the reproduction (Breneman, 1962); It is then possible to
determine the magnitude of the effect this has on 1owéring
the overall gamma value of the process (Bartleson and
Breneman, 1967). A figure of 1.5 has been given for the
‘gamma value required to compensate for this effect when
viewing in dark surround conditions, and 1.2 in dim conditions,
in order that the tone reproduction be apparently correct.
These values are further increased to offset the presence of
flare. Reflection prints, which are viewed in average levels
of ambient surround illumination do net require the former
correction. |

On increasing gemma values for fhe above reasons
it follows that thg colour-saturation will also increase,
thus incréasing the éaturation for reversal materials above
that of print materials. However it is possible partially to
compensate for this by viewing prints at high illumination

levels (Hunt, 1952).
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A further complicating factor exists in that
it has been shown that a dark surround tends to decrease
the apparent saturation of a picture (Hunt, 1950).

It is most important at this stage to avoid
confusing the subjective concept of saturation with the
more objective measurement of excitation purity; however,
some correlation does exist and although it is difficult to
be definite about the ideal fbrm of a purity 'gaﬁma'
relationship, it is now evident, from the factors outlined
above, that a 'gamma' greater than unity would tend to

compensate some of these effects.
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CHAPTER SEVEN,

THE COLORIIETRIC AND PHYSICAL PROPERTIES OF A PARTICULAR

SURFACE TEXTURE AND STRUCTURE - THE MORPHO BUTTERFLY WING.

In a sense, such a study of surface texture
must inevitably treat the enormous number of differing
surface types in a somewhat general manner. Effectively
the samples already discussed represent distinct types
of surfaces, from which general conclusions may be drawn
as to the effects such structured finishes will have on
both photometric and colorimetric reflecting properties,

To attempt a more complete analysis of the
light reflecting properties of any particular sample requires’
a more exact knowledge of the material involved and it
was felt that some outstanding type of surface reflection
should undergo such an investigation. Cértainly, gome of
the most remarkable types of material to be found in nature
are those whose reflected light is composed of varibus,
differing iridescent colours. The effect is to produce a
shimmering object whose surface depth is difficult to
gauge, yet at the same time possesses a lustre reminiscent
of a metallic finish, and whose glightest angular movement
is readily discernable due to the immediate variation in
reflected light,

Such specimens asre far from rare and are
extremely interesting since the combined effect of colour
and texture is almost impossible to achieve in man-made

materials, yet were it so would create a completely new
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approach %o colour finishing.

Tl Structural Colours.

Fox (1953) defines the chief physical eventsg
which take place when light is incident on a maierial,
those being reflection, refraction, scattering, diffraction,
interference and absorption., In fact any, or all, of these
may create some colouration in the object and such colours
will be pigmentary or structural, or perhaps even a
combination of both,

The pigmentary colours are of little interest
in this particular section, and it is therefore important
to differentiate between these and the structural colours.

Structural colours arise basically from the
following causes:

1) The total reflection of white light from simple
top surface reflections, or small disturbances and spaces
within the material. The latter lead to either matt, chalky
whites from such random disturbances, or glossy, pearly
whites from regular arrangements.

2) The presence of '"Tyndall blues'! due to scattering
by small particles suspended in a fluid. The exact colour
and intensity will depend on the particle size and relative
refractive indices of the particles and the fluid, No
angular change in colour is obtained on viewing, such
colours being distinct therefore from the following types.

3) Iridescent colours from the interference by
successive thin layers, these usually being thin plates or

laminae separated by a medium of a different refractive
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index, Such colours are dependent on viewing angle, the hue
being determined by the relative thicknesses, while the
degree of saturation and the lustre depend upon the number
and uniformity of the constituent laminae,

4) Diffraction by fine striations, ridges or pits
giving brilliant spectral flashes and colouration,

Finally the presence of a pigmentary colour
and a differing structural colour would together form a
niew colour of a completely different hue,

To differentiate between such colours is
relatively easy since chemical, pigmentary colours are little
affected by physical investigations such as pressure,
swelling or distortion, whereas structural colours, depending
heavily as they do on minute exact dimensions, are altered
enormously by this type of treatment., Pigmentary colours
however are often affected by chemical solvents and bleaches,
and usually may be so extracted., Visually, however, structural
colours are easily distinguishable by their change of hue
on varying angles of incidence and viewing, unlike their
pigmentary counterparts.

Many examples of structural colours have been
reported, in some cases quantitative work has been under-—
taken to support the proposed optical phenomena involved
in the observed reflected light. Some of the earliest
discussions on structural colours were those of Rayleigh
(1919) and DRayleigh (1923), who argued that the cause of
such colours be from optical phenomena and not from
metallic like pigments. This wag later quantitatively
confirmed by Merritt (1925).
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Sanders (1964), working on electron
microscope photographs of precious opal, showed the colours
to be produced by diffraction from a regular, three -
dimensional structure of spherical particles of silica
somé 1500 to 4000 K in diameter. It was shown that the

longest diffracted wavelength possible wag given by

A

max 2.37 4

where 4 was the diameter of the spheres, and the corresponding

shortest wavelength

/>‘min = 9\ma.x /l = 1//‘*2 = 0.72 Q\max

where‘/k igs the refractive index of silica,
The effect of multilayer interference has
been shown 0 be responsible for the striking reflection

properties of certain beetles = Chrysochreoa fulminang and

Heterorrhina elegans - (Wright, 1967) wheres the colours

range from a gold to a deep green, although the detailed
physical structure of the material remains in doubt.
Similaxr effects are extremely important in the blue-green
colours in the ‘Yeye' of the peacocks wing feathers and these
t00 have been studied by the same author (Wright, 1964).
Some spectrophotometric measurements of
such materials may only be done on a microscopic level,
however, as in the case of Greenewalt et al (1960) in their
work on hummingbird feathers. Here it was shown that the
observed reflectance spectra of iridescent feather surfaces
may be interpreted as interference spectra in reflection

from platelets stacked seven to fifteen deep in the
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‘barbules of the feathers and identifiable under an electron
microscope,.

The presence of such multilayer structures
has also been reported in the tapetum lucidium of cats eyes
end in certain species of butterflies (Miller et al, 1968),
one explanation being that their role is to selectively
reflect back to the receptors wavelengths pertinent to the
animals behaviour and surroundings.

In the present work it was proposed to
concentrate on one particular example = that of the South

American lNMorpho butterfly.

7.2 The Morpho Butterfly.

Depending somewhat on the particular speciles
of lMorpho under test, the upper wing surfaces of the

specimen, particularly the species menelaus, didiuns and

cypris, exhibit a brilliant series of iridescent colours,
from violet through blues to green, for various angleg of
viewing. This gives a marked lustre to the surface, very
reminiscent of a metallic texture, The underside of the wing
however is a fairly matt brown colour, both sides being
illustrated in Plates 7.1l and T.2,

The specimen has previously been colorimetric—
ally studied (Wright, 1967; Wright, 1969; Pillai, 1968),
although from the latter, quantitative programme no definite
conclusions emerged, only that the probable cause of the
major part of the colouration was multilayer interference
with perhaps some addition from diffraction.

In the former work, Wright discusses the



Flate 7.1 General view of the upper wing surface - Jlorsho

lenclaus.

Plate 7.2 General view of the lower wing surface - llorpho
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possible links between the observed colour and interference
phenomena with particular emphasis on the best photographs

of the structure available at the time., However, it was not
possible to specify the relative parts played by interference
and diffraction, only to confirm that probebly both had
important roles in the entire reflection process.

Much has been written on the specimen since
the original controversy as to whether the colours were
structural or metallic like pigments, the latter view
supported by Michelson (1911). Perhaps the most comprchensive
and detailed of the early investigatiors were those of
Mason (1927). He describes three distinct types of structure
causing iridescence, the first being typified by the Uranidae,
the second by the Morpho, and the third by the LIntimus.

. The work, carried out using optical
microscope techniques, visual observation and liquid
immersion techniques, is remarkably detailed, although,
since the structure was beyond the limit of resolution of
the available microscopes, no quantitative confirmation is
available of the thin film interference suggestions put
forward. However, since much of the observational material
is extremely useful, further reference in more detail will
be made in the next chapter,

The rest of this chapter will therefore be
devoted to both the detailed colorimetric measurements
undertaken, and also physical measurements that have been
made in the light of the best available microscopic analysis
of the material. The following chapter then attempts to

correlate these findings in a more theoretical manner.
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7.3 The Colorimetric Properties of Morpho Menelaus.

e

a) Visual Observation.

With such a specimen, whose range of reflected
colours is so enormous and so angularly dependent, it is
necessary to choose carefully the various measuring config-
urations in order to obtain the most useful information,
Visusl observation is thus extremely important and to this
end the hemispherical viewer, described by Wright (1969)
and illustrated in Figure 7.1, was utilised. A piece of
wing, approximately 1 cm square, was mounted in the holder,
and located at the centre of curvature of the white hemi-
sphere, It may then be rotated about either a vertical or
a horizontal axis.

The specimen was then illuminated by a beam
of white light entering through a small hele at the centre
of the hemisphere and along the axis of the apparatus,
The reflected light from the wing material may then be
viewed on ‘the inner wall of the hemisphere and is illustrated
in Plate 7.3,

A greaf dependence on rotation of the specimen
wag found and, in order therefore to simplify description
of the particular angle of rotation, a convenient diagram—
matic representation will be used throughout this, and the
following, chapter., Reference to Figure 7.2 illustrates the
four orthogonal positions of rotation of the wing material
in the plane of the paper. The four positions, a, b, ¢ and 4,
are related o the physical structure, described in the

latter part of this chapter, in that the line inside the
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White Hemisphere,

= Specimen Holder,

o«

Pige 7.1. The hemispherical viewer used in studying the
polar distribution of reflected light from the
Morpho butterfly. (Wright 1969).

a) : b)

Fig. T7.2. The four possible orthogonal rotation positions
of the Morpho sample holder,
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circle represents the direction of the top of the vertical
ribs, the direction of the end of the scales being towards
the centre point of the circle.

It is now possible to describe the reflected
colours, in particular under four positions of rotation and
two incident angles.

1) 0° Incidence.

i) Rotations a) and c¢) =~ a horizontal band of mainly
blue~green reflected light, except at the extreme ends, say
larger then 45° viewing, where it is blue=violet in colour.
The band lies approximately 10°% to 20° above or below the
incident beam aperture depending on the particular rotation,
above in the case a), below in case c¢). This would
qualitatively agree with the spectral reflection curves
cuoted by Pillai (1968) at 0° incidence and various angles
of collection, assuming this positioning of the sample,

ii) Rotations b) and d) -~ a similar band, except this
time vertically positioned and again offset from the centre.
The band in fact rotates with sample rotation,

1I) 45° Incidence.

i) Rotations a) and ¢) = a horizontal band, passing
almost through the centre point, blue-green in colour
except at the extreme ends where it becomes a blue=violet.

ii) Rotations b) and d) - a vertical blue to blue- violet
band at the specular angle, in the case of rotation a),
fading into a blue—green colour at angles just less than
the specular one.

In general, for positions b) and d), as the

angle of incidence increases the colour at the specular angle
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moves from a green at 0° to a violet-blue at 450, and
violet beyond.
It may be noted that the band of reflected

light always lies at right angles to the rib direction.

g) Measured Spectral Reflection and Transmigsion Curves.

The colorimetric properties of the wing
material are complex, and here the data from a reasonably
comprehensive measuring programﬁe on the species menelaus
is given, which in turn is amplified in the following
chapter with reference to any theoretical interpretation.

The measurements fall into two basic categories,
those recorded on the Wright Spectrophotometer, which
collects only a small solid angle of reflected flux, about
a givén angle of collection, and those obtained on a
Beckman DK2 Ratio Recording Spectrophotometer (Cahn and
Henderson, 1958). This instrument is an integrating séere
instrument in which the angle of incidence is normal to
the sample surface, and either all, or all the diffusely,
reflected light is collected and monitored by means of a
magnesium oxide coated integrating sphere and photormltiplier.

Since the colouration was assumed to be due
to optical phenomena, results taken at the specular angle
and other predetermined angles should be of great assistance
in any detailed treatment of the reflection processes
responsible. To this end the following data were obtained
on the Wright Spectrophotometer,

Rotation is obviously extremely important

in the reflection processes of the material, and therefore
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a special sample holder was designed for the spectrophoto-
meter. This ensbled a circular piece of wing, some centimetre
and a half in diameter, to be held taught between two
circular metal rings, and the whole could then be rotated
through 360° in the plane of the sample surface., The mount
fixed on the normal kinematic slide in one of the apertures,
whilast the reference = pressed magnesium oxide powder — was
located in the other, under the same conditions. By making
the rotating part of the holder ring shaped, no immediate
backing layer was applied to the material, and therefore
any reflections would be entirely due to the sample itself.

The wing material was difficult to mount,
mainly due to its delicate, brittle and flaky nature, and
since it was felt necessary to mount them as flat as possible
many specimens were rejected. The four orthogonal positions
a), b), ¢) and d) already mentioned were marked on the
holder by simple microscopic investigation, and a final
check by reflected light in the hemispherical viewer, so
that a quick visible reference was available to fhe physical
positioning of the sample. |

The final monochromatic beam size in the
spectrophotometer was reduced to some 5 mm square, the
detector aperture restricted o a 5 mm vertical slit to
reduce the angular spread, and the following spectral

reflection curves measured as previously outlined.

A) Figures T.3, T.4, 7.5 and 7.6 illustrate the spectral
reflection curves measured under conditions of 450 illunin- -

ation and 45° viewing with respect to the physical surface
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normal. All four curves were obtained at the same central
point but at the four different stages of rotation as
indicated on the figures.

The curves obtained are remarkably similar
at all measured angles of rotation. A peak refléctance
between 400 and 420nm falling sharply to a minimum just
prior to 600nm and thence rising throughout the rest of
the spectrum as far as T770nm. The curve everywhere is smooth
with the possible exception of a slight bump at approximately
450nm. The one noticeable difference in the curves is the
variation in reflectance value at any given wavelength., This
is relatively small except in the case of rotation d4), where
a peak reflectance almost three times that of the others
is observed. At, and beyond, the minimum point however,
even this curve conforms to the approximate values of the
others. This would possibly point to two independent agents,
one responsible for the short wavelength peak, and one for
the long wavelength rise, The latter being constant under
any given meaguring configuration, while the forher is
extremely dependent on angular rotation.

Intermediate positions of rotation were
measured at fewer spectral points and confirmed the general
shape at all of them, varying only in absclute value at
the short wavelength end. Thus

(0] [s]
’)xmax at 45°/45° = 400 to 420mm.

B) The above measurements were then repeated at arbitrarily

spaced points throughout portions of wing, selected from all
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four main areas of wing surface on the insect. The data were
obtained as those of Chapter 5. A selection of curves around
the meximum point is illustrated in Figure T.7.

The obtained data were again very similar
to those previously given, except that a spread\in maxinum
reflectance wavelength was noted from point to point, the
extreme case peaking at almost 440nm, Thus it would appear
that the exact wavelength distribution does vary somewhat
from point to point, as might be expected with such a
specimen., Nevertheless this variation is quite small, the
general curve shape remaining unaltered above about 500nm,
the values being almost identical, Large differences were

agein found in reflectance value. Thus overall

Npaxe 2% 45°/45° = 400 %o 440mm.

G) It has been stated earlier that a good deal of polarisation
is present in the final monochromatic beam of the Wright
instrument and in Chapter 3 a method is given to minimise

the effect of this. Since it has been shown in that chapter
that surface texture and structure may affect the measured
reflectance when polarisation is present, and as it is
reasonably likely that the structure of the lorpho wing is
instrumental in its colour, it was felt that any such effects
on the present results should be avoided where possible. To
this end the course of action outlined in that chapter was
employed and typical examples of the resulting spectral
reflection curves are given in Figures 7.8 and 7.9.

It can be seen that since the curves are,
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within the spread already indicated, identical to those
already given with polarisation present in the system, this
appears to have little or no effect here on the spectral

distribution of the resulting measurements,

D) To obtain the standard C.I.E. chromaticity coordinates
for the material it is necesgsary to measure under the
recomnended configuration of normal incidence and 45°
collection to avoid as much specular reflection as possible.
This was done at several different rotations, and also with
all polarisation removed from the measuring systen.

Pigures 7.10 and 7.11 illustrate the resulting
spectral reflectance for two of these particular rotations
under 0°/45° measuring conditions, while Figures 7.12 and
T.13 represent the same data when all possible polarisation
effects were removed,

The curves show a reflectance maximum a¥p
approximately 440nm to 445nm in the case of rotation ¢),
and also a), falling via a small plateau at 490nm %o a
ninimum at roughly 620nm and thereupon rising steadily
towards the long wavelength end of the spectrum. Position
d), and to a lesser degree position b) also, shows little
response'with only a small gradual rise at both extremes
of the visible range.

The latter results would be expected bearing
in mind the visual observations, since under this angular
arrangement a vertical bar of reflected light was obtained
just to either side of the incident beam, a considersble

distance from the detector in these measurements. The results
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do indicate however the spectral composition of the more
diffusely reflected light at other angles.

Again little obvious difference is noticeable
between the curves with or without polarisation present,
excépt that is, for a small difference in overall level.

The chromaticity coordinates with respect to
illuninant Sgs calculated from the data of Figure 7.10,
were found to be

x = 0.,1676 y = 0,1850
The figures are, in a sense, misleading however in such
specimens, since angular conditions are critical, One
might expect, for instance, a more greener hue if the viewing
angle were reduced somewhat, from the earlier, visual
observations. The identical data, except measured under
Oo/'20o conditions, have been dotted in over Figure 7.10,
showing a peak at roughly 490nm and leading to chromaticity
coordinates

x = 0,1717 y = 0,2770
a movement towards the greener part of the chromaticity
diagram. The colour specification of such materials there-
fore ig difficult, except under precisely defined angular
conditions, and spectral curves will certainly be more

instructive in these particular chapters.

E) The spectral transmission of the sample was similarly
measured on the Wright instrument by positioning the
detector in the 'straight through' position, directly bhehind
the specimen, The importance of such results was felt to

be with reference to any additional substrate material,
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which would be in the path of whatever incident light penetr=-
ated the full depth of the upper structure.

The results proved difficult 4o obtain due
to the very low levels involved, but are indicated in
Figure 7.14. The wing therefore shows negligablé transmission
up to approximately 600nm, the wavelength where the main
minima of the reflection spectra have almost always occurred,
and beyond this rises gradually to under 1% at wavelengths
longer than T40nm. Thus the material is, to all intents and
purposes, opaque, except to the very longest visible
wavelengths,

Further angular spectral data measured on
the same instrument will be introduced in the next chapter,
The remaining colorimetric data were obtained using the
Beckman DK2 Spectrophotometer by integrated collection,

since this will take reflection at all angles into account.

F) Two main possible modes of measurement are available
on such an instrument, namely
i) total - where the specularly reflected beam
is included in the integrated output,
and ii) diffuse - where this reflected beam is excluded.
The other important variable in this case
is sample rotation. Figure 7.15 shows the spectral reflectance
data replotted on a linear wavelength scale for two rotation
positions at one location on the wing. Plot A gives the
results for a typical rotation a) of the specimen when the
scales are vertical, while B represents that of rotation b)

when the scales are horizontal. Both were measured under
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total collection conditions.

Figure 7.16 shows the effect of varying the
mode of collection from one of total, plot C, to one of
diffuse, plot D, at a different location on the sample
under rotation condition a).

As might be expected, little variation in
general shape is observable under any measuring condition,
or, apparently, location. There is a fairly steep rise via
a definite step at about 425nm to a broad maximum ab
approximately 480 to 490 nm, Thereafter the reflectance drops
steeply to a minimum at 630mm and continues to rise beyond
like the previous sets of data,

This illustrates the effect of including
the reflected flux nearer normal to the sample surface which,
it has already been established, is more green in colour,

The peak shifts therefore to longer wevelengths, maximising
at a value for this integrated flux almost equal to that

under 0°/20° measuring conditions.

¢) Digcussion of Results.

Any detailed discussion of results will be
left until the next chapter, however it is of interest at
this stage to compare the preceding data with the only
other available quantitative ones - those of Pillai (1968).

The particular species of lorpho measured
is not named, although it is assumed to be menelaus and
the spectral reflectance data taken at seven different
viewing angles with normal illumination are indicated in

Figure 7.17. A gradual peak movement towards longer



203.

8

%

QQ%\Q&.\{CA\QQ_ (70) -
Y

e
Wavelength (nm)

Pig. 7.16. Morpho Menelaus - Spectral reflectance of
wing material under two different types of

viewing, measured on Beckman DK2,



204.

o s . T " -
380 420 460 500 640 580 Ga0 680 700 7T40
A (mp)—

Fig. 7.17. Spectral reflectance curves of the Morpho
butterfly wing taken at seven different angles
of viewing ( 35° (s), 40° (), 45° (a), 50° (@),
55° (o), 60° (@), and 70° (©)) with 1llumination
along the normal. (Pillai 1968)
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wavelength with decreasing viewing angle is readily discern-
able, a fact certainly borne out by earlier visual observation
and also by those measurements taken at 45% and 20° viewing
ang;es.

The absolute values of reflectance are
uhimportant as has already been discussed since this varies
widely with location and rotation. No information is given
by Pillai as to the physical orientation of the wing
structure under measurement. This is extremely important
and it is felt that such data must have been obtained at
rotation positions close to c¢) or a), since the curve‘has
been shown to be almost zero elsewhere,

A1l the curves of Figure 7.17 show a minimum
about 600nm and thereafter a gradual rise to above 20% at
the extreme long wavelength end of the spectrum, This is
certainly found to be in good agreement with the earlier
data of this chapter.

At wavelengths below 600nm however, the data
of Pillai and those contained here show certain marked
differences. A direct comparison may only be made for one
curve, that measured under 0°/45° conditions, shown in
Figures 7.9 and 7.1l. Both sets of data show a peak reflectance
at approximafely 440nm and on this point are in excellent
agreement, To either side of this peak however, Pillai
reports secondary maxima of somewhat unpredictable magnitudes,
whereas in the results obtained here only a small plateau
was found at roughly 490nm, a position of one of the
secondary maxima. Since both sets of data were obtained on

identical instruments, using similar bandwidths etc., one
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must look further for explanations of this difference,
beyond measuring conditions.
It has béen enphasised elsewhere in this
thegis that particular care has been taken in redesigning
the sample change lever that exact relocation of any point
on the sample is possible, within close limits. The importance
of this is indicated by reference to Figure 7.18, a refl-

ectance curve measured at 300/300 on Morpho menelaus before

particular care was taken over exact relocation. It shows
wide variations in reflectance for different wavelengths
instead of +the earlier, smooth curves, and may be compared
directly with Figure 8.9 in the next chapter. This would be
expected on a sample whose reflectance value changes rapidly
and unpredictably with location. The latter fact is certainly
appreciated by Pillai since different chromaticity
coordinates were obtained at two different points., It is
naintained therefore that the so-called secondary maxima

of the published data are in fact due to poor sample relocation
upon returning from the standard magnesium oxide surface,

and as such must be ignored,

This should not be expected to occur at the
longer wavelengths since very little variation with either
location or measuring configuration has been found here,
and this is borne out by reference to Figure 7.,17. Under
certain conditions it was in fact found necessary to measure
first the standard throughout the whole spectral range,
followed by the specimen, and again the standard, in order
that exact location was maintained. Despite the errors

inherent in such a method, due mainly to drifting in the
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electronics etc., such results often proved more acceptable
on such a sample than the more conventional comparison
method,

Apart from this the chromaticity coordinates
show reasonable agreement, bearing in mind the ﬁariable

nature of the material,

7.4 The Physical Properties of the llorpho Butterfly Wing,

Barly workers, who believed the striking
colours of the Morpho butterfly to be due to optical
phencmena rather than pigments, attempted to discover the
wing structure, which caused this, by optical microscope
studies. Descriptions by Rayleigh (1923), Mason (1927) and
others show how much it is possible to discover by these
means, results which have been confirmed using a good
quality microscope.

The first really detailed treatment of optical
nicroscope studies is that of Mason (1927) who studied many
insects, dividing them into three distinct groups. In the
case of llorpho, and in particular the species menelaus, he
found plane scales lying close to the wing 'like shingles
on a roof', Standing up like vanes upon these scales, he
found longitudinal striae 2000 to 3000nm high, separated
by less than 1000nm, He also proposed a tilting of the
reflecting portion of these vanes to accomodate the angular
discrepancies found in specular reflection, this tilting
being down towards the root of the scale. Two types of
scale are identified =~ namely outer transparent ones,

and under these, further scales of basically the same
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construction.

Little or no advance in these remarkably
detailed findings was made until the advent of the electron
microscope. Anderson and Richards (1942) published photographs

of the wing structure of llorpho cypris from a ‘transmission

electron microscope which showed far more detail. Figure
7«19 shows the structure of the vanes as deduced from these
studies., They found considerable variation in the size of
the detailed structure from point to point on the wing, and
also found two distinet types of scale = non-iridescent and
iridescent = ag did Mason,

BEach of the vertical vanes was found to have
several horizontal mullions, in the case of the iridescent
scales twelve from top to bottom of the wvane, and for the
non-iridescent scales a lesser number. Figure 7.19 illustrates
in detail how these were assumed to be arranged, connected
to the base of the wing by many 'Y' shaped structures.

Due to the roughness of the upper surface
of the vanes it was assumed that the horizontal mullions
were inclined to the base, similar to the proposal of
Magon, and that the thickness of these mullions, which was
finite, increased on approaching the lower ones in the
stack. The spacing between such horizontal components was
determined to be of the order of 125nm,

A further interesting fact emerged from this
work., All previous workers had assuned the material which
formed the structure to be chitin, a commonly occurring
material, forming the basis of many substances found in

nature. Although much evidence had been put forward earlier
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Fig. 7.19. A schematic and idealized reconstruction of a small
portion of an iridescent scale, On the right is
a cross section of one rib. Morpho cypris.
(Anderson and Richards 1942)

!
- g ——p

L ..
/] B
: ¥
-f Ve 4 s s - t
* ) S
— -
T /
Y
| 7 / / . J g A
= AN

Pig. 7.20., Proposed schematic representation of cross
gection of genus Morpho wing scales from
the photographs of Martin., Two main vertical

ribs are shown together with horizontal plates,
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to support this, Anderson and Richards feel the material
not to be chitin since it completely disintegrated in
concentrated KOH in several hours at 16000, and similarly
in NaCH . The exact material is left unknown, however they
do suggest it may be composed of certain proteihs.

Such was the state of knowledge up to very
recently., Hartin (1971), in some studies of iridescent
materisls, covered, amongst other butterflies, the genus
Morpho, using a scanning electron microscope. In particular
the species menelaus and cypris.

In such work the specimen preparation is
difficult, yet critical, and a few of the results of this
study are shown in Plates 7.4 to 7.9 inclusive.

Plate 7.4 = This illustrates a general view of the iridescent
blue scales of the menelaus overlayed by the top layer of
transparent scales, at a magnification of 947 times. The
construction of the individual scales is readily discernable,
the transparent ones being coarse open structures, while

the blue scales consist of fine longitudinal vanes.

Plate 7.5 = At a magnification of 2.07K the tops of the
longitudinal vanes are clearly to be seen, in this case for

Morpho cyprig, showing a remarkably regular series of bands,

ending somewhat irregularly at the end of the scale.

Plate 7.6 - This shows a section through the blue scale, the
longitudinal vanes disappearing into the photograph.
Distortion in these vanes due to the method of sectioning
the specimen apparently causes the irregular wavy effect.
The photograph, cypris in this case, clearly shows the

horizontal substructure of these vanes at a magnification
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of 9.3K. Each one therefore consists of a pile of horizontal

plates running lengthwise, joined together by a central

“upright structure. The whole is supported by a forest of

connecting branches down to the base, similar to those

described by Anderson and Richards. It is believed that

this is the positioning of the dark, absorbing pigment,

melanin, which is known to exist in the wing,

Plate 7.7 - At right angles to the last photograph, and

at a magnification of 19.1K, one obtains in the foreground a

side view of these horizontal plates, apparently joined by

a small ribbing structure. The plates slope at an angle

of approximately 10° to the base as predicted by other

workers. Wherever one ends however another begins on top

of the vane, thus keeping the total number constant. The

subject here is menelaus.

Plate 7.8 = At a magnification of 39K, the menelaus illustrates

in detail the construction of the plates. Comparison of this

and the final plate show the important difference between

the two species, menelaus and cypris, namely the total

number of horizontal plates contained on one longitudinal

vane, In the case of the menelaus this number is eight, while

in the case of cypris it is twelve, again in agreement with

Anderson and Richards.

Plate 7.9 = The cypris clearly shows the twelve horizontal

plates and also the tendency for the structure to be wider

at the base than at the tip of the vane. At a magnification

of 21.6K the supporting structure is also clearly visible.
From these and other such excellent photo=

graphs it is possible to obtain the dimensions of the

detailed structure, and also to know exactly its shape,
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Plate 7.4 llorpho llenelaug -~ General view of the upper

wing surface, showing blue scales overlayed

by transparent ones. (x947)
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Plate 7.5 liorpho Cypris - Inlarged view of the surface of

+the blue scales. (x2.07K)
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{orpho Cypris = Crose section through blue scales,

(x9.3K)



Plate 7.7 licroho llenelaus - The sgide structure of the

vertical ribs on the blue scale. (x19.1K)
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Plate 7.8 Llorpho Heneleaus -~ IEnlarged c¢ross section through

a blue scale. (x39K)
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within of course the limits of the microscope.
Such measurements have been made, and by
reference to the somewhat idealised structure of Figure 7,20

the relevant averaged dimensions for lorpho menelaus are:-

X = 97nm
¥y = 126mm
z = 840nm

The spread in such results is appreciable,
partly, no doubt, to the difficulty in assessing the exact
boundary between the plates and spaces accurately, but also
to the natural variations which are definitely present in
the structure.

The standard deviation in these values,
obtained from many measurements on two particular photo-

graphs, follows below and is typical.

o, 2
Photograph 1 4,1 nm 5.6 nm
Photograph 2 6.8 mm 2,6 nm

What, however, is in less doubt is the unit

Z=X+;y“

since borders are of less importance here,

spacing, or the quantity

This quantity seems fairly certain to be
of the order of 223nm, however, the problem is discussed

further in the foellowing chapter,

Thus the chapter has established the main
colorimetric data regarding the material and in the latter

part the relevant data concerning its structural shape,
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CHAPTER EIGHT,

THEORETICAL INTERPRETATIONS OF THE MORPHO WING STRUCTURE.

It is now necessary to use the extremely
detailed knowledge of the wing structure of the Morpho
butterfly to interpret and explain the spectral reflectance
results obtained in the earlier part of the previous
chapter,

Originally the colours were held to be
metallic like pigments, however several authors, such as
Rayleigh (1919) and Mason (1927), with very detailed
reagoning, supported the theory of some type of optical
phenomenon, the most likely being some type of multilayer
interference or diffraction process. The latter author
argued strongly in favour of the interference approach, but
all were unable to give definite, quantitative proof
since the structure was not resolvable by the optical means
at their disposal. |

| Following the electron microscope photographs
of Anderson and Richards (1942) some’tentative suggestions
were made as t0 thin layer interference being responsible,
but since the structures were only partially identifiable
later workers such as Pillai (1968) were still unable to
give quantitative proof of this, or the extent to which other
optical effects had any bearing.

It is felt however that the photographs
obtained by Martin (1971) do in fact show sufficient detail

of the fine structure to make a mathematical analysis posgible,
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8.1 The Case for a lMultilayer Interference Approach.,

It must be first mentioned that the colours
are definitely structural in nature, rather than pigmentary,
the colour being maintained down to the individual scale
or even vane (Mason, 1927). The material, on being tested
by the methods outlined in the previous chapter for determining
this difference, leaves no doubt that pigments, other than
the base layer of melanin, could not be respoansible for
the observed colours.
llany factors point to a multilayer interference
explanation = certainly the reflections are specular, and
the reflected light intensity is high, reminiscent of a many
layered stack. The change of hue on increasing the angle
of incidence, towards the short wavelength end of +the
gpectrum, is further evidence, and the action of chemical
swelling agents and liguids penetrating the structure
qualitativély supports such ideas. The effects of phyéically
distorting the structure, polarisation properties and
small localised variations all lend weight to such evidence.
Diffraction effects must not be completely
ignored. It was earlier stated that a band of reflected
light, normal to the longitudinal vanes, is obtained on
illumination by collimated light, This immediately suggests
a diffraction process also taking place, but in detail two
major difficulties are evident, The fact that the incident
light may be incident at right angles, or along the striations,
and directional, or diffuse, in nature is difficult to
reconcile with a diffraction effect, while the order of

reflected colours is also incorrect for such a theory. It
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has been shown earlier that a violet-blue colour is obtained
at the extreme ends of the reflected light, while blue-green
colours occupy the centre of the band. This will be mentioned
again later.

Thus the evidence seenms strong for some
type of inﬁerference being responsible for the striking
colouration, a fact which is further emphasised by reference
to the photographs of the previous chapter, showing such
regular plates to be responsible for the fine structure of

the vertical wvanes.

8.2 Determination of the Parametersg.

Only the species menelaus will be considered
in detail here since it is assumed other species will act
likewise by the similarity of construction.

Certain simplifying assumptions are obviously
essential in such a complex structure. It is first assumed
therefore that the horizontal plates, which make up the
substructure of the vertical vanes in Plates 7.6, 7.7, 7.8
and 7.9 of the previous chapter, are contimuous in a horizontal
plane with no vertical gaps between the striations. This
certainly is reasonable since the existing gap is small with
respect to the width of any given plate, especially towards
the bottom of the stack. At the top, Tthe stacks tend to
taper somewhat,

The detailed theory of thin film interference
is given in the Appendix, it is sufficient here however to
simplify this process in order to ascertain some variables.

Undoubtably the most important part of the obtained reflection
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curves at 45° incidence and collection is the peak in the
blue. The long wavelength end appears to be independent

of this part of the curve and due to some other mechanism.,
Thig being so, and assuming we ascribe this peak reflectance
to a horizontally, infinitely wide multilayer stack of
alternately wing material and air, some preliminary
calculation allows us more easily to derive the entire
theoretical reflection curve,

In Pigure 8.1 a basic unit of such a
construction is shown = that of a horizontal plate of wing
nmaterial, followed by a layer of air. Evidence that the gaps
are in fact air gaps is fairly strong, since penetration
by various liquids, thus changing the reflected colours, is
always followed by a gradual restoration of the exact,
original colour on evaporation of the liquid, Similarly, the
horizontal plates may be crushed up on top of one another
by pressure or swollen by particular fluids. When immersed
in a liquid, pressure applied to enpty scales forces air
out of the interior and bubbles may be seen in the surrounding
iiquid.

The path difference hetween light reflected
gpecularly at an angle 1 to the top surface normal and light
emerging likewise at an angle i, having been reflected from
the second layer of high refractive index material will be
given by ‘

P.Do = ( CE + EF + PD + DB ) = AC
and the optical path difference

0.P.De = _2ny + ox = (2y.tanr + 2x.tani).sini
cos T cos 1
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Wing Material

e
=]

x 1.00

Pig. 8.1. Proposed basic unit of the wing structure.

One layer of wing mate:ial, one of air. Morpho.
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However
n=gini/ginr
Thus

O0.,P.Ds = 2n?"y & X _ 2ysin2i _ 2xsinci

2 3 ] . 2 . 2' >
Jn ~s:l.n21 cosi Jyn =sin’i cosi

= 2y J(a® - sini) + 2x cosi

In the more general case where the refractive index of the

gsecond layer were m this would become

OsPeDe = 2y /(n2 - sinzi) + 2x /(m2 - sinzi)

In this case, for constructive interference

one muist have
2y\/(n2-sin2i) + 2x cosi:-—p,}\maX cossees(l)

where p is an integer and Q\max is the wavelength of peak

reflectance,
It hag been shown when
. o _
i=45 A yox = 410nm —= 440nm.
and y = 126nn X = 97nm

The gamples, however, before being placed under the electron
microscope had to undergo the evaporation of a thin coat
of gold palladium under high vacuum conditions. Because of
this such direct measurements may be in error, thus if the
thickness of the coating is s nm
y = (126 - 2s) nm or ¥y < 126nm
and x = ( 97 + 2g) nm and X Zz 97nnm,

However the total unit thickmess 2, = (x + y) will be

unaffected by such considerations and we have
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Zz (X+y‘)=223nm 00000000-0000(2)
Taking n to be i) 1.4 ii) 1.5 diii) 1.6

in value we have from equation (1)

i) 2.4ly + lo41X = %ma'x 000000000.;-(3)
ii) 2,65y + l.4l x = ?‘max sesessccsaneld)
iii) 2.87y + l.4lX = %max 0-0000000000(5')

The equations are shown plotted in Figure 8.2
for the two extreme values of ‘A max? namely 410nm and 440nm,

A value for g is difficult to assess, however
a fairly typical figure might be of the order of 15nm thick,
and thus the value of y could well be as small as say 90 nm
and x correspondingly larger.

” Turning to the data obtained in Chapter 7
it ié now possible to compare these results with those predicted
from a thin film interference calculation. Assuming therefore
the angular conditions be 45° incidence and 45° viewing,
it is possible to make some wavelength comparison with the .
results of say Figure 7.4 or 7.9, knowing the basgsic initial
data.
| A value of 1.4 was given to the refractive
index of the wing material, a value within the ranges quoted
by the above references. From equations (2) and (3), therefore,
knowing Q‘max to be 410nm, values of
X = 128 nm Yy =95 m

are obtained. It may be noted that this wvalue of x is now
in extremely close agreement with that of Anderson and
Richerds. The final information -~ the number of high refractive
index and low refractive index layers -« was determined again

from the photographs of the last chapter and found to be
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eight of each in the case of menelaus.

The formulae derived in the following
Appendix were used to obtain the reflectance at each wave-—
length throughout the visible spectrum from such a multilayer
stack, with no polarisation present in the incident bean.
The surrounding medium was assumed to be air (n = 1.00) and
the backing material that of the wing (n = 1.40) since this
was apparently so from the photographs, The calculation wag
performed on an I.B.Ms 7094 computer due to the lengthy
mathematics involved. The results are shown in Figure 8.4,
directly following the schematic representation of the
system in Pigure 8.3.

In assessing the fit of such theoretical
results to those measured ones, reference must be made to,
say, Figure 7.4 and this has therefore been dotted in, both
curves being normalised to the same maximum reflectance
value at 410nm.

The general shape of the predicted curve is
typical of a multilayer system, showing a series of
decreasing secondary maxima on moving from the peak reflected
wavelength. This certainly appears to follow the cuteoff
of the measured curve, falling to a minimum just before
600mm. At longer wavelengths however the theoretical cur#e
shows no marked increase as does the measured one, only an
wndulating outline of decreasing amplitude.

That the measured curve does not show any of
these undul.ations is not really surprising. In a material of
this nature, variations in reflectance are bound to occur

for several reasons. Variations have already been found from
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point to point across the surface, and in such a complex
structure small changes in structure constants and angular
inclination of the scales are almost certain to be present

in any measured area. This would have the effect of averaging
such changes, resulting in a smoothed reflection curve, which
should theoretically pass centrally through the secondary
maxima and minims. The last remaining evidence of such
maxima in measured curves may be that shown in Figure 7.12
where a slight levelling out of the reflection curve is
discernable at wavelengths approximately 60nm longer than
that of the maximum.

The predicted reflectance values therefore
may be a little low at wavelengths of about 500nm, but
overall a reagsonably good fit is obtained up to about 600nm.
The problem-posed by the portion of the curve above 600nm,
where an unpredicted rise in reflectance is observed, will
be returned to later in this chapter.

The dependence of the shape and absolute
reflectance values of such theoretical curves on refractive
index of the wing material is critical as simple calculation
shows. In quantitative work therefore this value nmust
obviously be determined by measurenment. Unfortunately all
the above mentioned workers have depended on purely visual
assessment, where such a determination was made, and the next

section describes how this was done here.

8.3 Determination of the Refractive Index of the Wing Ilaterial.

Certainly, up until the work of Anderson and

Richards (1942) this material was always assumed t0 be chitin,
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the uncertainty therefore means the refractive index value
no longerVneeds to be that exhibited by other chitinous
materials,

In order to determine this accurately, the
method of liquid immersion was employed. Clear liquids of
varying refractive index were obtained and the wing saturated
with each in turn. As the liquid permeates the air spaces
of the scale structure, and the refractive index thus
increases, so the wing colours change markedly, in the case
of acetone (n = 1.36) for example a green-gold colour is
present, while for bromo-naphthalene (n = 1.65) all trace
of colour disappears leaving only a dull brown. Obviously
at the point where only a brown colour remains from the
underlying melanin pigment the refractive index of the liquid
must be identical to that of the wing material, thus elimin-
ating any possible multilayer reinforcement.

A small piece of diffusely reflecting opal
glass was mounted in a glass cell, containing ligquid, on
the kinematic slide of the spectrophotometer. The opal had
previously been calibrated for reflectance against a
magnesium oxide standard throughout the visible spectrum
and was used as a substandard during the experiment, It
thus overcame any effect of glass wall or liquid on the
measuremnents of the wing material which was mounted on a
rigid frame and similarlyqimmersed at the other aperture
of the slide. Therefore it was possible to vary the liquids
and repeat the reflectance measurements for many refractive
indices. The geometry used was normal incidence and 450

collection to avoid any specular reflection from the glass
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walls. Certainly a 45°/45° arrangement would have been
preferable, however this would necessitate mounting the
sanples at some acute angle %o the cell walls to avoid
this specular reflection, and the available room was not
sufficient to permit this with accuracy.

The reflectance spectra for the wing immersed
in three of the ligquids used are illustrated in Figure 8.5,
together with the corresponding curve measured in air for
comparison. The three liquids are ethyl alcohol (n = 1,36),
carbon tetrachloride (n = 1,46) and benzene (n = 1.50).

As the intermediate refractive index increases
from 1.00 to 1.36 so the reflection maximum shifts to
approximately 575nm and is accompanied by a reduction %o
labout one tenth its former size. On increasing the index
the peak moves t0 a slightly longer wavelength and reduces
somewhat further in size, until at a value of 1.50 is non
existent, to the accuracy of the experiment, leaving only’

a fairly flat curve of around 1 - 2% reflectance. At this
point therefore the refractive index of the wing has been

matched and for menelaus

n = 1:50

Further accuracy on this figure would be
somewhat misleading since all such liquids will, in some
degree, tend to swell the wing structure, leading to
inaccuracies. This may be observed as the organic liquids
evaporate from the scale and the colour is restored, the
liquid contained between the plates disappearing quickly,

while that absorbed into the material itself takes a
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considerably longer time. Where possible, such effects were
kept to a minimum, by the choice of liquid, in order that
the quoted results be as accurate as possible.

The result falls within the limits quoted by
such workers as Mason (1927) and Rayleigh (1919), however
is slightly less than the value calculated by Merritt (1925).
The latter worker also obtained typical dimensions for a
possible structure, which at the time of the work was
completely unknown, and this too is in some error, so little
welght must therefore be given to the corresponding value

of refractive index.

8.4 Comparison of lMeasured and Theoretical Reflection Curves

for Bimple Specular Reflection,

Since there is a certain amount of variation
between measured curves, the criterion of compaiing curves
whose peak reflectance wavelengths coincide wag developed.
Thus since the refractive index of the wing material

n = 1,50
we have from equations (2) and (4)

y = 95mm x = 128mm
Yo give a reflectance maximum at approximately 430nm,.

Thig should then be compared with the curve a) in Figure 7.7.
The theoretical curve for such a physical arrangement was
calculated as before and igs shown, together with the
equivalent measured one, in Figure 8.,6. Both are again
normalised at peak values.

Once more the fit is good up to just above

600nm, following more closely the average of the undulating
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secondary maxima as might be expected. Above 600nm however

the meagured curve rises steadily from some 10% reflection

to something nearer 40% at 750nm. This is clearly in disagree-—
ment with the predicted theoretical curve.

One posgible reason for this anoﬁaly would
be that these particular wavelengths were reflected quite
strongly from the underlying melanin pigment « the only
pigment known to be present. This would explain the apparent
difference, discussed earlier, between the lower wavelength
peak, which varies considerably in shape and size with
position and orientation, and this long wavelength portion
which remains fairly constant over wide measuring config—
urations.

To check this theory the wing was mounted
facing the opposite direction to earlier meagurements and
the spectral reflectance of the vack surface measured under
conditions of 45° incidence and 45° collection.

The actual reflection of this light is,
however, more likely to originate at the base of the scales
themselves where considerable cuantities of melanin are
known to be present, thus any light penetrating the scale
structure would partly be absorbed and partly reflected
from this area.

leagsurements of such areas are difficult,
however it was found that the scales could be readily
removed by fixing 'Sellotape' over the top of the wing
surface and almost immediately removing it with extreme
care. This removed the scales from their sockets and by means

of trial and error, eventually an area sufficiently large
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could be removed for measurement. The scales of course
retained their distinguishing blue colour, and the reverse
side =~ the melanin base = could then be readily measured
using a monochromatic spot some 1 mm square. Finally the
spectral reflectance of the area from which the scales had
been removed was similarly measured. The results are
illustrated in Figure 8.7 for a 45°/45° configuration.

All the obtained curves show the same tendency
to remain fairly f£lat up to about 550nm, after which a
gradual increase in reflectance occurs up to the extreme
long wavelengths nmeasured. The effects of specular reflection
from the 'Sellotape' backing were investigated for the case
(b), since it was felt that this should indicate most nearly
the true reflectance of the melanin layer. Only a flat
spectral response was obtained from the 'Sellotape’ alone,
and therefore curve (b) should be accurate,

Variations in overall level of the three plots
would be expected, since different levels of the melanin
backing layer are being investigated. The similarity in
shape does verify the presence of a pigment which reflects
at long wavelengths, This also explains the shape of the
curve obtained in Pigure 7.13, since away from the direct
specular reflection and the observed band of reflected
colours, only this pigmentary reflection should be obtained,
together with any scattered wavelengths.

Thus the two distinct parts of the reflection
curve seem to fit quite closely the predicted values
throughout the visible spectrum under specular conditions

and at this particular angle of incidence,
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8.5 The Orientation of the Horizontal Layers o the General

scale Surface.

It hags already been stated in the preceding
chapter that the bright reflected band of light obgerved
in the hemispherical viewer was deflected some 10° to 20°
from the incident beam, and rotated at this angular
separation about the centre as the wing was rotated. This
certainly seems %o be due %o the observed inclinafion to
the bage layer of the horizontal plates, which make up the
longitudinal striations, an angle of approximately 10°,

This would therefore lead to a deflection of almost 20°

in the reflected light. Since the direction of the deflection
is always towards the roots of the scales, the evidence’
seems overwhelming,

Such an inclination of the substructure was
predicted by early workers (Mason, 1927) purely from the
evidence of the reflected light properties, and the photo-
graphs of Martin (1971) do bear this out.

However, this does raise an interesting
point in that the wing surface should not be used for
angular reference but in fact the horizontal plates themselves.

In an attempt to0 measure this inclination
more accurately the wing was mounted at 450 incidence in the
spectrophotometer. By setting to each wavelength in turn
and scanning the photomultiplier around the surface at
various angles of collection, it was possible 1o measure the
position of specular reflection accurately. On doing this at
the positions b) and d) indicated by Figure 7.2 the difference

between angular readings for each position should be some
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four times the angular dip of the plates.

The wavelength region waé restricted to
that part of the spectrum where the interference properties
were important, since at longer wavelengths relatively small
effécts should be, and are, apparent because these reflections
do not appear in the main, to come from the horizoﬁtal
plates.

An average value of some 8.5° was obtained
by this method, in good agreement with the 10° estimated
from the photographs.

The measurements of spectral reflectance
were then remade using the plates themselves as the reference
level for the wing material. This was done by setting the
detector at right angles to the incident beam and placing
the wing surface at approximately 36.5° to the incident
beam in position b) and 53,5° in position d). The measuring
configuration should then be 450/450 in both cases. The
measurements were finally repeated at angles up to 29
eilther side of these values.,

The results obtained were almost identical
to those illustrated in Pigure 7.7 of the previous chapter,
showing the same type of spread in peak value = more
dependent on location than anything else. The only obvious
difference was the slight shift in the average peak reflection
wavelength to the 430 - 440mm region, illustrated in
Pigure 8.8, giving a typical curve very much as the measured
one in Figure 8.6.

It must be assumed therefore that over quite
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small angular changes the most obvious variable of the
multilayer enhancement process, namely the wavelength of
the reflection maximum, is somewhat 'smoothed out' hy:—

i) the scattering and diffusion which inevitably takes
place in such a material,

ii) spurious reflections from the vertical striations,
and iii) the finite angular spread of the detector aperture

about the nominal angulaer setting.

8.6 The Angular oveculayr Reflection Propertiese.

If the multilayer process outlined above is
entirely responsible for the observed reflected coclours
exhibited by the wing material the angular variation of
measured, specularly reflected light should obey defined
rules. For instance, with decreasing angle of incidence the
reflected light maxima should occur at increasingly long
wavelengths.

The reflectance of the wing material from
the menelaug wag therefore measured under conditions of
30o incidence and 30O viewing angle to the normal of the
horizontal plates. The required angles to the actual surface
were obtained as they were in the preceding section.

The results are illustrated for the complete
visible spectrum in Pigure 8.9, btogether with the similar
theoretical curve obtained by using the techniques outlined
in the Appendix and the structure constants outlined and
obtained above,

Agreement between the two curves is now no

longer as good as in the 45°/45° configuration. The
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wavelength peak in the blue has moved to approximately 460nm
while the predicted peak occurs at a somewhat longer
wavelength of 490nm. There is still a marked increase in the
measured‘curves at the red end of the spectrum, due presumably
to the melanin pigment.

An important point in comparison, however,
is the overall shape of the low wavelength peak, a place
where agreement should be good if interference were entirely
responsible. Both curves are remarkably similar in shape,
both being considerably wider and flatter than their
counterparts at 450/450.

It would appear therefore that the major
error is that the peak intensity wavelength occurs at a
wavelength shorter than the theory would suggest for the
given angular shift,.

To obtain a complete measure of this deficiency
in agreement, the specular reflection properties of menelaus
were measured about either side of the peak reflectance
wavelength, at several angleé of incidence, and the
wavelength at these maxima obtained graphically from the
average of some six curves, All anglés quoted are with respect
to the horizontal plates of the substructure rather than
the scale surface.

The results are illustrated here in column 2
of Table 38.1.

The measured value of 7\ is quoted to

max
5nm since some difficulty was found in assessing this with
greater accuracy. This was mainly because

i) large variations occurred in the value from point
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to point over the surface, similar to the results obtained
at 45°/45° earlier, and

ii) meny of the obtained curves had extremely flat maxima
as illustrated in PFigure 8.9, and the position of the exact

peak was difficult to pin point.

TABLE 8.1.

Ancgle of Incid. _QLmaxgan. Predicted %\maxﬁnm).

o° 485 541

7.5° 480 538

15° 480 528

22,5° 465 51.2

309 460 © 491

45° 420 430

60° 390 \ 361

The results at the extreme ends of the angular
range are somewhat unreliable, those at 60° being so since
the peak occurs too low in the violet to be able to measure
the lower wavelength fall, and those at 0% and 7.5° due to
the measuring techniques employed. To obtain such data under
a OO/Oo configuration say, it was found necessary to use
a mirror with a small hole in the centre to direct the
reflected flux from the sample to0 the detector. The
monochromatic beam was incident on the sample through the

small central hole.
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In column 3 the predicted wavelength of

meximum reflectance is given, derived from equation (1)

2y\/(n2 - sinzi) + 2x cosi = p'?\max'

The values were those used earlier for

45°/45° results, namely:=
¥y = 95nm X = 128nm n= 1,50 p=1

Certainly the increasing value of ?\max
when measured at progressively smaller angles is in agreement
with the theoretical results, however the discrepancies
between the two sets of data in columns 2 and 3 increase
Yo quite large values as normal incidence is approached.

It is inportant therefore to ascertain whether
this effect may be due to some inaccuracy in the structure
constants used, or to some further optical phenomena
occurring together with the multilayer interference which
has been shown to be present.

Disregarding the extreme angular results,
and using those at say 150, 30° and 45° we obtain from

equation (1.)

2.95y + 1.93 x = 480 ceeese a) at 15°
2,83y + 1.73x = 460 eeesse D) at 30°
2,65y + L.dl x = 420 ceeese C) at 45°

gsince both the angle i and the refractive index n are known
accurately.
Solving each'pair of quadratic equations in

turn we have
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y = 160nm X = 4nm from a) and b)
y = 14lnm X = 33nm from a) and c¢)
and y = 132nm X = 50nm from b) and c¢)

Fairly large variations in these values
would be expected since they are very dependent on the
value of A naxs & figure not kmown with sufficient accuracy.
We cannot therefore take the large spread in predicted values
of ¥y and x to be indicative of a failure to produce a set
of structure constants which would fit the measured data,

The results do nevertheless indicate values
of

¥y & 140nm X 2 40mn
for these constants, values which could not possibly be
correct since when summed do not produce a sufficiently
large dimension, and even from a visual estimate of the
photographs the value of y — the thickness of the horizontal
plate = igs not three to four times the value of x - the gap
between these plates,

It is therefore felt that some further
optical process may also be present which in some form
modifies the existing predicted data to reduce this pesk
wavelength shift with decreaging angle of incidence. It
must be borne in mind that a part of the effect must be in
assegsing the peaks of both types of curve -~ measured and
theoretical - which are both very flat and very wide.

Visual observations by Anderson and Richards
(1942) confirm this smaller than expected shift in wavelength

maxima, They deduced from their first electron microscope

photographs that whatever substructure was present increased
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in thickness the nearer the position was tc the base, and
that in some form this may explain their observations. It
is now clear from the photographs illustrated earlier that
such theories are untenable, since, within the accuracy
already stated, no apparent increase in thickness of, what
is now known to be, horizontal plates, cccurs on approaching
the bottom of the stack.

It is difficult to deduce the possible root
of this discrepancy, however certain points emerge in the

following sections.

8.7 The Polar Spectral Reflection Properties of the Wing

ot

Figures 8.10, 8.11 and 8,12 illustrate the
polar reflection curves obtained from the wing material at
different wavelengths by Pillai (1968). Although the present
investigation does not agree with the measurements in the
right hand quadrant, at the true specular angle, as is
indicated in Figures 7.3 to 7.6 of the previous chapter,

a significant point arises from the three polar plots.

In the plane of measurement a marked peak
igs obtained in the left hand quadrant, at angles about the
incident one, at all wavelengths. The presence of such a
peak has been confirmed, although in detall somewhat
different to that of Pillai in both spectral content and
position. No rotational position is defined by this author.

Morpho menelaus was measured, by reflection,

at angles about the incident one of 450 to thé surface

normal at the four orthogonal rotation positions indicated
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in Pigure 7.2. Under rotations b) and d) no reflectance
above that of the red melanin reflection was discernable.
However under rotations a) and c), where the vertical ribs
were perpendicular to the plane of measurement, a definite
peak was obtained close to the incident direction. It is
not possible to measure with ease in the vicinity of the
incident angle since the detector obstructs the incoming
1ight beam some 15° to 20° either side of *the nominal incident
angle. The reflected peak however increased in magnitude
on approaching this 45° incident angle from both directions
and by interpolation appeared to be at that angle.
It is felt that the results of Pillai may
not be true peaks at angles around 70° but more likely
present because of some obstruction of the incident beam
in the Wright instrument by the detector at angles nearer
the incident one than this, leading to inaccurate measurements.
The spectral composition of this back
reflected peak was measured as close to the incident angle
as possible (600 to the surface normal, in the same quadrant
as the incident beam ), and is illustrated in Pigure 8.13.
The curve is remarkably similar to those obtained earlier
under a 45°/45° configuration, showing a peak at approximately
440nm followed by a fall in reflectance to about 600nm and
a gradual increase thereafter. The slight change in peak
wavelength may be due to the 15° error in collecting
angle,
The reflectance curve for the multilayer
stack, derived and shown in PFigure 8.6, would therefore

fit closely this spectral reflectance curve and is shown
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dotted over Figure 8,13, the red component being obtained
as before from the underlying melanin pigment.

The importance, other than purely structural,
of the vertical ribs now becomes apparent. It is proposed
that the incident light on the material is partially reflected
b& the vertical ribs so that, after sufficient reflections,
an appreciable proportion of this light is incident upon
the multilayer at an angle identical to the incoming one
but on the opposite side of the surface normal, as illustrated
diagramatically in Figure 8.1l4. This would lead to reinforce-
ment by multilayer interference giving for 450 incidence
a spectral reflectance as that shown in Pigure 8.13 back
along the incoming beam direction,

One therefore predicts, and observesg, a
peak reflectance both in the pure specular direction and
the reverse specular direction - that is, back along the
incident beam, whose spectral distributions are identical,
and equal 1o the theoretical multilayer curve, as shown,
for positions a) and c). For positions b) and d) no reinforced,
back reflected component should be measurable since here
the vertical ribs are parallel to the plane of measurement
and take no part in the process. Therefore the material
acts as a straightforward multilayer stack with no vertical
structuring and an interference peak should only be recorded
gt the true specular angle.

This difference between rotation a) and c),
and b) and d) has been noted above, all producing a specular,
reinforced reflection while only the two former rotations

produce this marked back reflection. It must also be
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mentioned that Figure 7.6 shows a marked increase in
reflectance value at the specular angle of rotation d)
over those of a) and c) where a good deal of the incident
light is back reflected.

Thus polar reflectance.curves siﬁilar to
those of Pigure 8.10 are obtained at rotations a) and e¢)
showing two distinct 'specular' peaks together with appreciable
intensities at other angles. It is now clearer why a band
of reflected light was observed visually, for, together with
the suggestions of the next section, the above proposals,
following the inevitable scatterings which will be present,

lead to the formation of a distinct band of reflected light,

8.8 The Reflected Light from liorpho llenelaus on Complete

Ancsulear Integration.

From the visual description given earlier of
the reflected light from the wing material it is clear that
a. considerable amount of light is present at angles other
than the specular one. Since this light forms a band of
reflected wavelengths at 90° to the longitudinal striations
of the scales, as shown in Plate 7.5, some type of diffraction
process is immediately suggested. |

In the past, workers have tended to dismiss
the presence of any diffraction processes since they do not
fit the observed wavelengths reflected at various anglesg.
Mason (1927), in a summary of the findings of several authors,
emphasizes the points that for an ordinary grating there
will be an uncoloured reflection at the specular angle where

all wavelengths sre in phase, and that the longer wavelengths



252,

should be diffracted over the wider angles, No such
uncoloured reflection is obvious for the Morpho and it hag
already been described that a blue-violet colour ig found

at extreme angles and a green=-blue colour nearer normal
incidence, Diffraction theory and the observed reflected
light from the liorpho do not therefore seem to be compatible
at first sight.

It would appear however that all the
preceding workers have assumed a reflection grating for the
scale structure, which certainly does not seem to fit the
measured data. A somewhat different approach will be used
here, |

In a measurement such ag that made on the
Beckman spectrophotometer the incident light is normal to
the material while the entire reflected flux is integrated,
by means Qf a whitened sphere, over all angles. To obtain
a close fit to such a curve an extremely detailed knowledge
of the optical processes involved in the production of the
reflected colours is celled for, This then presents an
excellent test for such processes which produce responses
at angles other than the specular one.

It will here be assumed that some diffraction
does occur at the surface of the scale, the longitudinal
striations are certainly placed at such distances apart
for this to be possible. Each diffracted component at a
particular wavelength and order of diffraction is now
incident upon the multilayer stack beneath, already described
in detail earlier. Dependent on the exact angle of incidence

on the stack, no longer necessarily OO, the particular
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wavelengths will be reinforced, or not, as the case may be.
This spread in angles of incidence will then produce many
wavelengths emergent from the stack at a whole range of
angles - giving rise to the aforementioned band of colours,

It would appear reasonable that such wavelengths
wbuld tend to be reinforced in particular at the blue and
blue~green regions of the spectrum, since the stack is
certainly more 'attuned' to this part, This again is borne
out in observation by the predominantly blue-green band
obtained.

Such proposed properties of the material
would not affect the earlier results to any great extent
since there the collection was almost purely specular - in
effect the zero order of the above process = and thus the
calculations, which take into account only wavelengths
incident at the prescribed angle, should be almost completely
correct,

A computer progrzmme was written which would
calculate the overall reflected light at each wavelength
from such a system. Each wavelength at 10nm intervals
throughout the spectrum was taken in turn, and the angles
of each order of diffraction about the normal,’positive

or negative, calculated up to 90° from the grating equation
d.(sinI + sin®) = q. AN

where d is the diffraction grating constant, I and © the
angles of incidence and diffraction respectively and q the
order number.

Bach wavelength at its various possible angles
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of incidence on the stack was then traced through the thin
film programme used earlier, together with the zero order
for each wavelength, or that at Oo, Before thegse could simply
be added together however, allowance for the diffraction
envelope for such components had to be made,

It is known ( see for example Longhurst (1964))
that for a grating consisting of a number of slits N, each
of width a, separated by elements of width b, the intensity

distribution for light incident at an angle I $0 the grating

is given by
Intensity = ( sina/& )2 | ( sin NB/B )2
where
| & = Tma (sinB = sin I )
A
and

B = m(a+b) (sin® - gin I )

A

© bveing the angle of the diffracted beam to the normal.
The term

( sina/ e )2 = sin2('ﬂ'a (in®= gin I) / N )

(Tra (sin®=- sin I) / A )?

is that describing the overall envelope containing the
intensity curve. This therefore is the important term in
the present analysis.

Obviously a + b = 4 = 2z, the quantity

defined in the previous chapter, all that remains is %o
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determine the ratio of a to b. The exact value is difficult
to determine from the photographs, since the structure is
not wvery well defined at the surface of each striation
owing to the way in which each stack ends. From the evidence
of the best possible photographs of this area it was assumed
that the gap and the structure were of approximately equal
dimensions and therefore

a = 420nm,

The whole was run on a ¢ D C 6400 computber
and the total effect at each wavelength summed. This should
then be comparable with results obtained on the Beckman
since all light reflected from the material will have been
summed at each wavelength.

Figure 8.15 presents the results of such a
calculation at 0° incidence and total collection, together
with the spectral reflection curve calculated purely from
miltilayer interference techniques at 0° incidence.

Pigure 8.16 then compares the curve, with
diffraction present in the system, with the measured Beckman
curve under conditions of total collection. All plots have
been normalised to the peak value of the measured deta.

The fbrmer figure illustrated the typical
.multilayer curve at this angle - a very wide, flat-topped
peak extending from about 490nm to some 610nm with the usual
secondary maxima, By including the diffraction effedts, a
function is obtained whose maximum is greatly sharpened and
moved to the extreme short wavelength end of the earlier one,
namely 490nm. Secondary maxima are still discernable, ‘

although are now somewhat erratvic in occurrence,
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On comparing the measured curve with this
proposed one in Figure 8,16, certainly the peak reflectance
wavelength is extremely well predicted, unlike the theoretical
value obtained without diffraction present in the system.

The extreme blue—~violet end is somewhat higher in the measured
case than the predicted one although a predicted secondary
naxinmum at 445nm does appear to coincide with a slight

plateau on the measured curve.

The reverse is true at the other side of the
peak, in the green wavelengith region. The cut—-off for the
predicted curve is not really sharp enough, although both
plots reach a minimum point at roughly the same wavelength.
Beyond this, the measured curve does not show quite as large
a rise as in the specular measuring cases, because, owing
t0 the total angular measurement, proportionally there is
a great deal more reflected light at other wavelengths.

As before, one would not expect any predictions in this region
tc be completely accurate.

The theoretical curve would colorimetrically
therefore appear to predict too large an amount of green-
yellow component, while reducing the blue content too greatly.
Overall, however, the curve shows a great improvement over
the simple thin film results and, considering the complexity
of the process, and the variations present in the system,
it is felt that the fit is good, particularly the peak
reflectance predictions. |

It is concluded that such diffraction
processes are likely to be present, together with the apparent

multilayer interference. Such a selective diffracting systenm
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appears to reflect only up to about 550mm to any extent, and
maximally around 490mm -~ typical of the observed band of
colours. The typical diffracted angle for these blue~green
wavelengths is 35° to the normal and this may explain the
central part of the band being blue-green in colour. The
extreme ends of the band, which are a deep blue~violet colour,
may then be due to the second order diffraction, which
although absent for a value of ‘'a' of 420nm, that is

a=4d/2 = z/2
would be present at other values. A good deal of error may,
as explained earlier, be present in this figure. Certainly
the only second order wavelengths are those at the extreme
blue~violet end of the spectrum at angles of approximately
70° to the normal. Some blurring of this reflected light
would naturally be expected over some angular range due to
the scatterings etc, which must take place.

Thus an explanation of the apparently
anomalous band effect is furnished - one which apparently
agrees with observed results and diffraction theory. Some
doubt is placed upon the value of the structure constant
'a' however,

By making the same type of calculation at
say 450 incidence it is possible to make some prediction
of the peak reflectance values at non-specular angles, since
at such angles the collection should bagically be that of
the diffracted components at those angles. The compubtations
predict a slight wavelength peak shift towards longer
wavelengths for measurement at 450/0o conpared with those
at 45°/45° for instance., This is shown to be correct upon

measurement. Specular measurements and their predicted
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theoretical curves are not affected by such ideas however

as long as the detector aperture is small.

8.9 liorpho lenelaus in a lledium of Increased Refractive Index.

As a final check on the multilayer analysis
a value of 1,36 was inserted in place of the value 1,00 for
the refractive index of the spacing medium between horizontal
plates. This would therefore duplicate the case of the
nenelaus wing immersed in ethyl alcohol =~ a liquid of
refractive index 1.36.

For an angle of incidence of 45° a shift in
peak reflectance to a little under 600nm was obtained with
an accompanying reduction in peak intensity to some one
tenth of the original wvalue in air. Although for a strict
comparison it is necessary to measure the wing at specular
angle when immersed, and this has earlier been explained to
be difficult, the results given in Figure 8.5 are close
enough to such a configuration for the accuracy of such a
prediction to be verified.

Similar agreenent was found for a wvalue of
the spacing index of 1l.46, a compariéon with measurement in
carbon tetrachloride, and together these confirm again the

overall correcitness of the theory.

8,10 Chromaticity Coordinates.

Little emphasis has been placed so far upon
chromaticity coordinates or other colorimetric methods, Their
use in general is very limited here since the measuring

conditions are in complete disagreement with established
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proceedure, and far more information is contained in the
spectral reflectance curve. A brief indication of typical
values may be instructive and Figure 8.17 compares values
at 450/450 for two sets of curves, those peaking at 410nm
and those at 425nm, for the actual measured values and the
pfedicted onegs. oome discrepancy is obvious between paired
sets, however the spread in such results over the wing
surface would more than encompass the area outlined., The
fit therefore is good colorimetrically.

Turning to the other pair of points, these
represent the similar measured and theoretical values for
O?/Total collection, including the diffraction effect in
the theoretical point. A much larger difference is obvious,
this being due to the increased amount of green and decreased
amount of blue in the predicted curve, such a fit is therefore

not as good colorimetrically as the previous one.

8,11 The Properties of Morpho Cypris.

In the last section of the previous chapter
the essential difference between the species of Morpho
according to Martin (1971) was shown to be the number of
horizontal plates in each vertical stack. For menelaus
the number is eight and for cypris, twelve., This therefore
provides a further test of the theory since the two species
are almost identical in structure apart from this and the
same optical processes must create the brilliant iridescent
colours of each grouping.

To this end a specimen of the species cypris

was mounted in the Wright Spectrophotometer and the spectral
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reflectance measured under 45°/45° configuration. The
results sre indicated in Figure 8.18 together with the data
obtained on the menelaus under the same conditions. Figure
8.19 shows the difference in theoretical curves at 450
incidence for identical parameters, the only ex;eption
being the number of layers has been altered from 16 to 24
to correspond to the change from menelaus to cyprigs.

The important theoretical difference between
a stack of 16 layers and one of 24 is the increased height
of the maximum in the latter case, together with a marked
sharpening of the entire curve around the peak -~ effectively
reducing its half-width. The maximum remains at the sane
wavelength however, marked differences occurring in secondary
peaks.

Turning to the measured curves, the same trend
is immediately apparent. The peak intensity for cypris has
increased and the width of the high reflecting zone has
decreased markedly. The former observation, however, is not
necessarily valid since the absolute intensity varies so
-much from location to location that this may just be coincide
ence., The second point is correct and certainly significant.
Beyond the minimum at long wavelengths the presence of
melanin is again detected following much the same trends as
the menelaus.,

The refractive index of the wing material
for cypris was checked as with menelaus and found to be
indistinguishable in value from the latter. The photographs
of the structure do seem to indicate slightly different

dimensions to those already quoted for the horizontal plates
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and air gaps in the case of cypris. The relevant ones were
therefore measured carefully and values for the dimensions
y - the plates - and x -~ the air gaps - were obtained,
which tended to indicate that both were of the same order,
approximately 100 to 105nm each,

Using these new dimensions the spectral
reflection for a 24 layer stack of alternate indices 1.50
and 1,00 was calculated for an incident angle of 45°. This
is shown together with the corresponding measured curve in
Pigure 8,20,

The fit around the peak of the reflectance
curve is good and the fall above this is also well predicted.
Reflectance valueg around 475nm are predicted at too high
a level, but there is clear evidence at this point of a
secondary bump on the measured curve corresponding to a
secondary maximum on the theoretical plot. The minimum is
reasonably clearly predicted, followed by the usual rise
at the long wavelength end due to pigmentary reflection from
the melanin present beneath the structure.

On the bages evolved, the fit of the two
curves appears to be good and to confirm the general theory.

FPinally Pigure 8.21 shows the spectral reflect=—
ance of cypris measured by total angular integration on the
Beckman spectrophotometer together with the theoretical
curve obtained from the interference plus diffraction
theory outlined above. The structure dimensions used here
were 100nm for both y and x. As before the fit is reasonable,
the maximum being well predicted at some 20nm shorter

wavelength than the equivalent one for menelsus. The fall
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to the long wavelength minimum is in some error as before,
but the minimum is itself well predicted. The maxima have
again been normalised to the measured one.

It is therefore concluded that the theory
predicts the reflection properties of a second species of
Morpho, having a slightly different structure. This is taken

as further evidence in support of such ideas,

8.12 Conclusions.

Many of the light reflecting properties of
the wing material of llorpho butterflies have been measured,
particularly those of the specles menelaus and also cypris.
The spectral composition of such light at various angles
of incidence and collection has been given, together with
point to point variations, and visuzal observations.

The known physical properties of the material
have been discussed, and by measurements from the best
available electron microscope photographs, and determination
of the refractive index of the material, a reasonably
complete picture of the physical structure has been given.

The complexity of such a small structure
inevitably means that some variation in the dimensions of
the basic unit is bound t0 be present. This was certainly
obgerved on the photographs available, and presumably such
variations must occur on an even greater scale on selecting
points at numerous locations over the wing area, rather
than the field of one photograph. Thé photographs and the
spectral reflectance results describe entirely different

specimens of the same species, making the possibility of
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differences in such dimensions even greater,

Such a spread in structure constants is
reflected in the measurements described, especially with
measuring location, however very definite types of spectral
reflectance curve have emerged.

Because of this it has been possible to putb
forward a theoretical interpretation of the basic cause of
this reflected colour which is not in the main part pigmentary.

A small pigmentary reflection is obtained
at long wavelengths due to the presence of melanin beneath
the wing structure. Superimposed upon this are apparently
the effects of both multilayer interference and diffraction.
It is thought that light incident upon the wing is first
diffracted by the regular striations and upon transmission
through the surface is incident at all angles of diffraction
on the multilayer system beneath. Some diffracted wavelengths
are therefore reinforced, whilst others undergo destructive
interference. The specular reflection will, in wavelength
distribution, be independent of the diffraction since it
represents the zero order, but will still undergo selection
by the multilayer stack. The presence of vertical ribbing
has been shown under certain orientations to cause a
reversal of a certain proportion of the incident light,
causing it to be incident on the multilayer stack at an angle
directly opposite to the incident one. Thus a back reflected,
spectrally selective, peak of light is obtained whose
distribution is governed, as with the true specular one,
by the structure constants of the material.

This together with the diffraction effects
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explains the band of reflected colours formed, at normal
incidence, at right angles to the scale striations, and
together with the inevitable scatterings and dimension
variations in such a structure explains the relatively
constant luminance over this band, since a good deal of the
incident flux is present in the wvarious angular orders.

The theory seems to predict well the
measured distribution of reflected light from the wing
material, especially maxima shapes, peak reflectance and
minima wavelengths -~ the pigmentary melanin reflection
explaining the discrepancies at the red end of the spectrum.
Such agreement was usually found to fall well within the
spread of results obtained under any one measuring configuration.

By measuring firstly only specularly reflected
light and then the total, éngular, integrated flux, it was
possible to0 establish separately the presence of both
interference and diffraction.

Such a doubly selective system explains the
major objections to a diffraction theory and the specific
points regarding white reflected light at the specular
angle and an apparent angular reversal of diffracted colours
along the band in the hemispherical viewer,

Perhaps the least successful agreement was
obtained for the angular variation in peak reflected
wavelengths. Exact angular measuring conditions were difficult
to obtain since it was found that the physical surface was
not parallel to the top surface of the multilayer structure,
but despite this agreement in the wavelength of peak

reflectance was not good although predictions regerding the
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overall shape of such curves remained excellent, This could
be explained by errors in physical parameters, although the
ones obtained from the measured peaks did not seem at all
possible in practice. Strangely the dimensions obtained

for cypris, approximately 100nm for both x and j, would
predict a peak reflectance wavelength movement almost that
measured on menelaus = namely 410nm to just below 500nm for
an angular change of 45° to 0° under specular conditions,
Considering the possible error on >\max derived from such
flat peaked curves this may well be significant. Only one
sample of menelaus is present in all the available photographs,
attempts at others not meeting as yet with the same detailed
success., It is therefore possible that the obtained structure
dimensions are not typical and that in practice the mean

of such dimensions lies more closely to those of the cypris,
sinilarly measured. The accuracy of microscope cealibration
hag been checked at some 2%, however a further small error
may be included due to the sectioning being other than at
right angles to the plane of the photograph. Similarly, the
extent to which a complete cover of gold palladium is
obtained deep within the structure is difficult to assess.

A smaller value for the refractive index of
the wing material would explain the results to some extent
although again this was found by careful measurement and
is in agreement with other workers observations.

There remains the possibility of further
optical phenomena, such as selective scatterings within the
material, being responsible for this, but it is difficult

to be precise on this point. The presence of the transparent
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scales which overlayed the blue ones cannot entirely be
overlooked, their structure is similar to the iridescent
scales but of a much coarser nature., In detail it is difficult
to predict their purpose however.

| Already suggestions have been made (Martin,
1971) that further structuring, at present unresolveable,
may exist within the horizontal plates.

Despite this, the processes outlined above
are held to be responsible for almost the entire reflected
light, the variations in which tend to suggest to the
observer a very smooth, glossy, almost metallic texture.
Undoubtably this is because of the very high proportion of
incident light reflected from such a structure, and its

amazing angular variation,

There remains only the implications of such
material. Already it is used widely for decoration and so
on, although were it possible to manufacture such structures
one would have a very durable, non-fading medium. The
process would be extremely difficult, however, and the end
product probably very fragile, although the individual
wing scales in practice are extremely strong, it appears

the method of laying these to the wing is the weaker point.
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APPENDIX,

THE BASTIC THEORY OF THIN FILMS.

Listing of Symbols Used.

E The electric vector in the electromagnetic field.
H The magnetic vector in the electromegnetic field,
i,Jsk Unit vectors along the x-,y- and z- axes respectively.
A Wavelength.

c Velocity of light in vacuo.

t Time.

n Refractive index.

D The electric displacement.

B The magnetic induction,

M The magnetic permeability.

€ The dielectric constant.

lethod.

Assume a plane electromagnetic wave of large extent to

be moving as shown in Figure A.l, with relevant components

Ex? Ez’ Hy? towards a boundary at an angle ¢).
Thus s~
E= (E..L + B,.k) exp 1.2 (ct - n(sin P.x + cos P.z))
N
and

H=H.j exp i.27 (ct - n(sinP.x + cosP.z))

A .

We also have from Maxwells Equations (M.K.S. unitsg)

H
J

curl H = J + JD | D=EEE
Jt
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Im
_’-——'m

.

‘Fig. A.l. Electromagnetic wave moving towards a boundary

B at an angle P. (p~polarization.)

it A

t— \ ,—»

ja— \\ —pe— \‘\P-\:—'F- ' ‘\3»\—"‘—_\\‘\“—"

Fig. A.2. Notation used in multilayers. (p~polarization.)



where E, =

density and E’o =

dielectric constant : J = the electric current

1, 1079 farad / metre.

y —as

36
Restricting ourselves to dielectric materials : J = O
Socurl H= 3D
3t
ee. 25 - 25 . 2%
% dy dz
c °2ﬁi'6€oEx = H .n.cos(p.iQﬂ'

A
Now n = J’E_,_/j- and for most
‘ n? =
Substituting above =
g+

;o= jg nE,"
J° cos P

A

materials /«ANl

&

since ¢ =

1/ éo/*o

(+ signs represent the beam moving along the z- direction,

in free space.

reflected beam z is negative and signs are = )

We therefore obtain

v
]

Lo EO'Q nEx-

——

fko

cos ¢

Both are for p-polarisation, for s—polarisation we have

E

]

A
-I:-Ir-

Again from Maxwells Equations

= B L exp 2T (¢t = n (sin¢.x + cos ¢.2))

D
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( i+ Hk ) exp20i (¢t -~ n (sind.x + cos ¢.z))
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- B'H__, JE _ OE
ZAN o

From this we obtain, similarly to above, that for s-polarisation

Hx+= _E_snE"'cos(P

}*u

and H F cos
}L
H = /E, //u- e U X

We therefore define

where
u=n/ cos (b for p-polarisation
U =n.. cos (,'b for s=polarisation
and Ei = + o u Ei

Referring to Figure A.2 we have a typical multilayer stack.
of varying refractive indices nj and thicknesses hj with a
beam incident at an angle (P .

A1l the angles qD may be found from Snell's Law

nj—x-l.Sin (Pj+l = nj sin (Pj

The electric field is contimuous across a boundary and at
any time E at each boundary is the resultant of all the
transmitted é.nd reflected parts at that boundary.

Obviously E, = O
Now between the two interfaces, separated by a distance h, a
phase difference will occur in the exponential term since
x and y remain constant while z — z + h,

Thus the term
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exp 27i (ct - n (sinCP.x + cos ¢.z))

N

becomes exp 271 (ct = n (sin$.x + cos P, (z + n)))

A

This phase difference we may write as exp (igj)

where gj = 277 nj hj cos (P j°
A

Thus the phase factor for a positive going wave will be
multiplied by exp(igj) while the negative going phase factor
will be multiplied by exp(-—igj). Therefore the total electric

vector E at the boundary between Nyl and n is

gt + ET

3 E-I’. i -'- =1 2 X
Einl exp(igy) + Ej exp(-igy) (4)

=i+l T = =]

ki e d
Since H = + [& . uBE

and writing a similar equation for the magnetic vectors

gt + H = _Ij* exp(igj) + H"Texp(-igj)

~=j+1 =j+l J ~j
we have
+ - ‘ + . - . -
Wipy @Bar = Bja) = vy (Ejexp(igy) - Ejexp(-igy)) ...(B)
we also have the boundary conditions
_E_— = 0 and go = 0

Electromagnetic radiation is a form of energy transport,
and so far only electric and masgnetic amplitudes have been_
considered. The energy associated with the wave is what is
normally observed physically and the rate of flow of energy
across unit area is given by the Poynting Vector

R = E*H
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Now E_ is of the form Egx €XP i(wt - kz ) whose real

part is B,  cos (Wt = kz ).

Similarly H_ = H._ cos (wt = kz )

y Oy

P = E*H = |E|l.|lH cos? (0t = kz )

The mean value of this is

If A be the incident electric vector at a boundary, and R

the reflected one from the same boundary, the reflection

factor
= reflected powexr =‘ %‘ l_R_lz u 2"//‘*0 = I'B-lz coooo(D)
incident power 3 lélz u €'°//uo IAIz
Therefore for p-polarisation
A A
EX=_I§cos¢ and »EZ--E_s:an)
. Total electric vector
A
E = E_/cos®
A
= E+ = E+
A = E = Ej/cos by
A
R = E = ~
B = B = E/cos @,
.. The reflection coefficient = |R|Z = ES|?
2 +
| 4] E!

This also holds for s~polarisation.
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We now have the basic information and can derive the relevant
methods of calculating the reflection coefficients of a

general thin film stack.

E; = _1;,_'5 + By by definition
H, = X' H = u, (BT - E
and Hy = Hy + Hy = vy By - Ey)

By solving these we have
x
E.
=J

= % (B

./u.) o.ocooooooooo(E)

+ -
s = E5n By

= _E_'gexp(igj) + _F;;'j'exp(-igj) from (A)

Substituting from (E) we have
. = +(B, H./u. g (B, - H./u. ]
Ej = 2@y + Hy/ug) exp(igy) + 2(E; - Hy/uy) exp(-igy)

= Ej((exp(igj)+exp(~—igj))/2) + H.((exp(igj)-exp(-igj))/2)

T
J
. =E. 3 H- onoooooooooooooooo(F
-E;)+l Ej cos gy + 84 i sin €5 ()
U
J
3 gt - + -
Also  Hyy =Hyn + Hyg =50 (Ejn - Eja)
=u; BT ig.) - E -1
uy By eXp(ng) vy E; exp( gj)
= u.(B. H. ig.) —u.(B. - H. -
EJ(_J + :‘1) exp(lga) EJ("‘J :_',1) exp(=ig.)
2 u, 2 U,
J J
Hypp = w8, ((exp(igy)-exp(-ig;))/2) fLIJ-((exp(lgj)+exp(-1gj))/2)
Y —1 i s 3 i Hi » 6 90 ¢ 00 900 0O G
-}-Ia+l iuy _E_:_J singy + Hy cosgy (@)
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Equations (F) and (G) may be represented by the matrices:—

It

E. cos gj i sin gj

il
e

i i vy sin 8 cos g

I

or

I

e
+
ur

l

e

Iin
.
+
]
o~
1
e

Also

. .
£; Eje1

j=1
H. J H. 1

It
=

and therefore
Esn Eja

By 54

In general

B, B
H = Mp_llwp_z res °Mj+le so0e OI\IZNI:L

N . i}

Thus intermediate values of E and H are not required and

Eq cos g, i sin g, Ey
= Yo
B 1 i Uy sin g cos g, H,
but
+ - - +
gy =0 also Ey=E, +E, and Ey=0 Ey = B,
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+

E, 1 0 E}
= +
= 0 L Yo Eo

By expanding the above matrix

- -3

Ey = E
+
& =,y E,

Thus we may write in general ;-

Ey 1
= M XX EEEEEEE) I\Il E+
H -1 u =0

Thus each film in the stack is represented by its own matrix,
making computations on repetitive systems much more straight-
forward,

Let us now assume we can write

E 1
= M Ef
.II.IP U5
where matrix
M= myq imy o
imyy Doo
Now
L3 +
E, = (myy +  dmouq) Ej
- -
g, = (myy +  mppup) By

By definition

E = o -

=p L, v Ky

=p =p =p u, (Ep E, )
_ + - : +

E, = B o+ E = (my o+ dmgug) Ey

ceecescsccssse (H)
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+ - \ +
and H = u_ ( Ep -E ) = (imy + myyu,) Ej
ooc.co.o.co;(I)
From up.(H) + (I) we have

2u gt

; +
((mllup + m22u0) + 1(m12u0up + m2l)) ot

and from up.(H) ~ (I) we have

- —- - - 3 - +
2u?§p = ((mllup mzzao) + 1(m12u0up m2l)) E,

Therefore we obtain the reflection coefficient

2 2
(mllup - m22u0) + 1(m12upuo - m2l)

A

(ml:'_u.:p T Myoty) + i(ml2upu0 +.m21)

oooco-oooo-oooooo(J)

We may similarly obtain the transmission coefficient

2 2
+ —
= EO = 2 u.p
o i
Ep (mllu10 + m22u0) + 1(m12upu0 + le)

.Qo.cocoo....O.O.(K)

Thus by finding the matrix Mj for each film, and therefore
the entire matrix M, it is possible to substitute the
elements of this matrix in equations such as (J) and (K)
to derive the properties of the stack,

For the menelaus let W = wing material and A = air.
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cos gy i sin Sy
M = Wy
W i Uy sin Sy Cos &y
cos g, i sin éA
and M, = _ _ Uy
iu, sin g, cos g,
where 8y = 2,;\T Ny hW cos(PW : gy = 2?\’\T n, hA cos (bA .

Finally

and for cypris
o= (.o, )12

Obviously for such spectral calculations computer methods
are necessary.

(General treatment of certain thin film theory is to be
found in Born and Wolf (1970), Weinstein (1954) and Macleod
(1969).)
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Corrigcenda.

Page 86  Scale of Photograph Omitted - Each sample is 20mm

square.
Page 167 Iine 11 - Figure 6.6 should read Figure 6.11.

Page 169 ILine 26 - Continued to read
( evee.s Such a comparison, especizlly in a
coordinate system as visually non-linear as the
x=y space, is only wvalid in an application such as
the present one where the comparison of colour diff-"~
erence is made within a small area of colour space),
eossee and in the direction of one particular

variable, e.g. excitation purity.

Page 188 Iine 16 - integrating spere should read integrating

sphere.
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