78 Error Diffusion: Wavefront Traversal and Contrast Considerations

Avi C. Naiman and David T. W. Lam Department of Computer Science Hong Kong University of Science and Technology Clear Water Bay, Kowloon, Hong Kong

Phone: +852 2358-6997 Fax: +852 2358-1477 e-mail: avi@cs.ust.hk and dada@cs.ust.hk

Abstract

Error diffusion algorithms are used widely to halftone grayscale images. We present three enhancements to the standard approach: wavefront traversal of the pixels, error weights based on the distances to a pixel’s neighbors and contrast considerations in determining error weights dynamically. The novel algorithm is demonstrated to yield improved detail over standard and serpentine error diffusion and to provide greater control over the contrast in the halftone image.

Keywords: Error Diffusion, Halftoning, Wavefront, Contrast.

Introduction

When grayscale images are to be displayed on black and white devices, a set of pixels must be generated that optimizes the image quality. To compute the optimal bilevel image, information about the display technology, the human visual system and the intended viewing environment are necessary. Unfortunately, we do not yet know all of the factors that play roles in human perception and image formation, nor do we have quantitative metrics that correlate well with subjective image quality.

In the meantime, a variety of algorithms for halftoning grayscale images for bilevel presentation have been developed, and trial and error has led to substantial image quality improvements over the past few years. Major classes of halftoning algorithms include ordered dither, dot diffusion, bluenoise masking, iterative search and error diffusion, as well as interesting combinations of these. For summaries and pointers to the original literature on the various techniques, see [Geist et al. 93, Jarvis et al. 76, Knox 90, Knox 94, Ulichney 88]. Recent work has included attempts to take the human visual system into account [Lin 93, Mitsa et al. 93, Mulligan and Ahumada 92, Ostromoukhov et al. 94, Sullivan et al. 93] as well as to model the display technology in use [Lin and Wiseman 93, Pappas et al. 93, Rosenberg 93]. Here, we focus on improvements to the error diffusion algorithm, originally introduced in [Floyd and Steinberg 76] and improved upon by numerous researchers (see summaries above).

Binarization – the process of turning a grayscale pixel into either a black or white one – generates an error term for any pixels that were not originally black or white. The goal in error diffusion is to minimize inaccuracies in local mean luminance, by distributing the errors to neighboring pixels that have yet to be binarized.

For each pixel in an image, error diffusion involves the steps of:

• choosing a threshold value for binarization (the threshold is often fixed at 0.5, but adaptive thresholding has been introduced to take into consideration the most-recent binary outputs and/or to enhance edges; see, for example, [Billotet-Hoffman and Bryngdahl 83, Eschbach and Knox 91, Fawcett and Schrack 86, Knox and Eschbach 93]);

• diffusing the error to a set of neighboring pixels, by use of (predetermined) weights ([Eschbach 93, Floyd and Steinberg 76, Fawcett and Schrack 86]); and • choosing the next pixel to process (see [Witten and Neal 82, Velho and Gomes 91, Zhang and Webber 93]).

We report here a novel technique to generate weights dynamically, with a predetermined component based on a neighbor’s distance from the diffusing pixel as well as a dynamically-computed component based on the contrast between the two pixels.

Graphics Interface ´96

79 We also introduce a novel traversal of the pixels designed to propagate errors outward from the center of an image, pushing all of the undiffused errors to the perimeter.

Error Diffusion: Radially-Symmetric Weights In the error diffusion approach to halftoning, each pixel’s gray value, G(P) (in the range [0.0–1.0]) is binarized by comparing it with a threshold – typically 0.5 – to determine whether to set the output pixel at that location to 0 (black) or 1 (white), B(P) . The error that this step incurs is E(P) = G(P)–B(P), which is then diffused to its neighbors. The goal is to preserve the mean luminance in any localized region, by including any ‘missing’ luminance and removing any ‘added’ luminance.

A pixel’s error, E(P), must be divided amongst its neighbors that have not yet been binarized. Determining how to split up this error has, in general, been based on trial and error, rather than any principled approach (see, for example, [Floyd and Steinberg 76]). We propose that the error should be diffused in a radially-symmetric fashion, with each of the active neighbors (i.e., those that have not yet been binarized) receiving a proportion of the error that is determined by taking the physical layout of the output raster into consideration.

Fig. 1 demonstrates this concept for determining the amount of error – or weight – for each of a pixel P’s neighbors. Here we assume that the output device’s raster grid is rectilinear and its pixels are square and abutting, and we consider diffusing a pixel’s error only to its 8 immediately-adjacent neighbors. The circle shown represents the area of diffusion that maximizes coverage of the neighbors’ pixels without extending beyond their extents. The gray areas delineate the portions of the neighboring pixels that are covered by the circle, and the percentages superimposed on the gray areas indicate the relative proportions of error that each neighbor should receive, assuming all 8 neighbors have yet to be binarized. When only a subset of the neighbors are to be considered, these proportions must be normalized, in order to diffuse 100% of the error. The appropriate (normalized) weights are also shown for the case when only the 3 neighbors to the bottomright of the pixel are active.

Wavefront Error Diffusion

A fundamental issue for any error diffusion algorithm is the order in which pixels are traversed.

9 % 16 %

16 % P 9 %

16 %

16 %

9 % 9 %

9 / ( 9 + 16 + 16 ) = 22%

16 / ( 9 + 16 + 16 ) = 39%

16 / ( 9 + 16 + 16 ) = 39%

Figure 1: Radially-Symmetric Weights.

�^{Figure 2: Wavefront Error Diffusion Traversal Order.}

Figure 3: Original Grayscale Image.

Figure 4: Row-First Wavefront Error Diffusion.

Figure 5: Random Starting Positions Within Rings.

9/59 9/509/50 9/50

16/50

9/59 9/599/50

0.74 0.92 0.97 1.00

16/50

16/50

0.74_{16/50}

9/50

9/50

9/50 9/59

9/50 P 16/59 16/50

16/59 9/509/59 9/59 0 16/59 16/50 9/50

16/59

1.001.00

0.970.92

16/50 16/50 16/50 16/50

16/50

16/50

16/50

16/50 7 P_1 P^2P^3 P 6P 5P 4P Figure 6: Shortfall in Error Accumulation Near Corners.

0 7 1 6 0 30

0 3 0 1

2 4 5 6 0 6

Figure 7: Radially-Symmetric Weights and Compensation at Corners.

Figure 8: Serpentine Error Diffusion.

j j j mean j=1 n j jj meanj mean mean

Figure 9: Weights Computed Based on Contrast.

Figure 10: Added Minimum Contrast: 0.01 / 256.

min j minj min min

Figure 11: Added Minimum Contrast: 100 / 256.

Figure 12: Avoiding Contrast Reversals.

min j j