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Priority under 35 U.S.C.119 [00011The present application claims priority to
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entitled "Efficient Multiplication-Free Implementations of Scaled Discrete
Cosine Transform (DCT) and Inverse Discrete Cosine Transform (IDCT),"
assigned to the assignee hereof and incorporated herein by reference,
BACKGROUND ILField 10002)The present disclosure relates generally to
processing, and more specifically to techniques for performing transforms on
data. III. Background 100031Transforms are commonly used to convert data
from one domain to another domain. For example, discrete cosine transform
(DO) is commonly used to transform data from spatial domain to frequency
domain, and inverse discrete cosine transform (1ACT) is commonly used to
transform data from frequency domain to spatial domain. DCT is widely used
for image/video compression to spatially decorrelate blocks of picture
elements (pixels) in images or video frames. The resulting transform
coefficients are typically much less dependent on each other, which maims
these coefficients more suitable for quantization and encoding. ACT also
exhibits energy compaction property, which is the ability to map most of the
energy. of a block of pixels to only few (typically low order) transform
coefficients. This energy compaction property can simplify the design of
encoding algorithms. [0004]Transforms such as DCT and IDCT may be performed
on large quantity of data. Hence, it is desirable to perform transforms as
efficiently as possible. Furthermore, it is desirable to perform computation
for transforms using simple hardware in order to reduce cost and complexity,
100051There is therefore a need in the art for techniques to efficiently
perform transforms on data,  WO 2007/082272PCMS2007/060405 2 SUMMARY
100061Techniques for efficiently performing transforms on data. are
described herein. According to an aspect, an apparatus performs
multiplication of a first group of at least one data value with a first
group of at least one rational dyadic constant that approximates a first
group of at least one irrational constant scaled by a first common factor.
The apparatus further performs multiplication of a second group of at least
one data value with a second group of at least one rational dyadic constant
that approximates a second group of at least one irrational constant scaled
by a second common factor. Each rational dyadic constant is a rational
number with a dyadic denominator. The first and second groups of at least
one data value have different sizes. For example, the first group may
include two data values, and the second group may incl tide four data
values. [00071 According to another aspect, an apparatus performs
multiplication of at least one data value with at least one rational dyadic
constant that approximates at least one irrational constant scaled by a
common factor. The common factor is selected based on the number of logical
and arithmetic operations for the multiplication of the at least one data
value with the at least one rational dyadic constant. The logical and
arithmetic  operations may comprise of shift, subtract, and add operations.
The common factors may be selected firther based on the precision of the
results. (0008$Various aspects and features of the disclosure are described
in further detail below, BRIEF DESCRIPTION OP THE DRAWINGS  [0009]FIG. 1
shows a flow graph of an 8-point IDCT. (00101FIG. 2 shows a flow graph of an
8-point DC:T. lo0t1.1FIG.3 shows a flow graph of an 8-point IDCT with common
factors. [0012)FIG. 4 shows a flow graph of an 8-point DCT with common
factors. [00131FIG, 5 shows a look-up table storing the numbers of
operations for multiplication with different rational dyadic constant
values. (0014)FIG. 6 shows a block diagram of a two-dimensional (21)) IDCT. 



I:00151FIG. 7 shows a block diagram of an image/video encoding and decoding
system. [0016)FIG. 8 shows a block diagram of an encoding system. [00111FIG.
9 shows a block diagram of a decoding system.  WO
2007/082272PCT/US2007/060405 3 DETAILED DESCRIPTION 100181The techniques
described herein may be used for various types of transforms such as DC']',
met discrete Fourier transform (DFT), inverse DFT (IDFT), modulated lapped
transform (MLT), inverse MLT, modulated complex lapped transform (IVICLT),
inverse MCLT, etc. The techniques may also be used for various applications
such as image, video, and audio processing, communication, computing, data
networking, data storage, graphics, etc. hi general, the techniques may be
used for any application that uses a transform. For clarity, the techniques
are described below for DCT and IDCT, which are commonly used in image and
video processing. 100191A one-dimensional (ID) N-point DCT and a ID N-point
IDCT of type 11 may be defined as follows: c(k)(2ta+1)  Xikl=Exfp) cos, and.
Fq (I)  xiki. cos  (211 +1). kyr sbcei 22N Eq (2)  where c(k)e, 1/1i if k
otherwise, x[n] is a ID spatial domain frinction, and X[k] is a ID frequency
domain function. 1100201The ID DC]' in equation (I) operates on N spatial
domain values x[01 through x[M-1) and generates N transform coefficients
X[0] through AIN.41. The ID IDCT in equation (2) operates on N transform
coefficients and generates N spatial domain values. Type II DCT is one type
of transform and is commonly believed to be one of the most efficient
transforms among several energy compacting transforms proposed for
image/video compression. [00211The ID DCT may be used for a two 21) DCT, as
described below. Similarly, the ID IDCT may be used for a 21) TDCT. By
decomposing the 2D DCT/IDCT into a cascade of ID DCTs/IDCTs, the efficiency
of the 21) DCT/IDCT is dependent on the efficiency of the ID DCT/IDCT. In
general, ID Der and ID IDCT may be performed on any vector size, and 21) DCT
and 21.3 IDCT may be performed on any block size. However, Sx8 DCT and 8x/1
IDCT are commonly used for image and video processing,  WO
2007/082272PCT/US2007/060405 4  where N is equal to 8. For example, 8><8 DCT
and 84 ma are used as standard building blocks in various image and video
coding standards such as WEG, MPEG-1, MPEG-2, IVIPEG-4 (P.2), 14.261, H.263,
etc. (00221The 11) :DCT and ID IDCT may be implemented in their original
forms shown in equations (1) and. (2), respectively. However, substantial
reduction in computational complexity may be realized by finding
factorizations that result in as few multiplications and additions as
possible. A factorization for a transform may be represented by a flow graph
that indicates specific operations to be performed for that transform.
100231 FIG. 1 shows a flow graph 100 of an example factorization of an
8-point IDCT. In flow graph 100, each addition is represented by symbol "S"
and each multiplication is represented by a box. Each addition sums or
subtracts two input values and provides an output value. Each multiplication
multiplies an input value with a transform constant shown inside the box and
provides an output value. The factorization in FIG. 1 has six to ul
tiplications with the following constant factors: 



C,14 = COS (IC/ 4) :45, 0.707106781, cos Off IS) 0.382683432 , and S, is =
sin (3ar18) 0.923879533. 100241Flow graph 100 receives eight scaled.
transform coefficients 4, X[0] through           ' ATM performs an 8-point
[OCT on these coefficients, and generates eight output samples x[0] through
x[7]. A0 through A7 are scale factors and are given below: 1 4 =03535533906,
242 -- (77(116)  - 0.4499881115, ' 2sin (37/18)- -42  cos (5z/16) cs
(I")0.6532814824,* 2 cos or 8) ft 0.2548977895, A - 1 ki 0.3535533906, -
--271   cos (3,r116)  ft 1.2814577239 , J2-2 as oz /8)  46 = cos (3478)
0.2705980501,cosQt./16)-03006724435.  112- 4- 2siri(3v/S) 10025)Flow graph
100 includes a number of butterfly operations. A butterfly operation
receives two input values and generates two output values, where one output
value is  WO 2007/082272PCT/US2007/060405 5 the sum of the two input values
and the other output value is the difference of the two input values. For
example, the butterfly operation on input values .40  X[0] and 44  A141
generates an output value 4  4110]  44 ' X[4] for the top branch and an
output value .40  X[0] -44.  X[41] for the bottom branch. 100261FIG. 2 shows
a flow graph 200 of an example factorization of an 8-point DCT. Flow graph
200 receives eight input samples 40] through 47], performs an 8-point Dcr on
these input samples, and generates eight scaled transform coefficients 8A0
X[0] through 84 X[7], The scale factors An through A7 are given above. The
factorization in FIG, 2 has six multiplications with constant factors
I/C"f4, 2(73,08 and 2,513ila. 100271 The flow graphs for the IDCT and DCT in
FIGS. I and 2 are similar and involve multiplications by essentially the
same constant factors (with the difference in 1/2). Such similarity may be
advantageous for implementation of the DCT and IDCT on an integrated
circuit, In particular, the similarity may enable savings of silicon or die
area to implement the butterflies and the multiplications by transform
constants, which are used in both the forward and inverse transforms.
100281The factorization shown in FIG. I results in a total of 6
multiplications and 28  additions, which are substantially fewer than the
number of multiplications and additions required for direct computation of
equation (2). The factorization shown in FIG. 2 also results in a total of 6
multiplications and 28 additions, which are substantially fewer than the
number of multiplications and additions required for direct computation of
equation (1). The factorization in FIG. I performs plane rotation on two
intermediate variables with (73,es and S3mes. The factorization in FIG. 2
performs plane rotation on two intermediate variables with 2(73..rs and
293ws. A plane rotation is achieved by multiplying an intermediate variable
with both sine and cosine, e.g,, cos (3w/8) and sin (37r/8) in FIG. 1. The
multiplications for plane rotation may be efficiently performed using the
computation techniques described below. 100291FIGS. I and 2 show example
factorizations of an 8-point IDCT and an 8-point 



DCT, respectively. These factorizations are for scaled IDCT and scaled DCT,
where "scaled" refers to the scaling of the transform coefficients X[0]
through .47] with known scale factors An through A7, respectively. Other
factorizations have also been derived by using mappings to other known fast
algorithms such as a Cooley-Tukey DFT algorithm or by applying systematic
factorization procedures such as decimation in time  WO
2007/082272PCT/US2007/060405 6 or declination in frequency. In general,
factorization reduces the number of multiplications but does not eliminate
them. [0030)The multiplications in FIGS. I and 2 are with irrational
constants representing the sine and cosine of different angles, which are
multiples of x/8 for the 8-point DCT and IDCT. An irrational constant is a
constant that is not a ratio of two integers, The multiplications with
irrational constants may be more efficiently performed in fixed-point
integer arithmetic when each irrational constant is approximated by a
rational dyadic constant. A rational dyadic constant is a rational constant
with a dyadic denominator and has the form c/ 2b, where b and c are integers
and b >0. Multiplication of an integer variable with a rational dyadic
constant may be achieved with logical and arithmetic operations, as
described below. The number of logical and arithmetic operations is
dependent on the manner in which the computation is performed as well as the
value of the rational dyadic constant [0031)ill an aspect, common factors
are used to reduce the total number of operations for a transform and/or to
improve the precision of the transform results. A common factor is a
constant that is applied to one or more intermediate variables in a
transform. An intermediate variable may also be referred to as a data value,
etc. A common factor may be absorbed with one or more transform constants
and may also be accounted for by altering one or more scale factors. A
common factor may improve the approximation of one or more (irrational)
transform constants by one or more rational dyadic constants, which may then
result in a fewer total number of operations and/or improved precision.
[0032)In general, any number of common factors may be used for a transform,
and each common factor may be applied to any number of intermediate
variables in the transform. In one design, multiple common factors are used
for a transform and are applied to multiple groups of intermediate variables
of different sizes. In another design, multiple common factors are applied
to multiple groups of intennediate variables of the same size. (00331FIG. 3
shows a flow graph 300 of an 8-point IDCT with common flictors, Flow graph
300 uses the same factorization as flow graph 100 in FIG. 1. However, flow
graph 300 uses two common factors for two groups of intermediate variables.
100341A first common factor if1 is applied to a first group of two
intermediate variables 1 and X2, which is generated based on transform
coefficients 2121 and X[6]. The  WO 2007/082272PCT/US2007/060405 7 first
common. factor F1 is multiplied with XJ., is absorbed with transform
constant and is accounted for by altering scale factors A2 and A6. A second
common factor F2 i.s applied to a second group of four intermediate
variables X,: through X,$, which is generated based on transform
coefficients AT] , 43), 1[5] and 473, The second common factor .172 is
multiplied with Z. is absorbed with transform constants Cirm, (.17304 and S,
and is accounted for by altering scale factors A1, 43, As and A7. (00351The
first common factor F1 may be approximated with a rational dyadic constant
which may be multiplied with Xj. to obtain an approximation of the product
X1 'J. A staled transform factor .C; 'Cf4 may be approximated with a
rational. dyadic constant )31, which may be multiplied with 34 to obtain an
approximation of the product X, .C"."4. An altered scale factor A2 If may be
applied to transform coefficient 1(2]. An altered scale factor A6 / Fi may
be applied to transform coefficient 1[6]. 100361  The second common factor
F2 may be approximated with a rational dyadic constant az, which may be
multiplied with 14 to obtain an approximation of the product X4172. A scaled
transform factor E, -C".14 may be approximated with a rational dyadic
constant fi,, which may be multiplied with X3 to obtain an approximation of
the product K3  172  Ce4. A scaled transform factor F",-(7 may be
approximated with a rational dyadic constant y2, and a scaled transform
factor .F2 Sste may be approximated with a rational dyadic constant 05.2.
Rational dyadic constant r:, may be multiplied with X*5 to obtain an
approximation of the product Xs F2 .C,"" and also with Xe, to obtain an
approximation of the product A .F2 C. Rational dyadic constant 5, may be
multiplied with X, to obtain an approximation of the product Xs -.P'2 and
also with X6 to obtain an approximation of the product X F, ' S,".,4 .
Altered scale factors 4 tic, 4 IF2, 4 IF, and A, IF, may be applied to
transform coefficients AT], .1(3] 1[5] and X[7], respectively. 100371Six
rational dyadic constants al,a2, fl,, 72 and 63 may be defined for six
constants, as follows: ./:;;  cos(x / 4),En (5) a2rsIr, /32 ./72 - cos Or
/4) , y2 w E2  cos (3.7/18) , and 82 5=sin (3x 8) .  WO
2007/082272PCT/US2007/060405 8 100381FIG. 4 shows a flow graph 400 of an
8-point DCT with common factors. Flow graph 400 uses the same factorization
as flow graph 200 in FIG. 2. However, flow graph 400 uses two common factors
for two groups of intermediate variables. [0039]A first common factor ./7.
is applied to a. first group of two intermediate variables 



Xa and Xt" which is used to generate transform coefficients .X[2] and X[6].
The first common factor Ira is multiplied with X. is absorbed with transform
constant 1/Cess, and is accounted for by altering scale factors Az and A6. A
second common factor Ft, is applied to a second group of four intermediate
variables X', through Xf, which is used to generate transform coefficients
X[I]. X[3], X[5] and X[7]. The second common factor Ph is multiplied with
Xa, is absorbed with transform constants I /C..-4, 2C3,e8 and 2.Smes, and is
accounted for by altering scale factors At, A3, A5 and A7. [00401The first
common factor Pi may be approximated with a rational dyadic constant aa ,
which may be multiplied with X. to obtain an approximation of the product X,
I-;"' A scaled transform factor Pb /C""4 may be approximated with a rational
dyadic constant   , which may be multiplied with Xt, to obtain an
approximation of the product Xfrb F /C,4. Altered scale factors A2 /./;;,
and Asti; may be applied to transform coefficients X[2] and X[6],
respectively. 10041jThe second common factor :Pi, may be approximated, with
a rational dyadic constant ab , which may be multiplied with Xd to obtain an
approximation of the product    .rib. A scaled transform factor ...P /C",,,
may be approximated with a rational dyadic constant A , which may be
multiplied with Xe to obtain an approximation of the product .cic -P;,ICr4.
A scaled transform factor 2F,,  C3"is may be approximated with a rational
dyadic constant y," and a scaled transform factor 21c, 83.iffs may be
approximated with a rational dyadic constant ohRational dyadic constant Yb
may be multiplied with A; to obtain an approximation of the product 2X4  PI,
(7.,4 and also with Xr to obtain an approximation of the product 2X,
C3"..8. Rational dyadic constant Sh may be multiplied with X, to obtain an
approximation of the product 2Xe Pb  33,i8 and also withto obtain an
approximation of the product 2Xf  F- Skif . Altered scale factors A, I P; ,
A3 1.1.;"Ft, and AT I Ft, may be applied to transform coefficients X[I],
X[3], X[5] and 1[41], respectively.  WO 2007/082272PCT/US2007/060405 9
100421Six rational dyadic constants a" j?" a, /3," rt, and 8t, may be
defined for six constants, as follows: x;/1" ft Fs / cos Or /4) ,Eq (4) gw ,
/3t, Ft, I cos (x 1 4), yl,cos (3if /8) , and 5,, .ze. 2F,  sin (3x- /13)
[00431FIGS. 3 and 4 show example use of common factors for specific
factorizations of 8-point 1DCT and 8-point DCT, respectively. Common factors
may be used for other factorizations of the DCT and IDCT and also for other
types of transforms. In general, a common factor may be applied to a group
of at least one intermediate variable in a transform. This group of
intermediate variable(s) may be generated from a group of input values
(e.g., as shown in FIG. 3) or used to generate a group of output values
(e.g., as shown in FIG. 4). The common factor may be accounted for by the
scale factors applied to the input values or the output values.
[00441Multiple common factors may be applied to multiple groups of
intermediate variables, and each group may include any number of
intermediate variables. The selection of the groups may be dependent on
various factors such as the factorization of the transform, where the
transfortn constants are located within the transform, etc. Multiple common
factors may be applied to multiple (croups of intermediate variables of the
same size (not shown in FIGS. 3 and 4) or different sizes (as shown in FIGS.
3 and 4). For example, three common factors may be used for the
factorization shown in FIG. 3, with a first common factor being applied to
intermediate variables Xi and X2" a second common factor being applied to
intermediate variables X3, 14, X5 and X a third common factor being applied
to two intermediate variables generated from AID] and.X14).  [00451
Multiplication of an intermediate variable x with a rational dyadic constant
n may be performed in various manners in fixed-point integer aritlunetic.
The multiplication may be performed using logical operations (e.g., left
shill, right shill, bit-inversion, etc.), arithmetic operations (e.g., add,
subtract, sign-inversion, etc.) and/or other operations. The number of
logical and arithmetic operations needed for the multiplication of x with if
is dependent on the manner in which the computation is performed and the
value of the rational dyadic constant a Different computation techniques may
require different numbers of logical and arithmetic operations for the same
multiplication of x with u. A given computation technique may require
different numbers of lotjcal and arithmetic operations for the
multiplication of x with different values of n.  WO
2007/082272PCT/US2007/060405 10 [0046]A common factor may be selected for a
group of intermediate variables based on criteria such as:  The number of
logical and arithmetic operations to perform multiplication, and  The
precision of the results. [0041)In general, it is desirable to minimize the
number of logical and arithmetic operations for multiplication of an
intermediate variable with a rational dyadic constant. On some hardware
platforms, arithmetic operations (e.g., additions) may be more complex than
logical operations, so reducing the number of arithmetic operations may be
more important. In the extreme, computational complexity may be quantified
based solely on the number of arithmetic operations, without taking into
account logical operations. On some other hardware platforms, local
operations (e.g., shifts) may be more expensive, and reducing the number of
logical operations (e.g., reducing the number of shift operations and/or the
total number of bits shifted) may be more important In general, a weighted
average number of logical and arithmetic operations may be used, where the
weights may represent the relative complexities of the logical and
arithmetic operations. 



[0048]The precision of the results may be quantified based on various
metrics such as those given in Table 6 below. In general, it is desirable to
reduce the number of logical and arithmetic operations (or computational
complexity) for a given precision. It may also be desirable to trade off
complexity for precision, e.g., to achieve higher precision at the expense
of some additional operations. [0049jAs shown in FIGS. 3 and 4, for each
common factor, multiplication may be perfonned on a group of intermediate
variables with a group of rational dyadic constants that approximates a
group of at least one irrational constant (for at least one transform
factor) scaled by that common factor. Multiplication in fixed-point integer
arithmetic may be performed in various manners_ For clarity, computation
techniques that. perform multiplication with shift and add operations and
using intermediate results are described below. These computation techniques
may reduce the total number of shift and add operations for the DOT and
IDCT, 100501Multiplication of an integer variable r with an irrational
constant pin fixed-point integer arithmetic may be achieved by approximating
the irrational constant with a rational dyadic constant, as follows:  WO
2007/082272PCT/US2007/060405  Eq (5)  where g is the irrational constant to
be approximated, ci 2b is the rational dyadic constant, hand care integers,
and h > 0 . 100511Given integer variable x and rational dyadic constant u
=eft, an integer- s/titled product y = (x  c)/21'Eq (6) may be approximated
using a series of intermediate values Eq (7) where Yo = 0, y1= x, and for
all 2t values, p1 is obtained as follows:                 ye  with j,k <i ,
Eq (8) where yk.2.' implies either left or right shift (depending on the
sign of constant s) of intermediate valueyk by I s, bits. 100521In equation
(8), yo may be equal to yi yg..  2;yfr -2" , or -2.4 . Each intermediate
value yi in the series may be derived based on two prior intermediate values
yf and YL in the series, where either yi or yk may be equal to zero. Each
intermediate value yi may be obtained with one shift and/or one addition.
The shill is not needed if s; is equal to zero. The addition is not needed
if yl = 0. The total number of additions and shills for the multiplication
is determined by the number of intermediate values in the series, which is
t, as well as the expression used for each intermediate value. The
multiplication by rational dyadic constant u is essentially unrolled into a.
series of shift and add operations. The series is defined such that the
final value in the series becomes the desired integer-valued product, or Eq
(9)  WO 2007/082272PCT/US2007/060405 12 generated by shift and add
operations and using intermediate results (or prior generated intermediate
values) to reduce the total number of operations. 100541Multiplication of an
integer variable x with two irrational constants p and 77 in fixed-point
integer arithmetic may be achieved by approximating the irrational constants
with rational dyadic (=shuns, as follows: p c,/2bandn Ong ,Eq (1.0) where
012b and e I 2d are two rational dyadic constants, b, c, dand e are
integers, b > and d > 0. (00551Given integer variable x and rational dyadic
constants u el 2b and v = e I , two integer-valued products y = (x  c)/2b
and z (x.  e)/Eq (11) 



may be approximated using a series of intermediate values Ivo,It12, " w"Eq
(12) where nit, 0, w1 =x, and for all 2 L.ci s:t values, wi is obtained as
follows: = w; w,"  2" ,with j,k:Eq (13) where wi,implies either left or
tight shift of wk by Is, I bits. The series is defined such that the desired
integer-valued products are obtained at steps in and n, as follows;
W,tcy and w" zEq (14) where nz,n Si and either ft: or n is equal to t
(00561As shown in equations (10) through (14), the multiplication of integer
variable x with irrational constants p and 77 may be approximated with a
common series of intermediate values generated by shift and add operations
and using intermediate results to reduce the total number of operations.
100571In the computation described above, trivial operations such as
additions and subtractions of zeros and shifts by zero bits may be omitted.
The following simplifications may be made:  WO 2007/082272PCT/US2007/060405
100581in equation (15), the expression to the left of ":*" involves an
addition or subtraction of zero (denoted by ya) and may be performed with
one shift, as shown by the expression to the right of "=a". In equation
(16), the expression to the left of "" involves a shift by zero bits
(denoted by 2) and may be performed with one addition, as shown by the
expression to the right of '=". Equations (15) and (16) may be applied to
equation (8) in the computation ofyi as well as to equation (13)in the
computation of wt. 100591 The multiplications in FIGS. I through 4 may be
efficiently performed using the computation techniques described above. In
FIG. 1, multiplication of integer variables with transform. constant Cs.f.t
in fixed-point integer arithmetic may be achieved by approximating constant
Cw4 with a rational dyadic constant, as follows: 181 b010110101 256 b
100000000 Eq (17)  where C"sm is a rational dyadic constant that is an 8-bit
approximation of Ce4. f 0060)Multiplication of integer variable x by
constant (74 may be expressed as: y=-(x1801256 .Eq (18) [00611The
multiplication in equation (18) may be achieved with the following series of
operations: yl sr,/I 1Eti (19) = Yt (Y2 "2)// 101 If 01011 Y4 = + ()2
"1/010110101 . The binary value to the right of "if" is an intermediate
constant that is multiplied with variable s. 



WO 2007/082272PCT/US2007/060405 14 100621The desired product is equal to y4,
or y4 = y. The multiplication in equation (18) may be performed with three
additions and three shifts to generate three intermediate values y2, ys and
y4. 100631In Ha 1, multiplication of integer variable x with transform
constants C3,ett and 331e8 in fixed-point integer arithmetic may be achieved
by approximating constants C37pis and 33sig with, rational dyadic constants,
as follows: 49 b00110001  Laff18 = 128 b 10000000 son 473 b 0111011001  3 s
512 b 1000000000 andEq (20) Eq (21)  where C:31,1; is a rational dyadic
constant that is a 7-bit approximation of C3Its, and Sit7 is a rational
dyadic constant that is a 9-bit approximation of 327-as.
100641Multiplication of integer variable x by constants C3Snis and S4'," may
be expressed as: y -(x-49)7128 and z=(x-473)/512Ecl (22) 100651The
multiplications in. equation (22) may be achieved with the following series
of operations: = X , w, =14,7 -(w7 " 2)/J 011 0000001  110110001 0111111
1/00110001 IV, =Ws - (WI" 4) ,/70111011 w6 = +(ct " 9) ,/70111011001 Eq (23)
WO 2007/082272PCT/US2007/060405 1.5    shifts to generate seven intermediate
values w2 through 10R. Additions of zeros are omitted in the generation of
1v3 and 116, Shifts by zero are omitted in the generation of wa and ws.
10067]For the 8-point [OCT shown in FIG. I, using the computation techniques



described above for multiplications by constants C,., CL.,8 and S8, the
total complexity for 8-bit precision may be given as: 28+ 32+ 5. 2 = 44
additions and 3-2 +5.2 16 shifts. In general, any desired precision may be
achieved by using sufficient number of bits for the approximation of each
transform constant. (00681  For the 8-point OCT shown in FIG. 2, irrational
constants I./C,14, C3,ag and /93/cig may be approximated with rational
dyadic constants. Multiplications with the rational dyadic constants may be
achieved using the computation techniques described above, [00691  For the
IDCT shown in FIG. 3, different values of common factors Ft and F'2 may
result in different total numbers of logical and arithmetic operations for
the IDCT and different levels of precision for the output samples 40]
through 471. Different combinations of values for FL and F2 may be
evaluated. For each combination of values, the total number of logical and
arithmetic operations for the IDCT and th.e precision of the output samples
may be determined. (00101For a given value of ?1, rational dyadic constants
a, and f1 may be obtained for F1 and Fi -Cxj4, respectively. The numbers of
logical and arithmetic operations may then be determined for multiplication
of XI with cri and multiplication of X with ft, For a given value of F2,
rational dyadic constants a2, 132 , r2 and cS71 may be obtained for F.F2
Ca"," and E,  Sia.4 , respectively. The numbers of logical and arithmetic
operations may then be determined for multiplication of X4 with er.,
multiplication of X3 with "62 , and multiplications of Xs with both 12 and
dt . The number of operations for multiplications of Xt; with 72 and 8, is
equal to the number of operations for multiplications of Xs with r2 and 82.
100711To facilitate the evaluation and selection of the common factors, the
number of logical and arithmetic operations may be pre-computed for
multiplication with different possible values of rational dyadic constants.
The pre-computed numbers of logical and arithmetic operations may be stored
in a look-up table or some other data structure. 100721 FIG. 5 shows a
look-up table 500 that stores the numbers of logical and arithmetic
operations for multiplication with different rational dyadic constant
values. Look-up table 500 is a two-dimensional table with different possible
values of a first rational dyadic  WO 2007/082272PCT/US2007/060405 16
constant (71 on the horizontal axis and different possible values of a
second rational dyadic constant C2 on the vertical axis. The number of
possible values for each rational dyadic constant is dependent on the number
of bits used for that constant. For example, if C1 is represented with 13
bits, then there are 8192 possible values for C1. The possible values for
each rational dyadic constant are denoted as co, el, 02, cm, where co .0, c1
is the smallest non-zero value, and cm is the maximum value (e.g., c, = 8191
for 13-bit). [00131The entry in the i-th column and f-th row of look-up
table 500 contains the number of logical and arithmetic operations for joint
multiplication of intermediate variable x with both ci for the first
rational dyadic constant C1 and ci for the second rational dyadic constant
C2. The value for each entry in look-up table 500 may be determined by
evaluating different possible series of intermediate values for the joint
multiplication with et and cy for that entry and selecting the best series,
e.g., the series with the fewest operations. The entries in the first row of
look-up table 500 (with co = 0 for the second rational dyadic constant Ca)
contain the numbers of operations for .multiplication of intermediate
variable it with just c; for the first rational dyadic constant C. Since the
look-up table is symmetrical, entries in only half of the table (e.g.,
either above or below the main diagonal) may be filled. Furthermore, the
number of entries to fill may be reduced by considering the irrational
constants being approximated with the rational dyadic constants C1 and C2.
100741For a given value of Fe rational dyadic constants ce and Pi may be
determined. The numbers of logical and arithmetic operations for
multiplication of X1 with al and multiplication of 12 with /31 may be
readily determined from the entries in the first row of look-up table 500,
where al and fl.t correspond to CI. Similarly, for a given value of .172,
rational dyadic constants ce2, /12, y, and 81 may be determined. The numbers
of logical and arithmetic operations for multiplication ofX4 with a, and
multiplication of X3 with )62 may be determined from the entries in the
first row of look-up table 500, where a2 and fis correspond to C1. The
number of logical and arithmetic operations for joint multiplication of Xs
with 72 and 62 may be determined from an appropriate entry in look-up table
500, svhere 712 may correspond to CI and 3correspond to C2, or vice versa,
100751For each possible combination of values for .F.t and F2, the precision
metrics in Table 6 may be determined for a sufficient number of iterations
with different random input data. The values of 171 and F2 that result in
poor precision (e.g., failure of the  WO 2007/082272PCT1US20071060405 17
metrics) may be discarded, and the values of /71 and F2 that result in good
precision (e.g., pass of the metrics) may be retained. 



l0076)Tables 1. through 5 show five fixed-point approximations for the IDCT
in FIG. 3, which are denoted as algorithms A, B. C, D and E. These
approximations are for two groups of factors, with one group including al
and fl and another group including a2., a,. 72 and b,. For each of Tables 1
through 5, the common factor for each &ono is given In the first column. The
common factors improve the precision of the rational. dyadic constant
approximations and may be merged with the appropriate scale factors in the
flow graph for the 1DCT. The original values (which may be 1 or irrational
constants) are given in the third column. The rational dyadic constant for
each original value scaled by its common factor is given in the fourth
column. The series of intermediate values for the multiplication of
intermediate variable r with one or two rational dyadic constants is given
in the fifth column. The numbers of add and shift operations for each
multiplication are given in the sixth and seventh columns, respectively. The
total number of add operations for the IDCT is equal to the sum of all add
operations in the sixth column plus the last entry again (to account for
multiplication of each of X5 a:al:LA*6 with bath r, and 62) plus 28 add
operations for all of the butterflies in the flow graph. The total number of
shift operations for the 1DCT is equal to the sum of all shift operations in
the last column plus the last entry again. 100771Table 1 gives the details
of algorithm A, which uses a common factor of 1/1.0000442471 for each of the
two groups. Table 1 - Approximation A (42 additions, 16 shifts) Group's
Common Factor ' 1.1 rigdia Value Rational Constant DyadiccMultiplication of
x with one or two  rational dyadic constants Mum of Adds Num of Shifts UR=
1.0000442471 cri I I .rr 0 0  A cos0c14) 



IS I y..2+(x>>2);1/101 ,y3=x-(yz>>2);/ 1 01011 3' 53.3+(,12>>6);Ii 010110101
3 3    256    111-2.= 1.0000442471 a2 1 1 Y=x; 0 0  .t6:   181 ----- 256
rcos(t/4) y2=rEtt>>2);1/10.1 >3=--x--(y2"2);//01011 rtvi+(y2>>6);8 010110101
3   



WO 2007/082272PCT/US2007/060405 18   ',...., ., 3135 iirx-.(x"4);1101111
fX)5 '.4 lw 8' 8192. wy=w2-1.(x"10);//01111000001  5  (cc,  473        Y
r---(x-(w3>>2))>>1; 11 00110000111.111     5'443'68) 571 



z=w3-(w2>>6);110111011001    100781Table 2 gives the details of algorithm B,
which uses a common factor of 1/1.0000442471 for the first group and a
common factor of 1/1,02053722659 for the second group. Table 2-
Approximation 13 (43 additions, 17 shifts) Group's Common Factor . C
Original Value Rational r.,,. LAYaule Constant Multiplication of x with one
or two rational dyadic constants  Num of Adds Nurn of Shifts 1.0000442471 a1
1 1 ji=x 0 0  A 



tosotho -181 y2nri-tx"2);If 101 ,v. mr--(y->>2).//01011 - 4' J -rtn+0;
;;>>6);/I 010110101 3 tri    256    1.02053722659  1 8027 1-192 yr y(y>>5);
//100001 "Veryrbtvz"2);// 10100101 // 01111101011011  3 3   cos(x/4 ) 1419
//10000001 yety:7--> 1 ;ft 010000001 ye=yri73;11110000011 ry3-1-(y4>>3);//
010110001011 3 



2048     y2 cos(37c/8) 318 -1412=x4-(A>>1);// 11 w)=3/4.2+0:>>6);11 1100001
In-041 "4)./i01110011!11 -' 2,-.-.1...v?.7//0011 fro 4  .82 sin(37t/10 927
------- 1024     100791Table 3 gives the details of algorithm C, which uses
a common factor of 1/0.87734890555 for the first group and a common factor
of 1/1.02053722659 for the second group. Table 3 - Approximation C (44
additions, 18 shifts)  



Group's Conunon FactOr C Original Value Rational Dyadic Constant
Multiplication of x with one or two rational dyadic constants Num of Adds
Num of Shifts  WO 2007/082272PCT/US2007/060405 19 0.87734890555 al 1 577
yrx-qx"6);// 1000001 3.=x+0/2>>3);II 1001000001. 2 2    512   



fit cos0t14) 51 -&-i .v2=x-(x:x,2).,// 011. it9,2+07? 4);ft 0110011 2 2
1.02053722659 a2 i 8027 8192  //100001 3,3=-)is+(y2>>2);1 1 10100101
rtx-0,'3>>6)::II 01111 101011011 3   04: 41 ce's(xl-rj 1419 ...v2=x+@-,>7);
ft 10000001 p,=ys>>1,-,//010000001 .1'1,24i3;it 110000011 r..v.1-1-6t4"II
01.0110001011 3 3    



204g     77 cos(3/t/8) 3/8 wi=x+(x"1.);Jill  wr---ws-qx"61);II 1100001
y=x-(ws>>4)-//01110011111   11 0011 it,,a 3 4   sin(3x18 ) 927
7-,-7.-. -     MOWTable 4 gives the details of algorithm D, which uses a
common factor of 1/0.87734890555 for the first group and a common factor of
1/0.89062054308 for the second group. Table 4- Approximali on D (45
additions, 17 shifts) 



Group's Common Factor (u Original Value Rational D oeb.    ynwc Constant
Multiplication of x with one or two rational dyadic constants Num of Adds
Nun " of Shifts 0.87734890555 al 1 $77 3'2.=xqx>>6).,II 1000001 rx+(y9>3);II
1001000001 2     512     A cosor./4) 



51 64 Y2=x-4x>>2).,BO 1.1 y=y2-4-(y2>>4);//0110011 2 C L/F2= 0.89062054308
az 1 4599 y2----x-0;>>9);/1 0111111111 ).=.112-KY2>>31;// 1000111110111 2 2
4096     062 cos(i/4)  813  -- 1024 II 01111 Y.ffx+(y2>>4):11 100001111
Y=.1,3,-(Y3>>2);//01100101101 r 3  Y2 



cos(3x18) 531128 w2=x4ix>>3);II 1001 II 00001001 194=14.s/I 10011001
y=x4-0v4>>5);If 1000010011001 11 0011011.1 4 4  6z sham) 4249 ziz     WO
2007/082272PCT/US2007/060405 20 [0081]Table 5 gives the details of algorithm
B, which uses a common factor of 110.87734890555 for the .first group and a
common factor of 1/1.22387468002 for the second group. Table 5 -
Approximation 11 (48 additions, 20 shift) Group's Common Factor 1tj ,..
Original Value Rational Rational. Dyadic Constant Multiplication of x with
one or two rational dyadic constants Num 



of Adds Num of Shifts  a t 1 577 y2=x-ii.x>>6);//1000001      512    1/1;1=
j=x-itta"3);// 1001000001     0.87734890555  11 011    



cos(W4) 64 ry21-6,2>>4);1/0110011 2 2     W-Tc-V"->>4);1/0111!      13387
Wzr>>1;1/ 01.    (Z2 I ----- 214 YeY3012>>7);II 010000003111 4 5
=.1140'4>>2);// 01010001001011  



_.t=9P.0-0/5>>1);// 011010001.001011       /101       Y3-'-xtva;I/ .11
1/F2 =   4733 . "..4..,   1.22387468002 A. c50t/4) iiii 



' ,4":'13'11 101 4      YrY2+(j14;>>5);//0100101       rys-4j3>>12);//
01001001111101-    y2 tos(3it/8) 5123/2i4 wrx>>21/1001.  //011            



773 -w4=w2.4(x>>4);1100101 4 4  32 sin(3%/8) -72-1 4 y= w34-w4>6):II
01100000101       7.,.=w44-(w.e>12);//0010100000000,11    (0082}The
precision of the output samples from an approximate IDC1- may be quantified
based on metrics defined in TRIM Standard I180-1190 and its pending
replacement. This standard specifies testing a reference 64-bit.
floating-point Dcr followed by the approximate IDCT using data from a random
number generator. The reference DCT receives random data for a block of
input pixels and generates transform coefficients. The approximate 1DCT
receives the transfortn coefficients (appropriately rounded) and generates a
block of reconstructed pixels. The reconstructed pixels are compared against
the input pixels using five metrics, which are giver' in Table 6.
Additionally, the approximate 1DCT is required to produce all zeros when
supplied with  WO 2007/082272PCT/US2007/060405 21 zero transform
coefficients and to demonstrate near-DC inversion behavior. All five
algorithms A through E given above pass all of the metrics in Table 6. Table
6  Metric Description Requirement P Maximum absolute difference between
reconstructed pixels 



ps 1 4x-j] Average differences between pixels 16/[x. Ai is 0.015 for all
[xi'] m Average of all pixel-wise differences 1m 1 S 0.0015 e[xsy] Average
square difference between pixels i err, y] I s 0,06 for all [x,y] 11 Average
of all pixel-wise square differences i ni.. 0.02  100831The 11) 'OCT shown
in FIG. 3 may be used for a 20 IDCT. Similarly, the ID DCT shown in FIG, 4
may be used for a 20 OCT. 100841FIG. 6 shows a design of a 2D IDCT 600
implemented in a scaled and separable fashion. 20 IDCT 600 comprises an
input sealing stage 612, followed by a first scaled 11) 1DCT stage 614 for
the columns (or rows), further followed by a second scaled ID :OCT stage 616
for the rows (or columns), and concluding with an output scaling stage 618.
Input scaling stage 612 receives an 8x8 block of transform coefficients and
may pre-multiply each transform coefficient by a constant C .2P, or shift
each transform coefficient by P bits to the left, where P denotes the number
of reserved "mantissa" bits. After the scaling, a quantity of 2" may be
added to the DC transform coefficient to achieve the proper rounding in the
output samples. To improve precision of scaling, S P R bits may be used in
the conversion of the scale factors to integers, and right shifts by It bits
may be performed after multiplications. S may be any suitable value that can
facilitate implementations on hardware platforms, eg., S may be 15 or 16 for
platforms with signed/unsigned 16-bit multipliers. [0085]First 10 :IDCT
stage 614 performs an 8-point IDCT on each column of the block of scaled
transform coefficients. Second 1D IDCT stage 616 performs an 8-point TDCT on
each row of an intermediate block generated by first ID IDCT stage 614. The
1D IDCTs for the first and second stages may operate directly on their input
data without doing any internal pre- or post scaling. After both the rows
and columns are processed, output scaling stage 618 may shift the resulting
quantities from second in IDCT stage  WO 2007/082272PCT/US2007/060405 22
616 by P bits to the right to generate the output samples for the 20 OCT.
The scale factors and the precision constant P may be chosen such that the
entire 213 EDCT may be implemented using registers of the desired width.
[04386IThe 21), OCT may be performed in similar manner as the 2D IDCT. The
213 OCT may be performed by (a) pre-multiplying a block of spatial domain
samples, (b) performing ID DCT on each column (or row) of the block of
scaled samples to generate an intermediate block, (c) performing ID OCT on
each row (or column) of the intermediate block, and (d) scaling the output
of the second ID DCT stage to generate a block of transform coefficients for
the 2D OCT. l00871For clarity, much of the description above is for an
8-point scaled IDCT and an 8- point scaled DCT. The techniques described
herein may he used for any type of transform such as OCT, IDCT, OFT, LOFT,
NWT, inverse mur, MC LT, inverse MCLT, etc. The techniques may also be used
for any factorization of a transform, with several example factorizations
being given in FIGS. 1 through 4. The groups for the common factors may be
selected based on the factorization, as described above. The techniques may
also be used for transforms of any size, with example S-point transforms
being given in FIGS. 1 through 4. The techniques may also be used in
conjunction with any common factor selection criteria such as total Dumber
of logical and arithmetic operations, total number of arithmetic operations,
precision of the results, etc. le088)The number of operations for a
transform may be dependent on the manner in which multiplications are
performed. The computation techniques described above unroll multiplications
into series of shift and add operations, use intermediate results to reduce
the number of operations, and perform joint multiplication with multiple
constants using a common series. The multiplications may also be performed
with other computation techniques, which may influence the selection of the
common factors. 100891The transforms with common factors described herein
may provide certain advantages such as: 



Lower multiplication complexity due to merged multiplications in a scaled
phase,  Possible reduction in complexity due to ability to merge scaling
with quantization in implementations of JPEG, H.263, MPEG-I, MPEG-2, MPEG-4
(P.2), and other standards, and  WO 2007/082272PCT/US2007/060405 23
Improved precision due to ability to minimize/distribute trots of
fixed-point approximations for irrational constants used in multiplications
by introducing common factois that can be accounted for by scale factors.
l00901Transforms with common factors may be used for various applications
such as image and video processing, communication, computing, dais
networking, data storage; graphics, etc. Example use of transforms for video
processing is described below. [0091] FIG. 7 shows a block diagram of an
image/video encoding and decoding system 700. At an encoding system 710, a
OCT unit 720 receives an input data block and generates a transform
coefficient block. The input data block may be an NxN block of pixels, an
NxN block of pixel difference values (or residue), or some other type of
data generated from a source signal, e.g., a video signal. The pixel
difference values may be differences between two blocks of pixels,
differences between a block of pixels and a block of predicted pixels, etc.
N may be equal to 8 or some other value. An encoder 730 receives the
transform coefficient block from OCT unit 720, encodes the transform
coefficients, and generates compressed data. The compressed data may be
stored in a storage unit and/or sent via a communication channel (cloud
740). [0092]At a decoding system 750, a decoder 760 receives the compressed
data from storage unit or communication channel 740 and reconstructs the
transform coefficients. An IDCT unit 770 receives the reconstructed
transform coefficients and generates an output data block. The output data
block may be an NxN block of reconstructed pixels, an NxN block of
reconstructed pixel chile, ence values, etc The output data block may be an
estimate of the input data block provided to DCT unit 720 and may be used to
reconstruct the source signal. [009$]PIG. 8 shows a block diagram of an
encoding system 800, which may be used for encoding system 710 in FIG. 7. A
capture device/memory 810 may receive a. source signal, perform conversion
to digital format, and provides input/raw data. Capture device 810 may be a
video camera, a digitizer, or sonic other device. A processor 820 processes
the raw data and generates compressed data. Within processor 820, the raw
data may be transformed by a OCT unit 822, scanned by a zig-zag scan unit
824, quantized by a quantizer 826, encoded by an entropy encoder 828, and
packetized by a packetizer 830. OCT unit 822 may perform 21) DCTs on the raw
data in accordance with the techniques described above. Each of units 822
through 830 may be implemented a hardware,  WO 2007/082272PCT1US20071060405
24 firmware and/or software. For example, DCT unit 822 may be implemented
with dedicated. hardware, a set of instructions for an arithmetic logic unit
(AIX), etc. [0094) A storage unit 840 may store the compressed data from
processor 820. A transmitter 842 may transmit the compressed data. A
controller/processor 850 controls the operation of various units in encoding
system 800. A memory 852 stores data and program codes for encoding system
800. One or more buses 860 interconnect various units in encoding system
800. [4:10951FIG. 9 shows a block diagram of a. decoding system 900, which
may be used for decoding system 750 in FIG, 7, A receiver 910 may receive
compressed data from an encoding system, and a storage unit 912 may store
the received compressed data. A. processor 920 processes the compressed data
and generates output data. Within processor 920, the compressed data may be
de-packetized by a de-packetizer 922, decoded by an entropy decoder 924,
inverse quantized by an inverse quantizer 926, placed in the proper order by
an inverse zig-zag scan unit 928, and transformed by an MCI' unit 930. IDCT
unit 930 may perform 233 ]DCTs on the reconstructed transform coefficients
in 'accordance with the techniques described above. Each of units 922
through 930 may be implemented a hardware, firmware and/or software. For
example, IDCT unit 930 may be implemented with dedicated hardware, a set of
insmrctions for an ALU, etc. (00961 A display unit 940 displays
reconstructed images and video from processor 920. A controller/processor
950 controls the operation of various units in decoding system 900. A memory
952 stores data and program codes for decoding system 900. One or more buses
960 interconnect various units in decoding system 900. [0097fProcessors 820
and 920 may each be implemented with one or more application specific
integrated circuits (ASICs), digital signal processors (DSPs), and/or some
other type of processors. Alternatively, processors 820 and 920 may each be
replaced with one or more random access memories (RAMs), read only memory
(ROMs), electrical programmable ROMs (EPROMs), electrically erasable
programmable ROMs (EEPROMs), magnetic disks, optical disks, and/or other
types of volatile and nonvolatile memories known in the art. 100981The
teclutiques described herein may be implemented in hardware, firmware,
software, or a combination thereof, For example, the logical (e.g., shift)
and arithmetic (e.g., add) operations for multiplication of a data value
with a constant value may be implemented with one or more logics, which may
also be referred to as units, modules, etc. A logic may be hardware logic
comprising logic gates, transistors, and/or other  WO
2007/082272PCT/US2007/060405 25 circuits known in the art. A logic may also
be firmware and/or software logic comprising machine-readable codes.
[00991In one design, an apparatus comprises a first logic to perform
multiplication of a first group of at least one data value with a first
group of at least one rational dyadic constant that approximates a first
group of at least one irrational constant scaled by a first common factor.
The apparatus further comprises a second logic to perform multiplication of
a second group of at least one data value with a second group of at least
one rational dyadic constant that approximates a second group of at least
one irrational constant scaled by a second common factor. The first and
second groups of at least one data value have different sizes. The first and
second logic may be separate logics, the same common logic, or shared logic.
1001001For a firmware and/or software implementation, multiplication of a
data value with a constant value may be achieved with machine-readable codes
that perform the desired logical and arithmetic operations. The codes may be
hardwired or stored in a memory (e.g., memory 852 in FIG. 8 or 952 in FIG.
9) and executed by a processor (e.g., processor 850 or 950) or some other
hardware unit 



(00101)The techniques described herein may be implemented in various types
of apparatus. For example, the techniques may be implemented in different
types of processors, different types of integrated circuits, different types
of electronics devices, different types of electronics circuits, etc.
[001021Those of skill in the art would understand that information and
signals may be represented using any of a variety of' different technologies
and techniques. For example, data, instructions, commands, information,
signals, bits, symbols, and chips that may be referenced throughout the
above description may be represented by voltages, currents, electromagnetic
waves, magnetic fields or particles, optical fields or particles, or any
combination thereof. 100103:1Those of skill would further appreciate that
the various illustrative logical blocks, modules, circuits, and algorithm
steps described in connection with the disclosure may be implemented as
electronic hardware, computer software, or combinations of both. To clearly
illustrate this interchangeability of' hardware and software, various
illustrative components, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the
particular application and design constraints imposed on the overall system.
Skilled artisans may implement the  WO 2007/082272PCT/US2007/060405 26
described functionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as causing a
departure front the scope of the present disclosure. [001041The various
illustrative logical blocks, modules, and circuits described in connection
with the disclosure may be implemented or performed with a general-purpose
processor, a DSP, an ASTC, a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed to perform the
functions described herein. A general-purpose processor may be a
microprocessor, but in the alternative, the processor may be any
conventional processor, controller, microcontroller, or state machine. A
processor may also be implemented as a combination of computing devices,
e.g., a combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more microprocessors in conjunction with a DSP core,
or any other such configuration. I00105.1In one or more exemplary
embodiments, the functions described may be implemented in hardware,
software, firmware, or any combination thereof. If implemented in software,
the functions may be stored on or transmitted over as one Or more
instructions or code on a computer-readable medium. Computer-readable media
includes both computer storage media and communication media including any
medium that facilitates transfer of a computer program from one place to
another. A storage media may be any available media that can be accessed by
a computer. By way of example, and not limitation, such computer-readable
media can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any other medium
that can be used to carry or store desired program code in the form of
instructions or data structures and that can be accessed by a computer.
Also, any connection is properly termed a computer-readable medium. For
example, if the software is transmitted from a website, server, or other
remote source using a coaxial cable, fiber optic cable, twisted pair,
digital subscriber line (DSL), or wireless technologies such as infrared,
radio, and microwave, then the coaxial cable, fiber optic cable, twisted
pair, DSL, or wireless technologies such as infrared, radio, and microwave
are included in the definition of medium. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital versatile disc
(DVD), floppy disk and blu-ray disc where disks usually reproduce data
magnetically, while discs  WO 2007/082272PCT/US2007/060405 27 reproduce data
optically with lasers. Combinations of the above should also be included
within the scope of computer-readable media. 100106)The previous description
of the disclosure is provided to enable any person skilled in the art to
make or use the present disclosure. Various modifications to the disclosure
may be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other designs without departing
from the spirit or scope of the disclosure. 'Thus, the present disclosure is
not intended to be limited to the examples shown herein but is to be
accorded the widest scope consistent with the principles and novel features
disclosed herein. WHAT IS CLAIMED IS:  -30-2008 04140 PM Qualcomm
Incorporated 85884539849/12 PCT/US 2007/060 405 - 31-10-2008 060340MWO - 28
-Replacement shoots         1. An image data processing apparatus
comprising: first logic to peifonm multiplication of each data element of a
first group or image data with a corresponding rational dyadic constant of a
first group of rational dyadic constants to produce first modified image
data, wherein each rational dyadic constant approximates a corresponding
irrational constant of a first group of irrational constants that are scaled
by a first common factor, and wherein each rational dyadic constant includes
a rational number having a dyadic denominator; and outputting the first
modified image data.        2. Th.e apparatus of claim 1, further comprising
second logic to perform multiplication of each data element of a second
group of image data with a corresponding rational dyadic constant of a
second group of rational dyadic constants to produce second. modified image
data, wherein each rational dyadic constant of the second group of rational
dyadic constants approximates a corresponding irrational constant of a
second group of irrational constants that are scaled by a second common
factor, and wherein the first group of image data incl WIGS a first number
of data elements that differs from a second number of data elements included
in the second group of image data.        3. The apparatus of claim 2,
further comprising third logic to per rorrn multiplication of each of a
third group of image data with a corresponding rational dyadic constant of a
third group of rational dyadic constants to produce third modified image
data, wherein each rational dyadic constant of the third group approximates
a corresponding 



irrational conatant of a. third group of irrational constants that are
scaled by a third 0011310.011 factor.       4. The apparatus of claim 2,
wherein the second number of data elements is twice the first number of data
elements.       5. The apparatus of claim 1, wherein the first group of
image data comprises two data elements and the second group of image data
comprises four data elements.
AMENDED SHEET :calved at the EPO on Oct 31, 2008 00:41:35. Page 9 of 12
-30-2008 04:40 PM Qualcomm Incorporated 858845398410/12  PCT/US 2007/060 405
- 31-10-2008 06030U1WO -29- Replacement sheets        6. The apparatus of
claim 2, wherein the first group of irrational constants comprises a single
irrational constant and the second group of irrational constants comprises
three irrational constants.       7. The apparatus of claim 1, wherein the
number of irrational constants in the first group of irrational constants is
fewer than the number of rational dyadic constants in the first group of
rational dyadic constants.      8. The apparatus of claim 1, wherein the
first logic performs multiplication of a first data element in the first
group of image data with a first rational dyaclie constant that approximates
the first common factor and performs multiplication of a second data element
in the first group of image data with a second rational dyadic constant that
approximates a first irrational constant scaled by the first common factor.
9. The apparatus of claim 2, wherein the second group of irrational
constants comprises :first and second irrational constants, wherein the
second group of rational dyadic constants comprises a first rational dyadic
constant that approximates the first irrational constant scaled by the
second common factor and a second rational dyadic constant that approximates
the second irrational constant scaled by the second common factor:      10.
The apparatus of claim 9, wherein the second logic performs multiplication
of a first data element in the second group of image data with the first
rational dyadic constant and further performs multiplication of the :rust
data element with the second rational .dyadic constant.      11. The
apparatus of claim 9, wherein the second logic performs multiplication of a
first data element in the second group of image data with the first and
second rational dyadic constants using a single series of inter nediate
values. 11 The apparatus of claim 1, wherein during multiplication of a
first data element in the first group of image data with a first rational
dyadic constant in the fast group of rational dyadic constants, the first
logic generates a series of intermediate values based on a value associated
with the first data clement, wherein at least one intermediate value in the
AMENDED SHEET 3ceived at the EPO on Oct 31, 2008 00:41:35. Page 10 of 12
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31-10-2008 060340131 WO- 30 -Replacement sheets series is generated based on
at least one other intermediate value in the series, and wherein the first
logie provides one of the intermediate values in the series as an output
value of the multipli cati on 'of tb.e first data element with the first
rational dyadic constant. 13. A method comprising: performing multiplication
of each data element of a first group of image data elements with a
corresponding rational dyadic constant of a first group of rational dyadic
constants, wherein each rational dyadic constant approximates a
corresponding irrational constant of a first group of irrational constants
scaled by a fast common factor, wherein each rational dyadic constant
comprises a rational number having a dyadic denominator; and 



performing multiplication of each data element of a second group of data
elements with a corresponding rational dyadic constant of a second group of
rational dyadic constants, wherein each rational dyadic constant of the
second group of rational dyadic constants approximates a corresponding
irrational constant of a second group of irrational constants sealed by a
second common factor; wherein the first group of data elements includes a
first number of data elements that differs from a second number of data
elements associated with the second group of data elements. 14. The method
of claim 13, wherein performing multiplication of a selected data element in
the first group with the corresponding rational dyadic. constant of the
first group of rational dyadic constants further comprises: generating a
series of intermediate values based on an associated value of the selected
data element, with at least one intermediate value in the series of
intermediate values generated based on at least one other intermediate value
lathe series, and providing one intermediate value in the series as an
output value of the multiplication of the selected data element with the
corresponding rational dyadic constant. AMENDED SHEET :calved at the EPO on
Oct 31, 2008 00:4'1:35. Page 11 of 12  30-2008 04:41 PM QuaIcomm
Incorporated 858845398412/12 PCT/US 2007/060 405 - 31-10-2008 060340U1W0  -
31 -Replacement sheets        15. The method of claim 13, wherein performing
multiplication of each data element of the second group of data elements
comprises multiplying a data value associated with a first data element of
the second group with first and second rational dyadic constants in the
second group of rational dyadic constants based on a single series of
intermediate values. AMENDED SHEET )ceived at the EPO on Oct 31,
200800:41:35. Page 12 of 12 


