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Abstract. Scanner, as a component of multifunction peripheral or
standalone device, is widely utilized for document scanning and copying.
There are various image quality attributes affecting performance of
scanners. This article is focused on quantitative evaluation of color fringe
on scanned images. Based on results of interview with participants in
human visual experiments, major attributes affecting perceived degrees
of color fringe are selected first. Formulas for selected attributes are
defined. Proposed evaluation model is constructed as a linear combina-
tion of selected attributes by applying linear regression to values of cal-
culated attributes and just noticeable difference scores by human visual
experiments. Experimental results indicate that the calculated measures
from the proposed model faithfully match with results of human visual
experiments. VC 2012 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2012.56.1.010505]

INTRODUCTION
Digital copiers or multifunction peripherals have been widely

utilized for document scanning, printing, and copying. Most

of them contain flatbed scanner unit for digital image acquisi-

tion. Quality of scanned images is majorly determined by per-

formance of an embedded scanning unit. Also, image quality

of copying function is affected by performance of scanning

and printing imaging chain. With increase in spatial resolu-

tion, flatbed scanner can be utilized as a measurement device.

For example, feasibility of utilizing flatbed scanners as meas-

uring devices for quality evaluation of printed images has

been studied.1–6 Flatbed scanner is cost-effective and faster

than conventional drum scanner and microdensitometer. In

order to employ flatbed scanner as a measuring device, its

performance needs to be characterized and compensated.

Various techniques have been proposed to improve

image quality of scanning and copying. However, works on

quantitative analysis of the scanned image quality are

scarce.3–9 Comprehensive evaluation methods for scanner

image quality attributes can be found in previous work.3

Image quality attributes for scanners include tone scale,

temporal and spatial uniformity, start-of-scan jitter, geo-

metric distortion, signal-to-noise ratio, dynamic range,

modulation transfer function, flare, and integrating cavity

effect.3 This article is focused on quantitative evaluation for

color fringe that is not fully investigated in previous works.

Color fringe is defined as undesirable color artifacts

appearing on the edges of objects. It is mainly due to sensor

misalignment, nonuniformity of scanner carriage motion,

and optical aberration.9 Previous works on the characteriza-

tion of color fringe are rare. As a related work, the measure-

ment of color fringe on the image captured by digital camera

is proposed.10 Two types of color fringe are defined: blue

and red fringes. In order to measure perceived color fringe,

two attributes, “size of fringe” and “intensity of fringe,” are

proposed.10 They are measured across the black-and-white

transition on the images specified by ISO 12233.11 Size of

fringe is defined as the number of pixels, whose normalized

gray level difference between blue/red and green channels

exceeds the predetermined threshold. Intensity of fringe was

defined as the average value of the normalized differences.

However, the relationship between these measures and the

perceived degree of color fringe is not reported.10

Objective of this article is to propose a quantitative

evaluation model for color fringe on scanned images. Pre-

liminary human visual experiments are performed to iden-

tify major attributes affecting perceived degrees of color

fringe. Based on interview with participants in human vis-

ual experiments, four different attributes are selected. For-

mulas for the selected attributes are defined. Proposed

evaluation model is constructed as a linear combination of

the attributes by applying linear regression to values of the

calculated attributes and the just noticeable difference

(JND) scores obtained by human visual experiments. Per-

formance of the proposed model is verified using testing

images that are not utilized for the model construction. Ex-

perimental results indicate that the calculated measures by

the proposed model faithfully match with results of human

visual experiments.

In “Attributes for Color Fringe Evaluation” section,

the selected attributes to describe perceived degrees of color

fringe and their formulation are explained. In “Color

Fringe Evaluation Model” section, construction of the pro-

posed evaluation model is presented. In next section,

“Experimental Results” are discussed. Finally, conclusion is

addressed in “Conclusion” section.

ATTRIBUTES FOR COLOR FRINGE EVALUATION

Identification of Key Attributes

Test pattern utilized in this study consists of equally spaced

solid black rectangles on white background as shown in

Figure 1. It is a portion of a test chart specially designed for
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image quality evaluation of scanners. The test chart was

made by off-set printing. Figure 2 shows examples of

scanned images. Size of scanned images is quadrupled for

ease of comparison. Figs. 2(a) and 2(b) represent examples

with and without color fringe, respectively. In Fig. 2(c),

black rectangles of the test pattern exhibit chromatic colors.

However, they may be due to inadequate gray balancing

and=or color correction procedures. Thus, the image in Fig.

2(c) is not regarded as a sample with color fringe. Figure 3

illustrates variations of the lightness and chroma along ver-

tical direction of the images in Fig. 2. In Fig. 3(a), peaks of

chroma represent color fringe and they are located at the

borders of the black rectangles. However, peaks of chroma

are located in the middle of the black rectangles in Fig.

3(c).

Preliminary human visual experiments are performed

to identify major attributes affecting perceived color fringe.

Participants are asked to choose the image with greater visi-

bility of color fringe in a paired comparison and provide

reasons for their choices. In addition to size of fringe and

intensity of fringe proposed in previous work,10 “relative

lightness of background” and “variety in hue” are identified

based on interview with the participants. As contrast

between black rectangle and background increases, visibil-

ity of color fringe is decreased. However, diversity of hue

enhances visibility of color fringe. Also, higher values of

chroma and wider width of color fringe increase the

visibility.

Color Fringe Extraction

In order to quantify four attributes, a scanned image is seg-

mented into three subareas; color fringe, object, and back-

ground. Figure 4 shows flow chart of the color fringe

extraction method utilized in this article. The standard

sRGB to L*a*b* coordinates transformation matrix speci-

fied in IEC61966-2-112 is utilized to convert scanner RGB

coordinates to L*a*b*. For each of horizontal lines, the av-

erage values of L*, a*, and b* are calculated. A thresholding

method based on the discriminant analysis technique13 is

applied to the averaged values of L* to extract the areas of

objects. Lines containing color fringe are extracted when

they obey the following three conditions: First, the lines of

color fringe should be located on the boundary of the black

rectangles. Thus, the averaged L* of the lines of color fringe

should be greater than the averaged L* of objects and

smaller than the averaged L* of the background. They are

denoted as L�obj, L�back, and L�i in Fig. 4. Second, the averaged

value of chroma C�i should be greater than a predetermined

threshold Tc. Third, the color difference in CIE L*a*b*

space (DE) between the lines of color fringe and those of

objects should be greater than a predetermined threshold

Te. It should be mentioned that the extraction of color

fringe is made based on the aforementioned conditions,

whereas a simple thresholding in RGB space was

employed.10 Procedure to determine the values of thresh-

olds, Tc and Te, will be explained later.

Formulation of Key Attributes

Calculation of the selected attributes is explained next. All

the attributes are defined such that their values range from

0 to 1. Higher value of the attributes implies higher visibil-

ity of color fringe. In previous method,10 intensity of fringe

was calculated using the normalized difference in RGB

coordinates. However, in this article, it is defined based on

the averaged value of chroma as

fI ¼
mchroma

mchroma;max

; (1)

where mchroma represents the averaged value of chroma for

the lines of color fringe on a given image. mchroma,max

denotes the maximum value of chroma among all the

scanned images tested.

Similarly, relative lightness of background is defined as

fR ¼
mL�;object

mL�;back

; (2)

where mL*,back and mL*,object represent the averaged L* of

the lines of background and object, respectively. It is

defined as reciprocal of the contrast between the objects

and background because the visibility of color fringeFigure 1. Test pattern.

Figure 2. Examples of color fringe on scanned images: (a) image with
color fringe, (b) image without color fringe, (c) image with poor gray
balance.
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decreases as the contrast increases. Variety in hue is to mea-

sure diversity of hues. First, a*–b* plane is divided into two

sections having 180� of hue angles. Ratio of distinct hue

sections where the lines of color fringe belong to is counted.

This procedure is repeated for 4, 6, 9, 18, 36, and 72 sec-

tions. Variety in hue is defined as the average of seven cal-

culated ratios as

fH ¼
ðh2 þ h4 þ h6 þ h9 þ h18 þ h36 þ h72Þ

7
; (3)

where hn denotes the ratio of distinct hue sections when

a*–b* plane is divided into n subsections. Size of fringe is

to measure width of color fringe and calculated by

fS ¼
nline

nline;max

; (4)

where nline represents the number of the lines extracted as

the color fringe from a given image. nline,max denotes the

maximum number of the lines representing the color fringe

among all the scanned images tested.

COLOR FRINGE EVAUATION MODEL
Figure 5 illustrates flowchart to determine the proposed

color fringe evaluation model. In order to design color

fringe evaluation model that faithfully matches with results

of human visual experiments, four attributes are selected

based on characteristics of perceived color fringe. Objective

values of the selected attributes are calculated from each of

training images. Human visual experiments are performed

to obtain subjective scores. The color fringe evaluation

model is constructed by applying linear regression tech-

nique to the subjective scores of human visual experiments

and the objectives value of the selected attributes. Condi-

tions for human visual experiment and selection of training

images are described next. Also, construction of the pro-

posed evaluation model for color fringe is explained.

Conditions for Human Visual Experiments

In a dark room, human visual experiments are carried out

on a standard sRGB LCD monitor. Paired comparison is

employed, because the one-to-one comparison makes it

Figure 3. Lightness and Chroma for vertical lines: (a) image with color fringe, (b) image without color fringe,
(c) image with poor gray balance.

Figure 4. Flow chart of the color fringe extraction method.
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easier to discriminate differences in visibility of color

fringe.14,15 Twelve observers are participated and asked to

choose the image giving an impression of higher color

fringe. If unable to distinguish, they are allowed to say that

two images are in the same degree of perceived color fringe.

The preferred image obtains a score of 1 and the other one

gets a score of 0. When judged as the same level, both of

images will get a score of 0.5.

Subjective scores of the human visual experiments are

calculated by the Thurston’s law of comparative judg-

ments.16 Equation (5) is utilized for conversion from the

outcomes of the paired comparisons to the JND values.17

JND ¼ 12

p
sin�1 ffiffiffi

p
pð Þ � 3; (5)

where p is a probability of preference in paired compari-

sons. Suppose that scanned image “A” is compared with

scanned image “B” by ten observers. When seven observers

give a score of 1 to image A, one observer gives a score of

0.5 and two observes give a score of 0, p for the image A

becomes 7.5=10¼ 0.75.

Selection Method for Training Images

Test pattern is scanned by 40 different scanners that cover

low-end to high-end scanners available in market. Scanning

is made under factory default conditions, and scanning re-

solution is 300 dpi. Selection of training images should be

carefully made to extract reliable results from human visual

experiments. Selection procedure is explained by an exam-

ple in Table I. Suppose that (1) to (10) in Table I represent

ten scanned images arranged in ascending order of the visi-

bility of color fringe. The number in the (iþ 1)th row and

the (jþ 2)th column represents the JND difference between

images (i) and (iþ 1). When the JND between images (i)

and (iþ 1) is too small, participants would not be able to

discriminate. In this article, training images are selected

such that the JND between image (i) and (iþ 1) should be

around the JND scale of 1. The JND scale of 1 implies that

one image is preferred with a probability of 0.75. In Table I,

image (1) is selected because it is the first image. Image (2)

is also selected because the JND difference between images

(1) and (2) is 1. But image (3) is not chosen because the

JND difference between images (2) and (3) is 0.48. Because

image (3) is not chosen, the JND difference between images

(2) and (4) is examined whether to select image (4). In this

example, image (4) is selected because the JND difference

between images (2) and (4) is 0.95. This procedure is

repeated to select the training images for visual experi-

ments. Bold numbers in the first row represent the selected

images in this example.

In this article, among 40 scanned images, 12 images satis-

fying the aforementioned JND conditions are selected. The

results of human visual experiments with 12 training images

are utilized for construction of the proposed evaluation model.

Construction of Evaluation Model

Evaluation model for color fringe is designed as a linear

combination of four attributes. For each of training images,

values of four attributes are calculated. Coefficients of lin-

ear combination are estimated by applying linear regression

to the subjective scores from visual experiments and the

calculated values of the attributes. Equation (6) defines the

proposed model for color fringe.

Qcolor fringe ¼ ð5:74Þ � fI þ ð4:90Þ � fS þ ð3:43Þ � fH

þ ð1:90Þ � fR (6)

In Eq. (6), the attribute fI, intensity of fringe, has the largest

weight. fS, size of fringe, has the second largest weight. This

implies that intensity of fringe and size of fringe play as key

factors determining the visibility of color fringe.

In order to identify statistical significance for the

selected attributes, we examined p-values from Minitab18

utilized for linear regression. For a linear regression, it is

desirable to have p-values less than the significance level

0.05.19 In this study, all the p-values for the selected attrib-

utes are less than 0.05. Value of the correlation coefficients

between the calculated metrics Qcolor fringe in Eq. (6) and

the subjective scores for 12 training images is 0.90.

EXPERIMENTAL RESULTS
Construction of color fringe evaluation models has been

described. In this section, validity of the proposed model is

Figure 5. Flow chart to construct the color fringe evaluation model.

Table I. Examples of human visual test results.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

(1) 0 1 1 1.19 1.39 1.88 2.21 3 3 3

(2) �1 0 0.48 0.95 1.62 3 1.39 2.21 3 3

(3) �1 �0.48 0 1.39 1.19 1.62 2.21 1.88 3 3

(4) �1.19 �0.95 �1.39 0 1.39 1 1.88 1.88 3 3

(5) �1.39 �1.62 �1.19 �1.39 0 0.38 1 1.62 3 3

(6) �1.88 �3 �1.62 �1 �0.38 0 0.65 1.62 2.21 3

(7) �2.21 �1.39 �2.21 �1.88 �1 �0.65 0 1.39 1.62 3

(8) �3 �2.21 �1.88 �1.88 �1.62 �1.62 �1.39 0 0.95 3

(9) �3 �3 �3 �3 �3 �2.21 �1.62 �0.95 0 1.39

(10) �3 �3 �3 �3 �3 �3 �3 �3 �1.39 0
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examined. Also, performance of the proposed model is

compared with that from previous work.10 Effects of the

selected attributes are explained by examples. Performance

of color fringe extraction is analyzed.

Experimental Results with Testing Images

In order to evaluate performance of the proposed model,

separate human visual experiments are performed using test-

ing images. Conditions of the visual experiments are the

same as in the model construction. In this article, we col-

lected sample images from 40 different scanners. Among 40

scanned images, 12 images representing full dynamic ranges

of the perceived color fringe are utilized as the training sam-

ples for model generation. The remaining 28 images repre-

senting 28 different scanners are employed as testing samples

for performance evaluation. Calculated values of Eq. (6) are

obtained from each of the testing images. Correlation coeffi-

cient between the calculated metrics and subjective scores

for the testing images is 0.89. It is very close to the value of

the correlation coefficient for training images, 0.90.

Comparison with Previous Work

Two attributes, size of color fringe and intensity of color

fringe, were proposed to represent visibility of color fringe

on the photographs taken by digital camera.10 Two attrib-

utes were calculated based on RGB coordinates. Relation-

ship between these measures and the perceived degree of

color fringe was not reported.10 For fair comparison, the

same training images are utilized for the model construc-

tion with two attributes proposed in previous work.10

Equation (7) specifies the model.

Pcolor fringe ¼ ð18:58Þ � Iblue fringe þ ð16:45Þ � Ired fringe

þ ð0:73Þ � Sfringe: (7)

In Eq. (7), Iblue fringe and Ired fringe denote the intensity of

blue and red fringe, respectively. Sfringe denotes the averaged

size of color fringe. Values of correlation coefficients for the

training and testing images are 0.81 and 0.80, respectively.

Figures 6(a) and 6(b) illustrate the relationship

between the quantified metrics and subjective scores. Hori-

zontal axis represents perceived image quality in the JND

scale calculated from the results of the human visual experi-

ments. Vertical axis denotes the quantified metrics by the

evaluation model. It can be seen from the values of correla-

tion coefficients and Fig. 6 that the proposed evaluation

model yields better performance than previous method.10

Effects of Selected Attributes

Justification of four attributes utilized in this article can be

explained by an example in Figure 7. From the visual

experiments, degree of the perceived color fringe for “image

2” in Fig. 7 is higher than “image 1.” However, the values

of fI, fS, and fR are in reverse order. Only the value of fH

agrees with the results from the human visual experiments.

The proposed model yields the same order as in the human

visual experiments. The calculated measure based on previ-

ous work10 does not agree with the results from the human

visual experiments. It can be said that fH plays as a key fac-

tor affecting the visual perception of color fringe in this

case.

Figure 8 illustrates another example. In this case,

degree of the perceived color fringe for “image 4” in Fig. 8

is higher than “image 3.” The values of two attributes, fI

and fS, are in reverse order. But the values of two remaining

attributes, fH and fR, match with the visual perception. The

calculated measure from the proposed model is in concord-

ance with the results from the visual experiments.

Figure 9 illustrates the last example. In this case, the

values of three attributes fI, fS, and fH are in reverse order.

Figure 6. Correlations between the subjective score and quantitative scores: (a) Previous method (b) Proposed
method.
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Only fR agrees with the result from the human visual

experiments. Again, the proposed yields the same order as

in the human visual experiments. These examples may jus-

tify the need for utilizing four attributes in the model

construction.

Performance of Color Fringe Extraction

Another factor affecting the performance of the proposed

model is accuracy of color fringe extraction from the

scanned images. In order to determine two thresholds, Tc

and Te in Fig. 4, lines containing color fringe are manually

extracted from scanned images. Figures 10 and 11 illustrate

some of the scanned images and the results of manual

extraction, respectively. The images in Fig. 11 are utilized as

ground truth data to determine values of Tc and Te. Also, a

measure of extraction accuracy is defined. Percentage of

color fringe lines that are correctly classified as color fringe

is called as a true positive (TP). Percentage of noncolor

fringe lines that are correctly classified as noncolor fringe is

called as false negative (FN). An average of the TP and FN

serves as a measure of the extraction accuracy. Ideally, value

of the measure should be 1. The extraction accuracies are

calculated for different values of Tc and Te. Values of Tc and

Te yielding the maximum extraction accuracy are selected.

Values of Tc and Te utilized in this study are 3 and 2,

respectively.

Figure 12 illustrates the results of extraction by the

proposed thresholding method and the previous method.10

Calculated values of the TP, FN, and the proposed extrac-

tion accuracies are shown in Figure 13. It can be noticed

from Figs. 12 and 13 that the proposed method outper-

forms the previous method.10 Also, robustness against the

thresholds, Tc and Te, can be verified by Figure 14 that illus-

trates plot of the extraction accuracies for different values

of Tc and Te. The extraction accuracies are quite flat near

Figure 8. An example for performance evaluation (case2).

Figure 9. An example for performance evaluation (case3).

Figure 10. Scanned images for ground truth data.

Figure 11. Ground truth data manually extracted from the images in Fig.
10.

Figure 7. An example for performance evaluation (case1).

Figure 12. Results of color fringe extraction for the images in Fig. 10.
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the selected values of Tc and Te. The maximum and mini-

mum accuracies for the ranges of Tc and Te in Fig. 14 are

90% and 88%, respectively.

CONCLUSION
In this article, a quantitative evaluation model for color fringe

on scanned images is proposed. Four attributes affecting the

perceived degree of color fringe are identified based on inter-

view with participants in visual experiments. Formulas for

the selected attributes are defined on CIE L*a*b* space. They

are calculated to be in the range from 0 to 1. The proposed

evaluation model is constructed by applying linear regression

to the values of attributes and the JND score by the visual

experiments. Experimental results indicate that the results of

the proposed evaluation method faithfully match with the

results from the human visual experiments. The methodology

to construct an evaluation model for color fringe can be uti-

lized for other image quality attributes for scanners. The pro-

posed model can serve as a tool to measure visibility of color

fringe. However, impact of color fringe on perceived image

quality of scanned images can be investigated in future.
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