
i TRANSFORMS WITH COMMON FACTORS T. Claim of Priority
under 35 ILSX. 119 qb.1] The present application
claims priority to provisional U.S. Application Serial
No. 60/758,464, filed January I l 2006. entitled
"Efficient Multiplication-Free Implementations of
Scaled Discrete Cosine Transform (DCT) and Inverse
Discrete Cosine Transform (JDCT)," assigned to the
assignee hereof and incorporated herein by reference,
BACKGEOUND II. Field {0002] The present disclosure
relates generally to processing, n  more specifically
to techniques for performing transforms o data.  I . .
Background {0003J Transforms are commonly used to
convert data from one domain to another domain. For
example, discrete cosine transform (DCT) is commonly
used to transform data from spatial domain to
frequency domain, and inverse discrete cosine
transform (IDCT) is commonly used to transform data
from frequency domain to spatial domain DCT s 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 makes these coefficients more suitable for
quantization and encoding. DCT also exhibits energy
compaction properly, 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. j(W04] 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. [0005] There is therefore a need in the
art for techniques to efficiently perform transforms
on data.SUMMAKY fG006J Techniques for efficiently
performing transforms on dat 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 d value with a
second group of at least one rational dyadic constant
that approximates a s cond group of at least one
irrational constant c l d by a second common factor.
Each rational dyadic constant i 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 include four data values.
J0007] 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 o rational dyadic
constant. The logical a"d arithmetic operations may
comprise of shift, subtract, and add operations. The
common factors may be selected further based on the
precision of the results. Q0Q8J Various aspects and
features of the disclosure are described i further  i&
below. BRIEF DESCRIPTION O F THE DRAWINGS 00 9 FIG. 1
shows a flow graph of S-point IDCT. {00101 FlG. 2
shows a flow graph of an 8-roint OCT. 



fOOli.J FIG. 3 shows a flow graph of an 8-point IDCT
with common factors. }80t2| FIG. 4 shows a flow graph
of an 8-point DCT with common factors. 1001.3] FIG, 5
shows a look-up table storing the numbers of
operations for multiplication with diiferent rational
dyadic constant values. J00I4J FIG. 6 shows a block
diagram of a two-dimensional (2D) IDCT. JOOiS] FEG. 7
shows block diagram of a image/video encoding and
decoding system. Oq J FiG. 8 shows block diagram of an
encoding system. [0017] FlG. 9 shows a block diagram
of decoding sy eT A L BESCRIFTlOiN {001.SJ The
techniques described herein y be used for various
types of transforms such as DCT, IDCT, discrete
Fourier transform (DFT), inverse DFT (IDFT), modulated
lapped transform (MLT), Inverse MLT, modulated complex
lapped transform (MCLTX inverse MCLT, etc. The
techniques ay l o be used for various applications
such as image, video, and audio p roce sing,
communication, computing, data networking, d ta
storage, graphics, etc. i general, the techniques may
be used for any application that  transform. For
clarity, h techniques a r described below for DCT and
IDCT, which are commonly s d In image d video
processing, OOJ9| A one-dimensional ( ID) N-point DCT
and a JD N-pomf IDCT of type 11 .may be defined as
follows: . where r [ ] is a ID spatial domain.
function, and X[k] is a ID frequency domain function.
J0020] T e ID DCT in equation ( I.) operates on N
spatial domain values x\0] through X[N-IJ and
generates N transform coefficients X[O] through
2TN-I]. 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 i
commonly believed to be one of the most efficient
transforms among several energy compacting transforms
proposed for image/video compression. J0021J The ID
DCT ay be used far a two 2I> DCT, as described below.
Similarly, the I IDCT y be used for & 2D TDCT. By
decomposing the TD DCT/IDCT into a cascade of ID DCTs/
DCTs, the efficiency of the 2D DCTYIDCT is dependent
on the efficiency of the D DCT/IDCT. In general, ID
DCT and ID DCT ay be performed O any vector size, and
2D DCT and 2D DCT may be performed on any block sixe.
However, SxS DCT and 8cS DCT are commonly used for
image and video processing.where N is equal to 8. For
example, 8x8 DCT and 8x8 JDCl ' are used as standard
building blocks iti various image and video coding
standards such JPEG, MPEG-I, MPEG-2, MPEG-4 (f>,2\
H.26.1, H.263, etc. {0O22| The ID DCT and 1D IDCT .may
be implemented m their original forms shown in
equations (J.) d. (2), respectively. However,
substantial reduction i computational complexity .may
be realized by finding factorisations that result i a
s few multiplications and additions as possible. A
factorization for a transform may be represented b y a
flow graph that indicates specific operations to be
performed for that transform. J0023f FIG 1 shows a
flow graph 100 of an example Factorization of a 8-ront
IDCT, In flow graph 100, each addition is represented
by symbol and each mulii plication is represented by a
box. Bach addition sums or subtracts two input values
and provides at* output value. Each multiplication
multiplies input value with a transform constant shown
inside the box and provides an output value. The
factorization i F G i has six multiplications with the
following constant factors: Cpf -cos Or /4)
0.707106781 Cials =COS(3U G/8) 0.382683432 , and S -
si ( 3LT/8) * 0.923879533 . 



ji(H}24{ Flow graph i00 receives eight scaled
transform coefficients A -Jf[0} through A7 X[7] ,
performs an 8-pomt IDC on. these coefficients, and
generates eight output samples x[O] through T[7]. A
through Ay are scale factors and are given below: A J
0 535533906 A ms( -7 'r/l ., . Q.4499S81 115. ' 2V2
2sin (3 r/8)- V2 A, | .2814577239, 03006724435 .
}flO2S| Flow graph 100 includes a number of butterfly
operations. A butterfly operation receives two input
values and generates two o tput v lu where one output
value Isthe sum of the two input values and the other
output value i s the difference of the two input
values. For example, the butterfly operation o input
values A0 X[O] and ' - J g r te an output v lu A
X[O]-T A ' X[4] for the top branch and n output value
A0 X[O]- A X{4] for the bottom branch. }02 j FIG 2
shows a flow graph 200 of an example factorization of
an. 8-point DCT. Flow graph 200 receives eight input
samples x[0] through x[7% performs a -point DCT on
these input samples, and generates eig ht scaled
transform coefficients 8 -A [G through SA [7Jj, The c
e factors A through Ahare given above. The
factorization in FG. 2 has six multiplications with
constant factors 1/CWv*, 2CWs atid 2 . }0027| The flow
graphs for the DCT and DCT in PIGS. 1 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 IDCJ on an integrated
circuit. n particular, the similarity y enable savings
of silicon or die area to implement the butterflies
and the multiplications by transform constants, which
used in both the forward and inverse transforms.
|002Sj The factorization shown in F G. 1 results in a
total of 6 multiplications and 28 



additions, which are substantially fewer than the
number of multiplications a d additions required for
direct computation of equation (2). The factorization
shown in. FIG. 2 also lts hi 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. 1 performs
plane rotation o two intermediate variables with and
s- The factorization in FiB- 2 performs plane rotation
on two intermediate variables with. 2CWs and 2 . A
plane rotation i$ achieved b y multiplying an
intermediate variable with both sine and cosine, e.g.,
COS ( 3 G/S) and sin (3?r /8) in FlG. 1. The
multiplications for plane rotation may be efficiently
performed using the computation techniques described
below. }0029{ F IGS  a.nd 2 show example
factorizations of an 8-po.int DCT and an S~pint DCT,
respectively. These factorizations are for scaled .DCT
and scaled DCT, where "scaled" refers to the scaling
of the transform coefficients X[O] through X[T] with
known scale factors A through 7, respectively. Other
factorizations have also bee" derived by using
mappings to other known fast algorithms such a s a
Coofey-Tukey !DFT algorithm or by applying systematic
factorization procedures such as decimation i timeor
decimation in frequency. n general, factorization
reduces the number of multiplications but does not
eliminate them. }0030j TIie multiplications in FKiS. 1
and 2 are with irrational co stants representing the
sine and cosine of different angles, which are
multiples of 7 8 for the S-pointDCT and IDCT. An
irrational constant is a consta t t t is not a ratio
of two integers. The multiplications with irrational
constants may be more efficiently performed in
fixedpoint integer arithmetic when each irrational
constant s approximated by a rational dyadic constant.
A rational dyadic constant: s a rational constant with
a dyadic denominator a has the form / 2 where / > and
c are integers and >0. Multiplication of a integer
variable with 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 i
s performed as well as the value of the rational
dyadic constant [003 I J  n an aspect, common factors
are used to reduce the total number of operations for
a transform and/or to improve die precision of tiie
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. 0 32] 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 si es  n another
design, multiple common factors are applied to
multiple groups of intermediate variables of the e
size. {00S3| FiG shows a flow graph 300 of an 8-point
TDCT with common factors. Flow graph 300 uses the same
factorization as flow graph 100 hi FlG. 1. .However,
flow grapii 300 uses two common factors for two groups
of intermediate variables. [0034] A first common
factor F is applied to a first group of two
intermediate variables J and X which i s generated
based on transform coefficients Jf [2] and JC[S].
Thefirst caramon factor i is multiplied with X\, is
absorbed with transform constant C - , and is
accounted for by altering scale factors A and A . A
second common factor F i s applied to a second group
of four intermediate variables X through X which i s 



generated based o transform coefficients X[I] , X ]
AT[Sj and {7 TIi e second common factor i s multiplied
with X , is absorbed with transform constants U , and
1 a."d i s accounted for by altering scale factors Ai,
A , 5 ancL . }0O35{ The first co on factor may be
approximated with a rational dyadic constant <a?{,
which may be .multiplied with j to obtain an
approximation of the product ' F1 A scaled transform
factor .F1 C 4 may b e approximated with a rational
dyadic constant bu which may be multiplied with X to
obtain an approximation of the product F, -C, ,i . An
altered scale factor 2 F1 may be applied to transform
coefficient X[I] . An altered scale factor A 1F may be
applied to transform coefficient X[6]. }(M>36j The
second common factor ./'2 may b e approximated with a
rational dyadic constant which may be multiplied with
X4to obtain an approximation of the product X F2 . A
scaled transform factor / may b e approximated with a
rational dyadic constant b , which may b e multiplied
with to obtain an approximation of the product T -F -C
4 . A scaled transform factor F -C1fr may b e
approximated with a rational dyadic constant g and a
scaled transform factor .F -S3 g may be approximated
with a rational dyadic constant . Rational dyadic
constant Y1 may be multiplied with to obtain an
approximation of the product -i\ C s and also with X
to obtain an approximation of the product X6 F2 CS .
Rational dyadic constant z may be multiplied with X to
obtain an approximation of the product X ' -S fi: and
also with to obtain an approximation of the product X
( - -S . Altered scale factors A F , A, /I\ > A /F and
A7JF may be applied to transform coefficients ATI] ,
X{3] X[SJ M X [I respectively. jr37| Six rational
dyadic constants 2 fi 2 g and 2 may b e defined for
sixconstants, as follows:10038.1 K 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. j.00 A first common factor .
is applied to a first group of two intermediate
variables X n and J,, which is used to generate
transform coefficients X[2) and X [6] . The .first
common factor . i s multiplied with , s absorbed with
transform constant. l/ nd is accounted for by altering
scaie factors A % and Ac. A second common factor } i
applied to a second group of few intermediate
variables X a through Xt, which is used to generate
transform coef cie ts X[I] , 3] X [5] d X[J]. The
second common factor is multiplied with X is absorbed
with transform constants 1/Cp.-4, 2C? and S - - iU and
is accounted for by altering scale factors A and 7.
040 The first common factor F a may be approximated
with a rational dyadic constant a ., which may be
multiplied with J to obtain a approximation of the
product X - . A. scaled transform factor P8 / C 4 may
be approximated with rational dyadic constant /? ,
which may be multiplied with X to obtain an
approximation of the product X -f\ /  , . . Altered
scale factors - F 1 and L / F may be applied to
transform coefficients X[2] and X [S], respectively.
}Q041{ The second common factor i :i> may be
approximated with a rational dyadicconstant ab which
may be multiplied with X to obtain an approximation of
the product I ' . A scaled transform factor K, / C ci
.may be approximated with a rational dyadic constant b
which may be .multiplied with X to obtain an
approximation of the product X .F b / C , 4 . A scaled
transform factor 2J% - C cr i may be approximated with
a rational dyadic constant h , and a scaled transform
factor 2 F h $,,". may be approximated with a rational
dyadic constant dh . Rational dyadic constant } may be
multiplied with to obtain a approximation of the
product 2 X F h ' C r ; and also with X to obtai an
approximation of the product 2X.- - F -C6s;.. Rational
dyadic constant  may e multiplied with X to obtain an
approximation of the product 



2 X F h ' S l t ;s and also with X f to obtain an
approximation of the product 2X1- S - . Altered scale
factors A I F , A.. t / F , A / F and A , / F b may be
applied to transform coe cients - - [ ] , X [5} d J
respectively.j.0042} Six rational dyadic constants a
/?, , h bb and S may be defined for six constants,, as
follows: a , h\ , bL ; ; /cos (#/4) , Eq (4) ct F /cos
(L: /4), 2/v cos(3;r/8), and 2/v sin (3 t /8) . [0043]
FIGS. 3 and 4 show example e of common factors for
specific factorizations of S-point IDCT and 8-poi.nt
DCJ, respectively. Common factors may b e 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 t least one intermediate
variable in a transform. This group of intermediate
variab3e(s) y be generated fr m group of input values
(e.g., s shown in FlG. 3) or used to generate a group
of output values (e.g., s shown in F IG 4). The common
factor ay be accounted for by the scale factors
applied to the input values or the output values.
}CK)44{ Multiple common factors may b e applied to
multiple groups of intermediate variables, a id each
group may include any number of intermediate
variables. The selection of the groups may be
dependent o n various factors such a s the
factorization of the transform, where .he transform
constants are located within the transform, etc.
Multiple common factors may be applied to multiple
groups of intermediate variables of the same size (not
shown m FIGS. 3 and 4) or different sizes (as shown in
FJGS. 3 a d 4). For example, three common factors ay
be used for the factorization sh ow irs FIG. 3, with a
first common factor being applied to intermediate
variables X and a second common factor beihig applied
to intermediate variables X X X and X and a third
common factor being applied to two intermediate
variables generated from X O an X{4]. [0045]
Multiplication of an intermediate variable x with a
rational dyadic constant may 



be performed in various manners in fixed-point integer
arithmetic. The multiplication y b e performed using
logical operations (e.g.. left shift, right shift,
bit-in version, 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 i s
dependent on the manner m which the cornputatio
performed and the value of the rational dyadic
constant u. Different computation techniques may
require different .numbers of logical a d arithmetic
operations for the same multiplication of x with u. A
given computation technique may require different
numbers of logical and arithmetic operations for the
multiplication of x with di rent values of u .00 f 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
multipl cation and  The precision of the results.
W047J Fn 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) y be more
complex than logical operations, so reducing the
number of arithmetic operations .may be more
important. Jn. the xt r e computational complexity may
be q antifi ed based solely o the number of arithmetic
operations, without taking into account logical
operations. On so other hardware platforms, logical
operations (e.g., shifts) may be .more expensive, d
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, [04S] 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. [0049] As shown in FIGS. 3 and 4, for each
common factor, multiplication may be performed on a
group of intermediate variables ith 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 DCT  IDCT. (005Of
Multiplication of a integer variable x with an
irrational constant m in fixed-point integer
arithmetic .may be achieved by approximating the
irrational constant  a rational dyadic constant, as
follows:where m is the irrational constant to be
approximated,. c/2l is the rat.io.nal dyadic constant,
b and c are integers, and b>0 . (00Sl] Given integer
variable and rational dyadic constant ei2h an
integervalued product may be approximated using a
series of intermediate values where '(, ~ 0 , >' = ,
and for all 2 i  t values, , is obtained as follows:
where j .-2 -' implies either left or right shift
(depending o the sign of constant .sv) of intermediate
val e by | bits. [0052] In equation (S), y. may be
equal to f . -2Lt , . 2"v > or ',- . V 2 . Each
intermediate value >v i the series may be derived
based on two prior intermediate 



values v and j - in the series, where either y - or
may be equal to zero. Bach intermediate value j-v may
be obtained with one shift and/or one addition. The
shift i s not needed If is equal to zero. The addition
is not. needed If y . ~ 0 . The total miraber of
additions and shifts for the multiplication is
determined by the .number of intermediate values in
the series, which i / well as the expression used for
each intermediate value. The multiplication by
rational dyadic constant ti is essentially unrolled
into a . series of shift and add operations. The
series defined such that the .final value in the
series becomes the desired integer- valued product, or
|00S3j As shown i equations (5) through {9), the
ntiultipl cation of integer variable x vvith
irrational constant m may be approximated with a
series of intermediate valuesgenerated by shift and
add operations and using intermediate results (or
prior generated intermediate values) to reduce the
total number of operations. {0054f .Multiplication of
an integer variable x with two irrational constants m
and ; in fixed-point integer arithmetic may be
achieved by approximating the irrational constants
with rational dyadic constants, as follows: m oit and
/ 2" , Eq (IO) where c/2 h and e/2 ' are two rational
dyadic constants, b, t dmx e are integers, b >0 and d
>0 . }0055j Given integer variable x and rational
dyadic constants ~ c / 2 and v - e/2" two
.integer-valued products y (x- c)/2" and = ( ) /2' Eq
( I I ) y be approximated using a series of
intermediate values , Eq (12) where w - 0 1 ' aitd for
all 2  i  t values, i s obtained as follows: t -  j  .
2 , with J k <i , Eq (13) where -2 implies either left
or right shift of w by Ls-, | bits. The series is
defined 



such that the desired integer-valued products are
obtained at steps m and ft, as follows; ,,r y and a z
Eq (14) where m t  I and either m or is equal to t .
|0056| As shown in equations ( J0) through (14), the
multiplication of integer variable x with irrational
constants m and may be approximated with a common
series of intermediate values generated by shift and
add operations and using intermediate results to
reduce t e total number of operations. J0057J In the
computation described above, trivial operations such
as additions and subtractions of aeros a d shifts by
zero bite may be omitted. The following
simplifications may made:JG05SJ In equation (15), the
expression to the left of " - " involves an addition
or subtraction of zero (denoted by > ) a d may be
performed with one shift, as shown by the expression
to the right of * > . In equation (16), t e expression
to the left of > involves a shift by zero bits
(denoted by 2) and .may be performed with one
addition, s shown by the expression to the right of "-
>'\ Equations (15) and (1.6) may be applied to
equation (8) i the computation ofy, as well as to
equation (13) in the computation of ' . J0OS9] The
multiplications FTGS. .! through 4 y be efficiently
performed using the computation techniques described
above In FIG. 1, multiplication of integer variable x
with transform constant C i fixed-point integer
arithmetic may be achieved by approximating constant C
with a rational dyadic constant, follows: where C 4 is
a rational dyadic constant that is an 8-bit
approximation of C [ 0 0 Multiplication of integer
variable x by constant C ; may be expressed as: [0061]
The .multiplication In equation (.18) may be achieved
with the following series of operations: The binary va
to the right of U/" is an intermediate constant that
is multiplied with variable A*.}0062] T desired
product it> equal to r X ~ } 1C multiplication i equa
or 



(18) raay be performed with three additions d tfuee
shifts to ene e three intermediate value* >' : J d g
10063| I FlG 1, multiplication of iregei variable v
viti uan<.form constants ( ' -s an L s in fixed-point
integer arithmetic may be achieved by approximating
constants i i, and mtli iational dyadic con tants s
follows Vh ie ( is a rational dyadic constant that a
7-bit approximation off .s and L' is a xattonai dvad c
constant that is a 9-bit appto\imation of LV 0 4|
Vlultiplicaticm of integer variable r by constants C d
S\. k may be pr s sc as }0065{ The multiplications in
equation (22) may be ch e ed with the following e es
of operations [0066] The desired products are eqtmi to
n and , or ' ~ and - The t o inultiphcatjoiis hi
equation (22) may b jointly performed with five
additions and fiveshifts to generate seven
intermediate values W through - Additions of zeros are
omitted in the generation of d H S i ts by zero re
omitted in tlie generation of - and s. }OO67] For me
8-point DCT shown m FIG. .!, using the computation
techniques described above for multiplications by
constants  L, C and , the total complexity for S-bit
precision y be given as: 28 3 2  -5 2 ~ 44 additions
and 3-24-S-2- 16 sh f . .In general, any desired
precision may b e achieved by using sufficient number
of bits for th approximation of each tra nsfor
constant. {0068| For the 8-poi kt DCT shown in FIG. 2,
irrational constants 1/CV4, C and S may be
approximated with rational dyadic constants.
Multiplications with the rational dyadic constants may
be achieved using the computation techniques described
above, [Cr69] For the IDCT shown n FIG. 3, different
values of common factors / i and Fh may result
different total numbers of logical and arithmetic
operations for the IDCT and different levels of
precision for the output samples x{0] through x[7].
Different 



combinations of values for \ and F - may evaluated.
For each co bi t of values, the total number of
logical and arithmetic operations for t e DCT arid the
precision of the output samples may b e determined.
[0070] For a given value of j rational dyadic
constants and b may b e obtained for F a d C
respectively. The numbers of logical and arithmetic
operations may then be determined for multiplication
wit h a , and multiplication of X2 with b%. For a
given value of F > rational dyadic constants "-. , b.
y and may b e obtained for F - - , " -C s and 2 .S
respectively. The numbers of logical and arithmetic
operations may the b e determined for multiplication
of X with multiplication of A . with , and
multiplications of X$ with both y and d-,. The number
of operations for multiplications of X with g., and is
equal to the number of operations for multiplications
of X$. with % and . }007ij To facilitate the
evaluation a d selection of the common factors, the
number of logical and arithmetic operations y be
pre-cornputed for multiplication with different
possible values of rational dyadic constants.. The
pre-computed numbers of logical &n. arithmetic
operations may be stored in a look-up tab e or some
other data structure. }CM372| F G 5 shows a look-up
table 500 that stores the numbers of logical aad
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 dyadicconstant Ci
on the horizontal axis and. different possible values
of a second rational dyadic constant C on the vertical
axis. The number of possible values for each rational
dyadic constant Is dependent o the number of bits used
for thai: constant. For e a p e if Ci is represented
with 13 bits, then there are SJ 2 possible values for
CV The possible values for each rational dyadic
constant are denoted as <?j, c - - where c " 0, \ is
the smallest non-zero value, and c is the maximum
value (e.g., cs , ~ 19 1 for 13-bit). |0073J The
entr>; in the i~th column andy-th row of look-up table
500 contains the 



number of logical and arithmetic operations for joint
multiplication of intermediate variable with both ;
for the f rst rational dyadic constant C and c, for
the second rational dyadic constant Ci. The value For
each entry look-up table 500 may be determined by
evaluating different possible series of intermediate
values for the joint multiplication with C1- and c 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 c 0 for the
second rational dyadic constant C ) contain the
numbers of operations for .multiplication of
intermediate variables with just c:  the .first
rational dyadic constant Ci. Since the look-up table
is symmetrical, entries in only half of the table
(e.g., either above or below the mam diagonal) may be
Oiled. Furthermore, the number of entries to fill may
be reduced by considering the irrational constants
being approximated with the rational dyadic constants
C and C2. JO074J For a given value of rational dyadic
constants <X \ and b \ may be determined. The numbers
of logical and arithmetic operations for
multiplication of with a-% and multiplication of Xi
with b \ may be readily determined fro h entries in
the first row of look-up table 500, where oc-% and
correspond to CV Similarly ., for a given value of 1%
rational dyadic constants , b , and S ay fee
determined. The numbers of logical and arithmetic
operations for .multiplication of f with 2 nd
multiplication of with b may be determined from the
entries in the first row of look-up table 500, where
cxcand b> correspond to Ci. The number of logical and
arithmetic operations for joint multiplication of X
with a n may be determined from an appropriate entry n
look-up table 500; where may correspond to C and may
correspond to Cz>or vice versa. 10075] For each
possible combination of values for F i and the
precision metrics i Table 6 may be determined for a
sufficient number of .iterations with different random
input data. The values of t i F that result i poor
precision (e.g., failure of the? 



metrics) m y be discarded, and the values of i d F
that result in good precisian (e.g., pass of the
metrics) may be retained. \ U76\ Tables 1 through 5
show five fixed-point approximations for the DCT i
FIG. 3 which are denoted as algorithms A, B, C, D and
E. These approximations are for two groups of. factor
with one group including a and b\ and another group
including a , b- . 7 % d >. For each of Tables 1
through 5, the common factor for each group gi ITS the
.fi rs t column. The common factors improve the
precision of the ratio al dyadic constant
approximations and may be merged with the appropriate
scale factors in th flow graph for the IDCT. The
original values (which y he 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 x with one or two rational
dyadic constants s given in the fifth column. The
numbers of add and shift operations for each
multiplication are given in the sixth and seventh
colum s respectively. The total number of add
operations for the IDCT is equal to the m of all add
operations in the sixth column plus the last entry
again (to account for multiplication of each of s and
. with both and 2 plus 28 add operations for all of
the butterflies in the flow graph. The total number of
shift operations for the DCT. is equal to t e sum of
all s ift operations the last column plus the last
entry again. (0077] Table 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)S |007S{
Tabic 2 gives the details of algorithm B ic uses a
common factor of 1/1 0000142-171 for the first group
and a common factor of l/l 0205372265" for the second
group 



Tabic 2 - Approximation B (4 additions, 17 shifts)
}0079] Table 3 gises the details of algorithm C, which
uses a common factor of 1/0 877 48 055 foi the fiisl
roup and a common factor of 1/1 02053722659 for the
second group Table 3 - Approximation C (44 additions,
18 if )V> 80 Table 4 es ihe eta l of al r t D ich uses
a co o facto of 1/0 87734890555 for t e first group
and a common factor of 1/0 8^062054308 for the second
g oup Table 4 - Appioxmiation D (45 additions, 17
shifts)(OOSlj Table 5 gives the details of algorithm.
E which uses a common factor of 1/0.87734890555 for
the first group and a common factor of 1/1
.22387468002 for the second group. Table 5 -
Approximation E (48 addit 20 shifts) jqO82{ The
precision of the output samples from an approximate
.1DCT may be quantified based on metrics defined i.n
EEE Standard 180-1 190 and its pending replacement.
This standard specifies testing a reference 64-bit
floating-point DCF followed by the approximate IDCT
using data from a random number generator. The
reference DCT receives random data for a block of
input pixeis and generates transform coefficients. The
approximate IDCT receives the transform coefficients
(appropriately rounded) and generates a block of
reconstructed pixels. T e reconstructed pixels are
compared against the input pixels using five metrics,
wlc are given i.ti Table 6. Additionally, e
approximate IDCT is required to produce all eros when
supplied withzero transform coefficients and to
demonstrate near-DC inversion behavior. All five
algorithms A through E given above pass \ ] of the
metrics in Table 6. Table 6 |00S3{ The ID IDCT shown
in FiG. 3 ay be used for 2D IDCT. Similarly, the D DCT
shown in FlG. 4 may be used for a 2 DCT, 



|84J FIG. shows a design of a 3D IDCT 600 implemented
in a scaled and separable fa hio 2D IDCT 600 comprises
an input seamg stage 612, followed by a first scaled
ID IDCT stage 614 for the columns (or rows), further
followed by a second scaled 10 IDGT stage 616 for the
rows (or columns), and concluding with an output
scaling stage 618. Input scaling stage 612 receives a
SxS block of transform coefficients and may
pre-multiply each transform coefficient by a constant
C 2 \ or shift ch transform coefficient by bits to the
left, where denotes the b of reserved "mantissa" bits.
A er 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 -- R bits may be used in the conversion
of the scale factors to integers, and right shifts by
R bits may be performed after multiplications. S may
be any suitable value that can facilitate
implementations on hardware platforms, e.g., S may be
15 or 16 for platforms with sgned/unsigaed 16-b t
multipliers. [(HiHS) First ID IDCT stage 614 performs
an 8-point IDCT on each column of the block of scaled
transform coefficients. Second ID IDCT stage 616
performs i -roitit IDCT on each row of an intermediate
block generated by first 1D IDCT stage 614. The ID
JDCTs for the first and second stages may operate
directly on their input data without doing any
internal pre~ or post scaling. After both the o and
columns are proc ssed, output scaling stage 618 may
shift the resulting quantities from second ID JDCT
stage61.6 by P bits to the right to generate the
output samples for the 2D !DCT. The scale factors and
the precision constant P may be chosen such that die
entire 2D IDCT may be .implemented usi g registers of
the desired width. 008 The 2D BCT may be performed in
similar manner as the 2D IDCT. The ZD DCT may be
performed by (a) pre-mulliplying 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 DCT on each row
(or column) of the 



ir ptiediate biook, d () scaling llie output of the
second LD DCT t g to g rat a block of transform
coefficients for t 2D DCT. J0O87J For clarity, much of
the description above is for a romt scaled IDCT and an
S point scaled DCT. The techniques described herein
may be used for any type of transform such DCT, IDCT,
DFT, DFT MLT, inverse MLT, MCLT, inverse MCLT 5 etc.
The techniques may also b e used for any factorization
of a transform, Willi 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 xi e, with example
8-poiiit transforms being given in FIGS. I through 4.
The techniques may also be used in conjunction with
any common factor selection criteria such as total
number of logical and arithmetic operations, total
number of arithmetic operations, precision of the
results, etc, fOOSSj The number of operations for a
transform may be dependent on the manner in which
nrultiplications are performed. The computation
techniques described above unroll muttipH cations 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. JO0 The
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 quantisation i implementations of JPEG,
H.263, MPEG-i, M.PEO-2, MPEG-4 (P.2), and other
standards, and Improved precision due to ability to
mi.ni.mize/distdbute errors of flxed.~poi.nt
approximations for irrational constants used
multiplications by introducing 



common factors that ca be accounted for by scale
factors. }0090f Transforms with common factors may be
used for various applications such as image and video
processing, communication, computing, data networking,
data storage, graphics, etc. Example use of transibrrs
for video processing is described below. 0 91] FIG. 7
shows a block diagram of image/video encoding and
decoding system 700. At an encoding system 710, a DCT
unit 720 receives an Input data block and generates a
transform coefficient block. The input data block may
be a NxN block of pixels an NxN block of pixel
difference values (or residue), or some othor type of
d t ge erat ed from a source sig iai, e.g., a video
signal. The pixel difference values raay be
differences between two blocks of pixels, differences
between a block of pixels and a block of predicted
pixels, etc. N may b e equal to S or some other value.
An encoder 730 receives the transform coefficient
block from DCT unit 720, encodes the transform
coefficients, and generates compressed data. The
compressed data may be stored in & storage unit and/or
sent via a communication channel (cloud 740). }0O92]
At a decoding system 750, a decoder 760 receives the
compressed a from storage unit or communication
channel 740 a reconstructs the transform coefficients.
Ati IDCT unit 770 receives he reconstructed transform
coefficients and generates ati output data block. The
o p data block .may be a NxN block of reconstructed
pixels, NxN block of reconstructed pixel difference
values, etc. The output data block y be an. estimate
of the input data block provided to DCT unit 720 and
.may b e used to reconstruct the source signal. 10093}
FIG- S shows a block diagram of a encoding sy t SOO,
which may be used For encoding system 710 in FIG. 7. A
capture device/memory SlO may receive a source signal,
perform conversion to digital format, and provides
input/raw data. Capture device S 0 may be a video
camera a digitizer, or some other device. A processor
820 processes 



the raw data and generates compressed data. Within
processor 820 the raw data may be transformed by a DCT
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 packefizer 830, DCT
unit 822 may perform 2D DCTs on. the raw data in
accordance with the techniques described above. E c of
units 822 through 830 may be implemented a
hardware.firmware and/or software. For example. DOT
unit 822 may be implemented with dedicated hardware, a
set of instructions for a arithmetic logic unit (ALU),
etc. }0094{ A storage unit 840 may store the
compressed data from processor 820. A transmitter 842
rasy transmit the compressed data, A
controller/processor $50 controls the operation of
various units in encoding system 800. A. memory 852
stores data and program codes for encoding system 80(1
One or more buses $60 interconnect various units in
encoding system 800. 009S FIG- 9 shows block diagram
of a decoding sy t 900, which may be used for decoding
system 750 i FlG, 7, A receiver 910 m y receive
compressed data from n encoding system, d 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 y be de-packetized by a de-packetixer
922, decoded by an. entropy decoder 924, inverse
quantized by an inverse quantizer 926. placed the
proper order by inverse zig-zag scan unit 92S and
transformed by an IDCT unit 930. DCI unit 930 may
perform 2D IDCTs 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 instructions for an ALU
etc. (0096] 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 cod for decoding system 900.
One or 



more buses 960 interconnect various units m decoding
system 900. [009-7| Processors 820 and 9.20 .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 9.20 may each be
replaced with one or more random access memories
(RAMs), read only memory (ROMs), electrical
programmable ROMs (EPROMs), electrically erasable
programmable ROMs (EBPROMs), magnetic disks, optical
disks, and/or other types of volatile and .nonvolatile
memories known n the art. 00 The techniques described
herein may be implemented i hardware, firmware,
software, or a combination thereof. For example, the
logical (e.g., shift) m 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 b referred to as units,
modules, etc. A logic ay be hardware logic comprising
logic gates, transistors, and/or othercircuits known
the art. A logic may also be .firmware and/or software
logic comprising machine-readable codes. (0099J n one
design, an apparatus comprises a . first logic to
perform .multipHcatan of a first group of at least one
data value with a first group of at least one rational
dyadic constant thai 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 second group of at
least one  i value with a second group of at least on
r io a dyadic constant that approximates a co d group
of a l least o irrational constant scaled by 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 s red logic. }OO100] For a firmware aad/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 RG. 9) and executed by
processor (e.g . processor 850 or 950) or some other
hardware unit. fOOtoil The techniques described herein
may be implemented in various types of apparatus. For
example, the techniques may implemented in different
types of processors, different types of integrated
circuit s different types of electronics devices,
different types of electronics circuits, etc. 00 10 }
Those of skill in the art would understand that
information and signals may be represented i g any of
a variety of different technologies and techniques.
For e a le data, instruction.*, comnsarsds,
information, signals, bits, symbols, and chips thai
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. J00103J
Those 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 o software depends upon the
particular application and design constraints imposed
on the overall system. Skilled artisans may implement
thedescribed functionality varying ways for each
particular application, but such implementation
decisions should not be interpreted as causing a
departure from the scope of the present disclosure.
[001.04} The various illustrative logical blocks,
modules, and circuits described in connection with the
disclosure may be implemented or performed with a
generalpurpose 



processor, a DSP, an ASIC, a field programmable gate
array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware
components., or combination thereof designed to
perform the functions ibe herein. A general-purpose
processor may be a microprocessor, but in the
alternative, the processor may be any conventional
processor, controller, microcontroller, or state chi e
. A processor may also be implemented as a combination
of computing devices, e.g . a combination of a DSP and
microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core,
or any other such configuration. JOOiOSj In one or
more exemplary embodiments, the functions described
may h e .implemented in hardware, software firmware,
of 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 a d
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 a
ple and not limitation, such computer-readable media
can comprise RAM, ROM. EEPROlVi, CD-ROM or other
optical disk storage, magnetic disk storage or other
magnetic storage devices, or y oilier 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 fro.ni a
website server, or other remote source using a coaxial
cable, fiber optic cable twisted pair, digital
subscriber line (DSL), or xvireiess 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 i included i 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 bl u-ray disc where disks
usually reproduce data magnetically, xvhile
discsreproduce data optically with lasers.
Combinations of the above should also be included
within the scope of computer-readable media. OOl O Sj
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 i
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 e i but. is o be accorded tlie widest
cop consistent with ihe principles a d novel features
disclosed herein, WHAT JS CLAIMED IS:CLAIMS 1. An
apparatus comprising: 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, each rational dyadic constant being rational
number with a dyadic denominator; and a secork.1 log
to perforin multiplication of a second group of at
leasl on 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 having different
sizes. 2. The apparatus of claim L further composing:
a third logic to perform multiplication of a third
group of at least one data value with a third group of
at least one rational dyadic constant that
approximates a third group of at least one irrational
constant scaled by a third co o factor. 



3. 'Hie apparatus of claim L wherein the second group
of at least one data value is twice the i of the first
group of at least one data value. 4 The apparatus of
claim 1, wherein the first group of at least one data
value comprises two data values and t e second group
of at least one data value comprises four data values.
5. The apparatus of claim 1, wherein tlie first group
of at least one irrational constant comprises a single
irrational constant and the second group of at least
one irrational constant comprises three irrational
constants. 6. The apparatus of claim 1, wherein the
number of irrational constants in the first group is
fewer than the number of rational dyadic constants in
the first group. 7. The apparatus of claim I, wherein
the first logic performs multiplication of a first
data value m the first group with a first rational
dyadic constant that approximates the first common
factor and performs .multiplication of a second
data.value i the first group with a second rational
dyadic constant that approximates an irrational
constant scaled by the first common factor. S The
apparatus of claim J wherein the second group of at
ieast one irrational constant comprises first and
second irrational constants, wherein the second group
of at least one rational dyadic con tant 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 ppro
i t the second irrational cons n scaled y the second
common factor, 9. The apparatus of cl i S, wherein the
second logic performs .multiplication of a data value
i the second group with the first rational dyadic
constant, and performs multiplication of the data
value with the second rational dyadic constant. 10.
The apparatus of claim S wherein the second logic
perforins multiplication of a data value in the second
group with the first and second rational 



dyadic constants using a single series of intermediate
values. 11. The apparatus of claim  , wherein the
first common factor is selected based on number of
logical and arithmetic operations for the
multiplication of the first group of at least one data
value with the first group of at least one rational
dyadic constant, and wherein the second common factor
is selected based on number of logical and arithmetic
operations for the multiplication of the second group
of at ieast one data value with the second group of at
least one rational dyadic constant. 12. The apparatus
of claim 1i, wherein the logical and arithmetic
operations comprise shift and add operations. 13. The
apparatus of claim 11. wherein the first and second
common factors are selected further based on at least
one precision metric for results generated from the
multiplication. 14. The apparatus of claim 1, wherein
the first common factor is selected by determining the
.number of logical and arithmetic operations for
multiplication of thefirst group of at least one data
value with different possible values for the first
group of t least one rational dyadic constant obtained
with different possible values of the first common
factor. .15. The apparatus of claim 1, wherein for
multiplication of a data value in th first group with
rational dyadic constant in the first group, the first
logic generates a series of intermediate values based
on the d t value, with t least one intermediate value
in the series being generated b d on t least one oth r
mtepiisdi&te value in the seri provides one
intermediate value in t e series an output value for
the multiplication of the data value with the rational
dyadic constant 16. The apparatus of claim 1, wherein
the first axsd second logics perform the
multiplication for a linear transform. 17. The
apparatus of claim 16 farther comprising: 



a third logic to perform at least one butterfly
operation based on outputs of the first m x second
logics to generate .results for the linear transform.
18. h apparatus of claim 1 wherein the first and
second logics perform the multiplication for a
discrete cosine transform (DCT) .19. Tbe apparatus of
claim 1 wherein the first and second logics perform
the multiplication for a inverse discrete cosine
transform (IDCT). 20. The apparatus of claim 1,
wherein the first and second logics perform the
multiplication for an 8-point discrete cosine
transform (DCT) or an 8-point inverse discrete cosine
transform (IDCT). 2 1. A.T apparatus com pri ing: a
first logic to perform multiplication of a first group
of two data values with a first group of two rational
dyadic constants that approximates a first group of at
least one irrational constant scaled by a first common
factor, each rational dyadic constant being a rational
number with a dyadic denominator; Ua second logic to
perform multi plication of a second group of four data
values with second group of four rational dyadic
constants that approximates a second group of at least
one irrational constant scaled by a second common
factor. 22. A method comprising: performing
multiplication of a first group of at least one data
value with a first group of at least one rational
dyadic constant t hat approximates a first group of at
least one irrational constant c led by first common
factor, ch rational dyadic constant being a rational
number with a dyadic denominator; and performing
multiplication of second group of at least one data
value with a second group of at t one rational dyadic
constant that approximates 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 having different sixes. 



23. The method of claim 22, further comprising:
performing multiplication of a third group of at least
one daia value with a third group of t least o e
rational dyadic constant that approximates a third
group of at least one irrational constant scaled by a
third common factor. 24. The method of claim 22,
wherein the performing multiplication of the first
group of at least one data value comprises, for
multiplication of a data -value in the first group
with a rational dyadic constant m the first group,
generating a series of intermediate values based on
the data value, with t least one intermediate value i
the series being generated based on at least one other
intermediate value I the seri es and providing one
intermediate value in the series an output value for
the multiplication of he data value with the rational
dyadic co.osta.nt. 25. The method of claim 22 wherein
the performing multiplication of the second group of
at least one data value comprises performing
multiplication of a data value i the second group with
first and second rational dyadic constants in the
second group based on a single series of intermediate
values. 26. AR apparatus comprising:e s for performing
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 rou of at
least one irrational constant scaled by a first common
factor, each rational dyadic constant being a rational
number with a dyadic denominator; and e s for
performing 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 vi g di ren i . 27.
The apparatus of claim 26, further comprising: 



means for performing multiplication of a third group
of at least one data value with a third group of at
least one rational dyadic constant that approximates a
third group of at least one irrational constant scaled
by a third common factor. 28. The apparatus of claim
26. wherein the means for performing .multiplication
of the first group of at least o e data value compri
ses for multiplication of a data value i the first
group wtJb a rational dyadic constant In the first
group, means for generating a series of intermediate
values based on the data v l with at least one
intermediate value in the series being generated based
on t least one other intermediate value in the series,
and means for providing one intermediate value in the
series as an output value for the multiplication of
the data value with the rational dyadic constant. 29.
The apparatus of claim 26, wherein the means for
performing multiplication of the second group of at
least one data value comprises means for performing
multiplication of a data value in the second group
with first and second rational dyadic constants in the
second group based on a single series of intermediate
values. 30. Art apparatus comprising; a first logic to
receive at least one data value; and a second logic to
perform multiplication of the at least one data value
with at least one rational dyadic constant that
approximates at least one irrational constant scaled
by a common factor, eadh rational dyadic constant
being a rational number with adyadic denominator, the
common factor being selected based on number of
logical and arithmetic operations for the
multiplication of tlie at ieast one data value with
the at- leastone! rational dyadic constant. 3 1. 'Hie
apparatus of claim 30, wherein the logical and
arithmetic operations comprise shift and add
operations. 32. The apparatus of claim 30 wherein the
common factor is l c d fur h r 



based o at least one pr cision metric for results
generated from the multiplication of the at least one
data value with the at least one rational dyadic
constant 33. The apparatus of claim 30, wherein for
multiplication of a data value with a rational dyadic
constant, the second logic generates a series of
intermediate values based on the data value ., with at
least one intermediate value in the series being
generated based on at least one other intermediate
value in the series, and provides one intermediate
value irs the series as an output valise for the
multiplication of the data value with the rational
dyadic constant. 34. The apparatus of claim 30,
wherein the number of logical and arithmetic
operations is determined by performing multiplication
of the at ieast one data value with the at least one
rational dyadic constant using intermediate results to
generate at least one output value for the
multiplication. 35. A method comprising: receiving at
ieast one data value; and perform ing multiplication
of the at least one data value with at least one
rational dyadic constant that approximates at ieast
one irrational constant scaled by a common factor,
each rational dyadic constant being a rational number
with a dyadic denominator, the common factor b i
selected based on number of logical and arithmetic
operations for the multiplication of the at least one
data value with the at ieast one rational dyadic
constant. 36. The method of claim 35 wherein the
logical d arithmetic operations comprise shift and add
operations.37. The method of claim 35. wherein the
performing multiplication comprises, for
multiplication of a data value with a rational dyadic-
constant, generating a series of intermediate values
based on. the data value, with at least one
intermediate value m the series being generated based
on at least one other intermediate value in the
series, and 



providing one intermediate value in the series a an
output value for the multiplication of the data value
with the rational dyadic constant. 38. An apparatus
comprising; means for receiving at least one data
value; and means for performing multiplication of the
ai least one data value with at. least one rational
dyadic constant that approximates at least one
irrational constant scaled by a common factor, each
rational dyadic constant being rational number with a
dyadic denominator, the common factor being selected
based on number of logical and arithmetic operations
for the multiplication of the at least one data value
with the at least one rational dyadic constant. 39.
The apparatus of claim 38, wherein the logical d
arithmetic operations comprise shift and add
operations. 40. The apparatus of claim 38, wherein the
e ns for performing multiplication comprises, for
multiplication of a data value with a rational dyadic
constant, e for generating a series of intermediate
values based on the data value, with at least one
intermediate value in the series being generated based
on at. least one other intermediate value in the
series, and means for providing one intermediate value
in the series as an output value for the
multiplication of the data value with the rational
dyadic constant. 41. A computer program product,
comprising: computer-readable medium comprising: code
for causing a computer to receive i least one data
value; and code for causing the computer to perform
multiplication of the at least one da value with at
least one rational dyadic constant that approximates
at least one irrational constant scaled by a common
factor,each rational dyadic constant being a rational
number with a dyadic 



denominator, i common factor being selected based on
number of logical and arithmetic operations for the
multiplication of the at. least one data value with
the at least one rational dyadic constant, 42. A
computer program product, comprising:
computer-readable medium comprising: cod for i g a
computer to p fo multiplication of a first group of at
least one data value with a first group of at least o
rational dyadic constant that approximates a first
group of at least one irrational constant scaled by a
first common factor, each rational dyadic
constantbeing a rational number with a dyadic
denominator; and code for causing the computer 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 having different sizes. 43.
The computer-readable medium of cla 22, further
comprising: code for causing a computer to perform
multiplication of a third group of at least one data
value w tn a third group of at least one rational
dyadic constant that approximates a third group of at
least one irrational constant scaled by a third common
factor. 


