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Abstract

This paper summarizes the results of a visual psychophysical investigation of the relationship between two important
printer parameters: addressability (expressed in terms of dots per inch or DPI) and grayscale capability (expressed in
terms of the number of graylevels per pixel). The photographic image quality of print output increases with both the
printer DPI and the number of graylevels per pixel. The experiments described in this paper address the following ques-
tions: At what point is there no longer a perceptual advantage of DPI or graylevels, and how do these two parameters
tradeoff?

1.0 Introduction

The design of imaging peripherals is an optimization problem bounded by the information content in the signal, the tech-
nology of the transmitter and the capabilities of the receiver. When designing a printer or a display, we must consider
whether we want to optimize the quality of text, graphics or images. We are constrained by the capabilities of the imaging
device (displays and printers) and the capabilities of the receiver (our human consumers).

This paper considers two important design parameters that play an important role in the optimization of the photographic
image quality of displays and printers: addressability (expressed in terms of dots per inch or DPI) and grayscale capabil-
ity (expressed in terms of the number of graylevels per pixel). The high quality (and expensive) thermal dye diffusion
printers on the market demonstrate that it is possible to create photographic image quality with relatively low DPI (300 to
400 dpi) and high grayscale capability (8 bits/pixel of addressable grayscale). One wonders, however if it is possible to
achieve the same photographic image quality with fewer graylevels and higher DPI. Although it is generally believed that
grayscale and DPI tradeoff in such as way as to require fewer graylevels at higher DPI to obtain the same subjective

image quality1, we are not aware of any published empirical data supporting this expectation.

The experiments I report in this paper were designed to investigate the relationship between the perception of image qual-
ity (inferred from preference judgements) and device addressability and grayscale.
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2.0 Experimental Method

2.1 Stimuli

Our empirical investigations of grayscale/resolution tradeoffs were conducted on a display apparatus capable of dis-

playing images up to 1200 DPI. (See Anthony and Farrell2 for a description ofthe optical display device.) We used the
1200 dpi display to present simulations oflower-resolution images (300 and 600 dpi) with varying grayscale capability.
But first, we conducted a control experiment to compare subjective judgements of displayed simulations of 200 dpi
grayscale images with subjective judgements of printed 200 dpi grayscale images. Figure 1 shows several different
versions of the image that was used in our experiments. To simulate lower resolution images, we downsampled a
2Kx2K 24 bit monochrome image. We halftoned this image using 2, 4, 8, 12, 16, 24, 32 and 256 levels of gray. We cal-
ibrated a 200 dpi thermal dye-diffusion printer to generate a tone correction table and used this table during the printing
process. To create the simulated 200 dpi images, we interpolated the image using a modified gaussian model of the

printed dot. We then gamma corrected the 1200 dpi display before displaying the images. (See Anthony and Farrell2 for
a more complete description of the calibration and halftoning process.)

Subjects were shown the printed and displayed images at two different times. In the printer condition, subjects were
asked to rank order the different grayscale images (2, 4, ... 256 levels at 200 dpi) from worst to best image quality. In
the display condition, subjects were shown pairwise combinations of the different grayscale images and asked to mdi-
cate which of the two images they preferred. Image quality ratings were obtained by summing the number of time sub-
jects preferred (or ranked) one image over the other.

Figure 1. Different grayscale versions of a 200 dpi resolution image. Number of graylevels increase from left to right.

Figure 2 shows the results from four subjects. The relationship between image quality scores and number of graylevels
is similar for both the printed and the displayed simulations. We concluded from this control experiment, that the dis-
played simulations were a reasonable approximation to the appearance of printed images.

Another interesting result from this experiment is that subjective image quality did not improve with increasing graylev-

els beyond 12 or 322. This is consistent with a finding reported by Gille et a!3 that visual discrimination performance
did not improve with increases beyond 16 levels/pixel. This indicates that image quality increases with increasing gray-
levels up to an asymptote of approximately 16 levels or 4 bits. An important caveat to this conclusion is that is that the

graylevels must be optimally selected. Anthony and Farrell2 found optimal results when graylevels were linearly
spaced in L*. This observation supports the widely-held belief that the human visual system responds linearly to log
luminance.
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Figure 2. Image quality scores plotted as a function of number of graylevels. These data are based on prefer-
ence judgements of images printed at 200DPIon a thermal dye sublimation printer and displayed simulations
of the 200 DPI images.

We used the 1200dpi display apparatus to present images (see Figure 1) at 300, 600 and 1200 DPI with 2, 4, 8, and 12
graylevels per pixel. The displayed images were halftoned with error diffusion, using graylevels equally spaced in L*.
We presented all pairwise comparisons of different versions of the same monochrome image (shown in Figure 1) obtained
by halftoning the image to 2, 4, 8 and 12 levels and displaying them with printer simulations of 300, 600 and 1200 DPI.
Over the course of several days, four subjects viewed pairwise comparisons in a random order of presentation such that
each pairwise comparison was presented at least 10 times. After each presentation, subjects were asked to indicate which
of the two presented images had the higher image quality.

2.2 Data Analysis

Typically, image quality judgements are multidimensional and cannot be ordered along a single dimension or factor4.
Although the same monochrome image (see Figure 1) was used for all combinations of grayscale and resolution, the
effects of grayscale quantization and variations in resolution may generate several types of image distortions that subjects
value or weight differently. A cursory factor analysis of the preference judgements supports the hypothesis that there was
only one significant factor or stimulus dimension influencing subjects' preference judgements. The factor analysis was
accomplished by a singular value decomposition of mean image quality ratings estimated by the number of times each

image was preferred over all other images5. The singular value decomposition derives orthogonal factors to account for
the variance in the estimated image quality ratings. Let R be a 12x4 matrix describing the estimated quality ratings for 12
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images and 4 subjects. The singular value decomposition finds an orthogonal basis set, Q, that when multiplied by a matrix
of subjects' weights, predict the matrix R. Since there are 4 subjects, we should be able to predict the data perfectly by 4
orthogonal basis vectors composing the 12x4 matrix Q. Figure 3 shows the percent variance accounted for by 3, 2 and 1
basis vectors. 98% of the variance is accounted for by only one factor, suggesting that the estimated image quality ratings
can be ordered along a single stimulus dimension.
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Figure 3. Ratings predicted by 1, 2, 3 or 4 factors plot as a function of empirical rating score.

The preference data for each subject is summarized by a preference matrix indicating the percentage of trials in which the
subject preferred an image with particular grayscale and resolution over another image with different grayscale and resolu-
tion. But the factor analysis throws information away by summing across the columns of the preference matrix. Silverstein

and Farrell6 described a statistical analysis of preference matrices that generates image quality values based on the assump-
tion that the preference judgements are determined by a single dimension of image quality. The difference in image quality
between any two images is estimated by the Z score of the percentage of time one image is preferred over the other. A one-
dimensional solution is found that minimizes the RMS error between the predicted and estimated distances. This method
uses distance estimates between all pairwise comparisons of images to derive one-dimensional quality values. For the data
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we report here, both methods for estimating image quality values (based on the columns of the preference matrix and the
full preference matrix, respectively) generate similar conclusions.

3.0 Results

Figure 4 shows the data averaged across four subjects. (The average data is a good representation of the data for each
individual subject.) In Figure 4a, the image quality score, averaged across the four subjects, is plotted as function of DPI
with number of graylevels as the parameter. In Figure 4b, the image quality score is plotted as a function of the number of
graylevels with DPI as the parameter. Figure 4b emphasizes the finding that image quality increases dramatically as one
increases the number of graylevels from 2 to 4. Image quality continues to increase with graylevels, though less rapidly,

until it asymptotes somewhere between 12 and 32 levels2. Figure 4a emphasizes the finding that image quality increases
with DPI and, again, we can see the dramatic difference in image quality between 2 and 4 graylevels at all DPI. From
these data we can characterize the tradeoff between DPI and number of graylevels. At low DPI, image quality increases
with bits of graylevels. At low bits of graylevel, image quality increases with DPI.
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4.0 Discussion

The data we report in this paper support the conclusion that there is a tradeoff between grayscale and resolution in the fol-
lowing sense: The minimum number of graylevels necessary to generate an image with "acceptable" photographic image
quality ("acceptable" in the sense that over 50% of the time, observers preferred this image) decreases from 8 levels at 300
dpi to 4 levels at 600 dpi. Conversely, the minimum dpi necessary to produce "acceptable" image quality decreases from
600 dpi with 4 levels to 300 dpi with 8 levels.



The image quality tradeoff between grayscale and resolution suggests to us that to optimize photographic image quality, it
is much wiser to dedicate bits to represent grayscale rather than dpi. Increasing the number of graylevels gives us more
quality for our bits rather than increasing DPI. Consider, for example, the 1200 DPI with 1 bit graylevel (binary) image.
This image, a 0.5243 megabyte file, was rated far below the 300 DPI image with 3 bits of gray, a 0.0983 megabyte file.
Clearly, if we want to get more image quality for the same amount of bits, we should spend them on graylevels. By
increasing the number of graylevels from 2 to 4, you can achieve a dramatic increase in image quality.

In the past, consumers have used dpi as a metric by which to judge the potential image quality of different printers. This
is a useful metric for evaluating the image quality of text. However, it is not a useful metric for evaluating the image qual-
ity of photographic images. Consumers would be better advised to inquire about the bits of grayscale/dot (bpd) when con-
sidering purchasing a printer optimized for photographic image quality.
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