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Outline

e Digital halftoning
— Grayscale error diffusion halftoning
— Color eror diffusion halftoning

e Contribution #1: Matrix gain model for color error diffusion

e Contribution #2: Design of color error diffusion systems




Digital Halftoning
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Grayscale Error Diffusion
e Shape quantization noiseinto high frequencies
 Two-dimensional sigma-delta modulation

o Design of error filter iskey to high quality

difference threshold :
ﬂ ﬂ current pixel
u(m) c_
x(m) + < b(m)

G Error Diffusion




Modeling Grayscale Error Diffusion

e Sharpeningiscaused by a correlated error image [Knox, 1992]




Modeling Grayscale Error Diffusion

* Apply sgma-delta modulation analysisto two dimensions
— Linear gain model for quantizer in 1-D [Ardalan and Paulos, 1988]
— Linear gain model for grayscale image [Kite, Evans, Bovik, 2000]
— Signal transfer function (STF) and noise transfer function (NTF)
— 1—-H(2) ishighpass so H(z) islowpass

ore = Bol2) _ K, wm K, ug(m)




Vector Color Error Diffusion

e Error filter has matrix-valued coefficients

« Algorithm for adapting matrix coefficients
[Akarun, Yardimci, Cetin 1997]

difference threshold




Color Error Diffusion

 Open issues
— Modeling of color error diffusion in the frequency domain
— Designing robust fixed matrix-valued error filters
— Efficient implementation
— Linear model for the human visual system for color images

e Contributions




Contribution #1.;

The Matrix Gain Modd

* Replacescalar gain with a matrix

N N—"

K . =argmin Egb(m)- Au(m)’t=¢, c,*
A

K =T u(m) quantizer input
n— b(m) quantizer output

— Noiseis uncorrelated with signal component of quantizer input




Contribution #1: Matrix Gain Modd

How to Construct an Undistorted Halftone

o Prefilter with inverse of signal transfer function to obtain
undistorted halftone G(z) :[T + I:I(z)(K - T)]K -

* Prefilteringisequivalent to the following when L=K*-T

u(m)




Contribution #1: Matrix Gain Modd

Vaidation #1 by Constructing Undistorted Halftone

 Generatelinearly undistorted halftone

e Subtract original image from halftone

 Since halftone should be“undistorted”, theresidual should
be uncorrelated with the original




Contribution #1: Matrix Gain Modd

Validation #2 by Knox's Conjecture




Contribution #1: Matrix Gain Modd

Validation #3 by Distorting Original |mage

e Validation by constructing a

linearly distorted original

— Pass original image through
error diffusion with matrix
gain substituted for quantizer



Contribution #1: Matrix Gain Modé
Vaidation #4 by Noise Shaping

Noise processiserror image for an undistorted halftone
Use model noisetransfer function to compute noise spectrum

Subtract original image from modeled halftone and compute
actual noise spectrum

red error spactra green error spectra blue error spectra
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Contribution #2

Designing of the Error Filter

 Eliminatelinear distortion filtering before error diffusion
 Optimizeerror filter h(m) for noise shaping

min €[, ()] = £4v(m)* (- A(m))* n(m)
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ONC/

Subject to diffusion constraints




Contribution #2: Error Filter Design

Generalized Optimum Solution

« Differentiate scalar objective function for visual noise
shaping with respect to matrix-valued coefficients

e}, . - &

dh(i)

e Writethenorm asatrace and




Contribution #2: Error Filter Design

Generalized Optimum Solution (cont.)

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

a V&K, (-i- k)=a a a v&s)v(Q)h(P)r,,(-i- s+p+q)
k P g S

where




Contribution #2: Error Filter Design

Generalized Optimum Solution (cont.)

e Optimum solution obtained via stegpest descent algorithm

(NI)pey) =- Q V&K, (- i- k) +Q & a V&)V(Q)h(P)T,, (-i- s+p+0q)

k p q s

R (i) = RO ) - a{(®9) 000}




Contribution #2: Error Filter Design

Linear Color Vision Modéd

o Pattern-Color separable model [poirson and Wandell, 1993]
— Formsthe basis for S-CIEL ab [zhang and Wandell, 1996]
— Pixel-based color transformation
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Contribution #2: Error Filter Design

Linear Color Vision Modéd

e Undo gamma correction on RGB image

e Color separation

— Measure power spectral distribution of RGB phosphor
excitations

— Measure absorption rates of long, medium, short (LMS) cones
— Device dependent transformation C from RGB to LM S space
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Contribution #3

Block Error Diffusion

e |nput grayscaleimageis‘blocked”

 Error filter usesall samplesfrom neighboring blocks and
diffusesan error block

difference threshold

ﬂ u(m) ﬂ




Contribution #3: Block Error Diffusion

Block Interpretation of Vector Error Diffusion

pixel block mask
/

h(m)




Contribution #3: Block Error Diffusion

Block FM Halftoning

 Why not “block” standard error diffusion output?
— Spatia aliasing problem
— Blurred appearance due to prefiltering

o Solution
— Control dot shape using block error diffusion
— Extend conventional error diffusion in anatural w




Contribution #3: Block Error Diffusion

Block FM Halftoning Error Filter Design

o Start with conventional error filter prototype
._é1 5 3 74y

““&6 16 16 16f
« Form block error filter as Kronecker product

G=3AD D diffusion matrix




Contribution #3: Block Error Diffusion

Block FM Halftoning Error Filter Design

« FM nature of algorithm
controlled by scalar filter
prototype

e Diffusion matrix decides
distribution of error within
a block
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Contribution #3: Block Error Diffusion

Block FM Halftoning Results

Vector error diffusion with diffusion matrix

Isthe block size
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Contribution #3: Block Error Diffusion

Block FM Halftoning with Arbitrary Shapes




Contribution #3: Block Error Diffusion

Embedded Multiresolution Halftoning

e Only involvesdesigning the diffusion matrix
— FM Halftones when downsampled are also FM halftones




Contribution #3: Block Error Diffusion

Embedded Halftoning Results




Contributions

e Matrix gain model for vector color error diffusion
— Eliminated linear distortion by pre-filtering
— Validated model in three other ways

« Model based error filter design for a calibrated device

e Block error diffusion
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Submitted Halftoning Work in Dissertation
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Types of Halftoning Algorithms

 AM halftoning
— Vary dot size according to underlying graylevel

— Clustered dot dither isatypical example (laserjet printers)

 FM halftoning
— Vary dot frequency according to underlying graylevel




Designing Error Filter in Scalar Error Diffusion

 Floyd-Steinbergerror filter [Floyd and Steinberg, 1975]

 Optimize weighted error

— Assume error image is white noise [Kolpatzik and Bouman, 1992]

— Use statistics of error image [ Wong and Allebach, 1997]




Contribution #3: Block Error Diffusion

FM Halftoning with Arbitrary Dot Shape

Input pixel
block

No minority Yes

C e

Quantize as usua Quantize with




Contribution #3: Block Error Diffusion

AM-FM Halftoning with User-controlled Dot Shape

Input pixel
block

No minority Yes .
Quantize with

Pixel block?
T dither marix

Quantize as usual




Contribution #3: Block Error Diffusion

AM-FM Halftoning with User-controlled Dot Size

g(m) |+
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x(m) u(m) v — b(m)
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Contribution #3

AM-FM Halftoning Results




Contribution #3: Block Error Diffusion

Block FM Halftoning with Sharpness Control

x(m) u(m) — b(m)
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Contribution #3: Block Error Diffusion

Block FM Halftoning with Sharpness Control




Contribution #3: Block Error Diffusion

Diffusion Matrix for Embedding
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Optimum Filter



Contribution #4:

|mplementation of Vector Color Error Diffusion

_ éﬂ_ rr (Z) N rg (Z) Ty (2)9
H (Z) = QI_ gr (Z) g (Z) oo (Z)_
EHy(2) Hy(2) Hy(2)g




Contribution #4:

|mplementation of Block Error Diffusion




