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ABSTRA CT

Halftones are in tended to pro duce the illusion of con tin uous images from binary output states, so the visibilit y of

undesired halftone textures is an essen tial qualit y factor of halftone patterns. W e prop ose a metric to predict the

visibilit y of color halftone textures. The metric utilizes the h uman visual threshold function and con trast sensitivit y

functions (CSF) of luminance and c
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(2) A t middle in tensit y lev els, the curv e has a slop e of 1/2. On log-log scale, the slop e of 1/2 means that the

threshold is related to bac kground in tensit y as:

� I

I

1 =2

0

= cons:; (2)

where � I denotes the threshold and I

0

denotes the bac kground in tensit y . The 1/2 log-log relationship is also called

de V ries-Rose la w or square ro ot la w b ecause the threshold is a constan t fraction of the square ro ot of the bac kground

illuminance. A theoretical equation can b e deriv ed to explain this relationship b y mo deling the n um b er of photons

absorb ed b y the photoreceptors in the retina as a random v ariable with P oisson distribution.



3.3. HVS mo del for ac hromatic and c hromatic gratings

The form ula of the HVS mo del for luminance H l ( r ) used in this pap er is the form ula published b y Sulliv an et al .
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The form ula of the HVS mo del for c hrominance H c ( r ) is a mo di�ed luminance mo del according to c hromatic and

ac hromatic con trast sensitivities. The t w o form ulae are expressed b y the follo wing equations, resp ectiv ely:

H l ( f r ) = 2 : 2(0 : 192 + 0 : 114 f r ) exp( �(0 : 114 f r )

1 :1

) ; and (4)

H c ( f r ) =

�
1 : 98(0 : 192 + 0 : 342 f r ) exp( �(0 : 342 f r )

1 :1

) if f r > f max

0 : 9 otherwise :

(5)

The unit of f r in Equations 4 and 5 is cycle/degree. In order to con v ert the discrete frequency to frequency in

cycle/degree, the kno wledge of the viewing distance d (unit: inc h) and prin t resolution P is required. Assuming that

the supp ort of the DFT of the image is N x N , and that ( k ; l ) is the p osition in frequency domain, then f k and f l

can b e calculated b y:

f k =

� k dP
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Figure 2. Illustration of CSF of luminance and c hrominance

2. Con v ert the represen tation in device R GB space to device indep enden t XYZ space. The con v ersion w as

implemen ted b y the matrix op eration: 0
@ X

Y

Z

1
A

= T �

0
@ R

G

B

1
A

; (11)

where T is de�ned in Equation 20 and it w as obtained from the monitor c haracterization.

3. The image represen ted in XYZ space w as separated to one ac hromatic image y ( m; n ) (the luminance c hannels)

and t w o c hromatic images o

1

( m; n ) (red-green) and o

2

( m; n ) (y ello w-blue). The metho d to separate the three c hannels

w as based on Equation 12. The Y comp onen t represen ts the white-blac k ( w � k ) of the image. The t w o c hrominance,

red-green ( r � g ) and y ello w-blue ( y � b ) can b e represen ted b y:
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w � k = Y

r �



8. If sign

0

> 0 then assign d

1

= 2 � d

0

, or if sign

0

< 0, then assign d

1

= 0 : 5 � d

0

. Calculate the STD

1

of image

when b eing observ ed at distance d

1

and sign

1

based on the Equation 14.

9. If sign

0

= sign

1

, then assign STD

0

= STD

1

and d

0

= d

1

. Go bac k to step 7. Otherwise, con tin ue. The distance

whic h cause just noticeable di�erence is somewhere b et w een d

0

and d

1

.

10. Assign d

2

= ( d

0

+ d

1

) = 2, and calculate STD

2

and sign

2

according to Equation 14.

11. If sign

2

=sign

1

, then assign d

1

= d

2

, or if sign

2

=sign

0

, then assign d

0

= d

2

, If jd

0

� d

1

j > d min , then go bac k

to step 10, otherwise stop and return the distance ( d

0

+ d

1

) = 2 as the predicted distance.
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Figure 3. The o w c hart to calculate the critical distance.

The metho d of calculating the error of the observ ed image is outlined b elo w:

1. Calculate the h uman visual resp onse of luminance and c hrominance, and map the con tin uous frequencies to

the discrete frequency domain at curren t distance using Equations 6 and 7.

2. Obtain the discrete F ourier transform Y ( k ; l ), O

1

( k ; l ) and O

2

( k ; l ) of y ( m; n ), o

1

( m; n ) and o

2

( m; n ), resp ec-

tiv ely . Apply the corresp onding �lters to the images in F ourier domain.

Y

0
( k ; l ) = Y ( k ; l ) 
 H l ( k ; l ) (15)

O

0

1

( k ; l ) = O

1

( k ; l ) 
 H c ( k ; l ) (16)

O

0

2

( k ; l ) = O

2

( k ; l ) 
 H c ( k ; l ) (17)

where the sym b ol " 
" is the elemen t m ultiplication op erator.

3. T ak



4. Find the summation of the standard deviation of the three images.

S T D = std ( y

0
) + std ( o

0

1

) + std ( o

0

2

) ; (18)

where STD is the observ ed error of the image.

The standard deviation of the images w as used as the a v erage of the incremen tal of the in tensit y against the

uniform bac kground. F or most halftone patterns the std ( y

0
) is m uc h larger than std ( o

0

1

) and std ( o

0

2

), so if the

total error is calculated b y treating them as orthogonal v ectors, the e�ect of the c hrominance will b e v ery little.

Ho w ev er, the exp erimen t sho w ed that this w as not true. So a complete summation is used to calculate the o v erall

v ariations of the luminance and the t w o c hrominance c hannels. Kaiser and Bo yn ton ha v e discussed the issue of the

in teraction b et w een the opp onen t color c hannels
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(Chapter 8, pp. 328-330) and they sp eci�ed the empirical rule for

the in teraction as:

F = [ jr � g jn + jy � b jn ]

1 =n
; (19)

When n = 1, the in teraction is the summation of the t w o c hannels. This is the rule w e applied in the calculation of

total errors.

5. EXPERIMENT

In this section, w e in tro duce an exp erimen t to determine the visibilit y of halftone patterns sub jectiv ely . As explained

in Section 1, w e will examine the critical viewing conditions that cause marginal p erception. Since con tin uously





T able 1. Mean results of all the observ ers. The unit of the distances in the table is feet.

pattern dot-on-dot dot-o�-dot error di�usion Ba y er

15% gra y 18.9 16.4 13.1 13.7

25% gra y 18.3 16.7 15.2 7.07

35% gra y 16.1 15.0 12.2 15.6

50% gra y 16.3 14.1 13.4 4.75

65% gra y 14.3 13.4 12.4 12.1

75% gra y 13.8 13.2 11.3 7.47

85% gra y 13.6 11.5 10.1 15.1

15% blue 16.8 16.2 12.7 18.0

25% blue 16.7 16.3 13.0 15.9

35% blue 16.5 15.4 12.8 17.2

50% blue 14.3 14.6 11.1 16.0

65% blue 13.9 12.9 11.1 14.3

75% blue 12.9 12.5 10.2 15.9

15% skin 16.7 16.5 13.0 19.5

25% skin 16.1 15.9 12.6 13.8

35% skin 15.9 14.9 13.0 14.3

50% skin 15.7 14.6 9.98 16.0

65% skin 14.7 13.0 11.1 12.0

75% skin 13.0 13.2 11.0 16.3

15% green 16.6 15.0 15.5 17.1

25% green 15.4 16.2 14.8 16.4

35% green 16.1 15.2 11.2 17.6

50% green 14.3 14.0 10.6 15.4

65% green 14.3 12.7 11.0 13.8

75% green 13.2 11.9 11.9 15.1
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Figure 6. Av erageandstandarddeviationoftheexperimen



practically eliminated. In general, it is inadequate to mo del the p erception of color halftone patc hes with luminance

only , so scalar summation is c hosen in our mo del. F or image qualit y metrics, there are other tec hniques to ev aluate

the o v erall error from all the c hannels according to the sp eci�c applications. F or example, Daly emplo y ed the metho d

of probabilit y summation to calculate the o v erall inuence of errors from all the bands in the algorithm of visible

di�erences predictor.

20

6.2. The application of the metric

This exp erimen t is not in tended to study the strict conditions of visual threshold function for halftone patterns. It

emphasizes that whether the metric dev elop ed b y this mo del can faithfully represen t the texture visibilit y of color

halftone patterns. The in tensit y lev els tested in this exp erimen t w ere from ab out 8cd/m

2

to 50cd/m

2

. F or hardcop y

prin ts illuminated b y t ypical o�ce ligh ts, the luminance ma y b e b ey ond the range tested using the CR T displa y . F or

in tensit y higher than 50cd/m

2

or lo w er than 8cd/m

2

, the v alidit y of de V ries-Rose la w is not v eri�ed, nor guaran teed.

Our suggestion is to use a smo othly c hanged threshold function that com bines the de V ries-Rose la w and W eb er's la w

when necessary . Ho w ev er, for a small dynamic range, e.g. from 50cd/m

2

to 70cd/m

2

, the di�erence of the thresholds

determined b y de V ries-Rose' la w and b y W eb er's la w is not signi�can t, so the de V ries-Rose' la w can b e extended

to the application at higher in tensit y lev els than 50cd/m

2

.

One implication of the metric is the a halftone pattern at lo w gra y lev el (blac k is the ma jorit y pixels) is more

visible than a halftone pattern at high gra y lev el (white is the ma jorit y pixels) ev en if they are mo dulated b y the

same noise pattern. This e�ect is ob vious for the patterns at highligh t or shado w lev els, but not for the patterns

at middle lev els. This is due to the reason that the a v erage in tensit y of a dark pattern is smaller than that of a

ligh t pattern, so the corresp onding threshold of the dark pattern is smaller than that of the ligh t pattern. In a 256

lev els gra y scale halftoning, it is quite often to clip the lev els b elo w 16 to 0, and to clip the lev els ab o v e 240 to 255.

According to this metric, it is applicable to clip more lev els to 0 at lo w lev els, whereas to clip less lev els to 255 at
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