
Iam not a major sports fan. But there is one story from
the folklore of football that has always intrigued me.

The story goes that legendary football coach Vince
Lombardi was observing his new players, recruited
from the best college teams and all presumably excel-
lent players. He was, however, not pleased with their
performance. So he called them all to a meeting, which
he began by holding up the essential tool of their trade
and saying, “This is a football.” I was sufficiently
impressed by this back-to-basics attitude that, when I
taught computer graphics rendering classes, I used to
start the first lecture of the term by going to the black-
board (boards were black then, not white) and draw-
ing a little dot and saying, “This is a pixel.”

But was I right? Most computer graphicists would
agree that the pixel is the fundamental atomic element
of imaging. But what is a pixel really? As I have played
with various aspects of pixel mashing, it has occurred
to me that the concept of the pixel is really multifaceted
(to use a weird metaphor.) Perhaps a better metaphor
comes from the old story of the blind men describing an
elephant and basing their description on what part they
were touching: “An elephant is a … tree (leg), a wall
(side), a rope (tail), a snake (trunk), a spear (tusk).” In

that spirit I am going to list some possible meanings for
a pixel that I will expand on in some later columns.

A pixel is a little square
Early 2D windowing systems considered a pixel a lit-

tle square. This is perhaps the simplest possible defini-
tion, but it only works if you are mostly drawing
horizontal and vertical lines and rectangles that are inte-
gral numbers of pixels in size. Anything at fractional
pixel size or at an angle yields jaggies and other forms of
aliasing. 

A pixel is a point sample of a continuous
function

A more enlightened signal processing approach
thinks of a pixel as a point sample of a continuous func-
tion (see the dots in Figure 1). (This approach was actu-
ally taken by the rendering community long before pixel
displays were used for user interfaces and windowing
systems.) Applying linear filtering theory to pixel manip-
ulation gives, among other things, an approach to
antialiasing. You start out with the ideal continuous
function you wish to display. Then you filter out the fre-
quencies that are too high to be represented by the given
pixel spacing. A theoretically ideal antialiasing filter
would be a low-pass filter with a cutoff at one-half cycle
per pixel spacing. One way to accomplish this is to con-
volve the image function with the function sinx/x (see
Figure 2) smoothing out the jaggies and giving Figure
3. Then you sample the result. This theoretical founda-
tion is the basis for various algorithms for zooming in
and out of images, warping images, and so forth. 
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A pixel is a fuzzy blob
Now you have a collection of discrete spatial samples

(see Figure 4), which are actually a representation of
the continuous image function. To display the continu-
ous function you need to interpolate between the sam-
ples. Fortunately, the display hardware does this for us.
A properly adjusted CRT will display pixels as little fuzzy
blobs that are about as wide as the spacing between pix-
els. This will create a smooth function out of our dis-
continuous samples. Unfortunately, this won’t give
exactly the function of Figure 3. The theoretically ideal
interpolation to get back Figure 3 would consist of con-
volving the samples of Figure 4 with the sinx/x function
of Figure 2, which is called, in this situation, a recon-
struction filter. The fuzzy blob provided by the hardware
is only an approximation to the ideal of Figure 2. It’s not
perfect, but it’s not too terrible. 

A pixel is three tiny colored rectangles
Liquid crystal displays (LCDs) and micro-mirror dis-

plays (digital light processors) generate pixels rather
differently than CRTs. In this case, a (physical) pixel real-
ly is a little square. This is an even worse approximation
to the ideal reconstruction filter of Figure 2 than the
Gaussian bump that a CRT gives.

In the case of color displays, an LCD pixel actually con-
sists of three little solid colored rectangles (see Figure
5). Typically a pixel consists of a tall, red rectangle on
the left; a green rectangle in the middle; and a blue rec-
tangle on the right. This means that the three primary
color images are being displayed offset by one-third of
a pixel spacing between the three colors. This has impli-
cations on the proper spatial sampling and filtering of
an image. Briefly, the three colors of the image should
be sampled at points with a corresponding offset (see
Figure 6). But that is only part of the story. There are
also some subtle effects of this process on the proper
spatial filtering of the image. This becomes important
when the image has a lot of high-frequency content, as
with text. This is one of the (many) components of
Microsoft’s ClearType algorithm and will be the subject
of a future column.

A pixel is a tradeoff between blurring
and aliasing

The whole subject of sampling and reconstructing an
image is a study in the tradeoffs between antialiasing
and crispness of the resulting image. Classical linear
sampling theory gives us much insight into this trade-
off and can help us design algorithms that perform bet-
ter than seat-of-the pants intuition. This approach, while
theoretically sound, has many practical limitations: 

■ Finite kernel. A perfect low-pass filter is not achiev-
able with a finite (or even a reasonably small) piece of
the sinx/x function, the so-called filter kernel. The
closer you want to come to a perfect low-pass filter,
the wider the kernel needs to be and the more arith-
metic you need to do.  

■ Negative light. There is no such thing as negative light.
A perfect filter has negative lobes that admit the pos-
sibility of negative output values.

■ Convolution with continuous function. Antialiasing
requires filtering a continuous function. This is often
computationally complex. Most real-world algo-
rithms, such as filtered subsampling, are only crude
approximations.

■ Info beyond screen edges. You need to image informa-
tion outside the screen region if the filter kernel is
wider than ± half a pixel.

■ Bad hardware reconstruction. You usually have no con-
trol over the reconstruction filter; the hardware dis-
play device dictates it. And it’s never a sinx/x function.
Since you do not have a perfect reconstruction filter,
your theoretical antialiasing efforts cannot achieve
their potential. You sometimes must sacrifice some
perfectly good, representable frequencies to com-
pensate for imperfect reconstruction.

Also, a variety of nonlinear sampling techniques are
being researched that can do better, but they present
their own sets of tradeoffs.
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A pixel is a quantization of intensity 
Now let’s leave the spatial domain and consider the

intensity domain. Encoding a pixel intensity digitally
implies some quantization of the pixel intensity.
Hardware pixels are usually quantized into 8 bits per
color, but as we’ll see in future columns, that isn’t real-
ly enough. It’s much better, if we can afford it (and we
usually can nowadays), to use 16 or even 32 bits per
pixel per color. The trick is in figuring out the most effec-
tive encoding to use these 16 or 32 bits. Three encoding
schemes are the most typical: gamma corrected, linear
fixed point, and floating point. 

Virtually all 8-bit encodings are gamma corrected.
This is motivated by a combination of the physics of
CRTs and a modeling of the intensity sensitivity of the
human eye. First, consider CRT physics. Passing an 8-
bit quantity through a digital/analog converter and
applying the net voltage to a CRT doesn’t generate a
linear relationship between the 8-bit value and the dis-
played intensity. The intensity follows the gamma
curve I = Vγ (see Figure 7). The effective value of
gamma varies from CRT to CRT and as the adjustments
of a particular CRT are modified, but is generally in the
range from 1 to 3. The computer and video industry
have various slightly different standards for the exact
function that maps an 8-bit quantity into a physical
intensity, but the important point is that none of the
mapping functions are linear. They all look roughly like
Figure 7. In fact, even though the native physics of LCDs
differs from the curve of Figure 7, LCDs will usually

have internal circuitry to mimic a CRT’s gamma curve
for legacy compatibility.

An important implication of this gamma function is
that when a pixel intensity is quantized into 8 bits (on
the horizontal axis of Figure 7), the brightness range
of the quantization bins (along the vertical axis of
Figure 7) are not all the same size. They are smaller for
the dimmer end of the range than they are for the
brighter end of the range. And that’s a good thing
because of how the eye works. The eye happens to
respond to light intensity in the roughly logarithmic
fashion of Figure 8. This is pretty close to the inverse of
the gamma function. This means that the nonequal
spacing of the quantization bins in intensity translates
into approximately equal spacing of the bins in per-
ceptual space. How convenient. 

The nonlinear relationship between pixel value and
intensity gives rise to another problem. Many image-
processing programs that operate on 8-bit pixel values
don’t take this nonlinearity into account, simply per-
forming arithmetic on the 8-bit quantities as though
they were linear representations of intensity. For an
investigation of the errors this can generate, see an ear-
lier column.1 The correct processing would be to con-
vert the 8-bit quantity into a linear intensity
(presumably having more bits), perform the calcula-
tion, and then re-encode that linear value into the prop-
er gamma-corrected 8-bit quantity. This calculation has
historically been considered too slow for many pro-
grams, but that argument is going away as processors
(both CPU and GPU) become faster.

But, as previously stated, we are now moving into an
era where 16 and 32 bits per pixel per color is practical.
The question is how we choose between gamma-
corrected, linear fixed point, and floating point repre-
sentations. I will present some observations on this
question in a future column.

A pixel is a projection of the color
spectrum

Color pixels are generally thought to have red, green,
and blue components. This, however, is a vast oversim-
plification of the real physical world. A physically accu-
rate color pixel model would require a complete spectral
distribution L(λ) at each pixel (see Figure 9).
Fortunately, the color perception mechanism of the
human eye usually makes this unnecessary. The eye and
brain transform an entire spectral distribution into just
three numbers. Each number comes from a different
sensor in the retina. Each sensor type has a continuous
spectral sensitivity as a function of wavelength. For
example, the green sensor has the sensitivity g(λ) of
Figure 10. The green value that the brain senses is then
the integral

G = ∫ g(λ) L(λ)

with similar calculations for red and blue. This informa-
tion-collapsing mechanism means that many different
spectra might generate the same three color-perception
values. (Such colors are called metamers.) It’s merely
necessary to construct a spectrum at a pixel that’s a
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metamer of the desired color. This is possible by a
weighed sum of just three primary spectra—for exam-
ple, the familiar red, green, and blue display primaries.
It’s important to not get carried away by the approxima-
tion, because it has the following problems. 

First, the primary weights (that is, display RGB val-
ues) implied by one display device aren’t the same as
the primary weights implied by another device. This is
the familiar color correction problem that printer man-
ufacturers have addressed most carefully. The manu-
facturers of CRT or LCD display devices have paid less
attention to color correction, even though their color
primaries aren’t exactly the same either. Carefully con-
structed standards can at least ensure that enough infor-
mation is present in a stored image to convert it for a
desired output device. This gets into the topic of color
management systems.

Second, sometimes a desired display color requires a
negative weight for one or more display primaries. This
color can’t be displayed by a real-world display using
those particular display primaries; it’s too saturated. In
fact, for any three given display primaries, many physi-
cal colors will exist that those primaries can’t display.
The printing industry addresses this problem by using
more than three colored inks. Again, the electronic dis-
play community has paid less attention to this problem,
perhaps because printers are more varied in their output
responses, or perhaps because printed output is more
permanent.

Finally, there’s a temptation to do image processing
and rendering calculations simply using three color val-
ues. The light of a particular color L is modified by paint
of a particular color S by multiplying the light’s RGB val-
ues by the paint’s RGB values:

where

and so on

This is a very crude approximation to the physics. A true
physical simulation would go back to the complete spec-
tra and multiply them together. The collapse of the spec-
tra to three values only happens at the very end of the
process when display values are calculated:

It is, in fact, remarkable that the three-color approx-
imation works as well as it does. Nevertheless, attempts
to model the physics of light more correctly have yield-
ed some interesting results.2,3

A pixel is a transparency
The common operations of compositing and blend-

ing of images have motivated the creation of an extra
value for each pixel: a transparency. This contains the
amount of geometric coverage that the pixel represents
and is typically named alpha. For example, if the image
is of a geometric shape (see Figure 11), the pixels outside
the boundaries of that shape would have an alpha value
of 0, those inside the shape would have an alpha value
of 1, and those on the edges would have some fraction-
al value for alpha.  

When this image is overlaid on top of a background,
the alpha value at each pixel will indicate how much of
the pixel value should appear while one minus the alpha
value will indicate how much background should show
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through. This operation is called the over operator (see
Figure 12).

We store the alpha value as an extra component of the
pixel color:

F = (FR, FG, FB, α)

A more complete analysis of the compositing opera-
tion4,5 shows that it’s convenient to store pixel colors
with the alpha value already premultiplied into the color
values (see Table 1).

The various compositing operations become more
mathematically regular when expressed in terms of the
premultiplied form. In particular, the alpha component
resulting from an over operator has the same formula-
tion as the RGB components. This form also simplifies
association between multiple layers of objects since

This means that, when represented in this form, a stack
of images can easily be composited either front to back,
or back to front. (Various considerations indicate that
the front-to-back ordering is preferable.)

There are, however, situations where the original
non-premultiplied form appears more natural. (Boy, I
wish there was a better name for non-premultiplied—
what a mouthful.) These situations tend to come from
the graphics design community whose application is to
crop or extract an irregularly shaped piece out of an
existing image. 

Each of these forms (premultiplied and non-
premultiplied) has a vocal constituency and a collection
of situations where their form works best. Filtering oper-
ations on pixels seem to be more natural on the pre-
multiplied version of the color. But some polygon color
interpolations make more sense with non-premultiplied
alpha. But many synthetic image-generating algorithms
generate the premultiplied F̃ directly. In a future col-
umn I hope to bring some peace to the argument.
Basically we can go back to the original Porter and Duff
paper4 and look at the Dissolve operator, which is essen-
tially a scalar product with the pixel:

The premultiplied situation is where delta equals 1:

The non-premultiplied situation is where alpha equals 1.
And then you store the delta in the redundant alpha slot:

Using this viewpoint, the dichotomy between pre- and
non-premultiplied pixels can be seen as two different
special cases of a more general construct. A Grand
Unified Theory of pixels. Yay!

A pixel is a piece of colored glass
While the alpha channel was originally conceived to

represent an antialiased value for geometric coverage,
we can also use it to represent object transparency. This
works properly, however, only for objects with mono-
chrome transmissivity. To represent colored glass, for
example, the most obvious step would be to have a sep-
arate alpha channel for each color primary: 

This has become a common technique in current ren-
dering algorithms. Some thought, though, will reveal
that this situation is the same as for color reflectivity dis-
cussed in the previous section. A physically correct sim-
ulation of color transparency would require the storage
and manipulation of a complete spectral curve for trans-
parency as well as one for reflectivity:

Experiments on the visual effects of typical approxima-
tions to this ideal have probably been done, but I don’t
know of any at this time. If any of you have information,
please let me know.

A pixel is a bunch of other stuff
Work in image-based rendering has added yet more

components to a pixel. In this case, pixels have one or
more depth components as well as color and trans-
parency components. I can imagine any number of other
things to add that can be useful in more exotic render-
ing algorithms. 

A pixel is an information-destroying
technique

Ultimately a pixel must be viewed. The total list of pro-
cessing required to view a pixel then includes (but is not
limited to)

■ antialiasing,
■ offset sampling,

�F = ( ) ( )( )F λ α λ,
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■ color space projection,
■ reconstruction filter compensation,
■ compositing,
■ gamma correction, and
■ quantization and dithering.

If you look at all these operations you might see a pattern:
Almost all of them throw away information. You filter out
high frequencies, quantize intensities into bins, project a
continuous color spectrum into three numbers, and rep-
resent geometric edges with a single transparency value.
Seen in this way we can see that an ordinary hardware
pixel, either refreshed on the screen or stored in a file, is
simply a bad data compression technique.

Any rendering algorithm or image processing opera-
tion that converts data to pixels generally loses informa-
tion about the original data that it uses as input. A few
polygons become thousands of pixels; a high-resolution
image becomes a low-resolution image. If we are inter-
ested in preserving that data we are best advised to store
it in its original form. Conversion to pixels for viewing
purposes used to be a slow operation, but with faster
processors we no longer need to do the image generation

offline for speed purposes. We can recalculate the image
whenever we need to look at it. Turning data into pixels
is, quite literally, the last thing you should do. ■
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