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Introduction

Human Visual System Modeling

 Contrast at particular spatial
frequency for visibility
— Bandpass: non-dim
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---  Modified ||
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Introduction

Grayscale Error Diffusioidalftoning

* Nonlinear feedback system

e Shape guantization noise into high
frequencies




Analysis and Modeling

Analysis of ErrorDiffusion |

 Error diffusion as 2-D sigma-delta modulation
[Anastassiou, 1989] [Bernard, 1991]

e Error image [knox, 1992]




Analysis and Modeling

Example: Rolef Error Image

e Sharpening proportional to correlation between
error image and input image [knox, 1992]
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Analysis and Modeling

Analysis of ErrorDiffusion ||

e Limit cycle behavior [Fan & Eschbach, 1993]

— For a limit cycle pattern, quantified likelihood of occurrence
for given constant input as function of filter weights

— Reduced likelihood of limit cycle patterns by changing filter




Analysis and Modeling

Linear Gain Model foilQuantizer

« Extend sigma-delta modulation analysis to 2-D
— Linear gain model for quantizer in 14@rdalan and Paulos, 1988]

— Linear gain model for grayscale imag@e, Evans, Bovik, 1997]
ug(m) K uy(m)

Signal Path

Noise Path




Analysis and Modeling

Linear Gain Model foilQuantizer
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Analysis and Modeling

Linear Gain Model foilQuantizer

» Best linear fit for K between quantizer inputu(m)

and halftone b(m)
Image Floyd Stucki  Jarvis

K, =argmin > (au(m)-b(m))" IEEEEEE 3.62  3.76

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




Analysis and Modeling

Visual Quality Measuregite, Evans &Bovik, 2000]

» Sharpening: proportional to K,
Value of K Floyd Steinberg < Stucki < Jarvis

* Impact of noise on human visual system




Enhancements

Enhancements |: Errd¥ilter Design

* Longer error filters reduce directional artifacts
[Jarvis, Judice & Ninke, 1976] [Stucki, 1981] [Shiau & Fan, 1996]

o Fixed error filter design: minimize mean-squared




Enhancements

Example: Tondependent Error Diffusion

Tone dependent threshold

e Train error diffusion gy
weights and threshold J

modulation x(m) —(+) b(m)
[Li & Allebach, 2002] -




Enhancements

Enhancements lI: Controllin4rtifacts

e Sharpness control
— Edge enhancement error diffusi@schbach & Knox, 1991]
— Linear frequency distortion remoMalte, Evans & Bovik 1991]




Enhancements

Example: Sharpne<sontrolin Error Diffusion

o Adjust by threshold modulation [Eschbach & Knox, 1991]
— Scale image by gaibh and add it to quantizer input
— Low complexity: one multiplication, one addition per pixel




Enhancements

Results

Original




Enhancements

Enhancements lll; Clusterdabt Error Diffusion

e Feedback output to quantizer input [Levien, 1993

e Dot to dot error diffusion [Fan, 1993]
— Apply clustered dot screen on block and diffuse error




Enhancements

Example #1: Greehloise Error Diffusion

e Output fed back to quantizer input [Levien, 1993]
— GainG controls coarseness of dot clusters
— Hysteresis filtef affects dot cluster shape




Enhancements

Example #2: Bloclerror Diffusion

* Process a pixel-block using a multifilter
[Damera-Venkata & Evans, 2001]

— FM nature controlled by scalar filter prototype
— Diffusion matrix decides distribution of error in block




Enhancements
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Color Error Diffusion

Color Monitor Display ExampleRalettizatio

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




Color Error Diffusion

VectorQuantizatiorbut Separable Filtering

e Minimum Brightness Variation Criterion (MBVC)
[Shaked, Arad, Fitzhugh & Sobel, 1996]

— Limit number of output colors to reduce luminance variation
— Efficient tree-based quantization to render best color among







Color Error Diffusion

Non-Separable Coladralftoningfor 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 adapting X(m) + um) b(m)




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? & & -
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Color Error Diffusion

Linear Color Vision Model

e Undo gamma correction to map to sRGB

o Pattern-color separable modelpoirson & wandell, 1993]
— Forms the basis for Spatial CIELghang & Wandell, 1996]







Color Error Diffusion

EvaluatingLinear Vision Models
[Monga, Geisler & Evans, 2003]

* An objective measure Is the improvement in noise
shaping over separable Floyd-Steinberg

e Subjective testing based omaired comparison task
— Observer chooses halftone that looks closer to original
— Online at www.ece.utexas.edu/~vishal/cgi-bin/test.ntml




Color Error Diffusion

Subjective Testing

e Binomial parameter estimation model

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

— Need 960 paired comparison of each model to determine




UT Austin Halftoning Toolbox 1.1 for MATLAB

Grayscale & color halftoning methods
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Selected Open Problems

e Analysis and modeling

— Find less restrictive sufficient conditions for stability of
color vector error filters
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Introduction

Need for Digital Imagdalftoning

« Examples of reduced grayscale/color resolution
— Laser and inkjet printers

— Facsimile machines

— Low-cost liquid crystal displays




Introduction

Screening (Masking) Methods

* Periodic array of thresholds smaller than image
— Spatial resampling leads to aliasing (gridding effect)

— Clustered dot screening produces a coarse image that is
more resistant to printer defects such as ink spread

R ARy S
Mt

Clustered-dot Dispersed-dot
screen screen




Introduction

Basic Grayscale Error Diffusion




Analysis and Modeling

Compensation for Frequency Distortion

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

1-K,

L= ( LO(-10] sinceK_ >1

S




Enhancements

Block FM Halftoning Error Filter Design

 FM nature of algorithm
controlled by scalar filter
prototype

e Diffusion matrix decides
distribution of error within a
lock




Color Error Diffusion

Linear Color Vision Model

e Undo gamma correction on RGB image

» Color separation [pamera-Venkata & Evans, 2001]
— Measure power spectral distribution of RGB phosphor




Color Error Diffusion

Designing the Error Filter

 Eliminate linear distortion filtering before error
diffusion

e Optimize error filter h(m) for noise shaping




Color Error Diffusion

Generalized Optimum Solution

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

Linear CIELab Spacelransformation

[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/Zzn)]




Color Error Diffusion

Spatial Filtering

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

SpatialFiltering

« 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

SpatialFiltering

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

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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