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e Modeling grayscale error diffusion




Introduction

Need for Digital Imagdalftoning

« Examples of reduced grayscale/color resolution
— Laser and inkjet printer$9.3B revenue in 2001 in US)
— Facsimile machines
— Low-cost liquid crystal displays




Introduction

Conversion to One Bit Per Pixel: Spatial Domain




Introduction

Conversion to One Bit Per Pixel: Magnitude Spectra




Introduction

Need for Speed for Digital Halftoning

 Third-generation ultra high-speed printer (CMYK)
— 100 pages per minute, 600 lines per inch, 4800 dots/inch/line
— Qutput data rate of 7344 MB(8IDTV video is ~96 MB/s)
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Grayscale Halftoning

Screening (Masking) Methods

* Periodic array of thresholds smaller than image
— Spatial resampling leads to aliasing (gridding effect)
— Clustered dot screening is more resistant to ink spread
— Dispersed dot screening has higher spatial resolution
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Grayscale Halftoning

Grayscale Error Diffusion

e Shapequantization noise into high frequencies

« Design of error filter key to quality

e tt

2-D sigma-delta

modulation
[Anastassiou, 1989]




Grayscale Halftoning

Simple Noise Shaping Example

e Two-Dbit output device and four-bit input words
— Going from 4 bits down to 2 increases noise by ~ 12 dB
— Shaping eliminates noise at DC at expense of increased

output 4-bit resolution at DC!

device

Assume input = 1001 constant

|

If signal is in this band,
then you are better off




Grayscale Halftoning

Direct BinarySearch (lterative)

* Practical upper bound on halftone quality

e Minimize mean-squared error between lowpass
filtered versions of grayscale and halftone images




Grayscale Halftoning

Many Possible ContragensitivityFunctions

 Contrast at particular spatial
frequency for visibility
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Grayscale Halftoning
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Modeling Grayscale Error Diffusion

Floyd-Steinberg Grayscalérror Diffusion
(f‘.




Modeling Grayscale Error Diffusion

Modeling Grayscale Error Diffusion

e Goal: Model sharpening and noise shaping

» Sigma-delta modulation analysis QX

Linear gain model for quantizer in 1-D 255
[Ardalan and Paulos, 1988]

Signal Path

Noise Path




Modeling Grayscale Error Diffusion

Linear Gain Model for Quantizer

 Best linear fit for K, between quantizer inputu(i,j)
and halftone b(i,})

Image Floyd Stucki  Jarvis

SR CIT (S barbara | 201 | 362 | 3.76
a i

boats 1.98 4.28 4.93
lena 2.09 4.49 5.32
mandrill 2.03 3.38 3.45

Average 2.03 3.94 4.37




Modeling Grayscale Error Diffusion

Linear Gain Model for Error Diffusion

Quantizer B (Z) _ K
: i TF=—=—r=—s -~ +
@ T K -THE)

NTE=Ba@) 1o

Also, letK = 2 Pass low frequencies Highpass response
(Floyd-Steinberg) Enhance high frequencies (independent oK)




Modeling Grayscale Error Diffusion

Compensation of Sharpening

e Adjust by threshold modulation [Eschbach & Knox, 1991]
— Scale image by gaibh and add it to quantizer input
— ForL O (-1,0], higher value oL, lower the compensation




Modeling Grayscale Error Diffusion

Compensation of Sharpening

« Flatten signal transfer function [kite, Evans, Bovik, 2000]

Globally optimum value ot to compensate for sharpening of
signal components in halftone based on linear gain model




Modeling Grayscale Error Diffusion

Visual Quality Measuregite, Evans, Bovik, 2000]

e Impact of noise on human visual system

Signal-to-noise (SNR) measures appropriate when noise is
additive and signal independent
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Compression of Error Diffused Halftones

JointBi-Level Expertdsroup

o JBIG2 standard (Dec. 1999) < Lossy halftone compression

— Binary document printing, — Preserve local average gray
faxing, scanning, storage level not halftone
— Lossy and lossless coding — Periodicdescreening

Construct




JBIG2 Halftone Compression Model

e JBIG2 assumes that halftones were produced by a
small periodic screen

« Stochastic halftones are aperiodic
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Compression of Error Diffused Halftones

Lossy Compression of Error Diffused Halftones

- Proposed methOCtVaIIiappan, Evans, Tompkins, Kossentini, 1999]
— Reduce noise and artifacts
— Achieve higher compression ratios
— Low implementation complexity
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Compression of Error Diffused Halftones

Lossy Compression of Error Diffused Halftones

 Fast conversion of error diffused halftones to

screened halftones with rate-distortion tradeoffs
[Valliappan, Evans, Tompkins, Kossentini, 1999]
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Compression of Error Diffused Halftones

RateDistortion Tradeoffs
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Color Error Diffusion

Color Monitor Display Example (Palettization)

e YUV color space
— Luminance (Y) and chrominance (U,V) channels
— Widely used in video compression standards




Color Error Diffusion

Non-Separable Colarlalftoningfor Display

e |Input image has a vector of values at each pixel
(e.g. vector of red, green, and blue components)

Error filter has matrix-valued coefficients
Algorithm for adaptinc u(m)




Color Error Diffusion

Optimal Design othe Matrix-Valued ErrorFilter

e Develop matrix gain model with noise injectionn(m)

« Optimize error filter ﬁ(m)for shaping




Color Error Diffusion

Matrix Gain Model for theQuantizer

* Replace scalar gain w/ matrixX{pamera-vVenkata & Evans, 2001]

K , =argmin E?ﬂb(m)—,& u(m)HZ? & & -

bu ~uu




Color Error Diffusion

Linear Color Vision Model

o Pattern-color separable modelroirson and wandell, 1993]
— Forms the basis for Spatial CIELghang and Wandell, 1996]
— Pixel-based color transformation




Color Error Diffusion

Linear Color Vision Model

e Undo gamma correction on RGB image

e Color separation
— Measure power spectral distribution of RGB phosphor




Color Error Diffusion

Sample images and optimum
coefficients for SRGB monitor
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Color Error Diffusion

Generalized Linear Color Vision Model

e Separate image into channels/visual pathways
— Pixel based linear transformation of RGB into color space
— Spatial filtering based on HVS characteristics & color space




Color Error Diffusion

Color Spaces

e Desired characteristics
— Independent of display device
— Score well in perceptual uniformifyoynton color FAQ

Eye more sensitive to luminance

reduce chrominance bandwidt



Color Error Diffusion

Monitor Calibration

 How to calibrate monitor?
SRGB standard default RGB space by HP and Microsoft
Transformation based on an sRGB monitor (which is linear)




Color Error Diffusion

Spatial Filtering

e Opponentwandell, Zhang 1997
Data in each plane filtered by 2-D separable spatial kernels
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Color Error Diffusion

Subjective Testing

e Based onpaired comparison task
— Observer chooses halftone that looks closer to original
— Online at www.ece.utexas.edu/~vishal/cgi-bin/test.html




Conclusion

Color Error Diffusion

e Design of “optimal” color noise shaping filters

— We use the matrix gain mod@kmera-Venkata and Evans, 2001]
» Predicts sharpening
» Predicts shaped color halftone noise




Conclusion

Image Halftoning Toolbox 1.1

Criginal lIrmage Halftone Image b an Image:

e Grayscale and

color methods
:
Screening

Classical diffusion

Qu, Type
G

(% Thresholding
(" Deterministic Bit Flipping [DEF)

Type

™ Serpentine
Generate Halftone

Cloge

Figures of Merit

PSHR[E]  WSHR(dB) LDM il

6.80273 26,8463 092583 00234555

http://www.ece.utexas.edu/~bevans/projects/halftoning/toolbox
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Grayscale Halftoning

Problems with Error Diffusion

e Objectionable artifacts
— Scan order affects results
— “Worminess” visible in constant graylevel areas




Grayscale Halftoning

Correcting Artificial Texturegvarcu, 1999]

« False textures in shadow and highlight regions

e Place dot iIf minimum distance constraint iIs met
— Raster scan




Grayscale Halftoning

| Texturepvarcu, 1999]

ificia

Correcting Art




Grayscale Halftoning

Correcting Artificial Texturegvarcu, 1999]




Grayscale Halftoning

Direct Binary Search

e Advantages e Disadvantages

— Significantly improved — Computational cost and
halftone image quality over memory usage Is very
screening & error diffusion high in comparison to




Modeling Grayscale Error Diffusion

GrayscaleError Diffusion Analysis

e Sharpening caused by a correlated error image
[Knox, 1992]

Floyd-
Steinber



Modeling Grayscale Error Diffusion

Compensation of Sharpening

 Threshold modulation equalivent to prefiltering

— Pre-distortion becomes prefiltering with a finite impulse
response (FIR) filter with the transfer function




Compression of Error Diffused Halftones

Grayscale Visual Qualitileasures




Compression of Error Diffused Halftones

Grayscale Visual Quality Measures

o Estimate linear model by Wiener filter
* Weighted Signal to Noise Ratio (WSNR

WH5NR = 10log,, (

D u D |X(uav)0(u=t’)|2>
Zu ZU | D(u, v)Cu, v)|?

e Linear Distortion Measure
— Weight distortion by input spectrum(u , v) and CSFC(u , v)

Zu ZU 11— H{u,v)|| X (u, v)C(u,v)
Zu qu | X (u, v)C(u, )

LDM =




Compression of Error Diffused Halftones

Lossy Compression of Error Diffused Halftones

 Results for 512 x 512 Floyd-Steinberg Halftone

Prefilter L M N WSNR Ratio
X 0.0 17 15.4dB 6.1
0.0 17 16.5dB 7.5

0.5 17 16.0dB 6.4

1.5 17 14.8dB 5.2

0.5 19 18.7dB 6.6

0.5 33 15.7dB 8.2
0.5 16 14.0dB 9.9




Color Error Diffusion

Optimum Color Noise Shaping

e Vector color error diffusion halftone model
— We use the matrix gain mod@kmera-Venkata and Evans, 2001]
— Predicts signal frequency distortion
— Predicts shaped color halftone noise




Color Error Diffusion

Generalized Optimum Solution

 Differentiate scalar objective function for visual
noise shaping w/r to matrix-valued coefficients

2

diEl|b._(m

I




Color Error Diffusion

Generalized Optimum Solution (cont.)

« Differentiating and using linearity of expectation operator
give a generalization of the Yule-Walker equations

V' (9)V(q)h(p)F,, (-i —s+p +q)




Color Error Diffusion

Implementation of Vector Color Error Diffusion

(H.(2) Hy@) H,@)f
= (H ar (Z) H gg (Z) H gb(z)(

H(z)




Color Error Diffusion

Linear CIELab Space Transformation

[Flohr, Kolpatzik, R.Balasubramanian, Carrara, Bouman, Allebach, 1993]

e Linearized CIELab using HVS Model by
Yy=116 Y/Yn—-116 L = 116 f(Y/Yn) - 116
Cx = 200[X/Xn = Y/Yn] a = 200[ f(X/Xn) — f(Y/Yn)]
Cz =500 [Y/Yn - Z/Zn] b = 500[f(Y/Yn) — f(Z/Zn)]




Color Error Diffusion

Spatial Filtering

e Opponent[wandell, Zzhang 1997]
— Data in each plane filtered by 2-D separable spatial kernels
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Color Error Diffusion

Spatial filteringcontd...

e Spatial Filters for Linearized CIELab and YUV,YIQ based on:

Luminance frequency Response [ Nasanen and Sullivan — 1984]

W,y (P)=K(L)exp[-a(L)p]

P~

an(




Color Error Diffusion

Spatial filteringcontd..

Chrominance Frequency Response [Kolpatzik and Bouman — 1992]

Wi, c,)(P) = Aexp[-ap]

Using this chrominance response as opposed to same for both luminance and




Color Error Diffusion

Subjective Testing

e Binomial parameter estimation model

— Halftone generated by particular HVS model considered
superior If picked over another 60% or more of the time




