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Abstract

In this letter, we present a novel objective distortion measure for binary document images. This
measure is based on the reciprocal of distance that is straightforward to calculate. Our results show that

the proposed distortion measure matches well to subjective evaluation by human visual perception.

Index Terms

Objective distortion measure, document image, human visual perception.

. INTRODUCTION

Digital document image processing is receiving more and more attention recently. Digital document
images are essentially binary images. In some binary document image applications, such as watermarking
and data hiding, visual distortion may be present and it is necessary to measure such distortion for
performance comparison or evaluation [1]. There are two ways to measure visual distortion, as discussed
in [2]. One is subjective measure and the other is objective measure. Subjective measure is costly, while
it is important since human is the ultimate viewer. On the other hand, objective measure is repeatable
and easier to implement, while such a measure does not always agree with the subjective one.

In this letter, we propose an objective distortion measure for binary document images that is based on
human visual perception. Binary document images here refer to binary images that have sharp contrast
of black and white and there are clear boundaries between black and white areas in the images. The
distance between pixels is found to play an important role in human perception of distortion in these
images. Hence, the reciprocal of distance is used to measure visual distortion in digital binary document
images. Subjective testing results show a good correlation between the proposed objective measure and

human visual perception.

[I. PSNRAND DOCUMENT IMAGES IN HUMAN EYES

The PSNR (peak signal-to-noise ratio) is a popular distortion measure used in image and video
processing. For an image processing system fth ) as the input image anglz, y) as the processed
output image, the PSNR is defined as:

P2 MN
St S (g, y) — fla,y))?

where M and N are the dimensions of the image, afdis the maximum peak-to-peak signal swing.

E.g. P is 255 for 8-bit images.
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For binary document images, the PSNR does not match well with subjective assessment since it is a
point-based measurement and mutual relations between pixels are not taken into account. For instance,
a simple document image is shown in Fig. 1(a), and four differently distorted images are shown in Fig.
1(b). Each distorted image has four pixels having opposite binary values compared with their counterpart
in Fig. 1(a). According to (1), these four distorted images have the same PSNR, but then, the distortion

perceived by our human visual system (HVS) is quite different.

d

(a) Original document image.

4da d 4

(b) Distorted images.

Fig. 1. Distortion in document image.

Human visual perception of document images is different from that of natural images, which are usually
continuous multiple-tune images. Document images are essentially binary and there are only two levels,
black and white. On the other hand, documents are mostly consisting of characters, which are more like
“‘invented symbols/signals” rather than physical objects in natural images. Hence, the HVS models built
for natural images, such as color and contrast, may not be well suited for document images.

In turn, the perception of distortion in document images is also different from that in natural images. In
a particular language, such as English, people know very well what a certain alphabetic character should
look like. Hence, distortion in document images could be more obtrusive than distortion in natural images,
and the distortion measures proposed for color/gray-level images [3]—[5] are not often applicable to binary
document images.

Baird developed a document image defect model [6] for the image defects that occur during printing
and scanning. This model has been used to construct “perfect metrics” in optical character recognition
(OCR) applications [7]. In [8], Baddeley proposed an error metric for binary images to measure edge
detection and localization performance in computer vision applications. The model and metrics are mainly
for the estimation of classification errors rather than the measurement of visual distortiet.a¥Mm [9]

measure the visual distortion in data hiding through the change in smoothness and connectivity caused
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by flipping a pixel. However, the analysis involved is extensive for a larger neighborhood.

[Il. DISTANCE-RECIPROCAL DISTORTION MEASURE

We use a number of single-letter images to study distortion in binary document images. Each single-
letter image is converted from a letter typed in MS Word with a font size of 10 or 12, including both
uppercase and lowercase, using Adobe Acrobat 5.0 with a resolution of 150 dots per inch (dpi). One of
them is shown in Fig. 1(a).

We observed that for a binary document image, the distance between two pixels plays a major role
in their mutual interference perceived by human eyes. As discussed above, readers are so familiar with
alphabetic characters that even a single-pixel distortion can be perceived easily. Therefore, the main
factor in distortion perception is focusing, i.e. whether the distortion is in a viewer’s focus. The distortion
(flipping) of one pixel is more visible when it is in the field of view of the pixel in focus. The nearer the
two pixels are, the more sensitive it is to change one pixel when focusing on the other. Further, from a
magnified viewing, each pixel is essentially a black or white square. Therefore, a diagonal neighbor pixel
is considered to be further away from a pixel in focus than a horizontal or vertical neighbor one. Hence,
diagonal neighbors have less effect on a center pixel in focus than haorizontal or vertical neighbors.

Based on these observations, we propose an objective distortion measure here for binary document
images. This method measures the distortion of a processed infage) compared with the original
imagef(x,y) using a weighted matrix with each of its weights determined by the reciprocal of a distance
measured from the center pixel. We name it the distance-reciprocal distortion measure (DRDM) method.
Specifically, the weight matri}V,, is of sizem xm,m =2n+1,n =1,2,3,4,5,.... The center element

of this matrix is at {¢, jo), ic = jo = (m +1)/2. W,,,(4,7), 1 < 4,7 < m, is defined as following:

N 0 for i =ic andj = jc
W, (i, 5) = 1 otherwise ?
V(i—ic)*+(i—jc)?

This matrix is normalized to form the normalized weight matwky,,. The weight matrix after

normalization is shown in Table | fan = 5.
Wi (4, )
Suppose that there are flipped (from black to white or from white to black) pixels y{x,y), each

WNm(ivj) = (3)

pixel will have a distance-reciprocal distortidbRDy,k = 1,2,3,...,.S. For thekth flipped pixel at

(z,y)x in the output imagey(z,y), the resulted distortion is calculated from anx m block By in
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TABLE |

WEIGHT MATRIX AFTER NORMALIZATION

0.0256 | 0.0324| 0.0362 | 0.0324 | 0.0256

0.0324 | 0.0512| 0.0724 | 0.0512| 0.0324

0.0362 | 0.0724 0 0.0724| 0.0362

0.0324 | 0.0512| 0.0724| 0.0512| 0.0324

0.0256 | 0.0324 | 0.0362 | 0.0324| 0.0256

f(z,y) that is centered afz,y),. The distortionDRD; measured for this flipped pixel[(x,y)x] is
given by
DRDy = [Di(i, j) x Wym(i, )] (4)

.3

where the(i, j)" element of the difference matri®; is given by

Thus, DRD;, equals to the weighted sum of the pixels in the bl8gkof the original image that differ
from the flipped pixel[(x, y)x] in the processed image. The pixglz, y),] does not contribute directly
to DRD; since its weight is always zero. For the possibly flipped pixels near the image edge or corner,
where anm x m neighborhood may not exist, it is possible to expand the rest afitken neighborhood
with the same value ag(z, y)x|, which is equivalent to just ignoring the rest of the neighbors.

After Wy, walks over all theS flipped pixel positions, we sum the distortion as seen from each
flipped pixel visited to get the distortion ig(x, y) as:

S %_, DRD;
NUBN

where NUBN is to estimate the valid (non-empty) area in the image and it is defined as the number of

DRD = (6)

non-uniform (not all black or white pixelsj x 8 blocks in f(x,y). The total pixel numbed x N is
not used in the denominator because uniform areas (e.g. all white pixel blocks) are common in binary
document images and they may have a significant effect on the distortion value if used.

The proposed DRDM method provides an efficient way to measure distortion in binary document
images. It is superior over PSNR in the sense that it takes human visual perception into account and
hence correlates well to subjective assessment, which is the ultimate judge on distortion. This correlation

is demonstrated by the experimental results presented below.
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IV. EXPERIMENTAL RESULTS

We carried out experiments to test how well the distortion measure proposed is matched with human
visual perception. We designed the image shown in Fig. 2 to be the original binary document image used
in the subjective testing. It is converted from MS Word in the same way as described in Section IIl, and
the characters in the image are with different fixed-size fonts. The image is of &ize 109 and there

are 122 (=~ 39%) non-uniform8 x 8 blocks out 0f312 blocks.

These are testing,
Thank You!
12.48, 35767

Fig. 2. Original binary document image.

It is important to design a distortion generator that can generate a number of independent test images
with various amount of visual distortion. The design criteria is that under the constraint that the number of
flipped pixels is the same in each test image, test images generated through this distortion generator should
have a wide variety in terms of how noticeable the flipping is. It has been shown through experiments
that the flipping of a number of pixels randomly selected will result in images with very similar amount
of visual distortion, measured both IRRD values and by human eyes. This is not desirable since it
will be very hard for the observers to give a reasonable ranking.

We have built a number of distortion generators and tested them against the above criteria. After
careful testing, we choose a distortion generator that is designed to do random flipping in a restricted
neighborhood of black pixels in the image. This generator is described below by showing its operation
on the original binary document image in Fig. 2, which h&83 black pixels. It flips40 pixels in the
original image with some randomness to generate the test images with various amount of visual distortion:

1) The positions of alll763 black pixels are recorded inZax 1763 matrix.

2) 40 black pixels out ofl763 are randomly chosen using a random number generator with uniform

distribution.

3) For each black pixel chosen, one pixel is flipped in its neighboring area. As shown in Fig. 3, the

pixel to be flipped is randomly selected from the Band1 pixel (the black pixel itself), or eight Band2
pixels, or sixteen Band3 pixels, with probability of, p2 andp3, respectively, angl+p2+p3 = 1.

For the Band2 and Band3 pixels, one neighbor is randomly chosen among the band pixels.
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4) A total of 60,000 test images are generated in the experiment by running the genétatmo
times for each of the six sets pf, p2 andp3, with p3 = 0,0.2,0.4,0.6,0.8 and1, p1 = (1-p3)/10
andp2 = 9pl.

5) The images generated with the number of flipped pixels less4bame ignored. That is, the cases

where at least one pixel is flipped more than once are dropped.

Fig. 3. Distortion generation for subjective testing.

Since all the test images are generated from the same original image and they have the same number
of flipped pixels, they have the same PSNR2Gf32dB according to (1). One set of the test images

generated is shown in Fig. 4.

These are testing,. These are testing.

Thank Yeu! Thank You!
12.48, 35767 12.48, 35767
(a) PSNR=27.32dB, (b) PSNR=27.32dB,
DRD=0.18609. DRD=0.1557.

These are testing. These are testing,.

Thank You! Thank ¥ou!
12.48, 35767 12,48, 35767
(c) PSNR=27.32dB, (d) PSNR=27.32dB,
DRD=0.2098. DRD=0.2461.

Fig. 4. One set of test images.

Next, we divided all the test images generated into four groups according foRlievalues computed,

with group 1 having smallest values, group 4 having largest values and so on.

October 29, 2003 DRAFT



IEEE SIGNAL PROCESSING LETTERS, VOL. X, NO. Y, Z 2003 8

The subjective assessment is done by 60 observers. Each observer is given the original image and four
sets of test images, which are printed on a piece of 80 GSM quality paper using a HP LaserJet 4100
printer. Each set of test images consists of four test images randomly chosen from the four groups. We
asked the observers to rank the visual quality of the four images in each set according to the visual
distortion that he or she perceives when he or she views the images at a comfortable distance under
normal indoor lighting conditions in labs. A smaller ranking score indicates less distortion. There are
four rankings (1, 2, 3 and 4) with score 1 for the least distortion and 4 for the most distortion perceived.

The ranking scores collected from the 60 observers are analyzed and compared with the rankings
according to the averagP RD values (withm = 5), as shown in Table Il. Although the PSNR is the
same for all the test images, tli@RD values obtained are different for different distorted images and
their average values for the four groups have a normalized correlatiof@f with the mean subjective
rankings, indicating a very good match between our objective measure and the subjective evaluation.

We choosem = 5 here to demonstrate the high correlation between our measure and the subjective
rankings. Based on our experimental data, for other values:,0ft was found that the correlations
calculated using various values, ¢, 7, ..., 15) of m are quite close. Thé& RD values for a largerm
have a slightly lower correlation with the subjective measure.

The distribution of the subjective ranking scores for each group is shown in a sub-figure in Fig. 5.

In each sub-figure, the abscissa represents four ranking scores (1, 2, 3 and 4), and the ordinate shows
the counts of the corresponding ranking scores given by the 60 human evaluators. Since each of the 60

observers is given four sets of test images, there are 240 scores in total for each group.

TABLE Il

EXPERIMENTAL RESULTS

Test Mean PSNR | AverageDRD
Images || Subjective Rank| (dB) (m=5)
Group 1 1.5333 27.32 0.1566
Group 2 1.8375 27.32 0.1869
Group 3 3.0333 27.32 0.2098
Group 4 3.5958 27.32 0.2413
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GROUP1 GROUP2 GROUP3 GROUP4
18— 180180180 ————

160} 4160+ 1160+ 160}

140} {140} {140} 140}

120+ 120+ 120+ 120

100 100 100+ 100+

80} 80} 80 80}

60} 60} 60 60}

40+ 40+ 40+ 40

20} 20t 20 20}

0 0 0
1234 1234 123 4 123 4

Fig. 5. Distribution of subjective ranking scores.

V. CONCLUSIONS

In this letter, we propose an objective distortion measure for binary document images. This measure is
derived from our observation that for binary document images, the distance between pixels plays a major
role in their visual interference, and it is called the distance-reciprocal distortion measure. Experimental
results have shown its high correlation with the subjective assessment. This measure is useful in a wide
range of applications involving visual distortion in digital binary document images, such as watermarking,
data hiding and lossy compression.

However, this distortion measure is not suitable for halftone (dithered) images, in which black and
white pixels are well interlaced and graininess is desired. In this case, the weight matrix elements should

be proportional to the distance rather than its reciprocal.
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