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High-pPdelity image synthesis is the process of computing images that are perceptually indistinguishable from the real world
they are attempting to portray. Such a level of bdelity requires that the physical processes of materials and the behavior of
light are accurately simulated. Most computer graphics algorithms assume that light passes freely between surfaces within
an environment. However, in many applications, we also need to take into account how the light interacts with media, such
as dust, smoke, fog, etc., between the surfaces. The computational requirements for calculating the interaction of light with
such participating media are substantial. This process can take many hours and rendering effort is often spent on computing
parts of the scene that may not be perceived by the viewer. In this paper, we present a novel perceptual strategy for physically
based rendering of participating media. By using a combination of a saliency map with our new extinction map (X map), we can
signibcantly reduce rendering times for inhomogeneous media. The visual quality of the resulting images is validated using two
objective difference metrics and a subjective psychophysical experiment. Although the average pixel errors of these metric are
all less than 1%, the subjective validation indicates that the degradation in quality still is noticeable for certain scenes. We thus
introduce and validate a novel light map (L map) that accounts for salient features caused by multiple light scattering around
light sources.
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Fig. 7. Road scene rendering comparisons: (top) XSL map rendered image, (bottom left) zoomed in XS map rendered image,
(middle) gold standard, and (bottom right) zoomed in XSL map rendered image.

Two technigues were used to evaluate the visual quality of the selectively rendered stimuli. The brst
technique used two objective difference metrics to Pnd the percentage of pixels, which are in error (and
the average pixel error) between the gold standard stimuli and the stimuli selectively rendered using the
XS or XSL map. The second technique was undertaking subjective psychophysical validations. In these
validations, human subjects performed a two-alternative forced-choice (2AFC) preference experiment.
Our hypothesis in the experiments was that the participants would not be able to discern a difference
between the selectively rendered stimuli and the gold standard.

6.1 Objective Difference Metrics

The Prst metric used for comparing the differences were mean square error (MSE). A difference map
was generated using MSE, which then was averaged for all pixels. The second metric used was DalyOs
perceptually based visual differences predictor (VDP) [Daly 1993]. The VDP takes two images as input
and applies a model of human vision so that each image is represented visually. The VDP then generates
a difference map (per pixel) of the probability (P) that, at any given pixel in the image, a human observer
will perceive a difference between the two images.

We report the percentage of pixels for which the probability of detection between images is over
0.75. Myszkowski [1998] report that this is a standard threshold value for discrimination tasks. The
difference map was then averaged to obtain the error value for each image pair. Although the average
pixel error refers to a value, which is comparable between the different cases, it is not directly related
to the error-detection probability [Longhurst et al. 2005]. For example, the same average could refer to
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Fig. 8. Timing comparison for the four scenes between the reference gold standard solution and the image generated using the
XS map (and the XSL map for the road scene). Timings include the preprocessing step of the XS map and XSL map generation.

an imperceivable error throughout the image or a highly visible error in a specibc location [Longhurst
et al. 2005].

The MSE and VDP average percentage pixel error results can be seen in Table I. Both average pixel
error values were less than 1% for each of the four scenes using the XS map. Another way to display
the results are the percentage of pixel errors for each scene, as shown in Table Il. The percentage of
error pixels using VDP was 0.57% or less using the XS map. The percentage of MSE error pixels for the
balls A and balls B scenes were around 3%. For the Lucy and road scenes these increased to 8.5 and
50%, respectively. The MSE and VDP difference maps for the road scene using the XS map are shown
in Figure 10.

The error levels were also computed between the gold standard and the XSL map rendered image
for the road scene. The percentage of MSE error pixels was 45.16% and the average MSE error was
1.74%. The percentage of VDP error pixels for the same condition was 0.00% and the average pixel error
0.09%. These results show that the percentages of MSE and VDP error pixels are smaller compared to
the errors in the images rendered using the XS map, as shown in Table Il. Introducing the L map to
compute the resulting XSL map can lead to an increase in the average pixel error on a per scene basis,
as shown in Table I. This is because of the fact that more samples were computed near the light sources
whereas other areas of the image were subsampled as a result. The MSE and VDP difference maps for
the road scene using the XSL map are shown in the bottom left and right image of Figure 11.

6.2 Subjective 2AFC Experiments

Although objective visual quality metrics have been successfully used in the past to assess the pixel error
of selective-rendered stimuli [Longhurst et al. 2005; Debattista and Chalmers 2005], it is important
to validate the resulting images using subjective responses from human observers. Previous work has
shown that VDP responses could replace human judgments in evaluating progressive radiosity solution
convergence [Martens and Myszkowski 1998]. Even though the average pixel errors for all scenes were
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Fig. 14. Experimentresults for the road scene while comparing the XS and XSL map to the gold standard. Error bars representing
standard deviation.

Table IIl. Output for a Chi-Square Analysis

No Reference Reference
BALLS A 2(1,N = 24)= 2.67, p= 0.10 2(1,N = 24)= 2.67,p= 0.10
BALLS B 2(1,N=24)= 0,p= 1.00 2(1,N = 24)= 4.17,p= 0.04
LUCY 2(1,N = 24)= 2.67, p= 0.10 2(1, N = 24) = 10.67, p = 0.00
ROAD 2(1,N = 24)= 13.5, p= 0.00 2(1,N = 24) = 16.67, p = 0.00
ROAD XSL 2(1,N = 24)= 0.167, p = 0.683

was highly signibcant ( p < 0.05). In this scene, the participant could easily distinguish which of the
two was the degraded one.

When the participants had a reference image to compare the experiment images with, the result was
not signibcant only for the balls A scene ( p > 0.05). This indicates that the participants not were able to
correctly discriminate the gold standard from the two experimental images. For the balls B, Lucy, and
road scene, the results were statistically different and not what would be expected by chance ( p < 0.05).
From these three scenes it can be concluded that the participants did manage to correctly choose the
gold standard as most similar to the reference. These results from our Prst condition (no reference) are
promising and show that the XS map can be used to produce rendered images with a high perceptual
quality. The results from the second condition (reference) are also interesting since they indicate that
high perceptual results can be obtained, but it is not necessarily true to claim that the XS map can
produce images indistinguishable from a fully converged solution. Overall the results show that, for
certain scenes, the participants managed to distinguish the worse quality or the image most similar
to a reference. Both of these were true for the Road scene, in particular. The results presented in this
section extend previous work [Longhurst et al. 2005] by showing that a low average pixel error of 1% not
directly mean that an image will be indistinguishable from a gold standard. This shows the importance
of using human observers in the validation process of realistic image synthesis algorithms.

In the second experiment, the difference in proportion between correct/incorrect answers was not
signibcant, as shown in Table Ill. This indicates that the participants could not discern the differ-
ence between the gold standard and the selectively rendered stimuli created using the XSL map. By
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