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Is GPA a goodmeasure of IQ?
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Hewlett Packard Laboratories, Palo Alto, CA 94304

Abstract

GPA is an expression that describes how the number of dots/inch (dpi) and the number of graylevels/dot (gpd)
tradeoffin detennining the number ofgraylevels per area (GPA). The metric is based on the assumption that anything
that falls within a visual angle of approximately 3 minutes of arc will be spatially-integrated by the optical blur prop-
erties of our eyes.

1. Introduction

The perceived image quality of displayed and printed images increases with both the number of pixels/inch (dpi)
and the number of graylevels/pixel. Over a range of resolution (dpi) and graylevels, these two variables tradeoff
such that one can offset a reduction in resolution with an increase in graylevels, and vice versa.

In this paper, I consider an analytical expression that describes how grayscale and resolution tradeoff in determining
the number of graylevels per area of visual integration. This expression, which I refer to as graylevels per area or
GPA, combines the number of pixels/inch (dpi) and the number of graylevels/pixel, into a single measure.

2. Graylevels per Area or GPA

GPA stands for graylevels per area of visual integration. The rational for this measure is as follows. Our ability to
resolve spatial detail depends, in large part, on the optical properties of our eyes. Visual scientists have characterized

the optical blur of the human eye1. These measurements support the assumption that anything that falls within a
visual angle of about 3 minutes of arc will be spatially-integrated by the optical blur properties of our eyes. GPA is a
measure of the number of graylevels one can define within this area of spatial integration. One can increase the num-
ber of graylevels per area of integration, GPA, either by increasing the number of graylevels/dot or by increasing the
number of dots/area.

To compute GPA, one must first compute the area over which the eye is optically blurring an image. Figure 1 illus-
trates the geometric fact that we can compute the radius of the area of integration, R, by the product of the distance
between the image and the eye, D, and the tangent of the visual angle subtended by the area (3 minute of visual
angle).
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Figure 1 :R is the area in the image that falls within the blur circle of the eye. D is the viewing distance between an
observer and an image 0 is the angle subtended by the area, R. We can compute R by the product of the tangent of
the angle, 0, and the distance, D.

Given the radius, R, we then compute the area, A, as IcR2. Given A, we compute the number of dots per integrating

area, N, by multiplying the number of dots per squared inch (DPI2) with the number of squared inches per integrating
area, A. Finally, we compute GPA as

GPA = (Lx N) + 1

where L is the number of graylevels per dot (excluding white).

To understand the GPA calculation, consider the case in which we have 4 dots in the area of integration and each dot
can be either black or white (binary). Then, we can obtain 5 different graylevels by either having all 4 dots all on, 3
on, 2 on, 1 on or none on. GPA = (1 x 4) + 1 = 5. Similarly, if you have 4 dots in the area of integration and each dot
can have one of three values, we can obtain 9 levels per area or (2 x 4) +1.

Although L refers to the number of addressable graylevels you can generate, GPA is not a meaningful number if the
graylevels are selected arbitrarily. There must be a rule for determining how the addressable graylevels are spaced.
The method we recommend is to space the addressable graylevels equidistant from one another in a perceptually uni-
form space, such as L*. This is very close to the design decision display manufacturers have made by constraints on
the display gamma curves. Our own experience in digital halftoning suggests that spacing the graylevels per pixel
such that they are equally spaced in L* is a good design rule for grayscale printers as well.

Consider the design of a multidrop inkjet printer, for example, The number of graylevels per dot corresponds to the
number of drops one can place in any one location. Or consider the design of a multi-level electrophotographic
printer which creates greylevels by varying the amount of toner placed in any addressable location. The maximum
density corresponds to the number of drops that saturate the paper, in the case of inkjet, and the toner that produces
full coverage, in the case of the electrophotographic printer. Between the minimum (white paper) and the maximum
(full black ink coverage), you can create L graylevels. To determine how these L graylevels should be spaced, print a
grayscale ramp by placing one, two, three, ...etc drops in a location. Between the minimum and maximum graylev-
els, select addressable graylevels that are equally spaced in L*.

Having selected your graylevels in this manner, you can now calculate GPA =(LxN) +1 where L is the number
graylevels and N is the number of dots per integrating area. N is computed by multiplying the number of dots per

squared inch (DPI2) with the number of squared inches per integrating area (which is 0.1538 for a viewing distance
of 12 inches). In other words, if you are 12 inches away from a piece of paper, then anything that falls within a

radius of 0.07 inches will be optically blurred, and the integrating area is 0.1538. So, N = (DPI2) x 0.1538.
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Some Important Caveats

Besides specifying how L graylevels are distributed in luminance or reflectance, it is also important to appreciate
limits or bounds on GPA functions. For example, empirical data suggests to us there is little improvement in image

quality for L> 16 and that L=2 does not produce acceptable photographic image quality at high resolutions2.

The relationship between the perception of image quality and GPA also has its limits. There will be a point where
increasing GPA, like DPI, will have no impact upon image quality. When printers produce images that are above the
visual psychophysical threshold for photographic image quality, it makes no sense to argue about how many DPI or

GPA the printer has. The results of an empirical investigation of grayscale/resolution tradeoffs2 suggest that observ-
ers treat several grayscale/resolution combinations as equivalent in the sense that they were all above their threshold
for acceptance. These combinations were 300 dpi/8 levels, 300/12, 600/4,600/8, 600/12, 1200/4, 1200/8 and 1200
dpi/12 levels. These combinations do not all produce the same GPA. They produce enough GPA to be considered
photographic. however.

Equivalent GPA

Now, we can calculate combinations of grayscale and resolution that produce the same GPA. In Figure 2, each line
defines the combinations of grayscale and resolution that produce equivalent GPA values. To produce the same GPA,
one can either increase dpi and reduce the number of graylevels or increase the number of graylevels and reduce dpi.
The GPA metric describes a tradeoff function for grayscale and resolution.

At high graylevels, the GPA functions are locally linear. In these regions GPA can be described by the intercept of the
locally linear functions. As graylevel decreases and dpi increases, however, the slope of the GPA functions decrease
approaching zero.
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Figure 2: Each line represents the combinations of grayscale and resolution that produce equivalent GPA. Lines
displaced to the right have increasing GPA and, presumably, higher image quality.



3. Comparison to other tradeoff functions and metrics

Sullivan3 published a graph to characterize how grayscale and resolution tradeoff in determining constant image
quality. This graph, reproduced in Figure 3, suggests that the tradeoff functions are different for text, photographic

images and medical images. Recently, Burningham4 published data supporting Sullivan's predictions for text but to
date, there is no published data supporting his predictions for photographic images.
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Figure 3. Image quality predictions reprinted from Sullivan (1995). The lines define the combinations of graylevels
(expressed in bits/pixel) and addressability (expressed in dots/inch) that are predicted to have the same subjective
image quality.

Within the range of dpi and graylevels bounded by the limits on GPA described earlier, The Sullivan4 tradeoff func-
tion for photographic image quality is not that different from the GPA predictions within the bounds of dpi (200 to
1200 dpi) and graylevels (2 to 16) described earlier. The one point that makes the two curves appear to be different
is 200/256. (see Figure 2). We suspect the Sullivan predictions for this point because we have found that IQ asymp-
totes with graylevels greater than 16, given that you optimally distribute the 16 levels in L*. This finding was also
reported by Gille et al5.

Single Channel Image Quality Metrics

GPA is a single channel metric because it is based on the output of a single channel. To calculate GPA one counts the
number of graylevels defined over a region. Granularity, nnse, visually-weighted rmse, and other single channel
metrics6 are based on the energy integrated of a region. Both measures result from summation over a region of fixed
size, i.e. a single channel. Both measures generate similar predictions about the combinations of grayscale and resolu-

tion that will produce equivalent photographic image quality7.
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4. Is GPA a good measure of IQ?

We are continuing to investigate grayscale/resolution tradeoffs in image quality. The empirical tradeoff functions we
have measured are dependent on the type of image peoplejudge. Not only do we find evidence for different tradeoff
functions for text and images, but we also find differences depending on the type of image people are asked to judge.

GPA is a measure that does not depend on the type of image. This is both a strength and a weakness. It is a strength
in the sense that it can be used to characterize displays and printers independent of any particular rendered image. It
is a weakness in the sense that subjective image quality judgements depend on the rendered image and are not mdc-
pendent of image type.

GPA is not a universal image quality metric that can be used to predict how all the important factors or attributes
influence perceived image quality. It is, however, a convenient metric for comparing the potential image quality of
different display and printing technologies.
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