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multiresolution subimagesJEEE Trans. Image Processingol. 4, pp. Misregistration r_efers to a relative misalignment of the scanner
909-920, July 1995. sensors for the various frequency bands. For example, the HP ScanJet
[7] G. M. Davis, “A Wavelet—bas_ed analysis of fractal image compressionlic has a color misregistration tolerance #f0.076 mm for red
IEEE Trans. Image Processingol. 7, pp. 141-154, Feb. 1998. ind blue with respect to green. (For comparison, at 300 dpi, a

[8] J. Li, P.-Y. Cheng, and C.-C. J. Kuo, “On the improvements of.. . . . .
embedded zerotree wavelet (EZW) coding,” Rroc. SPIE: Visual ixel is approximately 0.08 mm wide.) Because sharp edges (high

Communication and Image Processiriaipei, Taiwan, R.0.C., May frequencies) are very important for reading efficiency, the subjective
1995, vol. 2501, pp. 1490-1501. quality of scanned text is poor at typical scanner resolutions of 200
[9] J.Liand C.-C. J. Kuo, “Hybrigj_wavelet—fractal image compression baseg 400 dpi.

3?0?;éi;?;g'?gﬁt'ggsz'tgfnéefPllgg\f,s\ljﬁ:,Cgc;rgzupng,citéofﬁgz'?age For scanned images, the visual quality of text can be improved
using edge enhancement techniques. Edge enhancement can be per-
formed in either the spatial (e.g., RGB) or frequency domain [2].
In the spatial domain, edge crispening can be performed by discrete
convolution of the scanned image with an edge enhancement kernel.
This is usually equivalent to filtering the image with a highpass
filter. For anm x n convolution kernel this approach requires:

Image Sharpening in the JPEG Domain multiplications and additions per pixel.
For edge sharpening in the frequency domain, the full image
Konstantinos Konstantinides, Vasudev Bhaskaran, is first transformed into the frequency domain using the discrete
and Giordano Beretta Fourier transform, low-frequency components are dropped, and then

the image is transformed back into the time domain. Using a fast
_ . Fourier transform, for ani/ x N image, the number of operations
_ Abstract—We present a new technique for sharpening compressed ¢, jaq6 sharpening in the frequency domain is in the order of
images in the discrete-cosine-transform domain. For images compressed ; ; .
using the JPEG standard, image sharpening is achieved by suitably (108, (M N)) operations per pixel [3].
scaling each element of the encoding quantization table to enhance the In digital cameras and many other applications, such as color
high-frequency characteristics of the image. The modified version of the facsimile [4], the original captured image is compressed using a
encoding table is then transmitted in lieu of the original. Experimental — grequency-based transformation algorithm before it is stored, trans-
results with scanned images show improved text and image quality with . .
no additional computation cost and without affecting compressibility. mlt_ted, or .prlnted. In order to compensate .for the effects of the cap-
turing device, one may try to sharpen the image before compressing
Index Terms—Compression, enhancement, printing, quantization. it; however, sharpening before compression may significantly effect
the compressibility of the image. Furthermore, it is computationally
more effective to combine the coding and sharpening operations
I. INTRODUCTION into a single step. In this paper we show how sharpening and
We examine the problem of improving the visual quality ofompression can be combined when one uses the JPEG compression
digitally captured and JPEG-compressed images. For example, §@&ndard. In our scheme, we “enhance” the high frequencies of the
processed, scanned, color text images have very “poor” visual quafgmpressed image by suitably scaling the encoding quantization
because of the inherent limitations of color scanners due to limité&bles during decompression. Thus, we can achieve improved text and
modulation transfer function (MTF) and misregistration. MTF igmage quality with no additional computational cost. Furthermore,
the main cause of pixel aliasing, which results in black text beirije enhancement process has no effect on the compressibility of the
rendered with a fuzzy, grayish, appearance. An important cause @iginal image, and the JPEG syntax is not violated.
the MTF degradation is the lens. In most scanners and all cameras, an
object is imaged on the sensor through a lens. If a lens is not perfect II. IMAGE ENHANCEMENT IN THE JPEG DDMAIN
and the sample is not a monochromatic point source, then the light
wave emerging from the lens is not a perfect sphere. This departwe
is known asoptical path differencéOPD), and for chromatic light it ) . )
is caused by six lens aberrations. For example, due teitmatic ~ Without loss of generality, we consider 24-b color images com-
aberration where objects of different wavelengths are in focus 4osed of three color components: one luminance-related and two

different depths, a red object will be focused farther away thanSgrominance. (For example, this could correspond to the CIELAB
L*, a* and b* components or th& C,C, components). Since
processing is performed either on the luminance component only or
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After quantization, the elements af,.; are rearranged izigzag 0.00 20.00 40.00 60.00
order and are compressed using lossless entropy coding. According to Frequency component

the JPEG standard, the quantization tables for each color component ) )
are defined in the header part of the JPEG file. Fig. 2. _Vanance of the 64_ frequency components inx88 blocks for
. . . %/nthenc and scanned text images at 300 dpi.
During decompression, the process is reversed. An entropy decoder

first recovers th&’. ; blocks. An approximatiorly;, of theY; block

is obtained by 0,
) Scalers || Scaled | —:1
Y/ [k, 1) = Yoeilk, Q. [k, 1. 2 7 QTables |
1
Finally, an approximationy;, of the originalith blocky, is obtained |
from the inverse DCT oft}. o, Quantization Huffman E Headers
Since image sharpening is usually equivalent to highpass filtering, Tables Tables | - Scaled
it is worth examining the frequency characteristics of scanned images ‘5 \g TTT5 | QTables
in the DCT domain. LetB denote the number of & 8 blocks in "= HTables
an image and — Baseline JPEG engine
—1 Data
1 B
My[kl) = 5 Z}i[k, 1] 3)
=1 Fig. 3. Data flow for sharpening images in the JPEG domain.
and
B
) 1 X . . .
Ve[l d] = — Z(Yi[k,l] ~ My [k, 1)) @) tables for both encoding and decoding a JPEG image, the decoder

uses a different set of tables, s@y, which are scaled versions of the
) tables used in encoding. This also conforms to the JPEG standard. In
denote the mean and variance of thel) DCT frequency component yhis section we will describe one possible way to defiheso that the
for the whole image. In general, the values fdi; 1, /] are close 10 jocoded image is a sharpened representation of the original image.
zero for all components othertr}an t.he DC; compor@kni: 0,1 =0). Let ). be an encoding quantization table, and @t be a
Fig. 2 shows all 64 values ofy (listed in zigzag order) for the decoding quantization table, such th@u[k.l] = S[k,]Q.[k,1].
luminance channel of a scanned textimage and a synthetic text im example, in traditional JPEG, all th%[k ] elements are set
The_ syntheti_c image was generated by typing a page _using a 1_0'9?8“bne, i.e.,Qq¢ = Q.. Let V;[k,[] denote the/variance of the:, !)
;e“f fonF (Tl(;nes l\_lew IfQohman), and then renderlngdlt as an ('jm_aﬂ‘a%quency component of @ferencesharp image. In other words, let
lle. A prlnte version of the same page was scanne at 300 dpi N represent the DCT characteristics that our captured images should
24 b/pixel to generate the scanned text image. match
As expected from our previous discussion, Fig. 2 shows ‘h"’?‘ here are many ways to generate these reference DCT charac-
tics. For example, for scanneil§, may be computed from an

the unprocessed scanned text image has less energy in the l?é(}
ge file that has been rendered from a PostScript representation of

frequencies than the synthetic text image. One would expect a shariﬁ%
scanned image if its high-frequency components were appropriatg){ypicaI reference image. Such an example is the “synthetic text”

“boosted.” We will show that for JPEG compressed images, this c%%

=1

. . ) . “plot shown in Fig. 2.V, can also be generated by averaging the
be done by appropriately manipulating the quantization table duri T characteristics of several sharp images, or from a theoretical
the decoding of the image. '

model of a sharp image. For a low-end digital caméramay be

) generated by measuring the frequency response of a scene captured

B. Scaling of Q Tables by another camera of higher quality, or from the DCT characteristics
Fig. 3 shows one way for sharpening images in the JPEG domai.a digitally captured scene that has been postprocessed using a

The main idea is the following: instead of using the same quantizatitiaditional sharpening algorithm.
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SinceV. represents a reference sharp image, for any decompressed Vy
image, we would like to have 100405 | i
Vy o[k, 1) = V, [k, 1]. (5)

From (1) and (2), the variance of such a decoded image is given by | W R S T
Virr [k, 1] = Var(Yoe[k, [|Qalk, 1)) = Sk, °Vy [k, 1. (6) 10308 PV oot syninatie et
From (5) and (6), the scaling factors for the decoding quantization ---------- "Sha‘r‘pe'ned;'“'
matrix can be obtained by 06403 | : oo Text

. Vilk, 1 :
St = g0 @ A4V (v S

Intuitively, S is a measure of the degradation caused by a particular 10e+02 ;

imaging system in the frequency domain.

As in the case of definind’., V5~ does not have to be image /
dependent. In contrast, it can represent the DCT characteristics of 106401 i, :
. . . SRR Original scanned -~~~ RN

a typical image that has been captured by our target device. For Text : sy
example, for a scannely may be defined from the characteristics B S PR AT TN
of a typical scanned image or from an analytical model of the scanner. 106400 : ' i
. . . S !
Such an example is the “scanned text” plot shown in Fig. 2. : :

In summary, given a specific device or an image pipeline, the : f :
following scheme can be used to compute the scaling matrix for 0.00 20.00 40.00 60.00
sharpening images in the JPEG domain. Frequency component

1) Generate th? reference DCT characteristics for a sharp imagg, 4 variance of frequency components forx88 blocks in synthetic,

denoted ad.. scanned, and sharpened text images at 300 dpi.

2) Generate typical DCT characteristics for a class of images

captured from the specific device, denotedias
3) UsingV, andVy, compute the scaling matrig using (7). 1.00 1.31 1.46 2.00 2.55 2.54 2.95 4.26
. . . . 1.03 1.38 1.61 2.15 2.85 3.16 3.70 4.57
After determining the scaling matri&, the following scheme, shown 131 1.58 1.85 2.93 3.01 3.51 4.22 5.10
in Fig. 3, can be used for sharpening images in the JPEG domain. 1.73 2.01 2.16 2.63 3.23 3.89 4.88 5.87
1) Compress an image using a quantization taple 1.78 2.46 2.62 3.01 3.59 4.44 5.69 6.86
2) Generate a new guantization table 2.41 2.98 3.10 3.59 4.42 5.33 6.62 7.16
2.25 3.63 3.83 4.58 5.88 6.80 8.04 8.00
Qalk, 1] = S[k, 1|Q.[k,1]. (8) 1.97 4.21 4.59 5.76 7.22 7.54 8.04 7.30

(Note that according to the JPEG standard, all values of thgy 5 Example scaling matrix for a ScanJet lic scanner and CIELAB
()4 table must be bounded between one and 255.) images scanned at 300 dpi.

3) Transmit the@); matrix instead ofQ..

Assuming that theS matrix has been computed offline, the abovenprocessed one. The elements of the scaling matrix used are shown

procedure requires only 64 additional multiplications, regardless @f Fig. 5. The same matrix was used for all color images scanned

the size of the image. Note that the decoder has no knowledgeygfng this scanner.

either theS or Q. matrices, which can remain proprietary if needed. Experiments also showed that this method is robust with respect
In an alternative implementation, when one has no control on tkg different fonts and font sizes. While holdir&%, I] constant, we

way the original JPEG image is generated, the following scheme cgperimented with scanned images with both serif and sans-serif

be used to sharpen a JPEG image. fonts, and with font sizes ranging from 8 points to 18 points.
1) Extract the original quantization tablg. from the JPEG file. The technique was also applied successfully to scanned images that
2) Generate a new quantization talfle[k, ] = S[k,[|Q.[k,]. contain both text and pictures, without a need for preprocessing them
3) Instead of the&). matrix use the&), matrix to decompress the using text-image segmentation algorithms. In this case, we scaled
file. the elements of the quantization table for the luminance channel,
except for the(0,0) element. Experimental results showed sharper
Il. EXPERIMENTAL RESULTS images and text with no color distortion. As an example, Figs. 6-8

show the L* channel of a scanned at 200 dpi image, processed by

The original development of this work was motivated by th ree different techniques. Fig. 6 is the original unprocessed, and

need to improve the quality of scanned text transmitted using t ﬁcompressed image. Fig. 7 shows the output of a conventional 3
color facsimile standard. Under this standard, scanned images

200 dpi) are first translated to the CIELAB color space, they a %tharpenlng filter on the RGB data of the uncompressed image. The

- . . . —cgnvolution kernel used was [2
compressed using baseline JPEG, and they are transmitted using %m [2]

standard T.42 facsimile protocol [5]. For the scanned and synthetic
(or reference) text images used in Fig. 2, Fig. 4 shows the variances -1 5 -1p ©)

of the 64 DCT frequency components for an unprocessed scanned 0 -10

image, the synthetic text image (used to compliig, and the The textlooks sharper, but the image is corrupted by “salt and pepper”
image decompressed using thg; matrix derived using (8) (we noise. Moire patterns are also enhanced. Fig. 8 shows the output
refer to this as sharpened text.) As expected, there is higher enesfthe new algorithm. Note that, both the text and the image look
in the frequency components of the processed image. Text in tigarper. The results are far more apparent on color reproductions of
printed processed image was also darker and sharper than text inttiese images.
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Fig. 6. L* channel of original and uncompressed image. Fig. 8. L* channel of image sharpened in the JPEG domain.

scaling factors shown in Fig. 5. As explained before, those scaling
factors were computed using the DCT characteristics of synthetic
and scanned text plotted in Fig. 2. In other words, the scaling matrix
we used for sharpening Fig. 6 was derived from completely different
images, but for the same scanner.

From a complexity point of view, consider an 8:5 11 inches
page scanned at either 200 or 300 dpi. Assuming we process only
the luminance color plane, JPEG-based sharpening requires only 64
multiplications, regardless of the scanning resolution. On the other
hand, using the X 3 kernel shown above, conventional sharpening
requires 3.7 million multiplications and 14.96 million additions for
the 200 dpi image, or 8.41 million multiplications and 33.66 million
additions for the 300 dpi image.

As an another example, we applied the JPEG-based sharpening
scheme to a JPEG image captured with a digital camera. The original
image had a resolution of 649 480 pixels, and it was compressed
at 12:1. We had no access to the uncompressed data. Fig. 9 (top)
shows part of the original image, magnified by a factor of two to better
show image details. For JPEG-based sharpening, according to (7), we
needed estimates of 1) the DCT characteristics of a typical captured
image(Vy [k, {]), and 2) the DCT characteristics of a reference-sharp
image(V,.[k,[]). Since we had no access to the original uncompressed
image, V5»- was computed from the decompressed captured image.
The reference sharp image, shown in Fig. 9 (middle), was generated

hotogra, by decompressing the original image and by sharpening it using
;TJ&”;‘Q’?'"QW' ‘each §7. an adaptive unsharp-masking algorithm. Fig. 9 (bottom) shows the
JPEG-based sharpened image. All images were printed on a Fujix
Pictrography 3000 printer.

From Fig. 9, as expected, the adaptive unsharp masking proce-

We should also note, that in contrast to Figs. 6 and 7 which atlere yields better results than JPEG-based sharpening. Since Fig. 9
shown uncompressed, Fig. 8 was also compressed at a compresgigddle) was the reference sharp image for generating the scaling
ratio of 24 : 1 using the example (Annex K) JPEG quantization tablesatrix, there was no way that JPEG-based sharpening could produce
[4]. For decompression, we used tlig; matrix of (8) with the an image that would be better than the reference sharp image. How-

Fig. 7. L* channel of original processed by ax33 sharpening filter.
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3)

4)

In

(1]

(5]

Fig. 9. Example of JPEG-based sharpening for a digital camera. Top:
Original image. Middle: Conventionally sharpened (reference sharp image).
Bottom: JPEG-sharpened.

ever, the results are quite satisfactory, considering that JPEG-based
sharpening requires no additional computation resources. Overall, the
strength of JPEG-based sharpening is in terms of computational cost
and in providing very good results for halftoned scanned images,
where traditional sharpening schemes may enhance moire patterns.

IV. CONCLUSION

We presented a simple and cost-effective technique for sharpening
images in the compression domain. Among the advantages of this
technique are the following.

1) Itis fully compliant with the JPEG standard.

2) No extra computation is required: The quantization matrices

can be precomputed and can be used in a class of images.

The receiver has no knowledge of either the quantization matrix
used by the encoder or the scaling factors. Hence, encoding
guantization matrices can remain proprietary.

Sharpening is achieved simultaneously with decompression,
thus, there is no additional cost during decompression, un-
like conventional postprocessing or preprocessing sharpening
schemes.

The proposed method is particularly attractive to high-volume,
consumer-type, applications, such as low-end digital cameras, scan-
ners, and facsimile machines, where better lenses or more powerful
microcontrollers (to implement conventional sharpening schemes)
may have a significant impact on the cost.

summary, JPEG-based processing represents a low-cost alter-

native to traditional image sharpening schemes and it can easily be
extended to other frequency-based image processing applications.
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