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(57) Abstract

An image encoding module (35) and an image decoding module (37) provide a method of performing transform coding of an original
image source (31), where the method serves to suppress or eliminate blocking artifacts. Encoded data (59) are transmitted by the image
encoding module (35), converted into received data (83), and transformed into modified data (85) by means of a filtering operation (95)
utilizing quantization error terms (79). The quantization error terms (79) can be derived from quantization error data generated in the image
encoding module (35), or can be provided as a look-up table (109) in an alternative image decoding module (101) The modified data (85)
are converted into reduced-noise i image data (89) for reconstruction into a digital i 1mage (41).
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. TITLE: METHOD AND APPARATUS FOR
REDUCTION OF IMAGE DATA COMPRESSION NOISE

FIELD OF THE INVENTION
This invention relates to image processing and, ’more particularly, to a method
and apparatus for reducing the effects of blocking artifacts which can be attributed to
image data compression nbise resulting from quantization-induced error in transform

image coding processes.

BACKGROUND OF THE INVENTION
-The image processing procedures of transform imége coding is emplbyed in
various applications, including the electronic conversion of photdgfaphic images, the
reprodUctidn of graphical information in a printing opération, and the transmittal of - |
digital image data by means of electronic communication systems. In such |

applications, the coding is performed upon an original source image which has been

- provided as a series of electrical image signals, where each signal corresponds to the

characteristic of an element, or pixel, of the original source image. The electrical
image signals are converted into a two-dimensional set of numerical values

representing the source image pixels. A separate set of numerical values is provided

for each color band used. For example, in a ‘yuv’ configuration three sets are

provided, and the u- and v-sets are downsampled, as is well-known in the art, before
further processing is performed. |

These numerical values are commonly configured into a two-dimensional
H x V array of image data terms. Each term in the image data array thus
corresponds to a particular pixel in the on'gidal source image and quantitativelyb
describes a feature characteristic of the pikel. In a standard display format, for
example, the digital source image comprises an image data array of 640 columns and :

480 rows of numerical values. Transform image coding generates a new set of H x V

processed numerical values, commonly denoted as reconstructed image data terms,

which have been computationally derived from the digital source image. The
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processed numerical values are converted into a new series of electrical signals from
which a processed digital image can be generated. |

Transform image coding procedures makes use of orthogonal transforms,
such as the discrete cosine transform (DCT); to convert image data terms into
frequency coefficient terms and thus simplify subsequent processing computations.

Cosine transform image coding, for example, is an image processing procedure in

“which the digital source image terms are subjected to a two-dimensional forward

discrete cosine transform (FDCT), the results divided by terms frorn a quantization

table, and are entropy encoded by a process such as Huffman encoding. The

~ encoded data is then stored or transmitted, usually much more efficiently than if the

original image data terms had been used. The encoded data is subsequently decoded,
multiplied by the quantization terms, and converted into reconstructed image data
terms by the application of an inverse cosine transform (IDCT) A processed digital
image is subsequently obtained from the reconstructed image data terms.

The orthogonal transforms applied in the process of transform image coding

‘are commonly the FDCT and the IDCT. These transforms are applied in accordance

with an industrial standard established by the Joint Photographic Experts Group
a PEG) The ISO Draft Intematlonal Standard 10918-1 for JPEG is described in

Appendix A of the reference text, “JPEG Still Image Data Compression Standard,”

by William B. Pennebaker and Joan L. Mitchell In accordance with the JPEG
standard, a digitized source image is provided as a series of 1mage-data matrices,
usually formatted as 8 x 8 matrices, and the FDCT is applied to produce a series of
frequency-coefﬁcient matrices. _ |

Conversion of an image-datai matrix into a frequency-coefficient matrix by |
means of the two-dimensional FDCT can be expressed in shorthand matrix notation
as,

S(v) = C x sGii) x CT

where, S(V,)L ) are terms in the frequency coefficient matrix, s(j,i) are terms in the

image-data matrix, C is the discrete cosine transform basis matrix, and C" is the
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transpose of C. The two-dimensional FDCT, as applied to 8 x 8 image-data E

matrices, is given by the equation,

-~

0s(j,i)cos {(21' + 1)%]005 [(Zj + l)ﬂ]

1 7
s=46C3, g

where Cy = 7_15 fork=0and Cx = 1 fork>0. The frequency coefficient terms

are, typically, divided by the quantization terms and the resulting quotients rounded,

before transmittal or storage. The difference between the quotients as computed and

_ the quotients as rounded is a source of computational error induced by the rounding

operation. This results in image data compression noise which produces blocking
artifacts at moderate to high compression levels.
Reconstructed image data terms are obtained by means of a two-dimensional

IDCT operation, which can be expressed in shorthand matrix notation as, -
1(G,i) = CT x R(v,p) x C

where 1(j,i) are reconstructed image data terms and R(v,j1) are dequantized frequency
coefficient terms. The éorresponding two-dimensional IDCT, as applied to 8§ x 8
frequency coefficient matrices, is given by the equation,

7

r(jai)='%'i

v=0 u=0

CVC# R(v, #) cos [(21’ + 1)%] cos [(2 j+ 1)%] )

Various methods of addressing the problem of blocking artifacts have been
described in the relevant art. U.S. Patent No. 4,754,492, issued to H. Malvar, '
discloses a method and apparatus for processing n-dimensional digitized signals
containing at least two adjacent blocks of digitized sample values. The apparatus
taught by the reference comprises a composite spatial operator utilizing basis
functions similar to conventional DCT/IDCT b‘asis‘flmctions, but which are

characterized by slight extensions into the neighboring blocks in the input signal.
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U.S. Patent No. 5,220,616, issued to Downing et al., discloses a method of ‘
digitally processing images in which an irnage is compressed by dividing the

corresponding image array into blocks which are subsequently transformed.

~ Boundary discontinuities are smoothed by sequentially scanning image data

“elements at the boundaries with a one-dimensional operator matrix.

U.S. Patent No. 5,357,584, issued to Yamaoka discloses an apparatus for
compressing and expanding an image comprising an evaluation circuit for evaluating
a predetermined compression factor and providing an optimnm compression factor
by comparing blocks of original image data with processed image data. The

reference evaluation circuit comprises means for performing this comparison in each

~ image data block, pixel by pixel, to provide block noise data.

- InU.S. Patent No. 5,367,385, issued to Yuan, there is discloseri a method and

apparatus for processing block coded image data where pixel modification is

- performed by means of low pass filtering to reduce the difference in values between

selected ‘local’ pixels near the borders of reconstructed pixel blocks and ‘external
pixels near the block borders but in adjacent blocks.

A method and apparatus for removing blocking artifacts in which a blocking
artifac'r measurer is included in the encoder unit is disclosed in U.S. Patent No.
5,384,849, issued to Jeong. The blocking artifact measurer receives delayed original
frame data and generates a frame data error corresponding to the difference between
the original frame data and the received restored frame data. ' | |

There appears to be no transform image coding process disclosed in ihe prior
art in which the reduction or elimination of blocking artifacts is accomplished by the |

modification of received frequency components. It is therefore an object of the

' present invention to provide an apparatus for performing image coding using a

method that reduces blocking artifacts by filtering received frequency coefﬁc1ents to
compensate for the effects of quantization error.

It is a further obj ect of the present invention to provide such a method and
apparatus whicn can be used to reduce blocking artifacts in received

JPEG-compliant image data files.
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SUMMARY OF THE INVENTION

The present invention is an image encoding/decoding apparatus for
performing transform coding by a method in which blocking artifacts are suppressed
or eliminéted: After transform image encoding has been performed, the encoded
data is transmitted and converted into received image data terms which are
subsequently overlap transformed into frequency coefficients for modification by
means of a filtering operation utilizing a quantization error matrix. The quantization
error matrix can be derived from quantization error data generated in tﬁe encoding
unit, or can be provided as a look-up table in the decoding unit. The modified a
frequency coefficients are converted into reduced-noise image data terms for

reconstruction into a digital image.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features that are considered characteristic of the present invention
are set forth with particularity herein. The organization and method of operation of
the invention, tbgether with other objects and advantages thereof, will be best
understood from the following description of the illustrated embodiments when read
in conjunction with the accompanying drawings wherein

Fig. 1 is a diagrammatic illustration of a conventional image processing
system used to perform image data compression by means of transform image
encoding and decoding;

Fig. 2 is a functional block diagram illustrating the process by which an
original source image is converted into a reconstructed reduced-noise image by
means of an apparatus comprising image coding and decoding modules in
accordance with the present invention; ‘ '

Fig. 3 is a block diagram illustrating the operational steps performed by the
image encoding module of Fig. 2;

Fig. 4 is a block diagram illustrating the operational steps performed by the

- image decoding module of Fig. 2; and

Fig. 5 is an alternative embodiment of the image decoding module of Fig. 4.

-5-
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B DETAILED DESCRIPTION OF THE INVENTION
Fig. 1 is a diagram illustrating a conventional image processing system used
to perform image data compression by means of transform image encoding and
decoding. An original source image is converted into a digital source image

comprising image data terms by means of an image digitizer, such as an optical

'scanner 11 or a video camera 13. The image data terms are either stored by means

of an image-data disc 15 or similar storage medium, or sent directly to a transform

image coding unit 21 for conversion into compressed image data. From the

- compressed image data, transform image coding unit 21 subsequently reconstructs a

digital image which is sent to an image output unit such as a monitor 23 or a printing

~ device 25. Altemati\}ely, the compressed image data can be stored within unit 21, or

be archived onto a compressed-data disc 27, or be transmitted to a remote image
processing system for image reconstruction. '

In accordance with the present invention, an image encoding module 35 and
an image decoding module 37, shown in Fig. 2, perform the image data compression
and decoding functions of a conventional transform image coding unit. An image |
digitizer 10 converts an original source image 31 into one or more sets of color-band
data, each of which is separately identified as a digital source image 33. Digital

source image 33 is provided to image encoding module 35 as a two-dimensional

H x V set of image data terms. Image encoding module 35 transforms digital source

image 33 into compressed image data which is transmitted to image decoding

module 37 by means of a transmission medium 19, which can be an electronic

- network or other communication system. The compressed image data is received by

image decoding module 37 which transforms the compressed image data into a
reduced-noise digital imége 39. An imége output unit 20 converts reduced-noise
digital image 39 into a reconstructed reduced-noise image 41. In some applications,
compressed image data produced by image encoding module 35 may be stored or
archived in an interim storage medium 29, such as a magnetic disc, befofe being sent

on to image decoding module 37.



WO 96/37077 PCT/US96/06888

10

15

20

25

Image Encoding Module

The processing operations performed by image encoding module 35 can best
be described with reference to Fig. 3. Digital source image 33 comprises an H x V
set of image data terms, denoted by so(z,y).‘ This set of image data terms is divided
into a two-dimensional array of N x N image-data matrices 51 as is well-known in
the art. Each image-data matrix 51 comprises N? terms denoted by s(j,i), where |
0< i,j‘ <N-1. The image data terms comprising the image-data matrix located in the
p-th column and the g-th row of the two-dimensional image-data matrix array can be

determined from the equation,

Sqp(-1) = so(j+Ng, i+Np)

where 0 < i+Np < H-1 and 0 < j+Nq < V-1.

Each image-data matrix 51 is transformed by means of an orthogonal

transformation, at operation 61, into an N x N frequency-coefficient matrix 53

comprising frequency-coefficient terms S ,(v,pt), in accordance with the forward

orthogonal transform equation,
Sgp(Vslt) = C X sqp3,i) x C

where 0 < p,v <N-1 and C is the forward transformation basis matrix.

The frequency coefficient terms S(v,u) in frequency-coefficient matrix 53 are
each divided by a corresponding scaled quantization term Q(V,L), at operation 62,.
where the scaled quantization term is obtained frorn an N x N quantization table 73
used in conjunction with a scaling factor 71, denoted here as k. The degree of image
data compression performed by ilnage encoding module 35 is proportional to the -
value of scaling factor 71. The value of scaling factor 71 is also used to determine
the numerical values for filter parameters oy and B, which are obtained froma
look-up table in filter parameter set 75. For example, in a preferred embodiment,
Table I specifies filter parameters oy and i for image-data bands y, u, and v, when a

value for x is given or determined. Filter parameter set 75 is transmitted to image

7.
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decoding module 37 for use in the attenuation of quantization noise, as described in

greater detail below.
Table I
Values for o and § Given Scaling Factor
X o, By Oy, Bu O, By
k<8 0 0 -0
8§<k<24 1 2 2
24<x<32 2 4 4
K>32 3 6 6

Execution of operation 62 produces a two-dimensional matrix array of N x N
quotient-coefficient matrices 55, where the quotient-coefficient matrix in the p-th
column and the g-th row of the matrix array comprises quotient terms Qugp(V,1)
given by the equation | |

Sq (V. 1)

TN

The quotient terms Quyg p(V, 1) are rounded to less precise values, at operation
q Ug,p(V,1 p _ P
63, to yield quantized-coefficient matrices 57 comprising quantized-quotient terms

Qcgp(V,1) given by the expression

o)

AnN x N difference-coefficient matrix 77 is derived at operation 65.
Difference-coefficient matrix 77 contains difference terms Dcg(V,1) obtained by
subtracting each quantized-quotient term Qcgp(V,JL) in quantized-coefficient matrix

57 from the corresponding quotient term Qugp(V,1t) in quotient-coefficient matrix 55

in accordance with the equation,



WO 96/37077 ‘ PCT/US96/06888

10

15

20

Dc, (v, ) = abs (E‘Mj - round(il’—f’(—viu—)j I

o(v, 1) o(v, 1)

A series of difference-coefficient matrices 77 are derived, one for each

frequency-coefficient matrix 53 in the matrix array. The difference-coefficient
matrices 77 are summed, averaged, and multiplied by a corresponding quantization
term, at operation 66, to produce an N x N quantization error matrix 79 comprising

terms Eq(V,p) derived in accordance with the equation,

Eo(v,i) = Qv,1) Y, 22%@

where M is the total number of difference-coefficient matrices 77 summed.
Alternatively, quantization error matrix 79 comprises terms Ei(v,u) derived as

root-mean-square error terms in accordance with the equation,

D q9.p ’ ?
Ev,p) = Q(v,u)\/ > ZQT;YL))

- Each quantized-coefficient matrix 57 is transmission-encoded, at operation
64, by a process such as zig-zag sequencing with Huffman encoding, to yield a
transmission-encoded data set 59. Transmission-encoded data set 59 is then
transmitted to image decoding module 37 via transmission medium 19.
Quantization error matrix 79, filter parameter set 75, and quantization table 73 are

similarly transmitted to image decoding module 37 via transmission medium 19.

Image Decoding Module

~ The image processing operations performed by image decoding module 37
can best be described with reference to Fig. 4. Transmission-encoded data set 59 is
decoded into a set of received quantized transform coefficients, denoted by

Stqp(V,1). Each received coefficient Srq p(V,)is mask multiplied by the

corresponding scaled quantization term from quantization table 73 to produce a



WO 96/37077 ‘ ‘ - PCT/US96/06888

10

15

20

25

mask-multiplied transform coefficient Ry 5(V,1t), at operation 91, in accordance with

the equation,

R 5 (Vo) =St (v, ) X OV, 1)

- Execution of operation 91 yields a series of N x N received coefficient matrices 81

vcomprising mask-multiplied transform coefficients Rqp(V,p), where each transform

coefficient Rq (v, 1) corresponds to a quantized-quotient term Qcgp(V,JL) previously

- processed in image encoder module 35.

At operation 92, an inverse orthogonal transform is used to convert transform
coefficients Rq p(V,u) into received image data terms denoted by rq(j,i), in

accordance with the inverse transform equation, -

rgp(il) = CT x Rq{p(V, p x C

Each received image data term fq,p(i,i) corresponds to an image data term sy(z,y)
from H x V digital source image 33. Accordingly, received image data terms rq(j,i)
can be formatted into an H x V received image-data set ,83 comprising terms denoted

by sr(z,y). This formatting is accomplished in accordance with the equation,
SRG+Nq9i+Np) = rq,p(i sl)

where 0 < i+Np < H-1 and 0 < j+Nq < V-1.

In a conventional image decoding system, received image data set 83 would
next be reconstructed, at conventional operation 93, to form a received digital image
43,> denoted by phantom lines. It is received digital image 43 which commonly
exhibits blocking artifacts ‘at moderate to high ratios of‘ima'ge compression. The
blocking artifacts result from errors introduced by the quantization of quotient terms
at operation 63 in image encoding module 35. One prqcedure émployed to solve this

problem of quantization noise is to reduce scaling factor 71 such that the

‘quantization performed on the quotient terms is decreased and the occurrence of

blocking artifacts is reduced. However, this approach is undesirable because a lesser

-10-
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degree of image data compression results and the computational resources and

~ transmission time required to process the compressed data are correspondingly

increased. ,

The present invention suppresses or eliminates the occurrence of blocking
artifacts by means of a corrective process which compensates for the errors |
introduced by the prior quantization operation. In accordance with the disclosed
method, the terms sr(z,y) comprising received image-data set 83 are modified by a
filtering process before a digital image is reconstructed. The ﬁlteririg is
accomplished by means of the following sequence of operations: i)
overlap-transft)rrning the terms sg(z,y) of received iniage-data‘ set 83 into the
frequency domain to form a two-dimensional array of N x N modified
frequency-coefficient matrices 85, at operation 94, ii) filtering the modified
frequency-coefficient matrices 85 to produce a series of filtered coefficient matrices
87, at operation 95, iii) inverse transforming the filtered coefficient matrices 87 into
the spatial domain to produce a filtered image-data matrix 88, at operation 96, iv)

extracting selected reduced-noise terms from filtered image-data matrices 88, to

- form a two-dimensional H x V reduced noise image-data set 89 at operation 98, and

v) forming reduced-noise digital image 39 from reduced-noise image-data set 89, at
operation 99. | |
Overlap-transformation of received image-data set 83, at operation 94, refers
to the process of applying a forward orthogonal transformation to an array of N x N
matrices which have been obtained from image-data set 83 by an ‘overlap’ process.
The image data terms comprising these overlapped image-data matrices are obtained

from received image-data matrix set 83 in accordance with the equation,

Vs:(.1) = sr(tws, i+05r)

where 1 S@ < N-1,0 <j+os £V and 0 < it+or < H. The image data terms

comprising the overlapped image-data matrix in the r-th column and s-th row of the
overlapped image-data matrix array are denoted by v;(j,i). The amount of overlap

used in the overlap procedure is determined by the value of integer constant @,

-11-
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which is'an QVCrlap parameter 84 provided by image decoding module 37. Ina

preferred embodiment,  is set to IR It can be seen that application of the

overlapping process results in a matrix array in which certain rows and columns of
image data terms are common to corresponding pairs of overlapped image data

matrices. For example,
Vs-{-l,rG ,i) .= VS,TG+N-(D,i) and vS,r-}-l(i,i) = vS’r(j ,i+N-m)

for 0 <i;j < w-1. Byapplying a ﬁltering'operation to image-data matrices which
overlap one another, matrix-to-matrix discontinuities are avoided and the océurrence
of blocking effects is suppréssed or eliminated.

The overlapped image-data matrices are converted, by means of the forward
orthogonal transformation, into N x N r'hodiﬁéd coefficient matrices 85 comprising

modified frequency-coefficient terms Sv,,(v,u) given by the mateix equétion
SVsV.H) = C X ve(jii) x CT

A filtering computation, utilizing filter parameter set 75 and quantization error
matrix 79, is performed upbn the modified coefficient matrices, at operation 95, to

yield N x N filtered coefficient matrices 87, comprising filtered

 frequency-coefficient terms Sf; (v,p), obtained in accordance with the equation

[, v T

[Sv,,v.w] +e[E,v.w)] |

S, (Vo 11) =[Sy, (v, )] x

Numerical values for o and B are obtained from filter parameter set 75 and Ex(V,1t)

is quantization error matrix 79, such as Eo(v,u) or E;v,u) defined above. |
Filtered coefficient matrices 87 are transformed into ﬁltéred image-data

matrices 88 comprising filtered image data terms denoted by rf; (j,i), at operation 96,

by the application of an inverse orthogonal transform in accordance with the matrix

equation,

-12-
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rfesGi) = CT x Sfi(v,p) x C

Because of the overlapping procedure performed at operation 94, each filtered
image-data matrix 88 contains more image data terms than is necessary to obtain
reduced-noise digital image 39. Accordingly, image data terms lying only within an |
N’ x N’ core submatrix rk(m,n) of each filtered image-data matrix are extracted and
combined to form atwo-dimensional H x V reduced-noise image-data set 89 at
operation 98, where 0 < m,n < N’-1, where N’ = N-, and where ® is overlap
parameter 84.

Each core submatrix rk;(m,n) is obtained by deleting the image data terms in

rows 0 through ( 2-1) and (N-%) through (N-1), and the filtered image data terms in
) .

columns 0 through (3-1) and (N -9-) through (N-1) of a corresponding filtered
; 2 2

image data matrix rf;(j,i). The relationship between core submatrix terms
1ks,(n,m)and filtered image data terms in the corresponding filtered image-data

matrix rf;(j,i) is given by the expression,

r | H L)L) = 7 £,

for (E)Si,jSN—(2+l).
2 2

Reduced-noise image-data set 89 is formed by combining the core matrix

terms into a two-dimensional H x V array in accordance with the equation,

sr(n+sN’,m+rN") = 1k (n,m).

‘where 0 £ m+rN’ < H-1 and 0 < n+sN’ < V-1. Reduced-noise image-data set 89,

which corresponds to received image-data set 83, is reconstructed, at operation 99, to
form reduced-noise digital image 39. In comparison to conventionally-obtained

received digital image 43, the effects of blocking artifacts attributable to

-13-
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conséquence of filtering operation 95.

Image Decoding Module — Alternative Embodiment

For image processing applications in which a transmission encoded data set
103 has been provided by a conventional image encoding module, such as a module

configured to output JPEG—compliant data, decoding is accomplished by means of

an alternative image decoding module 101, shown in Fig. 5. Typically, the

‘conventional image encoding module provides a quantization table 105, but no

quantization error matrix or filter parameters, via transmission medium 19.

Accordingly, image decoding module 101 utilizes a quantization error table 109 as a

quantization error matrix, in operation 95. Filtering parameters used in operation 95

are provided by obtaining numerical values for o and B from a filter parameter set

. ‘75’ by means of a decoding paramefer table, such as Table IL

Transmission encoded data set 103 is converted into a series of modified
coefficient matrices 85, by means of opérations 92 and 94, as described above for the
preferred embodiment. An estimated scaling factor 107, denoted by ¥/, is obtained
as the’ DC scaled quantization term (i.e., scaled quantization term Q(0,0)in the first
row and first column) of quantization table 105, at operation 121. Scaling factor 107
is applied to filter parameter set 75’ to produce numerical values for oy and By in

accordance with Table II.

, Table I1
Values for o and B Given Estimated Scaling Factor ¥’
¥ =DC oy, By | O Pu Oy, By
K<8 0o -0 0
8<¥' <24 1 2 2
24<¥' <32 2 4 ‘ 4
K >32 3 6 6

-14-
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Scaling factor 107 is also applied to quantization-error table 109 from which
an estimated quantization error matrix E (v,[t), comprising a table of N x N

noise-mask terms, is selected. The noise-mask terms contained in quantization error

- matrices E(v,J1) are derived from empirical data and estimation methods and take |

into account various image attributes typically considered by an image processihg
operator. Quantization Error Tables III through V are examples of such
empirically-derived noise masks used for 8 x 8 frequency-coefficient matrices.
Estimated qﬁantization error matrix E (v,)) and the numerical values
obtained for o and By from filter parameter set 75" are applied with the filtering
operation performed on modified coefficient matrix 85, at operation 95, to produce
filtered coefficient matrix 87. Reduced-noise digital image 39 is obtained by

execution of operations 96, 98, and 99, as in the preferred embodiment.

Quantization Error Table III
Scaling Factor = 2; Y Image-Data Band

0.0 0.6 0.3 03 - 06 08 1.0 1.0
0.6 0.6 0.3 0.6 0.6 0.8 1.1 1.2
0.6 0.6 0.6 0.6 08 ~ 1.0 12 12
0.6 0.6 0.6 0.6 0.8 1.1 1.2 1.1
06 06 06 08 09 10 12 10
0.6 06 08 1.1 1.1 1.1 10 0.8
0.8 0.8 09 11 1.1 1.0 08 07
08 09 1.1 1.1 0.9 0.9 0.7 0.6
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Quantization Error Table IV
Scaling Factor = 8; U Image-Data Band

00 22 22 26 27 22 17 15
22 22 22 23 23 18 14 14
25 22 23 25 21 16 13 12
27 25 26 23 17 14 12 11
31 26 22 18 15 13 L1 11
2.7 21 17 1.4 1.3 1.1 1.1 1.0
21 18 15 12 11 10 10 10
7 15 13 11 10 10 10 10

Quantization Error Table V
- Scaling Factor = 24; V Image-Data Band

00 61 54 53 42 34 29 27
61 59 50 43 35 30 26 25
61 52 47 41 3.3 2.7 2.4 2.4
58 48 45 35 29 25 22 22
53 43 34 28 24 22 20 20
39 33 27 23 21 20 20 19
31 27 23 20 19 18 18 18
25 23 2.0 1.8 1.7 1.7 1.7 1.7

The present invention is advantageously adapted to provide an apparatus
which accomplishes moderate levels of image data compression without incurring
blocking artifacts in a more efficient method than is presently available in
conventional image proéessing devices. While there have been described preferred

5 embodiments of the present invention, it will be readily apparent to those skilled in
the art that various changes and modifications may be made therein wifhout
departing from the invention, and it is intended in the wording of the appended
claims to include such changes and modifications as would be encompassed by the

true spirit and scope of the invention.

-16-



WO 96/37077 PCT/US96/06888

10

15

20

25

What is claimed is:

1. A method for reducing the effects of blocking artifacts attributable to
quantization incurred in the transform image coding and compression of a ’
two-dimensional image signal into a digital image, the degree of compression
determined by a scaling factor k and a quantization table, and the image signal
provided as a series of electrical signals, each electrical signal corresponding to a
characteristic of an element of a two-dimensional image, where the iinage elements
have been configured as a two-dimensional H x V array, said method comprising the
steps of:

converting the series of electrical signals into a set of numerical values, each
said numerical value quantitatively describing a feature characteristic of a _
corresponding image element, said numerical values further denoted by so(z,y) where |
0<y<H-land 0<z<V-1;

formatting said set of numerical values into a plurality 6f N x N image data
matrices identified by indices ‘p’ and ‘q’, each said image-data matrix comprising
image-data terms denoted by sq(j,i), each said image data term comprised of a said

numerical value determined in accordance with the relationship;

Sqp(sl) = so(j+Ng,i+Np) |
where 0 <1,j <N-1;
transforming each said image-data matrix intoan N x N
frequency-coefficient matrix comprising frequency-coefficient terms denoted by
Sq.p(V,), said step of transforming each said image-data matrix accomplished by

means of an orthogonal transform basis matrix C in accordance with the expression,

Sap(Vlt) = C x sq,(,i) x CT;

dividing each said frequency-coefficient term S, ,(v,11) by a scaled

~ quantization term denoted by Q(V,), said scaled quantization term obtained from

the quantization table and modified by the scaling factor, to yield a plurality of

-17-
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N x N quotient-coefficient matrices comprising quotient terms denoted by Qu

a l,(v,u) derived in accordance with the expression,
oy = Ses(Vs )
Quyp(v, ) = =282
I ¢ (A

rounding each said quotient term to a less pfecise value to yield a
quantized-coefﬁcient matrix comprising quantized-quotient terms denoted by

Qcgp(V,1t) in accordance with the expression,

Qcy (V1) = f°“nd[%§ui))j ;

subtracting each said quantized-coefficient term Qc qp(Vslt) froma

corresponding said quotient tenh Qu ¢p(V,1t) to form a plurality of N x N

difference-coefficient matrices comprising difference terms Dcgp(v,u) derived in

- accordance with the expression,

| Deg (v, 1) = abs( aslV ’ﬂ)]—round(w)’;

deriving a quantization error matnx, comprising terms Eg(V, 1), by summing

and averaging error terms, said error terms comprlsmg functlons of said
dlfference-coefﬁclent matrices;

~ selecting a set of filter parameters, denoted by o and B;

multiplying each said quantized coefficient term by a corresponding
quantization term to yield a piurality of N x N mask-multiplied transform coefficient
maﬁices éomprising terms denoted by R  5(V,1) derived in accordance with the

expression,

Rayl) = Qe (V2K X Q)

-‘1 8-



WO 96/37077 PCT/US96/06888

applying an inverse orthogonal transform to said mask-multiplied transform
coefficient matrices to yield a plurality of N x N received image-data matrices

50  denoted by rqp(j,i), in accordance with the inverse transform equation,

TN T .
rq’PO ’1) - C X Rq,P(V’ u‘) x C’
formatting said received image-data matrices into an H x V received

image-data set comprising terms denoted by sr(z,y), in accordance with the equation,

SR(+NG,i+Np) = 1q;(.1)
55 where 0 <i+Np < H-1 and 0 <j+Nq < V-1;
forming said received image data set into a plurality of N x N overlapped

image-data matrices comprising terms denoted by v;(j,i), in accordance with the

equation,

Vs (3,1) = sp(jtws, i+or);

60 transforming said overlapped image-data matrices into modified coefficient

matrices comprising terms denoted by Sv,(V, M), in accordance with the equation,

SVsr(Vsl) = C x vg(ji) x CT;
converting said modified coefficient matrices into filtered coefficient
matrices by means of said quantization error matrix and said filter parameters, said
65  modified coefficient matrix comprising terms denoted by Sf; (v,), said step of

converting said modified coefficient matrices performed in accordance with the.

. equation,

[Sv,,. (v, )]
[Sv.,,v,w)] +e [Ev. )] |

S, (v, 1) = [Sv, (v, )] X

transforming said filtered coefficient matrices into filtered image-data

70  matrices in accordance with the transform equation,
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75

1f,Gi) = CT x Sfi(v,u) x C;and

converting said filtered image-data matrices into a series of filtered electrical

signals such that said filtered electrical signals can be configured into a

 two-dimensional H x V array of filtered image elements, each said filtered electrical

signal corresponding to a characteristic of one said filtered image element.

2. The method of claim 1 wherein said quantizatioh error matrix Eq(Vv,p)

is determined in accordance with the »re.lationship
Dcq, p (v,
Eo(v,0) =0, 3, 3 2o l).
9. p M v

3. The method of claim 1 whérein said quantization error matrix Eo(v,p)

is determined in accordance with the relationship

| S
Eo(v,#)=Q(v,u)\/ > 2(_(:_,,7(\»#_))

4, The method of claim 1 wherein said orthogonal transform ba513

matrix C comprlses a discrete cosine transform basis matrix.

5. The method of claim 1 w_heréin said step of converting said filtered |
image-data matrices comprises the steps of extracting a core submatrix from each
said filtered image-data matrix and combining a plurality of said core submatrices to

form said two-dimensional H x V anay‘of filtered image elements.

6. The method of claim 5 wherein said step of extracting a core

~ submatrix éomprises deleting image-data terms in rows 0 through (120--1) and (N-E)

through (N-1) of said filtered image-data matrix and deleting filtered image-data
terms in columns 0 through (-(;l-l) and (N --(;i) through (N-1) of said filtered image-

data matrix.
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7. The method of claim 1 wherein o is set to %,—

8.  The method of claim 1 wherein N is equal to 8.

9. A method for reducing the effects of blocking artifacts attributable to
quantization incurred in the transform image coding and compression of a

two-dimensional image signal into a digital image, the degree of compression

- determined by a scaling factor x and a quantization table, and the image signal

provided as a series of electrical signals, each electrical signal corresponding to a
characteristic of an element of a two-dimensional image, where the image elements
have been configured as a two-dimensional H x V array, said method comprising the
steps of: ' |

transform ima{ge coding the two-dimensional H x V array of image elements
to form a coded image-data set by means of an orthogonal transform basis matrix,
said step of transform image coding comprising a quantization operation;

decoding said coded image-data set by means of said orthogonal transform -
basis matrix to form a decoded image-data set;

converting said decoded image-data set into a plurality of frequency
coefficient terms by means of said orthogonal transform basis matrix;

filtering said plurality of frequency coefficient terms by means of a filtering
computation, said filtering computation comprising the step of multiplying said
frequency coefficient terms with a coefficient filtering term to form a plurality of
filtered frequency coefficient terms; and

converting said filtered vfrequency coefficients into a reduced-noise digital

image.

10.  The method of claim 9 wherein said step of converting said decoded
image-data set comprises the steps of forming said decoded image-data set into an
array of overlapped image-data matrices and converting said array of overlapped

image-data matrices into an array of frequency coefficient matrices by means of said

21-
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5 orthogonal transform basis matrix, said frequency coefficient matrices comprising

said frequency coefficient terms.

~11. - The method of claim 9 further comprising the step of deriving said

coefficient filtering term.

12.  The method of claim 11 wherein said step of deriving said coefficient

filtering term comprises the step of deriving at least one filter parameter.

13.  The method of claim 12 wherein said filter parameter is a function of

said scaling factor x.

14.  The method of claim 11 wherein said step of deriving said coefficient

filtering term comprises the step of deriving a quantization error matrix.

15.  The method of claim 9 wherein said orthogonal transform basis

matrix comprises a discrete cosine transform basis matrix.

’ 16.  The method of claim 9 wherein said step o’f converting said filtered
frequency coefficients comprises the steps of transforming said filtered frequency
coefficients into ﬁltered image-data terms by means of said orthogonal transform
basis matrix and converting said filtered image-data terms into a series of filtered

5 - electrical sigﬁals such that said filtered electrical signals can be configured into a
two-dimensional H x V array of filtered image elements to form said reduced-noise
digifal image, each said filtered electrical signal corresponding to a characteristic of

one said filtered image element.

17.  The method of claim 16 wherein said step of converting said filtered
image-data terms comprises the steps of extracting a portion of said filtered image-
data terms and combining said portion to form a two-dimensional H x V reduced-

noise image-data set from which said reduced-noise digital image is formed.

18. A method for filtering a two-dimensional decoded image signal such
that the effects of blocking artifacts attributable to quantization are reduced, the
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blocking artifacts arising in the decoded image signal as a consequence of there

having been performed transform image coding, data compression, and quantization
on an antecedent image signal, the antecedent image signal having been provided as
a series of electrical signals, each electrical signal corresponding to a characteristic
of an element of the antecedent image, where the compression operation utilized a

scaling factor k and quantization terms derived from a quantization table, and where

the decoded image signal has been configured as a two-dimensional H x V set of

image-data terms denoted by sr(z, y), said method comprising fhe steps of:

defining an overlap parameter, denoted by ©;

forming the decoded image signal set into a plurality of N x N overlapped‘
image-data matrices comprising terms denoted by vs(j,i), in accordance with the -
relationship,

Vs:(G,1) = sr(+os, i+or);

transforming said overlapped image-data matrices into modified coefficient

* matrices comprising terms denoted by Sv,(V,1), by means of an orthogonal

transform basis matrix C in accordance with the matrix equation,

SVsr(Vo) = C % vgi(jyi) x CT;

estimating the scaling factor ;

determining filter parameters as a function of said scaling factor, said filter
parameters denoted by o(k) and B(x);

selecting a quantization error matrix, denoted by Eo;

converting said modified coefficient matrices into filtered coefficient
matrices by means of said quantization error matrix and said filter parameters, said
modified coefficient matrix comprising terms denoted by Sf;(v,t), said step of
converting said modified coefficient matrices performed in accordance with the

equation,

| ‘ [Svs,r(vsu)]z
S, (v, 1) = |8V, (v, 1) | X 5 7|
e A T ey
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[sv.,.v. )] -
[Sv,., (v )] +a [Ev. )] |

transforming said filtered coefficient matrices into filtered image-data

SF, (Vo b1) =[S, (v, )] X

matrices, denoted by rfs,,(j,i), in accordance with the matrix equation,

() = CT xSy (vp) x Ciand
converting sbaid filtered image-data matrices into a series of filtered electrical
signals such that said filtered electrical signals can be configured into a

two-dimensional H x V array of filtered image elements to form a reduced-noise

- digital image, each said filtered electrical signal corresponding to a characteristic of

- one said filtered image element.

19.  The method of claim 18 wherein said orthogonal transform basis

matrix C comprises a discrete cosine transform basis matrix.

20.  The method of claim 18 wherein said step of converting said filtered
image-data matrices comprises the steps of extracting a core submatrix from each

said filtered image-data matrix and combining a plurality of said core submatrices to

form a two-dimensional H x V reduced-noise image-data set from which said

reduced-noise digital image is formed.

21.  The method of ¢1aimv 20 wherein said step of extracting a core
submatrix comprisés deleting image-da‘té terms in rows" 0 thfough (32’--1) and (N -%) |
through (N—l) of said ﬁltered image-data matrix and deleting filtered image-data
terms in columns Olthrough (%-1) and (N-%) through ‘(N -1) '6f said filtered image-

data matrix.

22, The method of claim 18 wherein ® is set td -JZX
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23.  The method of claim 18 wherein said step of estimating a écaling

factor x comprises the step of setting k equal to the DC scaled quantization term of

- said quantization table.

24.  The method of claim 18 wherein said step of determining filter
parameters comprises the step of obtaining at least one of said filter parameters from

a numerical table.
25.  The method of claim 18 whereih k< 8and q(K) =B(x)=0.
26.  The method of claim 1A8 wherein 8 <k < 24 and o((x), B(x) >1.
27>. Tﬁe method of claim 1‘8 wherein 24 < ¥ < 32 and ou(x), (k) = 2.
28. - The methéd of claim 18 wherein k > 32 and a(x), B(x) 2 3. |

29.  The method of claim 18 wherein said step of selecting a quantization
error matrix comprises the step of obtaining at least one quantization error term from

a numerical table.

30. A method for filtering a two-dimensional decoded image signal such
that the effects of blocking artifacts attributable to quantization are re‘duced,'the
blocking artifacts arising in the decoded image signal as a consequence of there
having been performed transform image coding, data compression, and quantization

on an antecedent image signal, the antecedent image signal having been provided as

-a series of electrical signals, each electrical signal corresponding to a characteristic

of an element of the antecedent image, where the compression operation utilized a
scaling factor and quantization terms obtained from a quantization table, and where
the decoded image signal has been configured as a two-dimensional H x V set of
image-data terms denoted by sr(z, y), said method comprising the steps of:

- converting said set of image-data terms into a plurality of frequency

coefficient terms by means of an orthogonal transform basis matrix;
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filtering said plurality of frequency coefficient terms by méans of a filtering
computation, said ﬁlfering computation comprising the step of multiplying said
frequency coefficient terms with a coefficient filtering term to form a plurality of
filtered frequency coefficient terms; and |

converting said filtered frequency coefficients into a reduced-noise digital

image.

31.  The method of claim 30 wherein said step of converting said set of

image-data terms comprises the steps of forming said image-data terms into an array

- of overlapped image-data matrices and converting said array of overlapped image-

data matrices into an array of coefficient matrices comprising frequency coefficient

terms by means of said orthogonal transform basis matrix.

32. - The method of claim 30 further compnsmg the step of deriving said

coefﬁc1ent filtering term.

33.  The method of claim 32 wherein said step of deriving said coefficient

ﬁlterihg term comprises the step of deriving at least one filter parameter.

34.  The method of claim 33 wherein said filter paraméter is a function of

the scaling factor.

35.  The method of claim 32 wherein said step of deriving said coefficient

filtering term comprises the step of deriving a quantization error matrix.

36.  The method of claim 30 wherein said step of converting said filtered
frequency coefficients comprises the steps of transformingvsaid filtered frequency
coefficients into filtered image-data terms by means of said orthogonal transform

basis matrix and converting said filtered image-data terms into a series of filtered

electrical Signals such that said filtered electrical signals can be configured into a

two-dimensional H x V array of filtered image elements to form said reduced-noise
digital image, each said filtered electrical signal corresponding to a characteristic of ‘

one said filtered image element.
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37.. " An image processing apparatus for redubing the effects of blocking
artifacts attributable to quantization incurred in the transform image coding and
compression of a two-dimensional image signal into a digital image, the degree of
compression determined by a scaling factor and a quantization table, and the image
signal provided as a series of electrical signals, each electrical signal corresponding
to a characteristic of an element of a two-dimensional image, where the image
elements have been configured as a two-dimensional H x V array, said apparatus
compriSing: | |

means for applying an brthogonal transform basis matrix to the
two-dimensional H x V array of image elements so as to form ‘a coded image-data
set comprising quantized terms; ' , 4

means for applying said orthogonal transform basis matrix to said coded
image-data set so as to form a decoded image-data set;

means for transform image coding said decoded image-data set into a
plurality of frequency coefficient terms; ‘ o

filtering means, operative on said frequency coefﬁcient terms such that said

frequency coefficient terms are multiplied by a coefficient filtering term to form a

- plurality of filtered frequency coefficient terms; and

means for converting said filtered frequency coefficients into a reduced-noise

digital image.

38.  The image processing apparatus of claim 37 wherein said means for

| transform image coding said decoded image-data set comprises means for forming

said decoded image-data set into an array of overlapped image-data matrices and
means for transform image coding said array of overlapped image-data matrices into
an array of frequency coefficient matrices comprising said frequency coefficient

terms.
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39. = The image processing apparatus of claim 37 further comprising

means for defiving said coefficient filtering term.

40.  The image processing apparatus of claim 39 wherein said means for
deriving said coefficient filtering term comprises means for providing a quantization

error matrix.

41. The image processing apparatus of claim 40 wherein said means for

providing a quantization error matrix comprises a numerical table.

42. . The vimage processing apparatus of claim 37 wherein said orthogonal

transform basis matrix comprises a discrete cosine transform basis matrix.

| 43.  The image processing apparatus of claim 37 wherein said means for
converting said filtered frequency coefﬁciénts comprises means for transform image
coding said filtered frequency coefficients into filtered image-déta terms and means
for converting said filtered image-data terms into a series of ﬁlteréd electrical signals
5  such that said filtered electrical signals can be configured into a two-dimensional
H x V array of filtered image elements to form said vreduced-noise digital image,
each sé.id filtered electrical signal coneépqnding toa charactci'istic of one said

filtered image element.

44,  The image processing apparatus of claim 43 wherein said means for
converting said filtered image-data terms comprises means for extracting a portion
of said filtered image-déta terms and means for combining said portion to form a
two-dimensional H x V reduced-noise image-data set from which said reduced-noise

5 digital image is formed.

45.  Animage processing apparatus for filtering a two-dimensional

decoded image_signal such that the effects of blocking artifacts attributable to

-28-
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quantization are reduced, the blocking artifacts arising in the decoded image signal
as a consequence of there having been performed transform image coding, data
compression, and quantization on an antecedent image signal, the antecedent image

signal having been provided as a series of electrical signals, each electrical signal

’ coi‘responding to a characteristic of an element of the antecedent image, where the

compression operation utilized a scaling factor and quantization terms obtained from
a quantization table, and where the decoded image signal has been configured as a

two-dimensional H x V set of image-data terms denoted by sg(z, y), said apparatus

- comprising:

means for transform image coding said set of image-data terms into a
plurality of frequency coefficient terms by means of an orthogonal transform basis
matrix;

filtering means, operative on said frequency coefficient terms such that said
frequency coefficient terms are multiplied by a coefficient filtering term to form a
plurality of filtered frequency coefficient terms; and | |

means for converting said filtered frequency coefficients into a reduced-noise

digital image;

46.  The image processing apparatus of claim 45 wherein said means for
transform image coding said set of image-data terms comprises means for forming
said image-data terms into an array of overlapped image-data matrices and means for
transform image coding said array of overlapped image-data matrices into an array

of frequency coefficient matrices comprising said frequency coefficient terms.

47.  The image processing apparatus of claim 45 further comprising

means for deriving said coefficient filtering term.

48.  The image processing apparatus of claim 47 wherein said means for
deriving said coefficient filtering term comprises means for providing a quantization

error matrix.
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49.  The image processing apparatus of claim 48 wherein said means for

providing a quantization error matrix comprises a numerical table.

50.  The image processing apparatus of claim 45 wherein said means for
converting said filtered frequency coefficients comprises means for transform image
coding said filtered frequency coefficients into filtered i 1mage data terms and means
for convertmg said ﬁltered image-data terms into a series of ﬁltered electrical signals

5  such that said filtered electrical sighals can be configured into a two-dimensional
H x V array of filtered image elements to form said reduced-noise digital image,
each said filtered electrical signal corresponding to é characteristic of one said

filtered image element

- 51.  The image processing apparatus of claim 50 wherein said means for
converting said filtered image-data terms comprises means for extracting a portion
of said filtered image-daté terms aﬁd means for combining said portion to form a
two-dimensional H x V reduced-noise image-data set from which said reduced-noise

5  digital image is formed.
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