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USE OF COLOR SCALES IN MICROANALYTICAL MAPS

K.F.J. Heinrich
National

Bureau of Standards,

Washington, DC 20234,

U.S.A.

Résumé - En microanalyse électronique à balayage on utilise fréquemment des
couleurs arbitraires pour la formation des images. On emploie souvent des échelles de couleurs pour représenter des variations d'intensité mais ces échelles
ne sont pas toujours convenablement construites.
Nous discutons ici les propriétés des couleurs et des images et nous
proposons des critères pour la définition des échelles.
Abstract - False colors are widely uaed in images obtained in scanning electron
probe microanalysis and in the mapping procedures. Color scales representing
intensity variations are often employed, but these scales are not always
appropriately constructed. Characteristics of colors and of microprobe maps
are briefly discussed, and optimized scales are proposed.
Introduction
The scanning electron microprobe, and its variants, the analytical transmission
electron microscope and the scanning electron microscope, produce maps of specimen
regions showing elementary distributions of elements. When the scanning electron
probe was introduced, massive storage devices for picture elements were not available. The individual detected photons were therefore shown as dots of light on a
cathode ray tube (CRT) screen and photographed cumulatively with fast development
film [l]. A more quantitative representation (concentration maps) is based on breaking up a continuous range of signal intensity such as the rate of X-ray photon
detection into discrete steps which can be identified on the image. Before storage
of the raw picture elements was feasible, this procedure required the use of ratemeter signals [2] and the process was slow and cumbersome.
The use of colors to represent simultaneously several elements was first demonstrated
by Duncumb and Cosslett [3], and further discussed by Yakowitz and Heinrich [h].
Massive storage facilities and color CRTs have greatly enhanced the case of color
presentation, and of techniques which provide more quantitative information of the
studied areas than the primitive X-ray scanning image. Frequently, however, colors
are not used in the most rational way, and therefore the interpretation becomes more
difficult than necessary.
For guidance in the use of colors, it will be useful to first briefly review their
nature and perception.
Color vision
The wavelength spectrum of visible light ranges from U00 nm at the blue-violet
extreme, to 800 nm at the red end, passing through the colors of the rainbow. It is
detected in the retina of the human eye by two types of light receptors: the rods,
which are responsible for vision at low intensity levels, and the cones, for bright
light reception. At low levels, colors are not distinguished. "At night, all cats
are gray." With bright light, the three primary colors red, green and blue are
received by three types of cones, and color perception is regulated by a mixing
network of these primary signals. The effects on the observer of the three primary
colors are not analogous. Red seems to have the greatest attention value (important
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signals a r e often displayed i n r e d ) . Of t h e binary mixtures of primary colors,
yellow ( r e d + green) has a strong individual character, apparently due t o the nature
of t h e r e t i n a ' s s i g n a l mixing network, and appears c l o s e r t o white than t h e l e s s
d i s t i n c t i v e mixtures cyan (blue + green) and magenta (blue + r e d ) . Hence, t h e choice
of colors i n a graph i s not i n s i g n i f i c a n t : f o r an important s i n g l e s i g n a l , red is
preferred, and i f a binary mixture i s t o be emphasized, t h e best s e l e c t i o n i s yellow.
The color space
Colors can be manipulated by mixing l i g h t s , o r by mixing light-absorbing pigments t o
be applied t o an object. We a r e here primarily i n t e r e s t e d i n the f i r s t mode, which
i s applicable t o t h e color production on a CRT screen. A color can be uniquely
characterized by means of t h r e e c h a r a c t e r i s t i c s : t h e hue ( r e d , orange, e t c . ) , t h e
s a t u r a t i o n (from pure color t o gray), and t h e brightness, o r lightness. The
chromaticity diagram ( f i g u r e 1 ) i s a convenient representation of observable
colors. The hues of t h e rainbow a r e arranged according t o wavelength, along two
s i d e s of a roughly t r i a n g u l a r f i e l d . The corner regions correspond t o t h e saturated
colors red, blue and green; t h e green corner i s rounded o f f . The hues r e s u l t i n g
from mixing two colors a r e represented by t h e points along a l i n e connecting the
colors being mixed, and t h e distances between t h e components and t h e r e s u l t i n g mixed
color a r e r e l a t e d t o t h e proportion i n which t h e colors a r e mixed. The l i n e connecting t h e red and v i o l e t extremes of t h e spectrum represents v i o l e t and purple
hues.

Figure 1. Chromaticity Diagram(see note 1)
By mixing t h e primary colors r e d , blue and green, almost all points within the
f i e l d can be reached ( f i g u r e 2), and t h e corresponding colors obtained. The satur a t i o n of t h e colors i n t h e plane i s strongest along t h e periphery and decreases
( 1 ) Due t o the very high price involved, we apologize f o r reproducing the coloured
figures i n black and white (The Editors).

Figure 2. A triangle connecting the primary colors red (R),
green (G) and blue (B) covers most of the colors
of the chromaticity diagram. 0 = orange,
P = purple, Pk = pink, Wh = white, Y = yellow.
towards the center. A point of neutral (gray) hue at this center can be reached
by mixing pairs of colors along the periphery, on opposite sides of the fields.
Colors that can be added to produce gray or white are called complementary.
In typical CRT representations, the perceived brightness of the saturated colors
along the edge of the diagram is highest for yellow (between red and green), and
lowest in the region between blue and purple. However, not all possible combinations
of hue, saturation and brightness are present in this planar diagram.
For instance,
there are no separate points for white, gray and black. For a complete representation of all possible colors, we need a three-dimensional diagram.
For this purpose we trace a white-black (brightness) axis which intersects our
two-dimensional chromaticity diagram at the gray point. However, in view of the
differences in the apparent brightness of primary colors and their mixtures, the
color field should be tilted with respect to this axis so that yellow is closer to
the white, while blue is closer to black (figure 3). The volume enclosed by the
double cone between the white and black points and the edge of the chromaticity plane
comprises all levels of hue and brightness available to us.
For the application to colors obtained on a color cathode ray tube (CRT) the diagram
can be simplified. ,The dimensions of the chromaticity diagram were derived from
properties of color matching rather than to those of color difference perception:
our capacity of distinguishing between hues equidistant on this diagram varies with
the color, being particularly poor in the green corner. Furthermore, hues outside
the triangle connecting the prime colors of the CRT cannot be obtained on the screen.
Therefore, we can, without loss of information, replace the chromaticity diagram by
an equilateral triangle having the primary colors in the apices (figure 4).
We observe on the diagram, or on the triangle derived from it, that the passage from
red to violet is continuous to the human eye. Hence, red and blue are not obvious
endpoints of a color scale, as they are within the wavelength spectrum, but members
of a cycle of colors.
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Figure 3.

Three-dimensional diagram
of colors. The figure in
the central plane is the
chromaticity diagram.
(see note 1)

Figure

Color mixtures
obtainable on a
color CRT.
(see note 1 )

The triangle shown in figure 4 was obtained with the aid of CRT screen, by adjusting
the brightness of the primary colors in such a way that the sum of intensities of
the three colors is approximately the sane at all points. The color-generating
centers on the CRT screen are independently excited, and the mixed colors are
synthetized by the eye. If the mixed colors are obtained by summation of primaries
at a fixed intensity level, we arrive at a different set of colors: clearly, the
mixture of any two primaries is brighter than the primaries themselves, and the
sum of all three is white. If mixed colors of brightness levels comparable to
those of the primaries are desired, the brightness of each primary must therefore
be individually adjusted. The full range of colors achievable with adjustment
of the primary intensities between zero and a maximum intensity is enclosed by the
figure obtained by connecting the external points of figure 5.

Figure 5. Range of colors obtainable on CRT. The blue
red and green are maximum available brightness
of primary colors. Yellow, cyan and magenta
are binary mixtures(see note 1)
Applications
A simple application of color to X-ray area scans is to superpose the distribution
of one or more chemical elements, each in a different color, on a scanning image in
gray tones showing topographic information [2]. If mixtures of colors are to be
interpreted as regions in which more than one element is present, not more than three
elements can be shown simultaneously, since we cannot interpret unequivocally a set
of colors in terms of more than three primary colors. The procedure described in
reference [4] consists of preparing up to three X-ray scans and a low-contrast
topographic (e.g., secondary electron) scan of the same region of the specimen. The
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black-and-white images are then transferred to a color film, with a different filter
of primary color used for each X-ray scan (figure 6, [ b ] ) . With modern equipment,
the signals obtained for X-ray and topographic scans can be stored and manipulated
electronically, before being reproduced from the CRT. The X-ray signal intensities
are used to modulate the brightness of the corresponding colors, either continuously
or in discrete steps.

Figure

6. Elementary distributions in a lunar rock. Green:
iron, blue: silicia, red: potassium.
plate 11) (see note 1).

(ref. 1,

In another common technique the intensity levels of one signal are represented by
means of a sequence of colors. This sequence may, for instance, represent the
concentrations from zero to 100% of an element, or the intensity of secondary
electron emission, at each point of the image. When "false colors" are used in this
way in images, the color sequence must be defined in such manner that the position
of each color in it, and in particular the end members of the sequence, are easily
identifiable.
The properties used in establishing such a progression are hue, brightness and
saturation, or a combination thereof. Brightness and saturation are characteristics which vary in a unique linear sequence, while hues, as mentioned before, form
a cyclic array. On the other hand, hues, even those of mixed colors such as orange,
yellowish green, etc., are easily recognized by themselves, while brightness and
saturation of a color are only well defined in comparison with another color. It
is therefore best to construct a scale, the progression of which is based on brightness or saturation, or both, and to use hue to better define the individual levels.
It is by no means necessary or even desirable to use all colors. A very good scale
is that of colors radiated in function of temperature (figure 7). It descends in
brightness from white through yellow, orange and red to black, and the sequence is
unmistakable. Using brightness as a guideline, the scale could be extended by
inserting dark violet and blue between red and black, although on the temperature
scale light blue is the visible color for extremely hot objects. It would be
difficult, however, to use green in this sequence without clouding the order of
progression.

-x
Black-body locus for temperatures above 800 K.
Wavelengths are in nm

Figure

7.

Figure 8.

Locus o f black-body c o l o r s i n c h r o m a t i c i t y diagram.

Gamma emission from e a r t h , s e e n by COS-B.
La Recherche, June 1983, p. 809 ( s e e n o t e 1)

.
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Designers of color maps often arrange the color sequence as it appears in a rainbow
(figure 8). This has some merit since all persons with full color perception know
this sequence. However, as previously mentioned, we see the colors of the rainbow
as forming a closed loop rather than a linear array with two,well-definedextremes.
Confusion concerning the order of colors can therefore arise', particularly when the
brightness of the three color emission guns of the CRT is not properly adjusted, so
that neighboring colors differ considerably in brightness (figure 9). A naive
observer cannot easily decide if such scales are arranged according to hue or to
brightness. Now that flexible equipment for color synthesis is available, such
scales should be avoided.

Figure 9. Normal thermography of female torso.
La Recherche, May 1983, p. 703 (see note 1)
Other types of maps, such as the representation of electrostatic fields, may require
a sequence of colors including one level (the neutral or zero level) which is
marked by a discontinuity in the sequence or otherwise easily recognizable. A
scale of this type is used in geographic maps in which features such as the sea
level are marked in this manner. For most purposes, a scale of two contrasting
colors centering around white will suffice.
It appears that an appropriate combination of hue and brightness should be present
in any ordered color sequence, with hues aiding primarily in color identification
and brightness assisting in establishing the sequence. I also believe that this is
an area in which more behavioral and observational studies are needed.
There is another class of maps in which areas of a certain quality are marked by
colors, without any sequence. Such is, for instance, a geographic map showing
In such case, the rule that applies is
distribution of languages in a continen:.
that the colors employed should be as contrasting as possible, both in hue and
brightness. Areas to be emphasised can be displayed in red or yellow. In all
cases, the use of color should aim at a clear and simple pictorial representation
of the features of interest rather than a gaudy display.
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