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" This invention relates to a method for the

transformation of signals from a freguency to a time.

10 representation, as well as a digital circuit arrangement
for implementing the transformation.

It is a common goal in the area of telecommunications

15 to increase both information content and transmission
speed. Each communications medium, however, imposes a
limitation on transmission speed, as doces the hardware at
the transmitting and receiving end that must process the
transmitted signals. A telegraph wire is, for example,

20 typically & much faster medium for transmitting
information than the mail is, even though it might be
faster to type and read a mailed document than to tap it
out on a telegraph key.

The method of encoding transmitted information also

25 limits the speed at which information can be conveyed. A
1ong-wihded telegraph message will, for example, take
longer to convey than a succinct message with the same

- information content. The greatest transmission and
reception speed can therefore be obtained by compressing

30 the data to be transmitted as much as possible, and then,
using a high-speed transmission médium, to process the
data at both ends as fast as possible, which often means
the reduction or elimination of "bottlenecks" in the
system. _

35 One application .'in which it is essential to provide
high-speed transmission of large amounts of data is in the
field of digital television. Whereas conventional
television systems use analog radio and electricai signals
to control the luminance and color of picture elements
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One applicatl on L Osehtstioh b B fhags by Bbaveiting analog signals
into binary "numbers" corresponding to luminance and color
5 values for the pixels. Modern digital encoding schemes
and hardware structures typically enable much higher
information transmission rates than do conventional analog
transmission systems. As such, digital televisions are
able to achieve much higher resolution and much more
10 life-1like images than their conventional analog
counterparts. It is anticipated that digital television
systems, including so-called High—Définition TV (HDTV)
systems,  will replace '‘'conventional analog television
technology within the next decade in much of the
15 industrialized world. The conversion from analog to
digital imaging, for both transmission and storage, will
thus be similar to the change-over from analog audio
records to the now ubiquitous compact discs (CD's).
In order to increase the general usefulness of
20 digital dimage ‘technology, standardized schemes for
encoding and decoding digital images have been adopted.
One such standardized scheme is known as the JPEG standard
and is used for still pictures. For moving pictures,
there are at present two standards -- MPEG and H.261 -~
25 both of which carry out JPEG-like procedures on each of
the sequential frames of the moving picture. To gain
advantage over using JPEG repeatedly, MPEG and H.261
operate on the differences between subsequent frames,
taking advantage of the well-known fact that the
30 difference, that'is the movement, between frames is small;
it thus typically takes less time or space to transmit or
store the information corresponding to the changes rather
than to transmit or store equivalent still-picture
information as if each frame in tﬁe sequence were
35 completely unlike the frames closest to it in the
seguence.
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hi gher breaking an image or picture into tiles or blocks, each
block consisting of a piece of the picture eight pixels

wide by eight pixels high. Each pixel is then represented

5 by three (or more) digital numbers known as "components"

of that pixel. There are many different ways of breaking

a colored pixel into components, for example, using

standard notation, YUV, YC,.C,, RGB, etc. All the

“conventional JPEG-like methods operate on each component
10 separately.

It is well known that the eye is insensitive to high-~
frequency components (or edges) in a picture. Information
concerning the highest frequencies can usually be omitted

15 altogether without the human viewer noticing any
"significant reduction in image quality. In order to
achieve this ability to reduce the information content in
a picture by eliminating high-frequency information
without the eye detecting any loss of information, the 8-

20 by-8 pixel block containing spatial information (for
example the actual values for luminance) must be
transformed in some manner to obtain frequency
information. The JPEG, MPEG and H.261 standards all use
the known Discrete Cosine Transform to operate on the 8-

25 by-8 spatial matrix to obtain an 8-by-8 frequency matrix.

As described above, the input data represents a
square area of the picture. In transforming the input
data into the frequency representation, the transform that

30 is applied must be two-dimensional, but such
two-dimensional transforms are difficult to compute
efficiently. The known, two-dimensional Discrete Cosine
Transform (DCT) and the associated Inverse DCT (IDCT),
however, have the property of being "separable". This

35 means that rather than having to operate on all 64 pixels
in the eight-by-eight pixel block at one time, the block
can first be transformed row-by-row into intermediate
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| mage technolog&hl gr 52%31% iylng %wo N-by-N matrices. 1In order
5 to perform the necessary matrix multiplication for an
eight-by-eight pixel block, 512 multiplications and 448
additions are required, so that 1,024 multiplications and
896 additions are needed to perform the full 2-dimensional
DCT on the 8-by-8 pixel block. These arithmetic
10 operations, and especially multiplication, are complex and
slow and therefore limit the achievable transmission rate;
they also require considerable space on the silicon chip
used to implement the DCT.
The DCT procedure can be rearranged to reduce the
15 computation required. There are at present two main
methods used for reducing the computation required for the
DCT, both of which use %binary decimation." The term
"binary decimation" means that an N-by~N transform can be
computed by using two N/2-by-N/2 transformations, plus
20 some computational overhead whilst arranging this.
Whereas the eight-by~eight <transform requires 512
multiplications 'and 448 additions, a four-by~four
transform requires only 64 multiplications and 48
_ additions. Binary decimation thus saves 384
25 multiplications and 352 additions and the overhead
incurred in performing the decimation is typically
insignificant compared to this reduction in computation.
At present, the two main methods for binary
decimation were developed Byeong Gi Lee ("A New Algorithm
30 to Compute the 'DCT", IEEE Transactions on Acoustics,
Speech and Signal Processing, Vol. Assp 32, No. 6, p.
1243, December 1984), and Wen-Hsiung Chen ("A Fast
Computational Algorithm for the DCT", Wen-Hsiung Chen, C.
Harrison Smith, §S.C. Pralick, IEEE Transactions on
35 Communications, Vol. Com 25, No. 9, p. 1004, September
1977.) Lee’s method makes use of the symmetry inherent in
the definition of the inverse DCT and by using simple
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still-picture information as _if each frame 1n the sequence were .
that reduces the matrices into diagonals only. This
5 method provides easy binary decimation of the DCT using
known identities for diagonal matrices.

A serious disadvantage of the Lee and Chen methods is
that they are unbalanced in respect of when
multiplications and additions must be performed.

10 Essentially, both of these methods require that many
additions be followed by many multiplications, or vice
versa. When implementing the Lee or Chen methods in
hardware, it is thus not possible to have parallel
operation of adders and multipliers. This reduces their

15 speed and efficiency, since the best utilization of
hardware is when all adders and multipliers are used all
the time.

An additional disadvantage of such known methods and
devices for performing DCT and IDCT operations is that it

20 is usually difficult to handle the so-called normalization
coefficient, and known architectures require adding an
extra multiplication at a time when all the multipliers
are being used.

Certain known methods for applying the forward and

25 inverse DCT to video data are very simple and highly
efficient for a software designer who need not be
concerned with the layout of the semiconductor devices
that must perform the calculations. Such methods,
however, often are far too slow or are far too much

30 complex in semiconductor architecture and hardware
interconnections to pérform satisfactorily at the
transmission rate desired for digital video.

Yet another shortcoming of existing methods and
hardware structures for performing DCT and IDCT operations

35 on video data is that they require floating-point internal
representation of numerical values. To illustrate this
disadvantage, assume that one has a calculator that is
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35 ‘conpletely unlike theifranes closest to it in the sequence. - For
conveni ence, all the current standards operate by breaking an image or
picture into tiles or blocks, each bl ock consisting of a plece of
picture eight pixels w de by eight pixels high. Each
represented 5 by three (or nore) digital nunbers kno
that pixel. There are many different ways ©f breaking
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dlglts to the right of the dec1mal point (if any). Assume
further that the calculator is to add the numbers 12.3 and
4.56. (Notice that the decimal point is not £fixed

5 relative to the position of the digits in these two
numbers. In other words, the decimal point is allowed to
“float".) Since the calculator is not able to'store the
four digits required to fully represent the answer 16.86,
the calculator must reduce the answer to three digits

10 either by truncating the answer by dropping the right-most
wen, vyielding an answer of 16.8, or it must have the
necessary hardware to round the answer up to the closest
three-digit approximation 16.9.

As this very simple example illustrates, if

15 floating-point arithmetic is assumed or required, one must
either accept a loss of precision or include highly
complicated and space-wasting circuitry to minimize
rounding error. Even with efficient rounding circuitry,
however, the accumulation and propagation of rounding or

20 truncation errors may lead to unacceptable distortion in
the video signals. This problem is evén greater when the
methods for processing the video signals require several
multiplications, since floating-point rounding and
truncation errors are typically even dgreater for

25 multiplication than for addition.

A much more efficient DCT/IDCT method and hardware
structure would ensure that the numbers used in the method
could be represented with a fixed decimal point, but in
such a way that the full dynamic range of each number

30 could be used. In such a system, truncation and rounding
errors would either be eliminated or at least greatly
reduced.

In the example above, if the hardware could handle
four digits, no number greater than 99.99 were ever

35 needed, and every number had the decimal point between the
second and third places, then the presence of the decimal
point would not affect calculations at all, and the
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always know that the "1686" should have a decimal point
between the middle "6" and "8". Alternatively, if numbers
(constant or otherwise) are selectively scaled or adjusted
so that they all fall within the same range, each number
in the range could also be accurately and unambiguously
represented as a set of integers.

. One way of reducing the number of multipliers needed
is simply to have a single multiplier that is able to
accept input data from different sources. In other words,
certain architectures use-a single multiplier to perform
the multiplications required in different steps of the DCT
or IDCT calculations. Although such "crossbar switching”
may reduce the number of multipliers required, it means
that large, complicated multiplexer structures must be
included instead to select the inputs to the multiplier,.
and to switch the
appropriate signals from the selected sources to the
of Additional

multiplexers are then also required to switch the large

to isolate others from the multiplier,

inputs the multiplier. large-scale
number of outputs from the shared multipliers to the
appropriate subsequent circuitry. Crossbar switching or
multiplexing is therefore complex,
of the

significant area in a final semiconductor implementation.

is generally slow

(because extra storage needed), and costs

Yet another drawback of existing architectures,
including the "crossbar switching", is that they require

general purpose multipliers. In other words, existing
systems require multipliers for which both inputs are
variable. As is well known, implementations of digital
multipliers typically include rows of adders and shifters
such that,

the value of the multiplicand is added into the

if the current bit of a multiplier word is a
llone" '
partial result, but not if the current bit is a "“zero".
Since a general purpose multiplier must be able to deal
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bits wide and that one wishes to multiply single inputs by
5. An 8-bit representation of the number 5 is 00000101.
In other words, digital multiplication by 5 requires only

that the input value be shifted to the left two places

(corresponding to multiplication by 4) and then added to
its un-shifted wvalue. The other six positions of the
coefficient have bit values of "0", so they would not
require any shifting or addition steps.

A fixed-coefficient multiplier, that is, in +this
case, a multiplier capable of multiplying only by five,
would require only a single shifter and a single adder in
order to perform the multiplication (disregarding
circuitry needed to handle carry bits). A general purpose

"Thi s

ned

multiplier, in contrast, would require shifters and adde¥s -

for each of the eight positions, even though six of them
would never need to be used. As the example illustrétes,
fixed coefficients can simplify the multipliers since they
allow the designer to eliminate rows of adders that
correspond to zeros in the coefficient, thus saving
silicon area.

Various aspects of the invention are exemplified by
the attached claims.

In a IDCT method according to a further aspect of the
invention, a one-dimensional IDCT for each N-row and N-
column of N-by~-N pixel blocks is decimated and a 1-D IDCT
is performed separately on the N/2 even-numbered pixel
input words and the N/2 odd-numbered pixel input words.

In a preferred embodiment, N=8 according to the JPEG
standard. The two-dimensional IDCT result is then
obtained by performing two one-dimensional IDCT operations
in sequence (with an intermediate reordering --
transposition -- of data).

In a common processing step, for N=8, a first pair of
input values is passed without need for multiplication to

-_—

This Sheet Has Been

LT




vai UeSt which' are then transform col-urm-into the final transformed._. .

P i

frrequency val ues. A one-di nensional DCT of order Nis mathematically

equivalent to nultiplying two NNby-N matrices. In order
necessary matrix multiplication for an eight-by-eight p
mul tiplications and 448 additions are required, so that
mul tiplications and 896 additions are needed to perform

2-di nensi onal

operations, arfMERpeRISTS R

44

perf-arm

1, 024REPL ACED

xfhis -eek, hr-maEtN

DCT on _the i xe hese arithnetic
ohd b tEaS TS oy SERCHPE S cRCeRGWPRAT OF

therefore |imingde aclluwsblis tmalsipkiedn byat eachheyf alts@ r egrstant-
consi derabl e S(.E.)o Cteflcz.éxl:"@ %’alh%gn 8&1%%&%{199' rg%l eHBQt stélﬁe%crcosine

10

15

20

25

30

35

values. No other multiplications and only one subtraction
and one addition are required in the common processing
step. The second pair is then added or differenced
pairwise with the first pair of input values to form even
or odd resultant values.

In a pre-common processing stage, the lowest-order
odd input word is pre-multiplied by ¥2, and the odd input
words are summed pairwise before processing in a common
processing block. In a post-common processing stage,
intermediate values corresponding to the processed odd
input words are multiplied by predetermined constant
coefficients to form odd resultant values.

After calculation of the even and odd resultant
values, the N/2 high-order outputs are formed by simple
subtraction of the odd resultant values from the even
resultant values, and the N/2 low-order outputs are formed
by simple addition of the odd resultant values and the
even resultant values.

For both the DCT (at the transmission end of a video
processing system) and the IDCT (at the receiving enq,
which incorporates one or more of the wvarious aspects of
the invention), the values are preferably deliberately
scaled upward by a factor of Y2. After the DCT/IDCT
operations are performed, the resulting values may then be
scaled downward by a factor of two by a simple binary
right shift. This deliberate, balanced, upward scaling
eliminates several multiplication steps that are required
according to conventional methods.

According to another aspect of the method, selected
bits of constant coefficients or intermediate resulting
data words are rounded or adjusted by predetermined
setting of selected bits to either "1" or "O".

—_—
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There are at present two main nethods used for reducing the conputation
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mul tiplications and 448 additions, a four-by-four transtormrequr
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conpared to tﬁg§ ﬁoﬂbﬁﬁﬁggh 5% 1-b bt processing steps.

An IDCT system according to yet another aspect of the

5 invention includes a pre-common processing circuit, a
common processing circuit, and a post-common processing
circuit, in which the pre-common, common, and post-common
processing calculations are performed on input data words.
A supervisory controller generates control signals to

10 control the loading of various system latches; preferably,
to serially time-multiplex the application of the N/2
even- and N/2 odd-numbered input words to input latches of
the pre-common block; to direct addition of the even and
odd resultant values to form and latch low-order output

15 signals and to direct subtraction of the odd resultant
values from the even resultant values to form and latch

~ the high-order output signals; and to sequentially control
internal multiplexers.

Even and odd input words are preferably processed in

20 separate passes through the same processing blocks. Input
data words are preferably (but not necessarily) latched
not in strictly ascending or descending order, but rather
in an order enabling an efficient "butterfly" structure
for data paths.

25 At least the common processing circuit may be
configured as a pure-logic circuit, with no clock or
control signals required for its proper operation, as may
be other processing blocks depending on the particular
application. )

30 No general-purpose multipliers (with two wvariable
inputs) are required; rather constant coefficient
multipliers are included throughout the preferred
embodiment. Furthermore, fixed-point integer arithmetic
devices are included in the preferred embodiment for all

35 required arithmetic operations.

It will be apparent that certain embodiments of the

invention can be so designed as to provide a method and

T
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At present,

Byeong G Lee ("A New Al gorithm 30 to Conpute the DCT", |EEE Transactions

on Acoustics, Speech and Signal Processing, Vol. Assp 32 No. 6, p 1243
Decentrer 1984), and Wen- Hsiung Chen ("A Fast Cbnputatlonal ,

the DCT", Wen-Hsiung Chen, C. Harrison Smth, S C {£r
Transactions on 35 Comuni cations, Vol. tbn125 No.
1977.) Lee's nethod nakes use of t he %ynnetry i nher ent

t he |nverseIU?W%#&Wb§°EsPﬁ§f§FWﬁP3 IDCT StrRNS £RARG 1@
met hod for recuith Wndiddore of the following features:

(1) constant use of all costly arithmetic
operations:
5 (2) in order to reduce the silicon area needed to

on
of Héﬂeﬁegaé:a

implement the IDCT, there are a small number of storage
elements (such as latches), preferably no more than
required for efficient pipelining of the architecture,
coupled with a small number of constant coefficient

10 multipliers rather than general purpose multipliers that
require extra storage elements:

(3) operations are arrénged so that each arithmetic
operation does not need to use sophisticated designs; for
example, if known "ripple adders" are used, these would

15 sufficient time to "resolve" (see below) or produce their
answers; 1f operations are arranged in such a way that
other devices preceding such a ripple adder in the data
path are to be held idle while waiting for the adder to
finish, then rearranging operations to avoid this delay

20 should lead to greater throughput and efficiency:;

(4) one is able to generate results in a natural
order; '

(5) no costly, complex, crossbar switching need be
required;

25 (6) the architecture is able to support much faster
operations; and )

{(7) the circuitry used to control the flow of data
through the transform hardware can be small in area.

For a better understanding of the invention and to

30 show how the same may be carried into effect, reference
will now be made, by way of example, to the accompanying
drawings, in which:

FIG. 1 is a simplified illustration of basic steps in
a method according to the invention for performing the

35 IDCT on input data;

\

This Sheet

H T’aced '
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met hod uses a recursive matrix identity that reduce

di agonal s only. This 5 method provi des easy blnarquﬁpsm@Eﬁng@tENh DCT
using -known identities for diagonal matrices. A serious dEsadgantage pf the
Lee and Chen nethods is that t hey are unbala# of

when mul tiplications and additions mdf be performed. 10 Essentlally
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mul tiplications, te ‘versSa ee or en net hods
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and nultlpl|er§ysg@*saé@5§5§ﬁbt{gﬂfhéfaﬁwgﬁ%hgmd ef ficiency, since the best
utilization of FIG. 3 41is a simplified block diagram of the
5 integrated circuits that comprise the main components of
the IDCT system;

' FIGS. 4a and 4b together are a block diagram of a
pre-processing circuit corresponding to one of the main
system components; for ease of explanation, these figures

10 are referred to collectively as FIG. 4;

FIGS. 5a and 5b together are a block diagram of a
common processing circuit in the IDCT system; for ease of
explanation, these figures are referred to collectively as
FI1IG. 5;

15 FIGS. 6a, 6b, 6¢c, and 64 together are a block diagram
of a post-processing circuit that corresponds to another
main component of the system; except as necessary to
emphasize certain features, these figures are referred to
collectively as FIG. 6; and

20 FIGS. 7a, b, c are timing diagrams that show the
relationships between timing and control signals in the
IDCT system in the preferred embodiment.

Theoretical Background of the Invention
25 In order to understand the purpose and function of
the various components and the advantages of the signal
processing method used in the IDCT system éccording to the
invention, it 4is helpful to understand the system's

theoretical basis.
30 '
Separability of a Two-Dimensional IDCT
The mathematical definition of a two-dimensional
forward discrete cosine transform (DCT) for an N X N block
of pixels is as follows, where Y(j,k) are the pixel
35 frequency values corresponding to the pixel absolute
values X(m,n): '
N\*\
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an extra multiplication at a tine when al | the mul tipliers
Certain known nethods for applying the ford@ard and 25 inve
data are very sinple an hiy efficient for a softwarg __destg
need not be cdfderned \/Wt?lﬂ? heé | ayout of the sem conduct or deV| ces that

must perform the, cal cul atimasy-1 Such net.had ver e far
too slow or are fa-%tcdd)midﬂ) Y ¥ xtmn cos[h&n?;l]\.r)J&Tcos[ (szzlie)nkf?l

n=0 m=0

Where j'k = O' l, o0 0, N—l

and c(j), c(k) = |1/N2 for j,k =0
5 1 otherwise

The term 2/N governs the dc level of the transform,
and the coefficients c(j), c(k) are known as normalization
factors. '

The expression for the corresponding inverse discrete

10 cosine transform, that is for the IDCT, is as follows:

(E2): X(m,n) =
N-1 N-1 . .
2 . . (2m+1) j=m (2n+1) kn
sz'; ; c(j) clk) Y(7,k) cos[ 5 ]cos[———————-—zN ]
where j,k =0, 1, ..., N-1
15 and c(j), c(k) = [1/2 for j,k =0
1 otherwise

The forward DCT is used to transform spatial wvalues
(whether representing characteristics such as luminance
directly, or representing differences, such as in the MPEG

20 standard) into their frequency representation. The
inverse DCT, as its name implies, operates in the other
*direction", that is the IDCT transforms the frequency
values back into spatial values.

In the expression E2, note that the cosine functions

25 each depend on only one of the summation indices. The
expression E2 can therefore be rewritten as:

Sheet Has Been Reﬂlaced
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30 compl €éX 1'n “semicondiictor ar chirteettt-e—-and- - hardwar-e- int er.connections .. ___

te perform satisfactorily at the transmssion rate desired for digital

vi deo. Yet anot her shortcom ng of existing nethods and hardware structures
for perform ng DCT and I DCT operations 35 on video data ffFs—that—td ,
require floating-point internal representation of nuneriltdHSabEEEHASBEEN

illustrate this disadvantage, assume t hat 18ne has a cal dul at oREFRACEDs i)
only able to deal with three-digit nunbers, including digrts to the uuﬁﬁt~J
of the decimal (B8dat (if any{@-Adstine

N-1
2 . (2m+1)1n] {(2n+1) kx
= {(j) cos clk) Y(j, k) cos|~2—122
7 oY =58 xZ; s

This is the equivalent of a first one~-dimensional

5 IDCT performed on the product of all terms that depend on

k and n, followed, after a straightforward standard data

transposition, by a second one-dimensional IDCT using as
inputs the outputs of the first IDCT operation.

10 Definition of the 1-D IDCT
A l-~dimensional, N-point IDCT (where N is an even
number) is defined by the following expression:

(E4):
x(k) = E c(n)* y(n)- cos n(2k+l)n k=1{0,1 N-1}
 conrin of 22522 xmbnn
15 where c(n) = {1/f2 for n = 0
1l otherwise

and where y(n) are the N inputs to the inverse

transformation function and x(k) are its N outputs. As in

the 2-D case, the formula for the DCT has the same

20 structure under the summation sign, but with <the

normalization constant outside the summation sign and with
the x and y vectors switching places in the equation.

Resolution of a 1-D IDCT
25 As is shown above, the 2-D IDCT can be calculated
using a sequence of 1-D IDCT operations separated by a

transpose. According to an embodiment, each of these 1-D
operations is in turn broken down into sub-procedures that
are then exploited to reduce even further the required
30 size and complexity of the semiconductor implementation.

_—
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K anin
furthef that the calculatior is-to-add the numbers-12{3-and 4.56. _._(Notice. .
that the decimal point is not fixed 5 relative to the position of the
digits in these two nunbers. In other words, the decimal point is allowed
to "float".) Since the calculator is not able to store the four digits

required to fully represent the answer 16.86, the cal cul §Tgr "
the answer to three digits 10 either by t&8ncating the a sﬁg§qg§%é§%§§§ﬁ5N
A

the right-nost "6", yiel 'ng an_answer 16.8, -or it t _have
necessary hardware o S closest three-digit
approximation 16.9. As this very sinple exanple illustrates, if 15

o2 Lo ReLr o LRERET eSS 0be! OK! LforROR: ek 5h Joa TP 2
IDCT hardware is the reduction of the required number of
5 multipliers that must be included in the circuitry. Most
methods for calculating the DCT or IDCT therefore attempt
to feduce the number of multiplications needed. According
to this embodiment, however, all the input values are
deliberately scaled upward by a factor of ¥2. In other
10 words, using the method according to this embodiment, the
right-hand side of the IDCT expression (E4) is
deliberately multiplied by V2.

According to this embodiment, two 1-D IDCT operations
are performed in series (with an intermediate transpose)

15 to yield the final 2-D IDCT result. Each of these 1-D
operations includes a multiplication by the same ¥2
factor. Since the intermediate transposition involves no
scaling, the result of two multiplications by ¥2 in series
is that the final 2-D results will be scaled upward by a .

20 factor of V2.2 = 2. To obtain the unscaled value the
circuitry need then only divide by two, which, since the
values are all represented digitally, can be accomplished
easily by a simple right shift of the data. As is made
clearer below, the upward scaling by ¥2 in each 1-D IDCT

25 stage and final down-scaling by 2 is accomplished by
adders, multipliers, and shifters all within the system's
hardware, so that the system places no requirements for
scaled inputs on the other devices to which the system may
be connected. Because of this, the system is compatible

30 with other conventional devices that operate according to
the JPEG or MPEG standards.

Normalization according to this embodiment thus
eliminates the need for hardware multipliers within the
IDCT semiconductor architecture for at least two V2-

35 multiplication operations. As is explained below in
greater detail, the single additional multiplication step
(upward scaling by V2) of the input data in each 1-D
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conpr i'catred and space-wasting-cirreuit-ry-t o ni-ni-m-ze~roundi-ng -eF+-0F - EVeR . —
weth efficient rounding circuitry, however, the accunul gEeFer—ard:

propagati on of rounding or 20 truncation errors may | eafl TS ShiEET ¢NSBEEN
distortion in the video signals. This problemis even gjeat erf&itidi:ghe
met hods for processing the video signals_require severa T prl '
since floating-point rounding and trubfation errors are typically

even greater muktiplicatio an . i;ton. nmor
of 1ci ont DeTREEatEgrhodted hgcr°dmg%’§egstreégi“&§g(é\%%bl 0 Uns VEL L NP
nunbers used mwltiplicatinn costepde thptesameed weanized xebedecsdngpoi nt,

but in such ac¥eWehffbnd Dendttidaglynam c range of each nunber 30 could be
used. In such a system truncation and roundi ng

5 Separation of the 1-D IDCT_ into High and Low-Order
Qutputs

Expression E4 can now be evaluated separately for the

N/2 low-order outputs (k= 0, 1, ..., N/2-1) and the N/2

high-order outputs (k= N/2, N/2+1, ... N). For N=8, this

10 means that one can first transform the inputs to calculate

y(0), y¥(1), y(2), and y(3), and then transform the inputs
to calculate y(4), v(5), y(6), and y(7).

Introduce the variable k’= (N-1-k) for the high-order

outputs (k=N/2+1, ..., N), so that k’ varies from (N/2-1)

15 to 0 as k varies from (N/2+1) to N. For N=8, this means

that k/= {3,2,1,0} for k= {4,5,6,7}. It can then be shown

that expression E4 can be divided into the following two

|

sub-expressions E5 (which is the same as E4 except for the
interval of summation) and Eé6:

20
Low-order outputs:

N~1

E5): = - . cog{ B(2k+1)n
(ES) x{k) § cin) - y(n) cos[ A

where k = {0, 1, ..., (N/2-1)}; and

where c(n) = {1/12 for n =0
1 otherwise

25 High-order outputs:

N-i
E6): = 12 = _ n (2k’+1) n
(E6): x(k)= x(N-1-k’) tg y(n) (-1)" cos[—-———-——zN ]

where k={N, ..., (N/2+1)} ~ k’={0,1,...,(N/2-1)}
(Since c(n) = 1 for all high-order terms, c(n) is not
included in this expression). _
Note that both E5 and E6 have the same structure
30 under the summation sign except that the term (-1)" changes
the sign of the product under the summation sign for the
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errors—woul d ei t her ~be—eti minat ed—or—-at—| east -great ty- reduced. |n-the———
exanpl e above, if the. hardware could handle four digits, no nuanL;g£§§1 r
t'han 99.99 were ever 35 needed, and every number had the;deeFﬁﬁF; ok REEN
bet ween the second and third places, then the presence Hfele g poi
woul d not affect calculations at all, and the ari tihmet i &
carried out just as if every nunber were 1dn |nteger th wer 1230 + 0456

211680 voul ¢ Bl in8dl Pl | hoRdas 2 P Rp st ol
values and except that the y(0) term will be multiplied by
c(0)= 1/v2.

Separation of the 1-D IDCT into Even and 0dd Inputs

5 Observe that the single sum in the 1-D IDCT

expression E4 can also be separated into two sums: one for

the even-numbered inputs (for N=8, y(0), v(2), y(4), and

y(6)) and one for the odd-numbered inputs {(for N=8, y(1),

y(3), y(5), and y(7)). Let g(k) represent the partial sum

10 for the even-numbered  inputs and h(k) represent the
partial sum for the odd-numbered inputs. Thus:

(E7): g(k) =
=-1
Y c(2n)y(2n)cos

n=0

ol

2
Y c(2n)y(2n) cos{ n(Zk-rl)n}
z) |

n=0

L (2k+l) 21‘1]

15 where kX = {0, 1, ..., (N/2-1)}; and
Ny
(E8): h(k) 2: Y(2n+1)cos[“(2k+1)(2n+1)
n=0

2N

Where k = {0, 1' LI (N/2"1)}- .
For N=8, observe that the sums in E7 and E8 both are
20 taken over n= {0, 1, 2, 3}.

Now recall the known cosine identity:

2'cosA-cosB = cos(A+B) + cos(A-B), and set
A = w(2k+1)/2N and B = mw(2k+1l) (2n+1) /2N. One can then

25 multiply both sides of the expression E8 by:

2:cos A = 1/{2-cos[n(2k+1)/2N]} = C.

Note that, since C, does not depend on the summation
index n, it can be moved within the summation sign.
Assume then by definition that y(-1)=0, and note that the

30 cosine function for the input y(7) is equal to zero. The

il




5 betiyeen the-ni ddl e~*6* ~and " 8" —A-ternatively—t+f--nurbers (constant—oF—-——-.
Qt herwi se) are selectively scaled or adjusted so that they all fall within

t he sane range, each nunber in the range could al so be accurately=and=
unanbi guously represented as a set of integers. 10 Ong WhH$ SHfEET etRECBEEN
the nunmber of multipliers needed is sinply to have a singl nultmﬁﬁukﬁﬁﬂhat
Is able to accept input data fronldifferbﬁt sources. | n other—words,

certain architectures use a ier to, erform
ol o T et $ o ] Pefnnthep he Fo 21 BEGR i ther sopaquing
cal cul ati ons.font:hough such "crossbar sw tchi ng" may reduce t he nunber of

multipliers required, it nmeans that |arge, conplicated multiplexer
structures rnggg)Qe i ncluded instead to select the inputs to the nmultiplier,

E-1
- 1 n (2k+1)n
h(k) RG] 2 (v(2n+1) +y(2n-1)] cos——-z___._
o ()
5 where k = {0, 1, ..., (N/2-1)}.

Note that the "inputs" [y(2n+l) + y(2n-1)] imply
that, in calculating h(k), the odd input terms are paired
to form N/2 "paired inputs" p(n) = [y(2n+l) + y(2n-1)].

10 For N=8, the values of p(n) are as follows:
p(n)
y(-1) + y(1) = y(1) (y(-1)= 0 by definition)
Yy(1) + y(3)
y(3) + y(5)
Y(5) + y(7)

w NN R o

15

Expression E9 for h(k) can then be represented by the
following:

-‘-V-i.

(E10): h(k) = ¢, }:‘p(n) cos["‘mkﬂ)n

43)

where k = {0, 1, ..., (N/2-1)}.

20

Observe now that the cosine term under the summation

sign is the same for both g(k) and h(k), and that both

25 have the structure of a 1-D IDCT (compare with exﬁression
ES). The result of the IDCT for the odd k terms, that is,
for h(k), however, is multiplied by the factor

C, = 1/{2-cos(m(2k+1)/2N]}. In other words, g(k) 1is an
N/2-point IDCT operating on even inputs y(2n) and h(k) is
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t-o-t+sot-ate-ot hers-from-tfie muk-ti pli-er, and to swi-teh the 20 -appropri-ate -——--—-.

sjgnals fromthe selected sources to the inputs of the nultiplier

Addi tional large-scale nultiplexers are then also required to switch the
| ar ge~=nunber of outputs fromthe shared multipliers to
subsequent circuitry. Crossbar switching or 25 nulti pl ¢
conpl ex, is generally slow (because of tH extra storagé_needed)y——ant—eestls

significant area_in a final_sem conductor inple ntaiion. Yet anot her
dr awback of eRPs®N/ATRAT TR AREFATIANY gl X 1) oEsBAPNT I WSS, i s
that they reqyi(-a)30 cgeyeidefipittiome mul tipliers. I n ot her words,

exi sting systens r &y ri%t%ldtucgl 'Lt%res f%ﬁﬁoﬁlin@ il&%rn'i:iiﬂ%%t:s are vari abl e.
rgita

As is well known, inpleénentations of
yn = y(n);
5 cl = cos(w/8);

c2 = cos(2n/8) = cos(nf4) = 1/v2
"c3 = cos(37/8);
dl = 1/{2‘cos(n/16)}];
a3 1/[{2 cos(3n/16)];
10 ds5 = 1/(2'cos(5n/16)]; and
a7 1/{2-cos(7n/1l6)]}.

Further introduce scaled cosine coefficients as

follows:
15 cls = v2-cos(n/8);
c3s = ¥2-cos(3n/8);
Using the known evenness (cos(-¢) = cos{¢)) and
periodicity (cos(m-¢) = -cos(¢)) of the cosine function,

20 expressions E7 and E8 can then be expanded for N=8 to
yield (recall also that c(0) is 1/v2):
g(0) = 1/v2:y0 + y2cl + y4c2 + yéc3
= 1/v2-(y0 + y2:'cls + y4 + y6-c3s)
g(l) = 1/v2°y0 + y2c3 -~ y4c2 - yé6cl
25 = 1/v2- (Y0 + y2°c3s - y4 - y6-cls)
g(2) 1/¥v2'y0 - y2¢3 - y4c2 + yécl
= 1/v2-(y0 - y2:c3s - y4 + y6-cis)
g(3) = 1/v2'y0 - y2cl + y4c2 - yéc3
= 1/v2-(y0 - y2'cls + y4 - y6-c3s)

30

and
h(0) = dl1-{yl + (yl+y3)cl + (y3+y5)c2 + (y5+y7)c3}

= dl1/v2: {v2'yl + (yl+y3)-clis + (y3+y5) + (y5+y7)-c3s}

35 h(1) = d3-{yl + (yl+y3)e3 - (y3+y5)c2 - (yS5+y7)cl}
= d3/v2* {v2:yl + (yl+y3)-c3s - (y3+y5) - (y5+y7) -cils}

—_—
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rm1‘t‘“r:fl“T erst yprtm*#md-ude—f -onws—of- adders—and shi ft-er-s.such-that.,
current bit of a multiplier word is a 35 "one", the value of the

i f the cuerert Q)it

nult|pI|cand

is a #*zero". Since a general purpose nultiplier nust 2
with the case in which every bit is a "1", a row of i fgmsptcm pr_ QN
for every bit of the nmultiplier word. Byz\ﬂay of an ea D& ——aSSHT

is added into the partial result, "but not

, o A‘S@L’;N \

data words are 8 bits wide a?d that one_wi shes to 5 ply, single |nputs by
PR

5 5. An 8-bit repr &t t O

FL thEYhH¥BeF35-i éY@m)% ot

digital nultipl asavizen (W .yir eqyiyl eg39nkss - (y3+y5) + (y5+y7)-.cls}

10

15

20

25

30

35

h(3) = d7-{yl - (yl+y3)cl + (y3+y5)c2 -~ (y5+y7)c3)}
= d7/¥2. {(¥2.y1 - (y1+y3).cls + (y3+y5) ~ (y5+y7)-c3s}

Now recall that, according to this embodiment, all
values are scaled upward by a factor of ¥2 for both the
DCT and IDCT operations. In other words, according to the
embodiment, both h(k) and g(k) are multiplied by this
scaling factor. The g{k) and h(k) expressions therefore
become: -

(E11):
" g(0) = yO + y2.cls + y4 + y6.c3s
g(l) = vO + y2.c3s8 ~ y4 ~ yb6.cls
- g(2) = yO - y2:c3s - y4 + y6-cls
g(3) = yO - y2.cls + y4 ~ yb6:c3s
and
(E12):

h(0)= d1{¥2.yl + (yl+y3)-cls + (y3+y5) + (y5+y7)-c3s}

h(1l)= d3{V2.yl + (yl+y3)+.c3s - (y3+y5) - (y5+y7)-cls)}
h(2)= d5{V2.yl - (yl+y3).c3s - (y3+y5) + (y5+y7)-cls}
h(3)= d7{f2-yl - (yl+y3)-.cls + (y3+y5) - (y5+y7)-c3s}
Notice that, since - ¢2 = <cos(n/4)= 1/¥2,

multiplication by v2 gives a "scaled"” c2 value = 1. By
scaling the expressions (corresponding to upward scaling
of the values of the video absolute and frequency values)
according to this embodiment, it is thus possible to
eliminate the need to multiply by c¢2 altogether.
Furthermore, only two cosine terms need to be evaluated,
cls and c3s, both of which are constant coefficients so
that general utility multipliers are not needed. This in
turn eliminates the need for the corresponding hardware

Bl %rds
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that—the 1 nput vatrue be—shi-ft-ed-teo—the-teft two places (corresponding-to . .
nul ti pl 1158k d BadBeciResBng t hen added to its un-shifted val ue. The ot her
Si X posi .coefficient have bit values of "0", so they would
not requ%]"ﬂ'ﬁlﬂl:mﬂﬂ g or addition steps. A fixed-coef f#=et S
that is, Ml a nultiplier capable of nultiplyifjgTieielSHERT HASBEEN
woul d require only a single shifter and alsingle adder if 15 oR8BLACER
perform :the nultiplication (disregarding circuitry n
carry hits). mulg’émf rpmﬁegesmrlﬁpﬁaper-?riwwe%%l%mfdtheqm%
shifters and ggepaciéné. each of the eight positions, even though six of
t hem woul d never ed tp be used..As %he gxanplg ih%ustrglgfk 20 fiéed
coefficients can sTAPITHI 13N 17 pPHEPETRrRCRE RS an ) can be
illustrated by expressing these sets of equations in
5 matrix form. Let C be the 4 X 4 cosine coefficient matrix
defined as follows:

1l ¢ls 1 co3s
1 ¢3s -1 -cls

Ei13): = .
( ) < 1 -c3s -1 cls
1 -cls 1 -c3s
Then:
g(0) y0
g(1) y2
El14): = .
(E14) g2)| =€ |ya
g(3) 6)
10 and
h(0) V2 yv1
. h(1) yl+y3
(E15) : =D
h(2)}| b-c y3+y5
h(3) 5+y7

where D = diag(dl, 43, 45, d47] = the 4 x 4 matrix

with di, 43, 45 and d7 along the diagonal and with all

other elements equal to zero. As El14 and E15 show, the

15 procedures for operating on even-numbered inputs to get

g(kx) and for operating on the odd-numbered inputs to get

h(k) both have the common step of multiplication by the

cosine coefficient matrix €. To get h(k), however, the

inputs must first be pairwise summed (recalling that

20 y(-1) = 0 by definition), y(1) must be premultiplied by

v2, and the result of the multiplication by C must be
multiplied by D.

As the expressions above also indicate, the N-point,

1-D IDCT (see E4) can be split into two N/2-point, 1-D



aTT"t')'\Tv‘t eI i mnate -r-ows—ef—adders-t hat- correspond-to_zeros in
t.he coe |ng silicon area. Various aspects of the |nvent|on
are exen'im he attached clains. In a IDCT nethod_a AT QL a

further nvention, a one-dinmensional |D&FTQ
N colum of N by-N p| xel blocks is decimated and a 1
separately on the N 2 even-nunbered pi xeP230 | nput wo

odd- nunber ed |er i nput words. .In a preferred enbodi fENt N:8 according to
t he JPEG stan 8938' aﬂi’e “Nﬁ%‘v THON CQRRTOPRERLEPNS; fundeE,t g‘ﬁt ai ned

by perform ngstmmattiendisigrs) ool th©CN/@resdd | ¢groupedde@mhce/2 ewehh an
I ntermedi ate iﬁsgli:d%railﬂgs. " The expressions above yield the following
simple structure for the IDCT as implemented in this
5 embodiment:
Low-order outputs (for N=8, outputs k={0,1,2,3}):
(E16): y(k) = g(k) + h(k)
High-order outputs (for N=8, outputs k={4,5,6,7}):
(E17): y(k) = y(N-1-k') = g(k') ~ h(k')

10 Note that g(k) operates directly on even input values
to yield output values directly, whereas h(k') involves
grouping of input values, as well as multiplication by the
values dl, 43, d5 and 47.

As always, the designer of an IDCT circuit is faced

15 with a number of trade-offs, such as size versus speed and

gbﬁaﬁpﬁ@

A

greater number of implemented devices versus reduced
interconnection complexity. For example, it is often
possible to improve the speed of computation by including
more, or more complicated, devices on the silicon chip,
20 but this obviocusly makes the implementation bigger or more
complex. Also, the area available or desired on the IDCT
chip may limit or preclude the use of sophisticated,
complicated, designs such as "look-ahead" adders.

25 Standards of Accuracy
Assuming infinite precision and accuracy of all .

calculations, and thus unlimited storage space and

calculation time, the image recreated by performing the

IDCT on DCT-transformed image data would reproduce the

30 original image perfectly. Of course, such perfection is
not to be had using existing technology.

In order to achieve some standardization, however,

IﬁCT systems are at present measured according to a

standardized method put forth by the Comite Consultatif

35 International Telegraphique et Telephonique ("CCITT") in

"Annex 1 of CCITT Recommendation H.261 -- Inverse

Transform Accuracy Specification”. This test specifies
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35 transposgjtion -- of data). -+ma-comon processi-ng-st-ep;--f-or N=8,.a.first. ... ..

pair of in S. een K ed without need for nultiplication to out put
adders and ch of a second pair of input yua ""“——~—"-""
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cosine values. No other nmultiplications and only one suljt

addition are required in the comon proc3§sing st ep. re—5econd pair IS
t hen added or dlfferenced AL e rst pai r ut values to
formeven or &hat re§%F?an‘? a%&i’% gY"B locks containﬂ? random

integers be generated. These blocks are then DCT and IDCT
transformed (preceded or followed by predefined rounding,
clipping and arithmetic operations) using predefined

5 precision to produce 10,000 sets of 8-by-8 "reference"
IDCT output data.

When testing an IDCT implementation, the CCITT test
blocks are used as inputs. The actual IDCT transformed
outputs are then compared statistically with the known

10 "reference" IDCT output data. Maximum values are
specified for the IDCT in terms of peak, mean, mean square
and mean mean error of blocks as a whole and individual
elements. Furthermore, the IDCT must produce all zeros out
if the corresponding input block contains all zeros, and

15 the IDCT must meet the same standards when the sign of all
input data is changed. Implementations of the IDCT are
said to have acceptable accuracy only if their maximum
errors do not exceed the specified maximum values when
these tests are run.

20 Other known standards are those of the Institute of
Electrical and Electronic Engineers ("IEEE"), in "IEEE
Draft Standard Specification for the Implementation of 8
by 8 Discrete Cosine Transform”, P1180/D2, July 18, 1990;
and Annex A of "8 by 8 Inverse Discrete Cosine Transform",

25 I1SO Committee Draft CD 11172-2. These standards are
essentially identical to the CCITT standard described
above. '

Hardware Implementation
30 FIG. 1 is a simplified block diagram that illustrates

the data flow of the IDCT method according to one
embodiment (although the hardware structure, as is
illustrated and explained below, is made more compact and
efficient). In FIG. 1, the inputs to the system such as
35 Y[0) and Y[4], and the outputs from the system, such as
X[3] and X[6], are shown as being conveyed on single
lines. It is to be understood that each of the single-
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5 In FIG. 1, large open circles represent two-input,
single-output adders, whereby a small circle at the
connection point of an input with the adder indicates that
the complement of the corresponding input word is used.
Adders with such a complementing input thus subtract the

10 complemented input from the non-complemented input. For
example, although the output TO from the upper left adder
will be equal to Y[0} + Y[4]) (that is, TO = YO + Y4, the
adder with the output Tl forms the value YO + (-1).Y4 = YO
- Y4. Adders with a single complementing input can

15 therefore be said to be differencing components.

Also in FIG. 1, constant-coefficient multipliers are
represented by solid triangles in the data path. For
example, the input Y1 passes through a V2 multiplier
before entering the adder to form BO. Consequently, the

20 intermediate value T3 = Y2.T3 = Y2:cls + ¥6.c3s, and the
intermediate value B2 = pl:c3s -~ p3:cls = (Y1+Y31-c38 -
(Y5+Y7)-cls. By performing the indicated additions,
subtractions, and multiplications, one will see that the
illustrated structure implements the expressions Ell and

25 E12 for g(0) to g(3) and h(0)} to h(3).

FIG. 1 illustrates an important advantage of +the
embodiment. As FIG. 1 shows, the structure is divided
into four main regions: a pre-~-common block PREC that forms
the paired inputs p(k) and multiplies the input Y(1) by

30 ¥2; a first post;common block POSTC1l that includes four
multipliers for the constants dl, d3, d5, d7 (see
expression El2); a second post-common block POSTC2 that
sums the g0 to g3 terms and the hO to h3 terms for the low
order outputs, and forms the difference of the g0 to g3

35 terms and the hO to h3 terms for the high-order outputs
(See expressions El1l6 and E17); and a common block'CBLK

{described below).
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5 This can be seen in FIG. 1, in which the common block CBLK
is included in both the even and odd data paths. 1In the
processing circuitry according to the embodiment, the
- common operations performed on the odd- and even-numbered
inputs are carried out by a single structure, rather than

10 the duplicated structure illustrated in FIG. 1.

To understand the method of operation and the
advantages of certain digital structures used in the
embodiment, it is helpful to understand what a "carry
word"” is, and how it is generated.

15 In performing the two most common arithmetic
operations, addition and multiplication, digital devices
need to deal with the problem of "carry bits". As a
simple example, note that the addition of two binary
numbers is such that 1+1 = 0, with a carry of "1", which

20 must be added into the next higher order bit to produce
the correct result "10" (the binary representation of the
decimal number "2"). In other words, 01 + 01 = 00 (the
“sum" without carry) + 10 (the carry word); adding the
"sum" to the "carry word", one gets the correct answer 00

25 + 10 = 10.

As a decimal example, assume that one needs to add
the numbers "436" and "825". The common procedure for
adding two numbers by hand typically proceeds as follows:

1) Units: "6" plus "S" is "1", with a carry of "1i"

30 into the "tens" position --
Sum: 1, Carry-In: 0, Carry-Out: 1;

2) Tens: "3" plus "2" is "5", plus the "1" carried
from the preceding step, gives "6", with no carry --
Sum: 5, Carry-In: 1, Carry-Out: O .

35 3) Hundreds: "4" plus "8" is "2", with a carry of
1 into the thousands, but with no carry to be added in

from the previous step:;
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carried from the hundreds, gives "1%,.
Sum: 0, Carry-In: 1, Carry-Out: O

The answer, "“1261", 1is thus formed by adding the
carry-in sum for each position to the sum for the same
position, with the carry-in to each position being the
carry-out of the adjacent lower-order position. (Note
that this implies that the carry-in to the lowest order
position is always a "0".) The problem, of course, is
that one must wait to add the "4" and "8" in the hundreds
place until one knows whether there will be a carry-in
from the tens place. This illustrates a "ripple adder",
which operates essentially in this way. A ripple adder
thus achieves a "final" answer without needing extra
storage elements, but it 1is slower than some other
designs.

One such alternative design alternative design is
known as "carry-save", in which the sum of two numbers for
each position is formed by storing a partial sum or result
word (in this example, 0251) and the carry values in a
different word (here, 1010). The full answer is then
obtained by "“resolving" the sum and carry words in a
following addition step. Thus, 0251 + 1010 = 1261. Note
that one can perform the addition for every position at
the same time, without having to wait to determine whether
a carry will have to be added in, and the carry word can
be added to the partial result at any time as long as it
is saved.

Since the resolving operations typically require the
largest proportion of the time required in each
calculation stage, speeding up these operations has a
significant effect on the overall operating speed while
requiring only a relatively small increase in the size of
the transform. Carry-save multipliers thus are usually
faster than those that use ripple adders in each row, but
this gain in time comes at the cost of greater complexity,

tne
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multiplication, the final partial sum and final carry word
5 will have to be resolved, normally by addition in a ripple
adder. Note, however, that only one ripple adder will be

needed, so that the time savings are normally proportional
to the size of the multiplication that must be performed.
Furthermore, note that a carry word may be treated as any
10 other number to be added in and as long as it is added in
at some time before the final multiplication answer is
needed, the actual addition can be delayed.
In this embodiment, this possibility of delaying
resolution is used to simplify the design and increase the
15 throughput of the IDCT circuitry. Also, certain bits of
preselected carry words are, optionally, deliberately
forced to predetermined values before resolution in order
to provide greater expected accuracy of the IDCT result
based on a statistical analysis of test runs of the
20 invention on standard test data sets.

FIG. 2 is a block diagram that illustrates a
preferred structure. In this preferred embodiment of the
invention, the even- and odd- numbered inputs are time-

25 multiplexed and are processed separately in the common
block CBLK. The inputs may be processed in either order.

In FIG. 2, the notation Y¥[1,0], Y[5,4], Y[3,2] and
Y{7,6] is used to indicate that the odd-numbered inputs
Yl, ¥3, ¥5, Y7 preferably pass through the calculation

30 circuitry first, followed by the even-numbered inputs YO,
Y2, Y4, Y6. This order is not essential to the
emdodiment; nonetheless, as is explained below, certain
downstream arithmetic operations are performed only on the
odd-numbered inputs, and by entering the odd-numbered

35 input wvalues first, these downstream operations can be
going on at the same time that arithmetic operations
common to all inputs are performed upstream on the even-
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Similarly, the notation X[0,7], X[1,6], X[3,b4],
X[2,5] is used to indicate that the low-order outputs XO,
X1, X2, X3 are output first, followed by the high-order
outputs X4, X5, X6, X7. As FIGS. 1 and 2 illustrate, the
inputs are preferably initially not grouped in ascending
order, although this is not necessary according to the
invention. Thus, reading from top to bottom, the even-
numbered inputs are Y0, Y4, Y2, and Y6 and the odd-
numbered inputs are Y1, Y5, ¥3 and Y7. Arranging the
input signals in this order makes possible the simple
*butterfly" data path structure.shown in FIGS. 1 and 2 and
greatly increases the interconnection efficiency of the
implementation of the invention in silicon semiconductor
devices.

In FIG. 2, adders and subtractors are indicated by
circles containing either a "+" (adder), "-" (subtractor,
that is, an adder with one complementing input), or "%"
(resolving adder/subtractor, which is able to switch
between addition and subtraction). The left-most adders
and subtractors in the common block CBLK are preferably
carry-save adders and subtractors, meaning that their
output upon addition/subtraction of the two m-bit input
words is the m-bit partial result in parallel with the m-
bit or (m-1)-bit word containing the carry bits of the
addition/subtraction. In other words, the first additions
and subtractions in the common block CBLK are preferably
unresolved, meaning that the addition of the carry bits is
delayed until a subsequent processing stage. The
advantage of this is that = such carry-save
adders/subtractors are faster than conventional resolving
adders/subtractors since they do not need to perform the
final addition of the carry-bit word to the result.
Resolving adders may, however, also be used in order to
reduce the bus width at the outputs of the adders.
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latches in the preferred embodlment of the invention. 1In
FIG. 2, latches are illustrated as rectangles and are used
in both the pre-common block PREC and the post-common
block POSTC. Single-input latches are used at the inputs
of the multipliers D1, D3, D5 and D7, as well as to latch
the inputs to the resolving adders/subtractors that
generate the output signals X0 to X7. As FIG. 2
illustrates, the inputs to these resolving
adders/subtractors are the computed g(k) and h(k) values
corresponding to the respective outputs from latches
g{0,7], 9(1,6), 9(3,4] and g[2,5], and h({0,7], h(1,6],
h{3,4) and h{2,5)]. As such, the resolving
adders/subtractors perform the addition or subtraction
indicated in expressions E16 and El17 above.

As is explained above, the even-numbered inputs YO,
Y2, Y4, and Y6 do not need to be paired before being
processed in the common block CBLK. Not only do the odd-
numbered inputs require such pairing, however, but the
input Y1 must also be multiplied by v2 in order to ensuré
that the proper input values are presented to the common
block CBLK. The pre-common block PREC, therefore,
includes a 2-input multiplexing ("mux") latch C10, C54,
C32 and C76 for each input value. One input to the 2-
input mux latch is consequently tied directly to the
unprocessed input values, whereas the other input is
received from the resolving adders and, for the input Y1,
the resolving v2~ multiplier. The correct paired or
unpaired inputs can therefore be presented to the common
block CBLK easily by simple switching of the multiplexing
latches between their two inputs.

As FIG. 2 illustrates, the v2-multiplier and the

multipliers D1, D3, D5, D7 preferably resolve their

outputs, that is, they generate results in which the carry
bits have been added in to generate a complete sum. This
ensures that the outputs from the multipliers have the
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The preferred embodiment of the common block also

includes one "dummy" adder and one "dummy" subtractor in

5 the forward data paths for Y¥Y{[1,0) and Y[5,4),
respectively. These devices act to combine the two inputs
(in the case of the dummy subtractor, after 2’s-
complementing the one input) in such a way that they are
passed as parallel outputs. In these cases, the one input

10 is manipulated as if it contained carry bits, which are
added on 1in the subsequent processing stage. The
corresponding addition and subtraction is thus performed,
although it is delayed.

This technique reduces the resources needed in the

15 upper two data paths since a full-scale adder/subtractor
need not be implemented for these devices. The
"combiners" thus act as adder and subtractors and can be
implemented either as simple conductors to the next device
(for addition), or as a row of inverters (for

20 subtraction), which requires 1little or no additional
circuitry.

The use of such combiners also means that the outputs
from the initial adders and subtractors in the common
block CBLK will all have the same width and will be

25 compatible with the outputs of the carry-save
adder/subtractors found in the bottom two data paths, with
which they form inputs to the subsequent resolving adders
and subtractors in the common block CBLK.

As is mentioned above, the even-numbered inputs are

30 processed separately from the odd-numbered in <this
preferred embodiment of the invention. Assume that the
odd-nunbered inputs are to be processed first.
Supervisory control circuitry (not shown in FIG. 2) then
applies the odd-numbered input words to the pre-common

35 block PREC, and selects the lower inputs (viewed as in
FIG. 2) of the multiplexing latches C10, C54, C32, C76,
which then will store the paired values p0O to p3 (see
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LhO, Lhl, Lh3, and Lh2 are then activated to latch the
values HO, Hl, H3, and H2, respectively.
The supervisory control circuitry then latches and

5 then selects the wupper inputs of the two-input
multiplexing latches C10, C54, C32 and C76 in the pre~
common block'PREC and applies the even-numbered input
words to these latches. Since the even-numbered inputs
are used to form the values of g0 to g3, the supervisory

10 control circuitry then also opens the latches Lg0 to Lgs
in the post-common block POSTC, which store the g(k)
values.

Once the g(k) and h(k) values are latched, the post-
common block POSTC outputs the high-order output signals

15 X7, X6, X5 and X4 by switching the resolvihg adder/
subtractors to the subtraction mode. The low-order output
signals X3, X2, X1, and X0 are then generated by switching
the résolving adders/subtractors to the addition mode.
Note that the output data can be presented in an arbitrary

20 order, including natural order.

The preferred multiplexed implementation illustrated
in greatly simplified, schematic form in FIG. 2, performs
the same calculations as the non-multiplexed structure
illustrated in FIG. 1. The number of adders, subtractors

25 and multipliers in the common block CBLK is, however, cut
in half and the use of dummy adder/subtractors further -
reduces the complexity of the costly arithmetic circuitry.

FIG. 3 illustratés the main components and data lines
of an actual implementation of the IDCT circuit according

30 to the embodiment. The méin components include the pre-
common block circuit PREC, the common block circuit CBLK,
and the post-common block POSTC. The system also includes
a controller CNTL that either directly or indirectly
applies input, timing and control signals to the pre-

'35 common block PREC and post-common block POSTC. '

In the preferred embodiment of the invention, the
input and output signals (YO0 to Y7 and X0 to X7,
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yields acceptable accuracy as measured by existing
industry standards. As is explained in greater detail
5 below, this minimum width is achieved in part by
deliberately forcing certain carry words in selected
arithmetic devices to be either a "1" or a "O". This bit
manipulation, corresponding to an adjustment of certain
data words, is carried out as the result of a statistical
10 analysis of the results of the IDCT system according to
the embodiment after using the embodiment for IDCT
transformation of known input test data. By forcing
certain bits to predetermined values, it was discovered
that the effects of rounding and truncation errors could
15 be reduced, so that the spatial output data from the IDCT
system could be made to deviate less from the known,
"correct" spatial data. The invention is equally
applicable, however, to other data word lengths since the
components used in the circuit according to the embodiment
" 20 all can be adapted to different bus widths using known
methods.

Although all four inputs that are processed together
could be input simultaneously to the pre-common block PREC
along 88 parallel conductors (4 x 22), pixel words are

25 typically converted one at a time from the serial
transmission data. According to the embodiment, input
data words are therefore preferably all conveyed serially
over a single, 22-bit input bus and each input word is
sequentially latched at the proper input point in the data

30 path. In FIG. 3, the 22-bit input data bus is labelled
T _IN[21:0].

In the Figures and in the discussion below, the
widths of multiple-bit signals are indicated in brackets
with the high-order bit to the left of a colon ":" and the

35 least significant bit (LSB) to the right of the colon.
For example, the input signal T_IN[21:0] is 22 bits wide,
with the bits being numbered from O to 21. A single bit
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.of the signal T_IN.

The following control signals are used to control the
operation of the pre-common block PREC in the preferred
embodiment of the invention:

IN_CLK, OUT_CLK: The system according to the
embodiment preferably uses a non-overlapping two-phase

: nal
1PoSSH§rPnPE%F38ﬁ?'it i s

clock. The signals IN_CLK and OUT_CLK are accordingly the

signals for +the input and output clock signals,
respectively. These clock signals are used to enable
alternating columns of latches that hold the values of
input, intermediate, and output signals.

LATCH10, LATCHS54, LATCH32, LATCH76: Preferably, one
22-bit word is input to the 'system at a time. On the
other hand, four input signals are processed at a time.
Each input signal must therefore be latched at its
appropriate place in the architecture before processing
with three other: input words. These latch signals are
used to enable the respective input latches. The signal
LATCH54, for example, is first used to latch input signal
Y5 and later to latch input signal Y4, which enters the
pre-common block PREC at the same point as the input
sigﬁal Y5 (see FIG. 2) but during a subsequent processing
stage. '

LATCH: Once the four even- or odd-numbered input
signals are latched into the pre-common block PREC, they
are preferably shifted at the same time to a subsequent
column of latches. The signal LATCH is used to enable a
second column of input latches that hold the four input
values to be operated on by the arithmetic devices in the
pre~common block PREC. .

SEL_BYP, SEL_P: As FIG. 2 illustrates, the even-
numbered input signals that are latched into the latches
Cl0, C54, C32, and C76 should be those that bypass the
adders and the VY2 resolving multiplier. The odd-numbered
input signals, however, must first be paired to form the
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paired inputs p(n), a the signal Y1 must be multiplied
by V2. The control signal SEL BYP is used to select the
ungrouped, bypass input signals (the even-numbered
inputs), whereas the signal SEL P is activated in order to
select the paired input signals. These signals are thus
used to control gates that act as multiplexers to let the
correct signals pass to the output latches of the pre-~
common block PREC.

As 1is explained above, not arranging the inputs in
strictly ascending order leads to a simplified "butterfly”
bus structure with high interconnection efficiency. As is
explained above, the odd inputs are preferably applied as
a group to the pre-common block first, followed by the
even-numbered inputs, but any order may be used within
each odd or even group. Any order of inputs may be used,
however, suitable latch arrangements being provided to
process the odd-numbered and even-numbered inputs are
separately, or at least in separate regions of the
circuit. '

The supervisory control circuitry also generates
timing and control signals for the post-common block
POSTC. These control signals are as follows: _

EN_BH, EN_GH: Considering for the moment FIG. 1,

the outputs from the common block CBLK, after processing

of the odd-numbered inputs, are shown as HO, H1l, H3 and
H2. These signals are then sent to the coefficient
multipliers, dl, d3, d7, 45, respectively, in the first
post-common block POSTC 1. The signal EN_BH is used to
enable latches that hold signals corresponding to HO to
H3. The signal EN GH is used to enable latches that hold
the g0 to g3 values, as well as latches that hold the hO
to h3 wvalues after they have been multiplied in the
coefficient multipliers.

ADD, SUB: As FIG. 2 illustrates, the embodiment
includes a bank of resolving adders/subtractors that sum
and difference g(k) and h(k) values in order to fofm the
low-order and high-order outputs, respectively. The
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(E2) :» X(mn) = [efr] where j,k =0, 1, ..., N1 15 and c(j),

c(k) = [err] for j,k =0 otherwise The forward DCT is used to transform
spatial values (whether representing characteristics such as |um nance
directly, or representing differences, such as.in the T':-—"‘ ------------

into their frequency representation. The inverse OCTHRASHEEES HAGREEN
inplies, operates in the other "direction35 that is the || DCT tH&hsf&iths t he

frequency val ues back into spatial values. In the expressSion EZ, note tnat
the cosine fun€i@Bass2sAhbh ¥RnddEd oHFgdondcof 98 stififrat F8FOLNdPHes.

The adders/subtractors in the addition and subtraction modes,
respectively.

EN_O: This signal is used to enable output latches

5 that latch the results from the resolving
adders/subtractors.

MUX_OUT70, MUX OUT61, MUX_0OUT43, MUX_OUT52: The

output data from the system is preferably transmitted over

a single 22-bit output bus, so that only one output value

10 (X0 to X7) is transferred at a time. These signals are

activated sequentially to select which of the four latched

output values is to be latched into a final output latch.

These signals thus act as the control signals for a 4~to-1

multiplexer.

15 T OUT[21:0]: This label indicates the 22-bit output
signal from the post-common block POSTC.

The output signals from the pre-common block PREC are
latched to form the inputs signals to the common block
CBLK. In FIG. 3, the output signals from the pre-common

20 block PREC are represented as the four 22-bit data words
CI10[21:0], <C154[21:0], <C€I32[21:0], <C176[21:0], which
become the input signals IN[0], IN[1], 1IN{[3], 1IN[2],
respectively, to the common block CBLK.

As FIG. 3 shows, the four 22-bit results from the

25 common block CBLK are transferred in parallel as output
signals OUTO[21:0], oOUT1[21:0], OUT3[21:0], OUT2[21:0],
which are then latched as the input signals of the pbst-
common block POSTC as CO70[21:0], CO61[21:0], €043[21:0],
c052[21:0].

30 One should note in particular that no control signals
are required for the common block CBLK. Because of the
unique structure of the IDCT system in this example, the
common block of operations can be performed as pure logic
operations, with no need for clock, timing or control

35 signals. This further reduces the complexity of the

device. One should note that certain applications
(particularly those in which there is plenty of time to
This Sheet H
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expression E2 can t her ef:or e be rewitten as: [err] This is the

equi val ent of a first one-dimensional 5 | DCT perforned on the;product of ,
all ternms that depend on k and n, followed, after a str

standard data transposition, by a second one-di nensi onal 5@%% rg%%A%PEZSJ
I nputs the outputs of the first |IDCT operation. 10 funﬁ?.dﬁ“n

1-D I DCT A 1-dinensional, N-point |DCT (Rﬁere N is an even nunber) is ]

defined by the f%L%%W% q eé%ﬁ% SB%ch%etlc operations) the pre-common

and post-common blocks PREC, POSTC may alsc be arranged to
operate without clock, timing or control signal.

FIG. 4 is a block diagram of the pre-common block

5 PREC. In this and following figures, the notation "sSifa}],
s2{b}, ..., SM[(Z]," where S is an arbitrary signal label
and a, b,..., z are integers within the range of the
signal’s bus width, indicates that the selected bits a,
b,...,z from the signals S1, s2,...,SM are transferred in

10 parallel over the same bus, with the most significant bits
(MSBs) being the selected bits "a" of the signal S1, and
the least significant bits (LSBs) being the selected bits
mz" of signal SM. The selected bits do not have to be
individual bits, but rather, entire or partial multi-bit

15 words may also be transmitted along with other single bits
or complete or partial multi-bit words. In the figures,
the symbol S will be replaced by the corresponding signal
label.

For example, in FIG. 4, a v2-multiplier is shown as

20 R2MUL. The "save" or "“unresolved sum" output from this
non-resolving multiplier is indicated as the 21-bit word
M5S[20:0)}. The "carry" output from the multiplier R2MUL
is shown as the 22-bit word M5C[21:0])], which is
transferred over the bus to the "b" input of a carry-save

25 resolving adder M5A. (Recall that a "0" is inserted as an
MSB to the least significant 21 bits of the save output,
however, before being applied to the "a" input of the
resolving adder MSA. This is indicated in FIG. 4 by the
notation GND,M5S5(20:0]). In other words, the conductor

30 corresponding to the MSB input to the adder M5A is forced
to be a "0" by tying it to ground GND.

In order to understand why a "0" is thus inserted as
the 22’'nd bit of the "sum" output, observe that if the
partial sum of a multiplication is n places wide, the

35 carry word will normally also have n places. In adding
the carry word to the partial sum, however, the carry word
is shifted one place to the left relative to the partial
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[err]. 15 where c(n){= [err] for n =0 11 /ot herwi se and where
y(n) are the Ninputs to the inverse transformation function and x(k) are
its Noutputs. As in the 2-D case, the forrmula for the DCT has the-sanme 20

structure wunder the sunmation sign, but wth the Oi T zatTon -
‘constant outside the sunmation sign and with the x and y|v 'di J§ng%ﬁrﬁ§
pl aces in the equation. Resolution of a 37D I DCT 25 ' i=dbove

the 2-D IDCT can be_cal cul ated usi g a_sequence of 1-D I DCT operati,ons
separated by SUPranSpR AT M ﬁB Fefonecerbendg o itk Placase¥dth p
operations isai Ralldandatakedtdiwnthat n+subhpposetdiioasanfiat "o* in the

least significant position (since there is nothing before
this position to produce a carry bit into the units
5 position). If these two words are used as inputs to a
resolving binary adder, care must be taken to ensure that
the bits (digits) of the carry word are properly aligned
with the corresponding bits of the partial sum. This also
ensures that the decimal point (even if only implied, as

10 in integer arithmetic) is kept "aligned" in both words.
Assuming the inputs to the adder are n+l1 bits wide, a "O"
can then be inserted into the highest-order bit of all n-
bit positive partial sum words to provide an n+l-bit input
that is aligned with the carry word at the other input.

15 As 1is described above, the four inputs that are
processed at a time in the pre-common block PREC are
transferred over the input bus T_IN[21:0]. This input bus
is connected to the inputs of four input latches IN10OL,
IN54L, IN32L, and IN76L. Each respective latch is enabled

20 only when the input <c¢lock signal IN_CLK and the
corresponding latch selection signal LATCH10, LATCHS4,
LATCH32, LATCH76 are high. The four inputs can therefore
be latched into their respective input latches in four
periods of the IN_CILK signal by sequential activation of

25 the latch enabling signals LATCH10, LATCH54, LATCH32,
LATCH76. During this time, the LATCH signal should be low
(or on a different phase) to enable the input latches
IN10L, INS4L, IN32L, IN76L to stabilize and latch the four
input values.

30 An example " of the timing of the 1latches is
illustrated in FIG. 7a. Once the four input signals are
latched in the preferred order, they are passed to a
second bank of latches L10L, L54L, L32L, L76L. These
second latches are enabled when the signals OUT_CLK and

35 LATCH are high. This signal timing is also illustrated in
FIG. 7a.

\
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are t.hen exploited to'rqdhce even further the requifed 30 size and
conplexity of the sem conductor 1nplementation. Nor mal i zat i on of
coefficients As is discussed above, an inportant design goal for |DCT

hardware is the reduction of the required nunber of 5 AULTIPITELS a
be included in the circuitry. Mst nmethods for cal cul at ﬁ?é%ﬁ?'
therefore attenpt to reduce the nunber(ﬁSrnntipIicati$g< neEEFE
to this enmbodi nent, however, all the input values are deliberately scaled

AS BEENG

E or di

L

upward by a fact orNQfe[ER3T the, SYFEe™ Wremrert hayagtehdehayhs8cgd®sr di ng
to this enbodpfreqil dight input words. Once all the even or odd input

10

15

20

25

30

35

words are received and latched in IN10L, INS54L, IN32L and
IN76L, they can be transferred at the next high period of
OUT_CLK to the latches L10L, L54L, L32L and L76L. This
then frees the IN latches, which can begin to receive the
other four input signals without delay at the next rising
edge of IN_CLK.

The 2-digit suffix notation (10, 54, 32, 76] used for
the various components illustrated in the figures
indicates that odd~-numbered signals are processed first,
followed by the even-numbered signals on a subsequent pass
through the structure. As is mentioned above, this order
is not necessary.

Once the four input signals are latched in proper
order in the second latches L10L, L54L, L32L, L76L, the
corresponding values are either passed as inputs to output
latches C10L, C54L, C32L, and C76L on activation of the
selected bypass signal SEL_BYP, or they are passed as
paired and multiplied inputs to the same output latches
upon activation of the "select p" signal SEL_P. In other
words, all signals are passed, both directly and
indirectly, via arithmetic devices, to the output latches
C10L, C54L, C32L, C76L of the pre-common block PREC. The
proper values, however, are loaded into these latches by
activation of the "select bypass" signal SEL_BYP (for the
even-numbered inputs YO0, Y2, Y4, Y6) or the "select p"
signal SEL_P (for the odd-numbered inputs Y1, ¥3, ¥5, and
Y7). The desired timing and order of these and other
control signals is easily accomplished in a known manner
by proper configurafion and/or [micro-)] programming of the
controller CNTL.

The uppermost input value at the output of latch L10L
is passed first to the v2-multiplier R2MUL and then to the
resolving adder MSA as indicated above. The output from
the resolving adder M5A is shown as M5(21:0], which
corresponds to the 22-bit wvalue p0 shown in FIG. 1. The

-
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ri ght«hand side of the | DCT expression (E4)
[err] According to this enmbodi ment,
in series (with an internediate transpose) 15 to yield the final
result. Each of these 1-D operations includes a nultipl
sanme [err] factor. Since the internediate gransp05|t|on
scaling, the result of two nultlpllcat|0n§

A T S e S e e

by [err] in s

is deliberately nmultiplied by
two 1-D I DCT operations are perforned
2-D I DCT

V1S 85/ERD HAS BEEN
| es IRERLUASED he

s

obtain the uns

whi ch, since thesohbeésmaltialicabpmmsmfnthb<mqygmﬂIﬁrpmcahebeaachonmbbshed

Bg ” ghf‘hé th’tﬁﬂ% t?ﬁg@?ttﬂe Strler "Biifed! PREEReDCLOWL, L IE

easily by a si

upwar d scaling

5

10

15

20

I n eac
L L76L are also transferred to corresponding output

latches C54L, C32L, and C76L, respectively, both directly
via 22-bit latch buses LCH54[21:0], LCH32[21:0],
LCH76[21:0] and indirectly to the output latches via
resolving adders P2A, PlA, and P3A, respectively.

Each resolving adder P2A, PlA, P3A has two inputs,
"a" and "b". For adder P2A, the one input is received
from the latch L32L, and the other input is received from
the latch L54L. For input values Y5 (latched in L54L) and
¥3 (latched in L32L), the output from the adder P2A will
therefore be equal to ¥5 + ¥3, which, as is shown above,
is equal to p(2). The adders thus "pair" the odd-numbered
inputs to form the paired input wvalues p(l), p(2), and
p(3). Of course, the even-numbered input signals latched
in L54L, L32L, L76L will also pass through the resolving
adders P2A, P1lA, and P3A, respectively, but the resulting
p "values" will not be passed to the output latches C54L,
C32L, and C76L because the "select p" signal SEL P will

‘not be activated for even-numbered inputs.

25

30

35

The values that are latched in the output latches
Cl0L, C54L, C32L, and C76L upon activation of the input
clock signal IN_CLK will therefore be equal to either the
even-numbered inputs YO, Y2, Y4, Y6 or the paired input
values PO, Pl1l, P2, P3 for the odd-numbered inputs. One
should recall that the input Y(1l) is "“"paired" with the
value Y(-1), which is assumed to be zero. 1In FIG. 4, this
assumption is implemented by not adding anything to the
value Y1; rather, Y1 is only multiplied by Y2, as is shown
in FIGS. 1 and 2.

FIG. 5 illustfates the preferred architecture of the
common block CBLK according to the embodiment. Because of
the various multiplications and additions in the different
system blocks, it is necessary or advantageous to scale
down the input values to the common block before
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25 stage and final downsscaling by 2 is acconplished by adders,
nultipliers, and shifters all within the systenis hardware, so that the
system pl aces no requirenments for scaled inputs on the ofher devices to

whi ch the system may be connect ed. Because of this, the §
conpatible 30 with other conventi onal %‘fes t hat opera gﬂagc@#:ﬁ? HA%%‘E?*E
JPEG or MPEG standards. Nornmalization acc ding to this

Cat I per atl ons.
expl ai ned bel dwlﬁ%"gr&"oﬁ’é?l%tfa?? t‘l?\@%‘FH@ﬂb %Pd?'%l 6%+°1hu+§| ibl“PéhFﬁion
step (upward sfey i Dgtéyer eatithmhethe) i Bbut cdrraspbn@dely lirfPuts to the

various arithmetic devices in the system.
5 The input wvalues INO[21:0] and 1IN1{21:0] are
accordingly scaled down by a factor of four, which

| i m nat th h th dyct
B i e e

corresponds in digital arithmetic to a right shift of two
bits. 1In order to preserve the sign of the number (keep
positive values positive and negative values negative) in

10 binary representation, the most significant bit (MSB) must
then be replicated in the two most significant bits of the
resulting right-shifted word; this process is known as
"sign extension®. Accordingly, the input value INO is
downshifted by two bits with sign extension to form the

15 shifted input value indicated as INO[{21],INO[21],
INO[21:2]. The input value IN1{21:0) is similarly sign-
extended two places. The input wvalues IN3 and 1IN2
(corresponding, respectively, to inputs ¥(3,2] and ¥(7,6})
are shifted right one position with sign extension. The

20 third input 1is therefore shifted and extended as
IN3(21],IN3{21:1]. The input IN2 is similarly shifted and
extended to form IN2{21],IN2(21:1]. These one-position
shifts correspond to truncated division by a factor of
two.

25 As FIG. 2 shows, the inputs IN3, IN2 are those which
must be multiplied by the scaled coefficients cls and c3s.
Each input IN3 and IN2 must be multiplied by each of the
scaled coefficients. As FIG. 5 illustrates, this is
implemented by the four constant-coefficient carry-save

30 multipliers MULC1S, MULNC1S, MULC3S3, and MULC3S2. One
should note that the bottom multiplier for IN2 is an
inverting multiplier MULNCIS, that is, its output
corresponds to the negative of the value of the input
multiplied by the constant C1S. The value latched in C76

35 is thus subtracted from the value latched in C32 (after
multiplication by C3S). By providing the inverting
multiplier MULNC1S, this subtraction is implemented by

i iTtin




operation leads to the elimnation of yet other nultiplication steps
that are required when using conventional nethods. 5 Separation of the
1-D IDCT into Hi gh and Low Order Qutputs Expression E4 c
separaately for the V2 | oworder outputs (k= 0, 1, ...,
hi gh-order outputs. (k= N2, N2+1, ... . For N=8, thi
can first transformthe inputs to cal cul te y(0), y(l),

then {ransf or gyd gy | PR Reb@y £k Ukt eVl o LbobnHbHhartl! Yhikn is

FHl9 saeET HAs BEER
10 mMeETeACESt one

I ntroduce the vari - f or
equivalent to forming a difference. This allows the use

of identical circuitry for the subsequent adders, but a
non-inverting multiplier may be used with a following
5 subtractor.

In the illustrated embodiment, four cosine
coefficient multipliers MULC1S, MULNC1S, MULC3S3, and
MULC3S2 are included. If arrangements are made for
signals to pass separately through multipliers, however,

10 the necessary multiplications could be implemented using
only two multipliers, one for the cls coefficient and one
for the c3s coefficient.

The multipliers MULC1lS, MULNC1S, MULC3S3, and MULC3S2
are preferably of the carry-save type, which means that

15 they produce two output words, one corresponding to the
result of the various rows of additions performed within
a hardware multiplier, and another corresponding to the
carry bits generated. The outputs from the multipliers
are then connected as inputs to either of two 4~-input
20 resolving adders BT2, BTS3.

For ease of illustration only, five of the output
buses from the multipliers are not drawn connected to the
corresponding input buses of the adders. These
connections are to be understood, and are illustrated by

25 each respective output and input having the same label.
Thus, the save output M1S{20:0] of the multiplier MULC1S
is connected to the lower 21 bits of the "save-a" input
"sa" of the adder BT3.

In FIG. 5, five of the inputs to the adders BT2 and

30 BT3 are shown as being "split". For example, the "ca”
input of the adder BT2 is shown as having IN3{21] over
M3C[20:0]. This is to be interpreted to mean that, of the
22-bit input word, IN3{21]) is input as the MSB, with the
21 bits of M3C[{20:0] being input as the least significant

35 21 bits. Similarly, the "sa" (the "save-a" input) of the
same adder is shown as being GND,GND over M35{19:0). This
means that two zeros are appended as the two most

—
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outputs (k=N2+1, ..., Nj; so that k' varies from(N2-1) 15 to 0 as k

varies from (N 2+1) to N For N=8, this neans that k'= {3,2,1,0} for k=

{4,5,6,7}. It can then be shown that expression E4 can be divided=

foll owi ng two sub-expressions E5 (which is the same as EA4

i nterval of summation) and E6: 20 Low order outputs: [err
., (N2-1)}; and where c(n) = [err] f& n =0 11

Hi gh- or der OugggkifiLEBE]bits of this input word. Such appended bits

ensure that the proper 22-bit wide input words are formed
with the proper sign.

The carry-save adders BT2 and BT3 add the carry and

5 save words of two different 22-bit inputs to form a 22-bit
output save word T3S(21:0) and a 21-bit output carry word
T3C[21:1). The input to each adder is thus 88 bits wide
and the output from each adder is 43 bits wide. As FIG.
2 indicates, the output from the latch C10 is combined

10 with the output from the latch C54 in the upper-most data
path before addition with the output from the carry-save
adder BT3. The "combination” is not, however, necessary
until reaching the following adder in the upper data path.
Consequently, as FIG. 5 shows, the shifted and sign-

15 extended input value INO is connected to the upper carry
input.

The upper carry input of adder CSO is connected to
the shifted and sign-extended input value INO, and the
shifted and sign-extended input IN1 is connected as the

20 upper save input of the same adder. In other words, INO
and INl1 are added later in the adder CSO.

The designation "dummy" adder/subtractor used in FIG.
2 therefore indicates which operation must be performed,
although it does not necessarily have to be performed at

25 the point indicated in FIG. 2. Similarly, the lower dummy
subtractor shown in FIG. 2 requires that the output from
latch C54 be subtracted from the output from latch C10.
This is the same as adding the output from C10 to the
complement of the output of C54.

30 Referring once again to FIG. 5, the complement of the
input IN1 (corresponding to the output of latch C54 in
FIG. 2) is performed by a 22-bit input inverter IN1I[(21:0}
(which generates the logical inverse of each bit of its

input, bit-for-bit). The complement of IN1 value --
35 NIN1(21:0] -- is passed to the upper "save" input of the
adder CS1, with the corresponding upper "carry" input
being the shifted and sign-extended 1INO. The upper

 * This Sheet Has Been R

LTI



where« k={N, ..., (N2+1)} - k'={0,1,...,(N2-1)} (Since c(n).= 1 for al

hi gh-order terns, c(n) is not included in this expression). Note that both
E5 and E6 have the sane structure 30 under the summation sign except that .
the tterm (-1)[err] changes the sign of the product under .Hggé@3y1
for the 17 odd-nunbered inputs (n odd),_for the upper Lt@%pes
and except that the y(O termw || be nuﬁelplied by c(0) arati

of the 1- Dllu%&{{%ﬁ EX?“‘%HLCEthQPUt%Sl therefore performs the
subtraction corresponding te INO minus IN1.

In the 1lower two data paths shown in FIG. 2,

resolving subtractors are used instead of the resolving

5 adders shown in the upper two data paths at the output of
the common block CBLK. Each resolving adder or subtractor
is equivalent to a carry-save adder or subtractor followed
by a resolving adder. This is shown in FIG. 5.
Subtractors CS2 and CS3 have as their inputs the processed

10 values of INO to IN3 according to the connection structure
shown in FIG. 2.

The 22-bit carry and save outputs from each of the
adders/subtractors CS0-CS3 are resolved in the resolving
adders RESO-RES3. Resolution of carry and save outputs is

15 well understood in the art of digital design and is
therefore not described in greater detail here. As FIG.
5 1illustrates, the save outputs from the carry-save
adders/subtractors CS0-CS3 are passed directly as 22-bit
‘inputs to the "a"-input of the corresponding resolving
20 adders RESO-RES3.

As 1is well known, the 2’/s-complement of a binary
number is formed by inverting each of its bits (changing
all "1’s" to "0’s" and vice versa) and then adding "1i“.
Note that the "1" can be added immediately after the bit

25 inversion, or later. The LSB of a carry word will always
be a "0", which is implemented in the illustrated
embodiment by tying the LSB of the carry words 00C and 01C
to ground GND as they are input to the resolving adders
RESO and RES1, respectively. The addition of "1% to the

30 carry outputs of the subtractors CS2 and CS3 to form 2/s-
complemented values, however, is implemented by tying the
LSB of these data words 02C and 03C to the supply voltage
VDD, thus "replacing”" the "0" LSB of the carry word by a
w1, which is eguivalent to addition by "i".

35 For the reasons given above, a "0" is appended as the
LSB to the 21-bit carry words from the carry-save adders
CS0 and C€S1 (by tying the LSB to ground GND) and the LSB

lwa}hsBamRTimxd
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5 <« (bserve that the single sum -in the 1-D |DCT expression E4
gan al so be separated into two suns: one for the even-nunbered inputs (for
N=8, y(O, y(2), y(4), and y(6)) and one for the odd-nunbered inputs

N=8, “y(1), y(3), y(5), and y(7)). Let g(k) represent tfe=H T Al U
for the even-nunbered inputs and h(k) regresent t he p#§

?ﬂfznlf?i}jergﬁd;g:; mgglrjs w( Ez 3( X . _1%%? For g@xe
the sums in E EEBdh vare 25 ?ﬂk‘é‘ﬁ SRETYRSEVS spbty C(?P
CS3 is set equal to "one" by tying the corresponding data
line to the supply voltage VDD. The resolving adders
RESO-RES3 therefore resolve the outputs from the adders/
5 subtractors CS0-CS3 to form the 22-bit output signals
ouUTO[{21:0] - ouT3(21:0].

Two advantages of the IDCT circuitry according to the
embodiment can.  be seen in FIG. 5. First, no control or
timing signals are required for the common block CBLK:

10 rather, the input signals to the common block are already
processed in such a way that they can be applied
immediately to the pure~logic arithmetic devices in the
common block. Second, by proper scaling of the data
words, integer arithmetic can be used throughout (or, at

15 least, decimal point for all values will be fixed). This
avoids the complexity and slowness of floating-point

éhat

devices, with no unacceptable sacrifice of precision.
Yet another advantage of the embodiment is that, by
ordering the inputs as shown, and by using the balanced
20 decimated method according to the embodiment, similar
design structures can be used at several points in the
silicon implementation. For example, in FIG. 5, the
constant coefficient multipliers MULC1S, MULC3S3, MULC3S2,
and MULNC1S all have similar structures and receive data
25 at the same point in the data path, so that all four
multipliers can be working at the same time. This
eliminates "bottlenecks" and the semiconductor
implementation is then able to take full advantage of the
duplicative, parallel structure. The carry-save adders
30 BT2 and BT3 similarly will be able to work simultaneously,
as will the following carry-save adders and subtractors.
This symmetry of design and efficient simultaneous
utilization of several devices is common throughout the
structure according to the embodiment.
35 Fig. 6 shows the preferred arrangement of the
post-common block POSTC. As FIG. 2 shows, the primary

functions of the post-common POSTC are to form the hO to
— " T
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Now recal | the known cosine identity: .2.cosA.cosB = .cos(A+B) +
Gos(A-B), and set A = [err](2k+l)/2N and B = [err](2k+1)(2n+|)/2N One
can then 25 nultiply both sides of the expression E8 by: 2 :

1/{2:cos[[err] (2k+1)/2N]} = Ck. Note that, since Ck does

{

( eSHEEd
summation index n, it can be noved mnthln t he summati on sj/gn. ABSﬂmag
by definition t hat y(-1)=0, and note that*¥he 30 cosine fur

oot S R A a1y B SRRAL ( a{@cgﬁlﬁ‘onhﬁfa&@
by the coefficients di, d3, d5, and d7; to add the g(k)
and h(k) values to form the low-order outputs; and to
subtract the h(k) values from the corresponding g(k)
5 values to form the high-order outputs. Referring now to
both FIG. 2 and FIG. 6, the post-common block POSTC
latches the corresponding outputs from the common block_
CBLK into latches BHOL, BH1L, BH3L, and BH2L when the BH
latches are enabled, the control circuitry sets the EN_BH

10 signal high, and the output clock signal OUTC_CLK signal
goes high. The g(k), g0 to g3 values are latched into
corresponding latches GOL, G1lL, G3L and G2L when the
control circuitry enables these latches via the signal
EN_GH and the input clock signal iN_CLK goes high.

15 The processed odd-numbered inputs, that is, the
values hO to h3, are latched into latches HOL, H1L, H3L
and H2L when the EN_GH and IN_CLK signals are high, via
the constant coefficient multipliers D1MUL, D3MUL, DSMUL
and D7MUL. These multipliers multiply, respectively, by

20 d1, d3, d5 and A4a7. In the preferred embodiment, these
constant-coefficient multipliers are preferably carry-save

multipliers in order to simplify the design and to
increase calculation speed. As FIG. 6 illustrates, the
“"carry" ("c") outputs from the constant coefficient
25 multipliers are connected, with certain changes described
below, to the a inputs of resolving adders HOA, H1A, H3A
and H2A. The "save" ("s") outputs from the coefficient
multipliers are similarly, with certain forced changes
described below, connected to other input of the
30 corresponding resolving adder.

'~ As FIG. 6 illustrates, the LSB of the HO signal is
preferably forced to be a "1" by tying the corresponding
line to the supply voltage VDD. The MSB of the
corresponding "save" output for HO is set to 0 (tied to

35 ground GND), and the second bit (corresponding to HOS([1])
is set to "1". The data words from the carry and save
outputs of the constant-coefficient multiplier D3MUL are

This Sheet Has Been R

T



form:[err] 5 where*k = {0, 1, ..., (N2-1)}. Note that the "inputs"
[y(2n+1) + y(2n-1)] inply that, in calculating h(k), the odd input terms

are paired to formN 2 "paired inputs" p(n) = [y(2n+l) + y__L;___;_lp

For N=8, the values of p(n) are as follows: [err] Expressijpgy
can then be represented by the following: [err] 20 where K =

(N2-1)}. Observe now that the cosine terfiYunder the su

EEN

similarly manipulated and input to the resolving adder
H1A. The advantage of these manipulations is described
below.
All 22-bits of the carry output from the coefficient
5 multipliers D7MUL and DSMUL are connected directly to the
"a" input of corresponding resolving adders H3A and H2A.
The MSB of each multiplier's "save" output, hoWever, is
forced to be a "0" by tying the corresponding data line to
ground GND. '

10 The IDCT system described was tested against the
CCITT specification described above. Because o0f the
scaling and other well-known properties of digital adders
and multipliers, some precision is typically lost during
the various processing stages of the device. The

15 inventors discovered through a statistical analysis of the
10,000-sample test run that forcing the various bits
described above to either "0" or "1" reduced the expected
error of the digital transformation. As a result of the
bit manipulation of the data words, the embodiment

20 achieved acceptable accuracy under the CCITT standard
using only 22-bit wide data words, whereas 24 bits would
normally be required to produce equivalent accuracy.

Because of limited precision, and truncation and
rounding errors, there is typically some inaccuracy in

25 every data word in an IDCT system. Of course, forcing
selected bits of a data word to be other than they would
be as a natural result of corresponding calculations is
deliberately introducing T"“error". The inventors
discovered, however, that the error thereby systematically

30 introduced into a particular data word at a particular
point in the hardware yielded statistically better overall
results. Bit-forcing may also be applied "within" a
multiplication, for example, by selectively forcing one or
more carry bits to predetermined wvalues.

35 The bit-forcing scheme need not be static, with
certain bits always forced to take specified values, but
rather a dynamic scheme may also be used. For example,
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sign s the sane for bothﬂg(k) and h(k), and that both 25 have the
structure of a 1-D IDCT (conpare with expression E5). The result of the
| DCT for the odd k terns, that is, for h(k), however, oultiplied

by the factor [err] = 1/{2 cos[[err](2k+1)/2N}. In ot qpmyggg-yHgQ@an

is an N 2-point |IDCT operating on even i gﬂts y(2n) and h(lk) ISﬁngN@ED
N 2-poi nt | DCT operating on [y(2n+l) + y( 1)] where y(-I £

definition. NowJOtrQAYGLed NSe MO 4oV b SRy W Stordd »&S Mg [e”lo--
depending on whether the word (or even some other data) is
even or odd, positive or negative, above or below a
predetermined threshold, etc.

5 Normally, only small systematic changes will be
needed to improve overall statistical performance.
Consequently, according to this embodiment, the LSB's of
selected data words (preferably one bit and one data word
at a time, although this is not necessary) are forced to

10 be a "1" or a "0". The CCITT test is run, and the CCITT
statistics for the run are compiled. The bit is then
forced to the other of "1" or "0", and the test is rerun.
Then the LSB (or LSBs) of other data words are forced to
"1" and "0", and similar statistics are compiled. By

15 examining the statistics for various combinations of
forced bits in various forced words, a best statistical
performance can be determined.

If this statistically based improvement is not
required, however, the outputs from the constant-

20 coefficient multipliers DIMUL, D3MUL, DSMUL, and D7MUL may
be resolved in the conventional manner in the resolving
adders HOA-H3A. The lower 21-bits of the outputs from the
resolving adders HOA-H3A are applied as the upper 21-bits
at the input of the corresponding latches HOL-H3L, with

25 the LSB of these inputs tied to ground.

The outputs from the H-latches (HOL-H3L) and the
G-~latches (GOL-G3L) pairwise form the respective a- and b-
inputs to resolving adder-subtractors S70A, S61A, S43A and
S52A. As was indicated above, these devices add their

30 inputs when the ADD signal is high, and subtract the "b"
input from the "a" input when the subtraction enable
signal SUB is high. The second bits of the upper two
latch pairs HOL, GOL and H1lL, GlL are manipulated by
multiplexing arrangements in a manner described below.

35 The outputs from the resolving adder-subtractors
S70A, S61A, S43A and S52A are latched into result latches

R70L, R61L, R43L and R52L.
illcl;lvlla,ced
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Furt her introduce scal ed cosine coefficients as fol lows: [err] USI ng the
known evenness (cos(-[err]) = cos([err])) and periodici tyLc
-cos([err])) of the cosine function, 20 expressions E7 and
expanded for N=8 to yield (recall also that c(O is [err]
‘Now recall that, according to this enbod|4§ent al | val ues
by a factor of [err] for both the

In FIG. 6b, the input words to the adder/subtractofs

S70A and S61A have the second bits of each input word
manipulated. For example, the second bit of the input
word to the "“a"-input of the adder/subtractor S70A is

5 GO[21:2), GO{1M], GO[{0]. In other words, the second bit
of this signal is set to the value GO1M. The second bits

of the other inputs to the adder/subtractors S70A and S61A
are similarly manipulated. This bit manipulation is
accomplished by four 2:1-bit multiplexers HO1MUX, GO1MUX,

10 H11MUX and G11MUX (shown to the right in FIG. 6b). These
multiplexers are controlled by the ADD and SUB signals
such that the second bit (HO1M, GO1M, H1l1lM, and G1l1M) is
set to one if the respective adder/subtractor S70A, S61A

is set to add (ADD is high), and the second bit is set to

15 its actual latch output value if the SUB signal is set to

high. Setting of individual bits in this manner is an
easily implemented, high-speed operation. The preférred
embodiment includes this bit?forcing arrangement since, as
is described above, statistical analysis of a large number
20 of tests pixel words has indicated that more accurate
results are thereby obtained. It is not necessary,
however, to manipulate the second bits in this manner,
although it gives the advantage of smaller word width.
The four high~ or low-order results are latched in
25 the output latches R70L R61L, R43L and R52L. The results
are sequentially latched into the final output latch OUTF
under the control of the multiplexing signals MUX_OUT70,
MUX 0OUT61, MUX _OUT43, MUX OUT52. The order in which
resulting signals are output can therefore be controlled
30 simply by changing the sequence with which they are
latched into the latch OUTF. The output from the latch
OUTF is the final 22-bit resulting output signal
T_OUT({21:0].
The relationship between the <clock and control
35 signals in the post-common block POSTC is shown in FIGS.
7b and 7c.

\'\
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DCT and 1 DCT operations. :In other words, according to the 10 enbodi nent,
beth h(k) and g(k) are nmultiplied by this scaling factor. T
expressions therefore becone: (EII): 15 g(0) = yO + y2
y6.¢c3s g(l) = yO + y2.¢3s - y4 - y6.cls g(2) = yO - y2.c3s -1
g(3) = yO- y2.cls + y4 - y6.¢c3s and 20 (ELl2): h(O = dl {[ err=2=H ACED
(yl+y3).cls + (y3+y5) + (y5+y7).c3s} h(1)4QﬂM[err]2.yl + (yl +y3).c3s -

(y3+y5) - (y5+y7)-ckg} was discussed above, two 1l-dimensional IDCT
operations may be performed in series, with an intervening
transposition of data, in order to perform a 2-D IDCT.
The output signals from the post-common block POSTC are

5 therefore, according to thisembodiment, first stored in a
known manner column-wise (or row-wise) in a conventional

storage unit, such as a RAM memory circuit (not shown),
and are then read from the storage unit row-wise (column-
wise) to be passed as inputs to a subsequent pre-common
10 block and are processed as described above in this block,
and in a common block CBLK and a post-common block POSTC.

Storing by row (column) and reading out by column
| (row) performs the required operation of transposing the
15 data before the second 1-D IDCT. The output from the
second POSTC will be the desired, 2-D IDCT results and can
be scaled in a conventional manner by shifting to offset
the scaling shifts carried out in the various processing
blocks. In particular, a right shift by one position will
20 perform the division by 2 necessary to offset the two V2

multiplications performed in the 1-D IDCT operations.
Depending on the application, this second IDCT
structure (which is preferably identical to that shown
FIG. 3) is preferably a separate semiconductor
25 implementation. This avoids the decrease in speed that
would arise if the same circuits were used for both
transforms, although separate 1-D transform
implementations are not necessary if the pixel-clock rate
is slow enough that a single implementation of the circuit

30 will be able to handle two passes in real time.

In range tests carried out on a prototype of the IDCT
arrangement described above, it was found that all
intermediate and final values were kept well within a

35 known range at each point while still meeting the CCITT
standards. Because of this, it was possible to "adjust"

selected values as described above by small amounts (for
_ -

—_——
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h(2)=xd5([ert] 2.yl -'(yl+§é).css - (y3+y5) + (y5+y7).cls} 25 . h(3)=
d7{[err]2.yl - (yl+y3).cls + (y3+y5) - (y5+y7).c3s} Notice t hat, si nce

c2 = cos([err]/4)= 1/[err]2, multiplication by [err]Z r."""“‘"“---
) I&ﬁHEETH §@:éN

"scal éd" c2 value = 1. By scaling the expressions (correspo
scaling 30 of the values of the video absolute and frequenl__ngﬁéEag
according to this enbodinent, it is thus ®éssible to elim nate the—ee
mul tiply by c2 altogether. FurthernDre only two cosine terns need to be
eval uat ed, clseéﬁapgﬁs byofAreing Fertain ofnsed eertedc fagaswesdsstehat
general utilityestkbdphatuesar wighbubegfgdfedhi 6£i BvébfloR! bH IRAEEE£168

need for the cqr ¢hgoRd Wnlldid"Bhcurations.

5 The method and system according to the invention can
be varied in numerous ways. For example, the structures
used to resolve additions or multiplications may be
altered using any known technology. Thus, it is possible
to use resolving adders or subtractors where the preferred

10 embodiment uses carry-save devices with separate resolving
adders. Also, the preferred embodiment of the invention
uses down-scaling at various points to ensure that all
values remain within their acceptable ranges.
Down-scaling is nof necessary, however, because other

15 precautions may be taken to avoid overflow or underflow.

In a prototype of the invention, certain bits of
various data words were manipulated on the basis of a
statistical analysis of test results of the system.
Although these manipulations reduced the required word

20 width within the system, the various intermediate wvalues
may of course be passed without bit manipulation.
Furthermore, although only data words were bit-manipulated
in the illustrated example of the invention, it is also
possible to manipulate the bits of constant coefficients

25 as well and evaluate the results under the CCITT standard.
If a comparison of the results showed that it would be
advantageous to force a particular bit to a giﬁen value,
in some cases, one might then be able to increase the
number of "zeros" in the binary representation of these

30 coefficients in order to decrease further the silicon area
required to implement the corresponding multiplier. Once
again, bit manipulation is not necessary.

\
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mul ti<plier in the sem conductor inplenentation of the |IDCT operations. The
simlarity in stru and h(k) can be illustrated by expressing

these sets of e in5 mtri-x form Let C be the 4 x 4 cosine
coefficient mat mmm Wmﬂm,r lows: [err] where D = diag[dl._d3, d5, d7]

= the 4 x 4 matreX d5 and d7_al ong the di agonal T ,
other elements equal to zerd. *As E14 and®E15 show, the 15 ffr b Hied AT BEEN
operating on even-nunbered inputs to QQ§L£¥ﬁ§ and for oper atizag oR=TCED

odd- nunmbered inputs to get h(k) both h common step of multiplica

by the 1, A system for use in transforming digital signals
from a frequency to a time representation, in which the
digital signals are arranged in groups of N data input

5 words; '

CHARACTERIZED in that common processing
means (CBLK) is provided and has a plurality of common
arithmetic devices (BT2, BT3, cls, c3s) arranged to pass
both odd- and even-numbered input data words in separate

10 passes to form odd and even common processing means output
values, respectively. :

2. A system according to claim 1 and comprising:

pre-common processing means (PREC) arranged to
perform predetermined pairing operations on odd-numbered
15 ones of the input words and to transmit even-numbered ones
of the input words to pre-common outputs:; and
post-common processing means (POSTC) arranged to
perform predeterminéd output scaling operations on the odd
common processing means output values to form post-
20 processed odd wvalues and to arithmetically combine the
post-processed odd values with the even common processing
means output values to generate high- and low-order output
words, the system being arranged such that the output
words contain inverse discrete cosine transformation
25 values corresponding to the input data words.

3. A system according to claim 2 wherein the pre-
common processing means (PREC) has ‘means arranged to
perform predetermined scaling operations on the odd-

30 numbered ones of the input words and to transmit even-
numbered ones of the input words directly to the pre-

common outputs.

4, A system according to claim 2 or 3, wherein the

35 post-common processing means (POSTC) has means arranged to

perform predetermined output scaling operations only on
the odd common processing means output values.
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cosine_coefficient matri xC To get--h(k),--however, -the inputs nust first . .
be pairw se sume recatling that 20 y(-1) = 0 by defi nif=an) (1) nust

be prenrunl m’ ]2, and the result of the nultiplidga

be nmul t E l ' l’ !',he expressi ons above al so indicate

1-D I DCT*(ste E4M can be split into two NL2-point, 1-D

I nvol vi ng conmon core operations (under tﬁ summati on sign) on the

(grouped) and N 2 en iop ue pLessi abpve,yiel d, th

followi ng sinple s?%hctd&eg%3¥% (éﬁﬁ%ﬁﬁggfiﬁgléggﬁﬁedq?h ?hﬂg 4 &nd
comprising a controller (CNTL) that is connected to the

pre-common processing means and has means for sorting each
group of N input data words into the odd and even-numbered

5 input words.

6. A system according to any one of claims 2 to 5,
wherein the pre-common processing means (PREC) has N/2
pre-common inputs and N/2 pre-common outputs, the common
10 processing means (CBLK) has N/2 common inputs, which are
connected to the N/2 pre-common outputs, and N/2 common
outputs and the post~common processing means (POSTC) has
N/2 post-common inputs, which are connected to the N/2
common outputs, and N/2 post-common outputs, which form

15 system outputs.

7. A system according to any one of claims 2 to 6,
and comprising means arranged to force predetermined bits
of selected internal data words to predetermined binary

20 values, such that the statistical accuracy of the system
is improved relative to a predetermined test input data
set. :

8. A system according to claim 7 and arranged such
that the selected internal data words are the post-

25 processed odd values and even common outputs.

9. A system according to any one of claims 2 to 8,
wherein the pre-common means (PREC) includes a single
scaling multiplier (R2ZMUL) attached in a lowest order

30 input data line for multiplying the lowest order odd input
data word by a pre-determined scaling factor.

10. A system according to claim 9, wherein the pre-
determined scaling factor is the square root of two.

35
11. A system according to any one of claims 2 to 10,
wherein the pre-common processing means (PREC) includes a
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5 embedi er outputs (for N=8, outputs k={0,1,2,3}): (E16):
y(k) = g(Im + mi’ Hi gther outputs (for N=8, outputs k—

(E17); Wﬂl g(k') - h(k') 10 Not e t hnt THI$ IBHEEP eIt BN
di rect| y ues to yield output values di rec I Ly, VREMISZTD

h(k') involves groﬁpl*hg *of i nput val ues, gé wel | as multiprrcal -
val ues dl, d3, d5 and d7. As al ways, the S|gner of an IDCT circuit is

faced 15 mnth u o] f e reater
nunber of |rrplg?'r‘§ﬁ$2§£§evfc §g§5$5 ‘?’}e uced |3§lt)é%8onh§g?v"§%8 gﬂgf‘giﬁ

For exanple, o©f peedétermpoedidnes of therode-nhrebenskdnputcdapat uorda by

i ncl udi ng to form paired input data words.

o —

5 12. A system according to any one of claims 2 to 11,
wherein the pre-common proceésing means further includes
a plﬁrality of pre-common output storage elements (C1l0L,
C54L, C32L, C76L) arranged alternately to load. and latch
the paired input data words and the even input data words.
10

13. A system according to any one of the preceding
claims wherein the common prdcessing means (CBLK) includes
common cecefficient multipliers (MULCl1S, MULC3S3, MULC3S2,
MULNC1S) fér multiplying selected common processing means

15 input wvalues by predetermined-trigonometric constants.

14. A system according to claim 14,wherein the
common coefficient multipliers (MULC1lS, MULC3S3, MULC3S2,
MULNC1S) are four in number and are arranged such'that

20 each of a selected pair of the common processsing means
input values is connected to a corresponding pair of the
four coefficient multipliers.

15. A system according to any one of claims 2 to 12,
25 or to claim 13 or 14 when appended to claim 2, wherein:
| a) the post-~common processing means (POSTC) includes
switchable arithmetic devices (S70A, S61A, S43A, S52A)
each with an addition mode and a subtraction mode;

b) the post-processed odd values and the even common

30 outputs are connected as inputs to the switchable
artihmetic devices (S70A, S61A, S43A, S52A);

c) in the addition mode, the switchable arithmetic
devices form the low-order output words as the sum of the
post-processed odd values and the even common outputs; and

35 4a) in the subtraction mode mode, the switchable
arithmetic devices form the high-order ocutput words as the
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nores of nore li cat ed-- devices on the silicon chi'’p, 20 b i e
obvi ously nakes the inplenentation bigger or nore conplex. Al GHﬁiQﬂE?fﬁﬂSBFé;-

avai |l abl e or des ! chip may limt or preclude the us&apiacen
sophi'sti cat ed, CH'W“HHL"WHMWHJHS such as "| ook-ahead" add |

St andards of Accutacy Ass#tim mg #+nfinite precision and accuracy of al
cal cul ations, and thus unlimted storage5§ ace and calculation tine, the

i mage recreat erformng th Eplo -transforned | dat a woul d
reproduce t he%cgl(fb%ﬁped}c?%lc’r% rr%bee %%% epcrﬁc%s[)%[ coﬁ svea?"'usefc ﬁ'ﬁ?ﬁbﬁ;t?‘fﬂ‘i s
not to be hadaoumon eutputesy t echnol ogy. In order to achi eve sone

st andar di zati on, however, |DCT systens are at present neasured according to

a

16. A system according to claim 15, wherein:

5 a) the post-common processing means (POSTC) includes
a first set of output data latches (Lg0O, Lgl, Lg2, Lg3)
arranged to store the even common outputs and a second set
of output data latches (LhO, Lhl, Lh2, Lh3) arranged to
store the post-processed odd values; and

10 b) each of the first and second output data latches
is connected to respective inputs of <the switchable
arithmetic devices.

17. A system according to claim 15 or 16, and

15 comprising control means (CNTL) connected to the

switchable arithmetic devices (S70A, S61A, S43A, S52A) for

generating mode signals to switch the arithmetic devices
between the addition and subtraction modes.

20 18. A system according to any one of claims 2 to 12
and 15, 16 and 17, or to claim 13 or 14 when appended to
claim 2, wherein the post-common processing means (POSTC)
includes a plurality of post-common coefficient
multipliers (dli, 43, 45, d47) arranged to multiply the odd

25 common processing means output values respectively by
predetermined post-common, constant, scaling values to
form the post-processed odd values.

19. A system according to any one of the preceding
30 claims, wherein the common processing means (CBLK) is a
non-clocked, pure-logic circuit.

20. A system according to claim 11, or any one of
claims 12 to 19 when appended to claim 11, the adders
35 (PlAa, P2A, P3A) all being fixed-point devices.
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Reconmendat i on se Transforn1Accuracy Speci fFrestFrer—
This"test speC|f|es teVsets of 10,000 8-by-8 bl oclksHIS SHERT MASGBEEN
random i ntegers be generated. These bl ocks are then DCT and| | DCT REFLACED

Tel egr aphi quee ﬂ,[lﬂ "CCITT" in "Annex 1 of COTT
L 28 tha

transforned (preceded or followed by pre&%ﬁlned r oundi ng, C||pp|ng and

arlthnetlc oper ati gns) eg é pregisio roduc 0 000 sets

o ANetC, eBer el o) WeRORCBeAeEpaEng BO°ELELE"d LR PE! S X S
one of claims 15 to 20 when appended to claim 13, the
common coefficient multipliers (MULC1S, MULC3S3, MULC3S2,

MULNC1S) all being fixed-point devices.

22. A system according to claim 15, 16 or 17, or to
any one of claims 18 to 21 when appended to claim 15, the
switchable artihmetic devices (S70a, S61A, S43A, S52A) all
being fixed-point devices.

10

23. A system according to any one of the preceding
claims, the common arithmetic devices (BT2, BT3, cls, c3s)
all being fixed-point dewvices.

15 24. A system according to any one of the preceding
claims and comprising a plurality of adders (M5A, PlA,
P2A, P3A, BT2, BT3, CS0O, CS1l, Cs2, CS3, RESO, RESl, RES2,
RES3, HOA, H1lA, H2A, H3A) and adder/subtractors (S70a,
S61A, S$43A, S52A) all of which are fixed-point devices.

20

25. A system for transforming digital signals from
a frequency to a time representation, in which the digital
signals are arranged in groups of N data input words:;
25 CHARACTERTIZETD in that an arrangement is
provided for multiplying all input data words by the
sqguare root of two.

26. A system for transforming digital signals from
30 a frequency to a time representation, in which the digital
signals are arranged in groups of N data input words,
CHARACTERTIZETD in that there are means
arranged to force predetermined bits of selected internal
data words to predetermined binary values, whereby the
35 statistical accuracy of the system is improved relative to
a predetermined test input data set.

—_—
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mhen*testlng—aﬁ—FBCT*r”“T§ﬁEﬁ?5t|on the-CCLTT test.bl ocks are . used as o
Pnputs. The actﬂ \M‘\ rrred outputs are then conpared statlstlcal |y
with the kno IDCT out put dat a.

AN A |

specffied fo n serws of peak, nean, nean sq
error of blocks as a whole and |nd|V|duag el ements. Fur
must produce all zeros out if the correspondlng I nput bIock contalns al

zeros, and 15 the QQCT nys§¥g:@@,5 55&1@:{@? sg%é@rm%%ﬁri o ¢ d &ngl |

i nput data is changed enent at 1 ons ave
accept abl e acEG4PABS. oﬁP?|¥“QMﬂ9H“%n$qFﬁﬁﬁ%ﬂ#%ﬁtpﬂodﬁﬁicﬁxéEEéngﬁé to
speci fi ed naxigdfsmaktuanhahéigibebesignbisar addina 3eceiverQt WRLckNQVE#

standards arecgggggtgé tgealgéétégtghtput of the system.
5 . 28. A method for transforming digital signals from
' a frequency to a time representation, including grouping
the digital signals into groups of N data input words:
CHARACTERIZED by the following steps:
a) in a pre-common processing means (PREC) performing
10 predetermined pairing operations on odd-numbered ones of
the input words and transmitting even-numbered ones of the
input words to the pre-common outputs;
b) passing both odd- and even-numbered input data

words in separate passes through a common processing means
15 (CBLK) to form odd and even common processing means output
values, respectively; and
c) in a post-common processing means (POSTC),
performing predetermined output scaling operations on the
odd common means output values to form post-processed odd
20 values and arithmetically combining the post-processed odd
values with the even common means outputs to generate
high- and low~order output words:;
the method being such that the output words contain
inverse .= discrete cosine transformation values
25 corresponding to the input data words.

29. A method according to claim 28, and comprising:
a) segregating the input data words in each group
into odd- and even- numbered input data words and applying
30 the odd and even input data words to a pre-common
processing circuit (PREC):
b) directly multiplying selected even-numbered data
input words by at least one common coefficient;
c) in the pre-common processing circuit (PREC), pre-
35 multiplying a lowest order odd data input word by a

scaling factor;

" This Sheet Has Been Re epla
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El'ect.Fi cal and El ectronic Engi neers ("I EEE"), in "IEEE Draft Standard
Speci fication ' tation of 8 by 8 Discrete Cosine Transfornt,
P1180/ D2, Julum, mmu”mﬂ nnex A of "8 by 8 lnverse Di screte C05| ne
Transform', 25*1 30 Conm tsee+Draft CD 11172-2. These sta‘

essentially identical to the CCTT standard descri bed abovg.
| npl enent ati on 30 - FIG 1is a sinplﬁ?ied bl ock di agr ais

illustrates the da of th met od ac rd| n
(al t hough the hard rgagf?’&éf’u §d‘§gf‘s | BeiEreS °%’%&¥&
made nore conpata uoddsftocfenm)paineGIinpnt damalnpnds.to t he system such
as 35 Y[ O] and Y[ 4k, aRd 138 y2%EP el ddted i1 D EHutUBELES words by

the common coefficient(s):

\
r%ﬁEEkHASBEEN
””ZACEQ

5 f) pairwise grouping of intermediate common dJdata
words to form even and odd common output data words: _
g) in a post-common processing circuit (POSTC), post-
multiplying by a respective output scaling coefficient
each intermediate common data word corresponding to odd-
10 numbered input data words: '
h) processing odd and even-numbered input data words
separately; and
i) pairwise addition and subtraction of even and odd
output data words to form low- and high-order output data
15 words.

30. A method according to claim 28 or 29, in which
the data input words correspond to the N2 elements of an
N by N block of digital pixel values transmitted in a

20 frequency representation, and comprising:

a) for each of a plurality of text pixel blocks,
comparing the output data words with known target output
values; '

b) statistically analyzing the difference between

25 actual output data words and target output values; and

c) forcing selected bits of selected internal data
words to predetermined binary wvalues to minimize the
expected rounding error in arbitrary output data words.

30 31. A method according to any one of claims 28 to
30, and comprising scaling all data input words by
multiplying them by the square root of two.

32. In combination for operating on indications
35 representing a discrete cosine transform to obtain
indications representing an inverse discrete cosine

transform, ‘~———-_~ﬁ_h______h*‘
This Sheet 1.
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X[ 3] . &nd X[GLf—aLe—shﬁmmLHS“ﬁélng conveyed on 5|nglemllnes It is to be

understood t hat each gl e- 24 drawn lines in FIG 1 represents
several conduc‘m \m %\ “Mof data buses to convey, preferably in
parallel, the '

data words that each input
QH#Q E&

corresponds to. In FIG 1, large open circles repre

si ngl e- out put adders wher eby a snall ci ®8 e at the connec
i nput with the add%r |nd|cates that the co Ieggnt of .t he corresgoqghgg

i Aput word is used:

10

15

20

25

30

35

;g,

BEEN
an

means for providing e indications o

discrete cosine transform in a sequence of input words in

a block, the input words constituting even words and odd

words,

second means for providing common circuitry for
processing the odd words in the sequence, and for
processing the even words in the sequence, to obtain
indications in accordance with such processing,

third means for providing circuitry prior to the
common circuitry, such prior circuitry being responsive to
the indications representing the discrete cosine transform
to provide a different processing of the odd words than
the even words and to obtain indications from such prior
circuitry for introduction to the common circuitry, and

fourth means for providing post circuitry after the
common circuitry, such post circuitry being responsive to
the indications from such common circuitry for providing
arithmetic operations on particular combinations of such
indications from the even and output words to provide
indications related to the inverse discrete transforms.

33. In a combination as set forth in claim 32,
the second means providing geometric and arithmetic
operations on the indications from the third means in
patterns common to the odd words and the even words in the
sequence.

34. 1In a combination as set forth in claim 32 or 33,
the second means providing multiplication by constant
values in the geometric operations.

35. In a combination as recited in claim 32, 33 or
34,

the third means providing circuitry not common to the
odd words and the even words, and

the fourth means providing circuitry not common to
the odd words and the even words.

" This.Sheet Has Been Reﬁlace
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Adder.§ wi th such a conplenenting input thus subtract. the 10 conpl enented
I nput fromth d input. For exanple, although the output TO
fromi{he uppeﬂlwﬂlﬁm !lT be equal to Y[Q + Y[4] (that is, TO= YO + _
Y4, the adder w th tthewouspui™ T1 forns the value YO + (-1 )Jrygd — YOO~ q
Adders wth a single conplenenting input can 15 therefore b@m§§§§%f§?§§BEEN
di fferenci ng conponents. Also in FIG 1, e8nstant-coefficilent Frrb?f '
are represented by i r'aqﬁgﬁ§.' t he data path. For exanpl e e
i nput Y1 passes thr%étjghd%'t'[érr r%uda{}iipﬂq e?sbéﬁgtr ep%'fﬁrbri"hgaf’ﬁe oé’cﬁjeé’gto
form BO. Consezfaing 32 tie 3% ithecthdddaneansl irecIitiingyZiF¥h-m¥ans| fox
Y6. c3s, and the;ladelgerhetsa 3fd éé.gl 5 “ebdh*W3ras3sn
(Y5+Y7) cl s. By perTorm ng t%eﬁ?nt??ecat edi a (ﬁr%sloo%rfgltﬁe €

thé discrete cosine transform to the second means and_

5 including sixth means for performing geometric and
arithmetic operations on the indications of the odd words
in the discrete cosine transform to obtain the indications

for introduction to the second means.

10 37. In combination for operating on indications
representing a discrete cosine transform +to obtain
indications representing an inverse discrete cosine
transform,

first means for providing the indications of the

15 discrete cosine transform for a sequence of input words in
a block, the input words constituting even words and odd
words,

second means for processing the indications in the
even words differently from the indications in the odd

20 words to obtain first indications from the second means,

third means responsive to the first indications from
the second means for providing the same processing for the
output indications from the even words in the second means
and the output indications for the odd words from the

25 second means to provide second indications, and

fourth means responsive to the second indications
from the third means for performing arithmetic and
geometric operations on such second indications for
related pairs of odd and even words to obtain output

30 indications output related to the inverted discrete cosine
transform.

38. In a combination as set forth in claim 37,
the arithmetic operations for the pair of words in the
35 fourth means providing a sum of the indications in each
related pair of words to provide first output indication
for one of the words in such pair and providing a

- This Sheet Has Been Re,ilaced :
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subtractions, and nultiplications, -one-will -see-that- the. illustrated

structu expressions ElIl and 25 E12 for g(O to g(3) and

h(O) tolmlmmmﬁﬂ"l‘mmmustrat es an inportant advantage of Prrbodi ment .
* shows, ¥ he structure is divided into four main r

pre commn bl ock PREC that forns the pai [rﬁ@ I nputs p(k) an
I nput Y(I) by 30 [err]2; a first post-co n bl ock POSTC1 t

f | |
our il o1 SEECaEohBE GPBtaY it 45 o 4558 01 T
h3 terms for tPeirokoopgevide: puiseconsd oudprt tinéiﬁﬁﬁfieneﬁw Ghet &che® t o

g3 35 terns an\go;:aeiﬁosaghhgaggrms for the high-order outputs (See
expressions E16 and E17); and a conmmon bl ock CBLK

5 39. In a combination as set forth in claim 37 or 38,
the third means providing geometric operations involving
multiplication by particular constants and providing
arithmetic operations involving +the sums of the
indications in pairs of words and the differences between

10 the indications in pairs of words.

40. In a combination as set forth in claim 37, 38 or

39, ‘the second means providing arithmetic operations

involving the sums of indications in pairs of words and

15 providing a geometric operation involving a multiplication
of the indications in another word by a constant.

41. In a combination as set forth in any one of
claims 37 to 40,

20 the third means providing geometric operations
involving a multiplication by particular trigonometric
constants in particular ones of the odd and even words and
providing arithmetic operations involving the sums of the
indications in pairs of the odd words and corresponding

25 pairs of the even words and the differences between the
indications in the pairs of the odd words and in the
corresponding 'pairs of the even words,

the second means providing arithmetic operations
involving the sums of indications in pairs of the odd

30 words and providing a geometrical operation involwing a
multiplication of the indications in another one of the
odd words by a constant, and

the arithmetic operations for the pairs of the words
in the fourth means providing a sum of the indications in

35 each related pair of words to provide a first output
indication for one of the words in such pair and providing
a difference of the indications in the words in such

This Sheet Has.Been Reﬂ
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(deseribed ‘hel ow) . —As—expressi ons E14 and E15-+ndi cate, by manipul ating
the input signals accorﬁufgﬂ o t he enbodi nent, processing both the

even- nunbereg |“ﬂnu d’input signals involves a co ' _
repr ésent ed | VHISEHENG AS By |

This can be seen in FIG 1,
common bl ock CBLK is |ncluded in both the gven and odd data pat hsRepiybHS
processing circuitry accordlng to the enb® I ment, the commo

St ucture, *rathEYSPRAPIEr L BARTRE, Bonbabin by RrblsBRateh AreisRe™? ©

other word in such pair.

42, In a combination as set forth in any one of
5 claims 37 to 41, one of the words in each pair in the
fourth means constituting an odd word and the other one of
the words in such pair constituting an even word.

43. In combination for operating on indications
10 representing a discrete cosine transform to obtain
indications representing an inverse discrete cosine

transform,
first means for providing the indications of the:
discrete cosine transform in a sequence of input words in

15 a block, the words constituting even words and odd words,

second means for processing the indications of the
discrete cosine transform in the even words and in the odd
words to obtain first indications, the second means
including first latching means for holding the first

20 indications from the second means,

means for providing clock signals for controlling the
passage of the first indications from the second means
into and out of the first latching means for the second
means,

25 third means for providing the same processing for the
first indications from the even words in the second means
and the firsf indications from the odd words in the second
means to produce second indications from the third means,
the third means being operative independently of any

30 latching means, and

fourth means for processing the second indications
and for producing third indications related to the inverse
discrete cosine transform, the fourth means including
second latching means responsive to the clock signals for

35 controlling the times of operation of the fourth means in
accordance with the occurrence of the clock signals.

—_—
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To upderstand the neth ﬁ'-'operation and t he advant ages
structuLes,used’*n the enbodi nment, it is hel pful to under
carry wor d" TWW“O is generated. 15 In per
nost M‘\ g“ perations, addition and nulti pl
devi ces eal

not e that the addition of two binary nunB2rs is such that

%ith the problen1of ~carry bits". Asla S|npk§h§5§

of certain digital
stand what a

f
I ﬁathlmté’# Ghg %}EEN

carry of "1"

o cor o ReF O BN, BRoBFRRELIR 8 BEcESE R SHCrRLE heD o

nunber "2").

secottiemeans (prodessingl the(ndivations’ ofi theuevear wprde 10

(the carry wogd) ’tlﬁddbi‘gcl'g'?e S0 nkO {REns ¥ Y a¥REdrentls YEich t Bfe

correct answer 00
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processing of the indications of the odd words in the
discrete cosine transform.

45. 1In a combination as set forth in claim 43 or 44,
the third means processing the first indications for the
odd words differently from the first indications for the

even words.

46. In a combination as set forth in claim 43, 44 or
45, the third means providing geometric calculations on
the first indications for particular ones of the odd words
and for corresponding ones of the even words and providing
arithmetic calculations on the first indications for
particular pairs of the odd word and for corresponding
pairs of the even words.

47. In a combination as set forth in claim 44,
the second means passing to the third means the
indications of the discrete cosine transform in the even
words as the first indications for such even words and
providing arithmetic calculations on the indications of
the discrete cosine transform in pairs of even words to
provide the first indications for such even words.

48. In a combination as set forth in claim 47,
the second means also providing a geometric calculation on
the indications of the discrete cosine transform in an
individual one of the odd words and then providing the
arithmetic calculations on the indications of the discrete
cosine transform in pairs of the odd words,

the third means providing geometric calculations of
the first output indications with particular constants for
particular ones of the odd words and corresponding ones of
the even words and then providing arithmetic calculations

_——
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25 ++10 = 10. ) al- ) e;--assume that one.needs, to add the..
numbers "436" and "825". The cormmon procedure for addi ng two nunbers by

hand typically p“mmmmm M““l/s Units: "6" plus " SM:m
carry of "1" osition -- Sum 1, Carry 1S BHE £T HAS BEEN
Carry-Qut: 1; 2) *Tehs:* ™" Spltis "2" is 5", plus the "1" Lﬂunothe
E;eceding step gives "6", with no carry'qa- Sunl 5, Carry .

rry-Qut: 0 35 gof 1
into the thou§5hd§“ab§%r @ ﬁgegggaiPd 5t §§%d§°5 ia lc J] reV|ous
st ep, the odd words and corresponding pairs of the even words.

49, In a combination as set forth in claim 48,
5 the particular constants constituting trigonometric values
and also the square root of two (JZ).

50. In a combination as set forth in claim 45,
the fourth means providing sums of the second indications
10 in particular pairs of words, one constituting an even
word and the other constituting an odd word, and providing
subtractions between the indications in the particular

pairs of words.

15 51. In combination for operating on binary
indications representing a discrete cosine transform to
obtain binary indications representing an inverse discrete
cosine transform where the binary indications representing
the discrete cosine transform include a binary factor

20 representing a constant value constituting the square root
of two (JZ),

first means for providing the binary indications of
the discrete cosine transform in a sequence of input words
in a block, the input words constituting even words and

25 odd words,

second means for processing the binary indications of
the discrete cosine transform to obtain binary output
indications related to the inverse discrete cosine
transform and including the binary factor constituting the

30 square root of two (12), and

. means for shifting the binary output indications by
one binary position to obtain a division of the binary
output indications by a factor of two (2) and to obtain
binary indications related to the inverse discrete cosine

35 transform.

52. In a combination as set forth in claim 51,

-_‘““*=--ﬁ‘§ﬁ___
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SN2, " Carrys

e "1"
Carry-Qut: O

pl us t .
5 ”lll mﬁlﬂl& ”l "1261", is thus formed by addi
carry-in sumforll@ Agar the sum for the sanme positi¢

carry-in to each position being the carr)é-,;out of the adjacent
(Note that this inplies that "the carry-in to the liswes

posi tion.

carried,fron1the huhdreds, gives "1". Sum 0, Carry-In:

1--4}--Thousands: ....".0" .plus."0" is "QI, ._...._._...., .

11

10 position igual \4'1@&3% gﬁealns Ebﬁﬁg{]dg.:ﬁgggheﬁkscofé .eipil:écé%éa%n n !g%

wait to add the ™™

n the place until® one

there will beiadégptions in a group of words constituting either the
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odd words or the even words and for processing the
indications in a group of words constituting the other of
the odd words and the even words.

53. 1In a combination as set forth in claim 51 ox 52,
the second means including precommon processing means for
individually processing the binary indications
representing, in the even and odd words, the discrete
cosine transform to cobtain first binary indications, the
precommon processing means including means for multiplying
the binary indications of the discrete cosine transform in
one of the words by the binary factor constituting the
square root of (/2),

the second means also including common processing

St
her

means for initially processing in a particular

relationship the first binary indications in a group
constituting either the odd words or the even words and
for then processing in the particular relationship the
first binary indications in a group constituting the other
of the even words and the odd words, the common processing
means including means for multiplying the first binary
indications in particular ones of the odd words and
corresponding ones of the even words by the binary factor
constituting the square root of two.

54. In a combination as set forth in claim 53,
the common processing means in the second means also
including means for multiplying the first binary
indications in particular ones of the odd words and
corresponding ones of the even words by binary factors
constituting constant trigonometric values.

55. In a combination as set forth in claim 53 or 54,
the indications in the different word from the common
processing means having individual binary significances,

—\\
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from-the tens ptace—Thi SRR ustrates a "ripple adder", which operat.es.

essentially int e adder 15 thus achieves a "final" answer
wi t hout needi ng Eﬂ!ﬁm QI errent s, but it is slower
ot her desi gns. ersnawl ve deS| gn alternative design JHI@SMEEHHAQ Bi::_.l\j

"carry-save", in which the sumof two nung) rs for 20 each posijtion REPLACE
formed by storlng a partial sumor result rd (in this exanple,

the carry val ues ingg d'sfécgn%r‘t m&/gﬁg ( ﬁ,dg,ngl\Az?o tc%g,#l PFBP;%\A%&an

t hen obtained by "resolving” the sum and carr
addition step.mERRS, f@!BlerO‘f{%&%i‘E 1402 Réparys ipgdicakiorsan ﬁ?é?"foﬁ:

addi tion for eyinodostdcdss g thEarssTethé NBos¥Ebkifoh b%bégsh‘.ﬁgwﬂtbhnbo

determ ne Whetlhnecludlng means for processing the indications from the

5 words of higher binary significance from the common
processing means differently from the words of lower
binary significance from the common processing means.
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a'EEF?V“VWTT“héVé“rU”beiﬁaded i'n, -and the carry word can-be.added to the.... . _
partial result at any ti-he as long as it is saved. 30 Si nce the

resol ving operations typically require the |argest proportion of the time
required in each cal cul ati on stage, speeding up these opefr

significant effect on the overall operati speed while|fe Hh Hﬁ&ﬁEEN
relatively small increase in the size of the transf orim 7 EPCSBy e
mul tipliers thus apgyhaisalahy heshfbehBAR EORSPrANSEoMRi S &”Hfféi 1%
each row, but this exi 1y,
from _a_frequency to a time domain
ABSTRACT

An IDCT method decimates a 2~D IDCT into two 1-D IDCT
5 operations and then operates separately on the even and
odd pixel input words. In a common processing step,
selected input values are passed directly to output adders
and subtractors, while others are multiplied by constant,
scaled cosine values. In a pre—common.proceésing step, the
10 lowest-order odd input word is pre-multiplied by V2, and
the odd input words are summed pairwise before processing
in a common processing step. In a post-common processing
step, intermediate values corresponding to the processed
odd input words are multiplied by predetermined
15 coefficients to form odd resultant values. After
calculation of the even and odd resultant values, the
high-order and low-order outputs are formed by simple
subtraction/addition, respectively, of the odd resultant
values from/with the even resultant values. The input
20 values are preferably scaled upward by a factor of J2.
Selected bits of some intermediate resulting data words
are optionally adjusted by forcing these bits to either
"1" or "O".
The IDCT system includes a pre-common processing
25 circuit (PREC), a common processing circuit (CBLK), and a
post-common processing_circuit (POSTC), which perform the
necessary operations in the respective steps. The system
also includes a controller (CNTL) to generate signals to
control the loading of system latches and, preferably, to
30 time-multiplex the application of the even and odd input
words to latches in the pre-common circuit.
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t he final iplication, the final partial
carry word 5 e resolved, normally by addit
adder. Note, however, that only one ripple adder will be~rees:
the time savings are normally proportionah %p the size of the

mul tiplication that nust be perforned. Fur{ ernore, note that a carry word
may be treated @ any ¥ ot herShunberNo be ed i g=@nd asFong agAt is
added in at sos time Pefore tWe final<nultipKicati ol¥ answer<is neetfed, the
actual additionfjcan be |del ayed} In thijs enbodj nent, this posgibility of

del aying resolution isfused tofsinplifly the design and increjase the

since’ the cars : f - !addition in the nultiplier nust be either
stored or p%ﬁ‘ﬁﬁ“ﬁﬁﬁﬁe? %pnext addi tion. Furthernore, d der to obtain
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carry words
before resol mmym
result based
standard test data sets.
preferred structure.
even- and odd-

15 t%roughp%‘sg{eﬂt‘_{;@;@@&u cuitry. Al so,

separately in the comyg bl ock®B
t he n:statloq\Y[l 0] le)

order. In FIG 2,

In this preferred errgg
nunbered inputs are tine

LK.

anal ysis of test
FIG 2 is a block diagramthat
g ment of the invention,
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Y[5 4]

I ndi cate that the odd- Fehber ed< nput s'wl Y3,

t hrough the cal cul ation

F———t—
|
i
|
|
g:h
)
|
\lf
.Q
L=
-~

CBLK
I

e L

PREC

Al

Z

FIG.

mul tiple

may
wsz
X5, Y7

C76

Ul 24 2 E N S

deli berately forced to predet
to-provi de greater expected acc
runs of thel|2

certain bits of preselected
erm ned_val ues

%%§%ﬁ%@%%

| YERLAGED ON

nirnLnn 2

ang Y[ 7,
pr e%

&
S
3
S
<
S
3
>
&
S

CONSTANT COEFFICIENT CARRY-SAVE MULTIPLIER

MULTIPLIER OUTPUT RESOLVER

rabl

‘\—3 DUMMY ADDER/SUBTRACTO

R

N

t he

[®)

6] is used t
pass

—
&
=
S

S =

3 o

3

>¢

S

=

5

x T

5 3

I

RESOLVING ADDER, SUBTRACTOR

’

T

Q}- RESOLVING ADDER/SUBTRACTOR

\




ry flrst follomed by the even-nunbered inputs YO

ThIS gaamSS essential to the endodi nent; nonet hel

exE? ertaln downstreamarithnetic operatlons ar .
onIy ered inputs, and by entering the odd-nu I nput

val u

ese downst ream operati ons can be going on at the sane tine

t hat arlthnetlc oper ation ,§a§$£o all PAMuts are perforneggggzgrean1 n
the even- 28 nunber tﬁﬁﬁ’ , Thi s reduces th¢ tinme tha 2ral

b
1
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Simitarly, the notatiomn .71, X[ 1,6],
that the Iﬂuv\suaerdﬁg B&Hk
t he hi gh- o X5 X6, X7.

I nput s are,

this is not nec

to bottom the even-
nunber ed inputs are Y1, Y5, Y3 and Y7.
this order Kgs possible ¢t [
in FIGS. 1 angﬁz and great

X 3,4],
ts XO 5 X1, X2 X3 are output first,
As FIGS. 1 and 2 illu
tlaIIy not grouped in ascendi ng orde
ording to the inventi.on.
10 nunbered i nputs are

X[ 2, 5]

is used to indicate

Thus,
Y4, Y2,

read
and Y6 and t
Arranging the input signals in

the 15 |nplenentat|on of t[®] invention in silicon sem g&pductor devi ces.
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Iﬁ FIEG 2, adders and subtractors are indicated by circles containing
ei t her Abis E&hkqmmmj (subtractor, that is, an adder with one

corrplerre;mW"e r "" 20 (resolving adder/subtractor, which is able
to sWitc I

ion and subtraction). The |eft-nost adders. and i
subtractors in the n bl ock CBLK are preferably carry-s ders--
subtractors, neaning that their output upon34¥¥ition/subtrac ﬁgﬁgq{fﬁdé‘ésEEN
mbit input 25 words is the mbit partial result in parallel
bit or (mIYX2pit wor@\containing the carry bits of e

addi tion/s actiorfsyln other words, the first ad@#tions and subtractions
I n the conmmon bl ock LK are preferably unresol ved pani ng that the
addi tion of the carr§ bits is 30 delayed wuntil a|Njsubsequent processing
st age. fﬂg
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a‘dvant age of this S t hat such carry-save adder §fsul

are fastgf; Hg&@h ny n |onal resol vi ng adders/subtractors si E@'&%@EHHASMEEN
need to p ¥ addi tion of the carry-bit word tothe r BERLACEDS
Resael vi ng wever, also be used in order to reduce the bu .

w dt h at the adders. FIG 2 also illustrates the use of

one- and two- |nput | atches in the preferregdd4enbodi nent of the invention. In
FIG 2, latches are illustrated as rectangles and are used In(E—g h th
pre-comon bl ock PREC and the post-comon 5 bl ock POSTC. Si nput

| at ches are us@¥ atTxe I nput s

)
INO[21:0] INO[21]INO[21].iN0[21:2] {
(SR2 and sign-extended)
NINISR2[21:0]
k {
Ntf21:0] )
INi[21:0] INT[21]IN1[21]N1[21:2] 1
(SR2 and sign-extended)
N Mg
4
[WE[21:0D>—~ w3f21]m3[21:1] 4 cls
. S .
(SR1 and sign—extended) uis{20:0]
MUL C1S
o 135[21:0]
¢ M3C[20:0]  y15f20:0 =
1 cJs wzf21
st 21 — 13¢]21:1]
u3sf10:0]  yacfz0:0
MULCIS3 GND,GND
M28[10:0]
Mzcf20:0] w21
104] M3c[20:0] co
M25[10:0
CND,GND R HE
[
MULC352 M3s[10:0] + :
sc— 2¢f21:1}
ch
AN wac[21:0]
' ¢ sb
. 1
/N2[27]1N2[2l 1] nc$s> ws[21:0] |
(SR1 and sign—-exiendzd) /




of tﬁ?w mRepran, D3, D5 and D7, as well as to latch the inputs to the
]

reso tractors that generate the output signa XEO—170 EN
I | ustrates, t he i nput's to tineggs SHEET HAS BE

resol ving 10 a er /subtractors are the computed g(k) and hi K) va%&i’és“c“-n

corresponding to the respective outputs from |atches g[O

0g[3,4] and g[2,5] . .and h[0,7], h[1,6], h[&4] and h[2,5
such, t he re I ng>™ dder s/ subt ract or s perform the addi or b
subtraction 15 indicated N expressions E16 and E17 above. As |s explalned

above, the even-nunbered inputs YO Y2, Y4, and Y6 do not need to be paired

bef ore bei ng proce bl ock GBI/ Not fTy1do the odd-
nunbered inputs re =

2_____‘.

oUTO[21:0] >
oogf21:1]
oocf21:1)

GND

015[21:0] l'a\[—j:—"

042 121:0]
01cf2::1)

orc[?r.-rj}_i
GND

12cf21:1}
GND

03s{21:0] Ir ]

-

oUT3[21:0]

03¢{21:1]
1se[2t:1] oscfzr:1}
GND Voo

025[21:0]

ourZf21:0] >

% oc[21:1])
| o2¢[21:1]

rzcf2r:1] lsh
GN[,:}" VoD
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20 |nput Y1l nust also be nmultiplied by [err]2 in order to ensure that the

properTh; m@ﬁﬁtﬂ presented to the common bl ock CBL
pre-co C,
(" mux™) ,

'e

therefore, includes a 2-input nulfr@ﬂsshnngASBEEN
C32 and C76 for each input val ue. Lﬁhe |RgnﬂA§

the 2- 25 input nmux latch is consequenply ti

gd

directly to

I nput val ues, whergas the oth I nput ed fromthe-resol vi adders
and, for the input|{Yl, the re Vi ng r]2- ltiplier. ”rThe corjrnect
paired or unpairedtrputs—eandtperetorethe—pregsented-totiteycommon
CBLK easi |y by |si+#ple—switehirg-ot—the- ' '
two i nputs. As}F|G Illustrates, the [err]2-jnultiplier and the
mul tipliers DL , D7 p%gferably resol ve ft heir =
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outputs, that is, they generate results in which the carry 35 bits have
been. addmssmettmsg@ﬂgs a conplete sum This ensures that the outputs

from.the e the 3 0 sane bus width as the un- o
i nput’s in ing parallel data paths. The preferredle ﬁhboﬁiﬁ"jﬁ"a
of the co I ncl udes one "dummy" adder and one "ddjmy' REPLACED

subt ract or |n 5 the forward data paths9/¥or Y[I,0] and VY]
respectively. These devices act to corrbl ne the two inputs (i n the case of

t he du subtsactor, aft 2's- 3 =
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conpl enenting the one input) in such a way that they are pasfge

out pisShes celes, the one I nput 10 is nmani pul ated as
carry In | '
The c

re added on in the subsequent procesg
I's del ayed. This techni que reduces the resources needed in the 15 upper two

ddi tion and subtraction is thus performed, a

data paths since a full-scal e adder/subtrrsflar need not be inplenented
for these devifces. he "conbJners" tfhus act as adder andi
subtractors Qﬂd can be inplg¢nented effher ad sinple co ]lhe next
device (for, addition), or las a rgw of} inverters (for 20
subtraction), which requires little or ng additional circuitry.
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eﬂ’%rﬁ)i ners al so nmeans that the outputs fromthe initial

The u@g f. ]

adder Eiﬁﬁ W‘Q'i n the conmon block CBLK will all have the sane
wi dt h

carry-

conpatible with the outputs of =T E
ractors found in the bottomtwo data p —H_EE%@HL%S'A@%%%EN
they forminputs to the subsequent resolving adders and subt rs i
common bl ock CBLK. As is nentioned above, 11Ha& even- nunbered i nputs are 30
processed separately FPE7ABIN nunbered in this preferred enbodi nent of
the invention. Assu d-nurrbered I nput s are to be
processed first. Supervisory control circuitry (not shown in FIG 2) n
applies the odd-nunbegsed i nput wojds to the pre-common 35 bl ock PREC, a
selects the |lower inputs (viewed &s in
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FIG 2)—of—the miltiplexing |atches C10 C54, C32, Cr76, which then will
store the palred values pO to p3 (see FIG 1 and the def |
fspclzamﬁ BEEN |

above) . Thi Lhl, Lh3, and Lh2 are then acti vategs

t he val ue jiEnd H2, respectively. The supervisor contﬁgrk LACED
C|rCU|try nd 5 then sel ects the upper in

two-input multiplexing | atches C10, C54, C32/¥hd C76 in the pre- connDn

1o
bl ock PREC and applies the even-nunbered i nput words to these | atches.
Since the even-nunbered inputs are used to formthe values of g0 to g3, the

supervi sory
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10 co#tr ol

post-gonnnn‘ﬁTﬁEK’ﬁCETC, whi ch store the g(k) val ues.
val ues ag shat Bi®den Re

h(k

circuitry then also opens the latches LgOto Lg3 in the

out

epost - common bl ock POSTC outp

hi gh=%r der
adder/ subtrac
X3, X2, X1, an

DL

The | ow or der

TT—<S—1T

X7, X6, X5 and X4 by swi tching THE $

Once the g(k) and

0] ARGEEN |

ﬂbtraction node.
hen gener ated by Sv‘iat/‘ili'i ng the res

il

jut put REPEARFS

TvT1g

adder s/ subtractors to the additi on node.

presented in an arbitrary 20 order,
mul ti pl exed inplementation illustrated in greatly sinplified,

i ncl udi ng natural

Note that the output data can be
order. The preferred
schematic

formin FIG 2, perforus._the sange calculations as. the non-multiplexed
structure
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|Ilq5trated in FIG. 1. ii unber of addéf; subtractors 25 and nuItPBTiers

in the .co however, cut in half and the use of dummy
adder/subtra
C|?bU|try es the main conmponents al dTﬂﬁﬁépé'ﬁﬁﬁngEﬁn

educes t he conpl exity of iC
act ual |nplenentat|on of the IDCT circuit accordlng 130 tOREhﬁA@ﬁ@OdIH q.
The mai n conponents include the pre- comon bl ock ci hFon
bl ock circuit CBLK, and the post-common Bitétk POSTC. The systen1a|so

includes a controller CNTL that either directly or indirectly applies’
i nput, timng and fcontrol signals to the pre- 35 comon bl ock PREC and
post - common bl ock |POSTE. [tmi|tHe préfefréd enfhod of 1@§ invention>\3he
i nput and out put sig%s (YP tjo )7 }an O t o| X7} S .
) S
>t~
) — 3 &
X IS
o —L_ XIS
& R
o —H%ﬂ
& SIS
~— Q%
T ISHS
po2d S~
& SIN
--F—><ré
2 s
) RIS
2y BISIS
= - L
S S
2 SIS
S _ &:§§
X I G-
; S
N S =
N RS
& =
B SE
3 SIS
N [ SIS
N Q>
S s
W S
s — 2D
O S
o _ E::as
~N — ] ol
E SIRS|S
N SIS
< - =) o
3 LRI
o SIS
o Lq E]‘h Q
J _ — 1 .
SEEEEEREELEEY
§3333I%2888L5Mrr
SSSSSCPSECERDSS
SR~ o QT RES
S22 8 TN
e e T e _\.;Q
ORISR &




respectively) are 22 bits wide. Tests have indicated that this is the
mnimmwdth that is possible that still yields acceptable accuracy

as
measured by existing industry standards. As is explained |n er
detail 5 below, this ninimum wdth is achieved =

del_*_‘.l berately forcing certain carry words -in. seld I ces
to be either a "1" or a "0". This bit nmanipul ation cug---g t ollan
adj ustment of certain data words, is carried out
statistical 10 analysis of the results of the ID ing to the

enbodi nent

after wusing the enbodinent for |DCT
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Method and Arrangement for Transformation of Signals
_from a frequency to a time domain

This invention relates to &a method for the

transformation of signals from a fregquency to a time.

representation, as well as a digital circuit arrangement
for implementing the transformation.

‘It is a common goal in the area of telecommunications
to increase both information content and transmission
speed. Each communications medium, however, imposes a
limitation on transmission speed, as does the hardware at
the transmitting and receiving end that must process the
transmitted signals. A telegraph wire is, for example,
typically a much faster medium ' for transmit'!:ing
information than the mail is, even though it might be
faster to type and read a mailed document than to tap it
out on a telegraph key. . -

The method of encoding transmitted information also
limits the speed at which information can be conveyéd. A
long-winded telegraph message will, for example, take

longer to convey than a succinct message with the same .

information content. The greatest transmission and
reception speed can therefore be obtained by compressing
the data to be transmitted as much as possible, and then,
using a high-spéed transmission medium, to process the
data at both ends as fast as possible, which often means
the reduction or elimination of "bottlenecks" in the
system.

One application in which it is essential to provide-

high-speed transmission of large amounts of data is in the
field of digital television. . Whereas conventional
television systems use analog radio and electrical signals
to control the luminance_-ﬂ_a_n_d color of picture elements



transformati on of known input test data. By forcing certain bits to
predeterm ned values, it was discovered that the effects of roundi ng and

trupcation errors coul d 15 be reduced, so that th 5P data from
the | DCT system coul d be nade to deviate |ess ‘d}_e,,ksﬁﬁ)ﬁﬁ‘- prrect"”
spatial data. The invention is equally a%%‘;vl' cabl A , .to other
dat@a word | engths since the conponents used i gli ng to the
enbodi ment 20 all can be adapted to di ff efent |ng known

et hods. A DpValethbr Ot RS A8 B PERCES %‘189(8 t@;gsrc;r%%ad. ¢
conductors (4dxg2£al peke#is\bodstmresmai;qn sylstenc generatsesoaadigital i ne
from the Seriflepresentation of an image by converting analog signals
into binary "numbers" corresponding to luminance and color
5 values for the pixels. Modern digital encoding schemes
and hardware structures typically enable much higher
information transmission rates than do conventional analog
transmission systems. As such, digital televisions are
able to achieve much higher resolution and much more
10 life-like images than their conventional analog
counterparts. It is anticipated that digital television
systems, including so-called High-Definition TV (HDTV)
systems, will replace ~conventional analog television
technology within the next decade in much o0f the
15 industrialized world. The conversion from analog to
digital imaging, for both transmission and storage, will
thus be similar to the change-over from analog audio
records to the now ubiquitous compact discs (CD's).
In order to increase the general usefulness of
20 digital image ‘technology, standardized schemes for
. encoding and. decoding digital images have been adopted.-
One such standardized scheme is known as the JPEG standard
and _ie used for still pictures. For moving pictures,
there are at present two standards ~- MPEG and H.261 --
25 both of which carry out JPEG-like procedures on each of
the sequential frames of the moving -picture. To gain
advantage over using JPEG repeatedly, MPEG and H.261
operate on the differences between subsequent frames,
taking advantage of the well- known fact that the
30 difference, that is the movement, between frames is small;
it thus typically takes less time or space to transmit or
store the informatioh'correeponding to the changes rather
than to +transmit or store equivalent still-picture
information as if .each frame in the sequence' were
35 completely unlike the frames closest to it in the

sequence.



transm ssi on dat a. According to the enmbodinent, input data words are
therefore preferably all conveyed serially over n Ie 22 bit input bus
and =each input word is sequentially |atched at nt in

the data 30 path. In FIG 3, the 22-bit input T
IN[21:0]. In the Figures and in the discussion

mul i pl e-bit signals are indicated in brackets bit to
the left of a colon ":" and the 35 |l east significant bit ~he right

of L he cojon. For SRlpver@ncanle1d) 878! ol N Hlardar Bpetatiedey W th

the bits being nunbered frg . sin
reaking an mage or picture into tiles or blocks, each

block consisting of a piece of the picture eight pixels

wide by eight pixels high. Each pixel is then represented
5 by three (or more) digital numbers known as "“components"

of that pixel. There are many different ways of breaking

a colored pixel into components, for example, using

standard notation, YUV, YC. C;,,, RGB, etc. All the

conventional JPEG-like methods operate on each component
10 separately.

It is well known that the eye is insensitive to high-
frequency components (or edges) in a picture. Information
concerning the highest frequencies can usually be omitted

15 altogether without the human viewer noticing any
significant reduction in image quality. In order to.
achieve this ability to reduce the information content in
a picture by eliminating high-frequency information
without the eye detecting any loss of information, the 8-

20 by-8 pixel block containing spatial information (for
example the actual values for luminance) must be
transformed in some manner to obtain frequency
information. The JPEG, MPEG and H.261 standards all use
the known Discrete Cosine Transform to operate on the 8-

25 by-8 spatial matrix to obtain an 8-by-8 frequency matrix.

As described above, the input data represents a
square area of the picture.. In transforming the input
data into the frequency representation, the transform that

30 is applied must be two-dimensional, but such

"ffai' two-dimensional transforms are difficult to compute
' efficiently. The known, two-dimensional Discrete Cosine
Transform (DCT) and the associated Inverse DCT (IDCT),
however, have the property of being "separable". This
35 means that rather than having to operate on all 64 pixels
‘in the éight-by-eight pixel block at one time, the block
can first be transformed row-by-row into intermediate



33 is identified as a single nunber within square brackets. Thus, T_INI]
i ndircates the next to least significant bit of the signal T IN The
followi ng control signals are used to control the 5 operation of the
pre-comon bl ock PREC in the preferred enbodi . of the i on: | NCLK,

nventi

OUTCLK The system according to the enb
non-dver | appi ng two- phase cl ock. The signals |
accordingly the 10 signals for the input and oV

respectively.

of latches th%h %&na&h%r&%éfgimed frequency values.
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A one-dimensional DCT of order N is mathematically
equivalent tc multiplying two N-by-N matrices. In order
to perform the necessary matrix multiplication for an
eight-by-eight pixel block, 512 multiplications and 448
additions are required, so that 1,024 multiplications and
896 additions are needed to perform the full 2-dimensional
DCT on the 8-by-8 pixel block. These arithmetic
operations, and especially multiplicatibn, are compiex'and
slow and therefore limit the achievable transmission rate;
they also require considerable space on the silicon' chip
used to implement the DCT.

The DCT procedure can be rearranged to reduce the
computation required. There are at present two ﬁain
methods used for reducing the computation required for the
DCT, both of which use "binary decimation." The term
“hinary decimation" means that an N-by~N transform can be
computed by using two N/2-by-N/2 transformations, plus
some computational overhead whilst arranging this.
Whereas the eight-by~eight transform requires 512
multiplicétions and 448 additions, a four-by-four
transform requires ,only' 64 multiplications and 48
additions. Binary decimation thus saves 384
multiplications and 352 additions: and the overhead
incurred in performing _the decimation is typically
insignificant compared to this reduction in computation.

At present, the two main methods for binary
decimation were developed Byeong Gi Lee (“A New Algorithm
to Compute the 'DCT", IEEE Transactions on Acoustics,

Speech and Signal Processing, Vol. Assp 32, No. 6, p.

1243, December 1984), and Wen-Hsiung Chen ("A Fast
Computational Algorithm for the DCT“, Wen-Hsiung Chen, C.
Harrison Smith, - S.C. Pralick, IEEE Transactions on
Communications, Vol. Com 25, No. 9, p. 1004, September
1877.) Lee’s method makes use of the symmetry inherent in
the definition of the inverse DCT and by using simple-

hNOiatbumMs



input, intermediate, and output signals. LATCHIO, LATCH54, LATCH3Z2,

LATCH/76: Preferably, one 15 22-bit word is to the systenlat a tine.
On the other hand, four input signals are prjp ST Each i nput
signal must therefore be |atched at its apprpopri ‘e
architecture before processing with three OVhﬁﬁm These | atch
signals are 20 used to enable the respectd vE=i=s P signa
LATCH54, for exanple, is first used to l'dtch |nput SIO d later to

latch input si ¢ =
poi nt as the |%%lf?% sﬁdem %qt@ﬁ%féggspaeﬂtgegﬁ?r:?%ﬁ%&fhhg?ysam

processi ng 25d%@§g%tlQmJCHThe(}ﬁ% ?HErPBEF dferRnBf ButtIRMbe ERBut

IDCT. The Chen method uses a recursive matrix identity

.......

that reduces the matrices into diagonals only. This
5 method provides easy binary decimation of the DCT using
known identities for diagonal matrices.

A serious disadvantage of the Lee and Chen methods is
that they are unbalanced in respect of when
multiplications and additions must ©be performed.

10 Essentially, both of these methods require ‘that many
additions be followed by many multiplications, or vice
versa. When implementing the Lee or Chen methods in
hardware, it is thus not possible to have parallel
operation of adders and multipliers. This reduces their

15 speed and efficiency, since the best utilization of

'~ hardware is when all adders and multipliers'are used all
the time.

" An additional disadvantage of such known methods and
devices for performing DCT and IDCT operations is that it

20 is usually difficult to handle the so-called normalization
coefficient, and known architectures require adding an,
extra multiplication at a time when all the multipliers
are being used.

Certain known methods for applying the forward and

25 inverse DCT to video data are very simple and highly
efficient for a 'software designer who need not be
concerned with the layout of the semiconductor devices
that must perform the calculations. Such methods,
however, often are far too slow or are far too much

30 complex in semiconductor architecture and hardware
interconnections to perform satisfactorily at - the
transmission rate desired for digital video.

Yet another shortcoming of existing methods and
hardware structures for performing DCT and IDCT operations

35 on video data is that they require floating-point internal
representation of numerical values. To illustrate this
disadvantage, assume that one has a calculator that is



signals are |atched into the pre-comon bl ock PREC, they are preferably
shifted at the sane tinme to.a subsequent colum of = eSS 3
LATCH is used to enable a 30 second col unn of inpuI

four input values to be operated on by the arithnmefic dEVICEE rﬁpi :
pre-conmon bl ock PREC. SELBYP, SEL P:  As FIG 2 mumeradés Ulih vdh-

nunmbered i nput signals that are latched ingo the | ' - C32,
and C76 should be those that bypass the adders and the [err]2. resoIV|ng

th' ]E ' lrolml e Thgn 9¢d-Juydes8d ddaiul w st NAhbedLA¥RMe!  niSdrd | T $heRGaRAy" ed
o 1o © digits to the right of the decimal point (if any). Assume

further that the calculator is to add the numbers 12.3 and
~ 4.56. (Notice that the decimal point is not fixed
S relative to the position of the digits in these two
numbers. In other words, the decimal point is allowed to
"float".) Since the calculator is not able to store the
four digits required to fhlly represent the answer 16.86,
the calculator must reduce the answer to three digits
10 either by truncating the answer by dropping the right-most
"6", yielding an answer of 16.8, -or it must have the
necessary hardware to round the answer up to the closest
‘three-digit approximation 16.9.

As this very simple example illustrates, if
15 floating-point arithmetic is assumed or required, one must
either accept a loss of precision or include highly
complicated and space-wasting circuitry to minimize
rounding error. Even with efficient rounding circuitry,
however, the accumulation and propagation of rounding or
20 truncation errors may lead to unacceptdble distortion in
the video signals. This problem is even greater when the,
methods for processing the video signals require several
multiplications, since floating-point rounding and
truncation errors are typically even greater for

25 multiplication than for addition. :

A much more efficient DCT/IDCT method and hardware
structure would ensure that the numbers used in the method
could be represented with a fixed decimal point, but in
such a way that the full dynamic range of each number

30 could be used. In such a systen, truncation and rounding
errors would either be eliminated or at least greatly
reduced. ' _

In the example above, if the hardware. could handle
four digits, no number greater than 99.99 were ever

35 needed, and every number had the decimal point between'the'.
second and third places, then the presence of the decimal
point - would not affect calculations at all, and the



34 paired inputs p(n), and the signal Y1 nust be nultiplied by [err]2. The
control signal SELBYP is used to select the ungrouped, bypass input signals
(the even-nunbered inputs), whereas the signal SELP is activated in order

to 5 select the paired input signals. These S|g|a‘—'_'“
control gates that act as nultiplexers to let thg
t he=output | atches of the pre- comon blo PREC)| As._ |,
not arranging the inputs in 10 strictly ascendi n¢—QLd&l

sinplified "bupterhingt Eu%oﬁlauﬁbuhﬁr‘fhba @u‘ih J%xerTECERIQP e%&nsb_%“cy

As is explained above, the odd inputs are prefera app I ed roup t
the pre- connDnWﬁFGCE“hHQQ?geFoIFBﬁe&“ﬁVthé23° + £ 1886 vourd' be

just as clear as 12.30 + 4.56 = 16.86, since one would
always know that the "1686" should have a decimal point

5 between the middle "6" and "8". Alternatively, if numbers
(constant or otherwise) are selectively scaled or adjusted
so that they all fall within the same range, each number
in the range could also be accurately and unamblguously
represented as a set of integers.

10 One way of reducing the number of multipliers needed
is simply to have a single multiplier that is able to
accept input data from different sources. In other words,
‘certain architectures use- a single multiplier to perform

the multiplications required in different steps of the DCT

15 or IDCT calculations. Although such "crossbar switching"
may reduce the number of multipliers required, it means
that large, complicated multiplexer structures must be
included instead to select the inputs to the multiplier,

to isolate others from the multiplier, and to éwitch the

20 appropriate signals from the selected sources to the
inputs of the multiplier. Additional 1large-scale_
multiplexers are then also required to switch the large
number of outputs from the shared multipliers to the
appropriate subsequent circuitry. Crossbar switching or

25 multiplexing is therefore complex, is generally slow
(because of the extra storage needed), and costs
significant area in a final semiconductor implementation.
Yet another drawback of existing architectures,
including the "crossbar switching", is that they require

30 general purpose multipliers. In other words, existing
systems require multipliers for which both inputs are
variable. As is well known, implementations of digital
multipliefs typically include rows of adders and shifters
Sﬁch that, if the current bit of a multiplier word is a.

35 'Yone", the value of the multiplicand is added into the
partial resulﬁ, but not if the current bit is a "zero".
Since a general purpose multiplier must be able to deal



even-nunbered inputs, but any order may be used within 15 each odd or even
group. Any order of .inputs may be used, however, SU|tabIe | at ch

arrangenents being provided to process the odd-n
i nputs are separately, or at least in separate1
20 - The supervisory control
signals for the post-common bl ock POSTC. Thgese c{ridaef.-stgra
follows: EN BH, ENGH: Consi dering for the nnne4F=FF€Ff

t he common bl ocki #Blyke @h@@rlpronseﬁlgqeﬁﬁ mittﬂyaapddmnuabebadofnggaérsare

RER#AQ@M%NT§HEE fcuit.
circuitry al so ggnerat e51 tAUPr qgﬁmd control

h HO, H1 d _H2 I en s
cootTi o ent. milt4eh it $rdyidegs Yoy Vel BIeT0R ke puiticufer peza-

10

15

20

25

30

35

By way of an example, assume that data words are 8
bits wide and that one wishes to multiply single inputs by
5. An 8-bit representation of the number 5 is 00000101.
In other words, digital multiplication by 5 requires only
that the input value be shifted to the left two places
(corresponding to multiplication by 4) and then added to
its un-shifted value. The other six positions of the
coefficient have bit values of "0", so they would not
require any shifting or addition steps.

A fixed-coefficient multiplier, that is, in this
case, a multiplier capable of_multiplying only by five,
would require only a single shifter and a single adder in
order to pgrform the multiplication (disregarding
circuitry needed to handle carry bits). A general purpose
multiplier, in contrast, would require shifters and adders
for each of the eight positions, even though six of them
would never need to be used. As the example illustrates,
fixed coefficients can simplify the multipliers since they
allow the designer to eliminate rows of adders that
correspond' to zeros in the coefficient, thus saving
silicon area. "

Various aspects of the invention are exemplified by
the attached claims.

In a IDCT method according to a further aspect of the
invention, a one~dimensional IDCT for each N-row and N-
column of N-by-N pixel blocks is decimated and a 1-D IDCT
is performed separately on the N/2 even-numbered pixel
input words and the N/2 odd-numbered pixel input words.

In a preferred embodiment, N=8 according to the. JPEG
standard. . The two-dimensional IDCT result is then
obtained by performing two one-dimensional IDCT operations

in sequence (with 'an  intermediate reordering --

transposition -- of data).
In a common processing step} for N=8, a first pair of
input values is passed without need for multiplication to

I, the outputs from



post - common bl ock POSTC 1. The signal ENBH is used to enab]e | at ches that
hol d signals corresponding to HOto 30 H3. The signa 3t See-F]
enabte | atches that hold the gO to g3 val ues, as ‘.AEﬁgadaugﬂﬁﬁﬁfﬁht hol d
the hO to h3 values after they have been nultiplie in th (Eg?
nultlpllers ADD, SUB: ‘As FIG 2 illustrates, the hadi e an ek
bank™ of resol ving adders/subtractors thatéﬁun1and L tterence s—gt—and h(k)
values in order to formthe | ow order hi gh- or der outputs

respectively. o,J0¢ addéfgnéﬁé s ractdFs. 2 BackSER al BecSfil pEQ? of

resol vi ng
input values is multiplied by each of two constant-

coefficient values corresponding to two scaled cosine
‘values. No other multiplications and only one subtraction

5 and one addition are required in the common processing
stép. The second pair is then added or differenced
pairwise with the first pair of input values to form even
or odd resultant values. '

In a pre-common processing stage, the lowest-order

10 odd input word is pre-multiplied by ¥2, and the odd input
words are summed pairwise before processing in a common
processing block. 'In a post-common 'processing stage,
intermediate values corresponding to the processed odd
input words are multiplied by predetermined constant

15 coefficients to form odd resultant values.

After calculation of the even and odd resultant
values, the N/2 high-order outputs are formed by simple
subtraction of the odd resultant values from the even
resultant values, and the N/2 low-order outputs are formed

20 by simple addition of the odd resultant values and the
even resultant values. ;

For both the DCT (at the transmission end of a video
processing system) and the IDCT (at the receiving end,
which incorporates one or more of the various aspects of

25 the invention), the values are preferably deliberately
scaled upward by a factor of Y2. After the DCT/IDCT
operations are performed, the resulting values may then be
scaled downward by a factor of two by a simple binary
right shift. This deliberate, balanced, upward scaling

30 eliminates severél multiplication steps that are required
according to conventional methods.

Acéording to another aspect of the method, selected
bits of constant coefficients or intermediate resulting
data words are rounded or adjusted by predetermined

35 setting of selected bits to either "1" or "O".



adders/subtractors in the addition and subtracti on nodes, respectively. EN
0: - This signal is used to enable output |atches 5 that | at ch the

results. from the resolving adders/subtractors. F61,
MUX OQUT43, MJIXOUTS52: The output data fromthe sys enﬁpmmrg‘ex“e’rshtzg?‘r -
transmitted over a single 22-bit output bus, so that {jonly gr}eAthm Vv
10 *XO to X7) is transferred at a tine. These S|gnaIng5e aetjvated .....
sequentially to sel ect mhlch of the four }@tched out eSSt

Iatchedlntoaflnallfou put atc hese nal,s thus. act, a ggconrol

signals for a 4-to %ﬂt ansfsoﬁﬁ%.m Sf é’ & 1

I ndi cat es thedﬁkﬁm&dcnnmuby-a second identical 1- D operation on the
output values from the first 1-D IDCT processing steps.

ue

An IDCT system_accordiﬁb to yet another aspect of the

5 invention includes a pre-common processing circuit, a
common processing circuit, and a post-common processing
circuit, in which the pre-common, common, and,post—coﬁmon
processing calculations are performed on input data words.
A supervisory controller generates control signals to

10 control the loading of various system latches:; preferably,
to serially time-multiplex the application of the N/2
even- and N/2 odd-numbered input words to input latches of
the pre-common block; to direct additipn of the even and
odd resultant values to form and latch low-order output

15 signals and to direct subtraction of the odd resultant
values from the even resultant values to form and latch
the high-order output signals; and to sequentially control
internal multiplexers.

Even and odd input words are preferably processed in

20 separate passes through the same processing blocks. Input

- data words are preferably (but not necessarily) latched
not in strictly ascending or descending order, but rather.
in an order enabling an efficient "butterfly" structure
for data paths.

25 At least the common processing circuit may be
configured as a pure-logic circuit, with no clock or
control signals required for its prober operation, as may
be other processing biocks depending on the particular
application. :

30 No general-burpose mﬁltipiiers (with two wvariable
inputs) are required; rather constant coefficient
multipliers are included throughout the preferred
embodiment. Furthermore, fixed-point integer arithmetic
devices are included in the preferred embodiment for all

35 required arithmetic operations. _

It will be apparent that certain embodiments of the
invention can be so designed as to provide a method and



signal from the post-comon bl ock POSTC. The out put S|gnals fromthe
prexcomon bl ock PREC are |l atched to formthe input T
In FIG. 3, the output signals fromthe

bl ock CBLK.
Cl 32[ 21: 0],

]
Cl 76[ 21: 0], which becone t he i nput S|gnlumﬂb¢01 ------ %N[l}
IN 2], respectively, to the comon bl ock LK. As F&&
22-bit results fromthe 25 connon bl ock
out put signal

t hen | at ched

C070[ 21: 0],

10

15

20

25

30

F—sows, 1 he four
Kare transferred in paral |l el as

3y ol oertainthe ipey g domdtly S el g8’

Cea[th aje C&)zﬁqr@.t A tl‘@fﬁ!{lé-;p@ng features:

(1) constant use of all costly arithmetic
operations;
(2) in order to reduce the silicon area needed to

implement the IDCT, there are a small number of storage

elements (such as latches), preferably no more than
ret;uired for efficient pipelining of the architecture,
coupled with a small number of constant coefficient
multipliers rather than general purpose ﬁultipliers that
require extra storage elements;

(3) operations are arranged so that each arithmetic
operation does not need to use sophisticated designs; for
example, if known "ripple adders" are used, these would
sdfficient time to "resolve" (see below) or produce their
answers; if operations are arranged in such a way that
other devices preceding such a ripple adder in the data
path are to be held idle while waiting for the adder to
finish, then rearranging operations to avoid this delay
should lead to greater throughput and efficiency;

(4) one is able to generate results in a natural
order; ' '

(5) no costly, complex, crossbar switching need be
required;

(6) the architecture is able to support much faster
operations; and

(7) the circuitry used to control the flow of data
through the transform hardware can be small in area.

For a better understanding of the invention and to.

show how the same may be carried into effect, reference

"will now be made, by way of example, to the accompénying

35

drawings, in which:

FIG. 1 is a 51mp11f1ed illustration of basic steps in
a method according to the invention for performing the
IDCT on input data;



30 One should note-in particular that no control signals are requi
for the common bl ock CBLK. Because of the unique st rhettt -
systemin this exanple, the common bl ock of operati .‘ saE@aACE%'ﬁﬁ’gr%' is
pure | ogic operations, with no need for clock, tim njg or2dorM}Goﬂ99§5
signal s. This further reduces the coaneX|ty of thE mieai.cew e
. should note that certain applicationsjpparticula AC '
there is plenty of tinme to perform all needed arithnetic operations) the
pre-common and -postmcmmm hloclks PREEk RIGGramy thhso DElwstrages tthe

operate mﬁthouéo nggd HE%f?iegynéég-égéHgﬂarchitecture of an IDCT
' system according to the invention; '
FIG. 3 is a simplified block diagram of the
5 integrated circuits that comprise the main components of
the IDCT system;
' FIGS. 4a and 4b together are a block diagram of a -

pre-processing circuit corresponding to one of the main
. system components; for ease of explanation, these figures

10 are referred to collectively as FIG. 4;

FIGS. S5a and 5b together are a block diagram of a
common processing circuit in the IDCT system; for ease of
explanation, these figures are referred to collectively as
FIG. 5;

15 FIGS. 6a, 6b, 6c, and 64 together are a block diagram
of a post-processing circuit that corresponds to another
main component of the system; except as necessary to
emphasize certain features, these figures are referred to
collectively as FIG. 6; and '

20 FIGS. 7a, b, c are timing dlagrams that show the
relationships between timing and control signals in the
IDCT system in the preferred embodiment.

Theoretical Background of the Invention
25 In order to understand the purpose and function of

the wvarious components and the advantages of the signal
processing method used in the IDCT system according to the
invention, it is helpful to understand the system'e'
theoretical basis.
30 _ '
Separability of a Two-Dimensional IDCT
The mathematical 'definition of a two-dimensional
forward discrete cosine transform (DCT) for an N X N block
of pixels is as follows, where Y(j,k) are the pixel
35 frequency values corresponding to the pixel absolute

values X(m,n):



FIG 4 is a block di ag.ram of- the pre-common bl ock 5 PREC. In this and

fol Fowing figures, the notation "Sl[a], S2[b], ..., SMZ]," where Sis an
arbi{rary signal |label and a, b,..., z are integers In_the range of t he
signal’'s bus width, indicates that the selected bits { gl Ll
signals S1,” S2,...,SMare transferred in 10 parallel g@ver %&g iET

wi th the nost S|gnificant bits (MSBs) bei t he selec. C

signal S1, and the |east significant bitsq( SBs) bein P"?ﬁrﬁﬁréd %

"z" of signal %I}éll)The ] bits do not have to be i ndi vi dual bits, but
rather, entire artia rfu ~-bit 15 words may also be transmtted al ong

W th other S|ngle Bits or partial tiy WO
figures, the symbofy g(w,.)|q(103n§ ﬁa&fd" % aps @émiﬁk&r

Where j'k = o, 1' c0e, N-l

and c(j), c(k) = {1/I2 for j,k = O
1l otherwise

The term 2/N governs the dc level of the transform,
and the coefficients c(j), c(k) are known as normalization
factors. _ '

The expression for the corfesponding inverse discrete

10 cosine transform, that is for the IDCT, is as follows:

(E2): X(m.,n) =
N-1 N-1 .
2 . . (2m+1) jn (2n+1) kn.
N_,Zo 2_;: c(f) clk) Y(i, k) cos[-—————ZN }cos[—-—-—-—-ZN
where j,k =0, 1, ..., N-1
15 and c(j), c(k) =.{1/2 for j,k =0
1 otherwise -

The forward DCT is used to transform spatial values
(whether representing characteristics such as luminance
directly, or representing differences, such as in the MPEG

20 standard) into their frequency representation. The
inverse DCT, as its name implies, operates in the other
"direction", that is the IDCT transforms the frequency
values back into spatial values.

In the expressiOn E2, note that the cosine functions

25 each depend on only one of the summation indices. The
expréssion E2 can therefore be rewritten as:



| abel . For exanple, in FIG 4, a [err]2-multiplier is shown as 20 R2ZMJL.
The ""save" or "unresolved sum' output fromthis non-resolving nultiplier
indicated as the 21-bit word MS[20:0]. The "carry" output fromthe
multiplier RRMJL is shown as the 22-bit wrd MC21:0], which is
transferred over the bus to the "b" input of a carf ol i
adder MbA. (Recall that a "0" is inserteq4as an
significant 21 bits of the save output, however,
the "a" input the resol vi der MbA. This is
the notation G&E?&BS[ZO:O])*?B'?g ot her words, the 36
corresponding to the MSB input to the aqu{ MbA is forced to be a "0" by
tying it to groung %3 . (2m+1) jn) © , (2n+1) k=

¥ 5 ) cos[————-l-ZN ]f\:: c(k) Y(j,k) cos[ -4 ]

This is the equivalent of a first one-dimensional

5 IDCT performed on the product of all terms that depend on

k and n, followed, after a straightforward standard daté

transposition, by a second one-dimensional IDCT using as
inputs the outputs of the first_IDCT operation.

10 Definition of the 1-D IDCT
A l-dimensional, N-point IDCT (where N is an even
number) is defined by the following expression:

(E4): |
x(K) =3 c(n)- y(n)- cos|Bi2ksL)n k=1{,1 N-1)
15 where c¢(n) = |1/42 forn=0
1 otherwise ' -

and where y(n) are the N inputs to the inverse

transformation function and x(k) are its N outputs. As in

the 2-D case, the formula for the DCT has the same

20 structure under the summation sign, but with the

‘normalization constant outside the summation sign and with
the x and y vectors switching places in the equation.

Resolution of a 1-D IDCT
25 As is shown above, the 2-D IDCT can be calculated
using a sequence of 1-D IDCT operations separated by a
transpose. According to an embodiment, each of these 1-D
oberations is in turn broken down into suprrocedures that
are then exploited to reduce even further the required
30 size and complexity of the semiconductor implementation.

S



In order to understand why a "0" is thus inserted as the 22'nd bit of the
"sum' output, observe that if the partial sumof a nmultiplication is n

pl aces wide, the 35 carry word will normally also have n places. In adding

the carry word to the partial sum however, the carr d.is shifted one

place to the left relative to the partial sum ﬁh ] fore
] ¥ a

.extends to n+l places, with a valid data 3it in thelln+l'1
“0" in the least significant position (sifCe there SDEQQQQ )G d83 e thi s

position to produce]g ﬁgrn gh i nLo 1S, 5 poBition)-
words are used as i rhalita 1En 8% c&Q?fggiénts

As is discussed above, an important design goal for
IDCT hardware is the reduction of the required number of
5 multipliers that must be included in the circuitry. Most
methods for calculating the DCT or IDCT therefore attempt
to reduce the number of multiplications needed. According
to this embodiment, however, all the input values are
deliberately scaled upward by a factor of V2. In other
10 words, using the method according to this embodiment, the
riéht-hand side of +the IDCT expression (E4) is
deliberately multiplied by v2.
According to this embodiment, two 1-D IDCT operations

are performed in series (with an intermediate transpose)

15 to yield the final 2-D IDCT result. Each of these 1-D

operations includes a multiplication by the same V2

factor. Since the intermediate transposition involves no

scaling, the result of two multiplications by ¥2 in series

is that the final 2-D results will be scaled upward by a

20 factor of v¥2:¥2 = 2. To obtain the unscaled value the

circuitry need then only dividé by two, which, since the

values are all represenﬁed digitally, can be accomplished

easily by a simple right shift of the data. As is made

clearer below, the upward scaling by ¥2 in each 1-D IDCT

25 stage and final down-scaling by 2 is accomplished by

adders, multipliers, and shifters all within the system's

. hardware, so that the éystem places no requirements for

scaled inputs on the other devices to which the system may

be connected. Because of this, the system is.compatible

30 with other conventional devices that operate according to
the JPEG or MPEG standards. _ '

Normalization according to this embodiment thus

eliminates the need for hardware multipliers within the

IDCT semiconductor architecture for at least two V2-

35 multiplication operations. As is explained below in

greater detail, the single additional multiplication step

{upward scaling by v2) of the input data in each 1-D



resol ving binary adder, care nust be taken to ensure that the bits (digits)
of the carry word are properly aligned with the corresponding bits of the

partial sum This also ensures that the deciml point (even if only
implied, as 10 in integer arithmetic) is kept "align FR—boti—wor as.
Assuming the inputs to the adder are n+l bits w de, R REPLASEINTeRHBERT
insérted into the highest-order bit of glg n- bit pogitive jiéﬁamﬁmﬁn
words to provide an n+l-bit input that is aligned w Pathe. &ty .
the other inpgeration 1leddls s tescthbed eAlimimatden rare

processed at_a.ti.ne.in _the pre- mq ocC RE rnansferred over the
I nput bus TINP%%?%?}C?ﬁ?gninﬁ F%%us ??R%oﬁﬁggte eggqf%g i%ﬁﬁ?& ofS¥¥ir

i nput | at chesohMéBtiohaB4methe@2L, and | N76L. Each respective latch is
enabl ed. _ :

5 Separation of the 1-D IDCT into High and Low-Order
Outputs

Expression E4 can.now be evaluated separately for the

N/2 low-order outputs (k= 0, 1, ..., N/2-1) and the N/2

high-order outputs. (k= N/2, N/2+1, ... N). For N=8, this

10 means that one can first transform the inputs to calculate

y(0), y(1), y(2), and y(3), and then transform the inputs
to calculate y(4), y(5), y(6), and y(7).

Introduce the variable k’= (N-1-k) for the high-order

outputs (k=N/2+1, ..., N), so that k’ varies from (N/2-1)

15 to 0 as k varies from (N/2+1) to N. For N=8, this means

that k’= {3,2,1,0} for k= {4,5,6,7}. It can then be shown

that expression E4 can be divided into the following two

sub-expressions E5 (which is the same as E4 except for the
interval of summation) and E6:

20 |
Low-order outputs:

N-1

5) : = . . ®(2k+1)n
(ES) x(k) g; c(n) - y(n) cos[ SN ]

where k = (0, 1, ..., (N/2-1)}; and

where c(n) = [1/v2 forn =0
: 1 otherwise

25 High-order outputs:

N=-1
E6): Y = 1N = _qyn ﬂ(2k“1)n]
(E6): x(k)= x(N-1-K') nz; yi{n) (-1) cos[—-——-——ZN

where k={N,...,(N/2+1)} = k’={0,1,...,(N/2-1)}

(Since c(n) = 1 for all high-order terms, c(n) is not
included in this expression). _

Note that both E5 and E6 have the same structure

30 under the summation sign except that the term (-1)" changes

the sign of the product under the summation sign for the-



20 only when the
selection signal

i nput clock signal I NCLK and the correspondlng | at ch

LATCH10, LATCH54, LATCH32, LATCH7
i nputs can therefore be latched into their respect WE?UﬂmﬂhHwﬂshEErl: f our
periods of the IN CLK signal by sequential activatjjon of the latc
enabl i ng signals LATCH10, LATCH54, LATCH32, LATCH?7 BﬁM;g AUELQO . the
LATCH signal should be low (or on a diffggent phas ut
Ia}ches I N1OL, | N54L, IN32L, IN/6L to stfélllze and | atch the four . i nput
val ues

|Ilustrated iN

preferred or degluash@ndeXcepds &833'—0"—593%
c(deseasva.

L32L, L76L.

5

%A&m@ﬁ%}?npﬁ&s the ollayl “ﬁorOfthé hg pbét Qhﬁ.ﬁ output

he four in

o6 o A b,

Separation of the 1-D IDCT into Even and Odd Inputs
Observe that the single sum in the 1-D IDCT

expression E4 can also be separated into two sums: one for

the even-numbered inputs (for N=8,

y(0), y(2), y(4), and

y(6)) and one for the odd-numbered inputs (for N=8, y(1),

¥(3), y(5), and ¥(7)).

_io for

partial sum for the odd-numbered inputs.

{E7):

vl

-1

n

1]
o

15

(E8) ¢

20

25

index n,

c(2n)y(2n)cos[

taken over n= {0,

‘@w(2k+1) /2N and B
multiply both sides of the expression E8 by:

Let g(k) represent the partial sum
the even-numbered .  inputs and h(k) represent the
Thus:

g(k)

ol
[

n(2k+1)2n
2N

7t (2k+1) n}

(2] |

d

c(2n)y(2n)cos

]:

(N/2-1)}; and

3
[
-]

where k = {0,

’

1,
N_
-2-1

2:_y(2n+1)cos[

n=0

w (2k+1) (2n+1)

h(k) 5N

where k = {0, 1, (N/2-1)}. ]
For N=8, observe that the sums in E7 and E8 both are
i, 2, 3}.

s e p

Now recall the known cosine identity:
cos (A+B) cos (A-B),
w(2k+1) (2n+1) /2N.

2?cosA'cosB + and set

One can then

2°'cos A =
Note that,
it can be moved within the summation sign.

1/{2'cos(mw(2k+1) /2N]} = C.

since C, does not depend on the summation

Assume then by definition that y(-1)=0, and note that the

30 cosine function for the input y(7) is equal to zero.

The



second | atches are enabl ed when the'signals QUT CLK and 35 LATCH are high.

Thts signal timng is also illustrated in FIG 7a.[-_g;_g~1233 t he 'system
does not have to delay receipt of all eight'input JIoRElS;. 5 ANCE—a=i=t-he even

| N76L, they can be transferred at the next high p

| atches L10L, L54L, L32L and L76L. This fhen frees=th U yihi ch
can begin to receive the other four |npu% signals with ttdle next
rising edge Oéxﬁﬁggﬁion for h(k) can then be rewritten in the following

form:

(E9):

!
= 1 u(2k+1)n
h(k) . (n(2k+1) 2; [¥(2n+1) +y(2n-1)] cog| =_£=2 "=/ 22 ]
cos|———=
2N
5 - where k = {0, 1, ..., (N/2-1)}.

Note that the "inputs" ([y(2n+l1l) + y(2n-1)] imply
that, in calculating h(k), the odd input terms are paired
to form N/2 "paired inputs" p(n) = (y(2n+1l) + y(2n-1)].

10 - For N=8, the values of p(n) are as follows:
p(n)
y(-1) + y(1) = y(1) (y(-1)= 0 by definition)
y(1) + y(3)
Y(3) + y(5)
y(5) + y(7)

W N B o

15

Expression E9 for h(k) can then be represented by the"
following:

—-1
(E10): h(k) = C, E p(n) cos[-lt-—(-zﬁ'l—)-2

1)

20
where k = {0, 1, ..., (N/2-1)}.

Observe now that the cosine term under the summation

sign is the same for both g(k) and h(k), and that both
25 have the structure of a 1-D IDCT (compare with expression
E5). The result of the IDCT for the odd k terms, that is,
for h(k), however, is nmultiplied by . the factor

C, = 1/{2-cos(m(2k+1)/2N]}. In other words, g(k) is an
N/2-point IDCT operating on even inputs y(2n) and h(k) is



The 2-digit suffix notation [10, 54, 32, 76] used for 10 the various

corponent s

val ues are either passed as inputs to oufput |atches=ctat CoAb——e3D

CTOL on act! valiRPa0bolhe ?6&?CEggrQ¥@ﬁ§Soﬁ' 9332ndeh BYRi( -1y e e

passed as 20 pai r he sarne output Iatches upon

illustrated in the flgures I ndi cat es that odd- nunber ed
signals are processed first, followed by the even-nuobhered.
subsequent pass through the structure. As is nentio
not necessary. 15 Once the four input signals
order in the second | atches L10L, L54L, 2L, L76L,

e:t h'saEET d

sre | at %

=ty

| nputs to

activation on(hb)*s@Ibttd%fl%¥Bh%W SELP In other words, all signals
passed, both direchby SR€roduce the following identities:

10

15

20

25

30

yn = y(n);

cl = cos(w/8);

c2 = cos(2n/8) = cos(mn/4) = 1/vV2

c3 = cos(3n/8);

dl = 1/{2-cos(n/16)];

d3 = 1/[2°cos(317/16)];

ds = 1/[2°'cos(5n/16)]); and

d7 = 1/{2°'cos(7n/16)].

Further introduce scaled cosine coefficients as
follows: _ .

cls = vy2-cos(m/8);

c3s = v2-cos(3n/8);

Using the known evenness (cos{-¢) = cos(¢)) and
periodicity (cos(m-¢) = —-cos(¢)) of the cosine function,
expressions E7 and E8 can then be ekpanded for N=8 to

yield (recall also that c(0) is 1/v2):
g(0) = 1/v2:y0 + y2cl + y4c2 + yéc3
= 1/v2:(y0 + y2-cls + y4 + y6-c3s)
g(l) = 1/v2-y0 + y2c3 - y4c2 - yécl

= 1/v2-(y0 + y2-c3s ‘- y4 - y6-cls)
g(2) = 1/¥2:'y0 - y2c3 - y4c2 + yécl
=.1/v2:(y0 - y2:c3s - y4 + y6-cils)
g(3) = 1/v2'yo0o - y2c1 + y4c2 - yé6¢c3
= 1/v2'(y0 - y2°cls + y4 - y6-°c3s)
and
h(0) = d1-{yl + (yl+y3)cl + (y3+y5)c2 + (y5+y7)c3}
= dl/v2- {v2°'yl + (yl+y3)-cls + (y3+y5) + (y5+y7) *c3s}
h(1) = d3-{yl + (yl+y3)c3 - (y3+y5)c2 - (y5+y7)cil}

d3/v2-: {v2'yl + (y1+y3)-c3s - (y3+yS5) - (yS5+y7)-cils}

r is
;

and

are



indirectly, via arithmetic devices, to the output |atches CLOL, C54L, C32L,
C76L of the pre-comon bl ock PREC. The 25 proper values homever are
| oaded into these | atches by activation of the " S
SELBYP (for the even-nunbered inputs YO, Y2, Y4,
signal SELP (for the odd-nunbered inputs Y1, Y3, Y
timng and order of these and other 30 cqg}rol
acconpl i shed in a known manner. by proper

progranmm ng of the trol riﬁNl er. _ a out put
of latch L10OL is paqggh <#§J t KIQ§3§F9 ?§+#BQH§ 5 §;€%) ggn top
the 35 resol vim@Sdder vds 5 r(d’ilc‘aﬁédcésove(Y$h¥5c)ut*p&1’51‘¥'6)n¢3ﬂ%}

resol ving adder MbA is shown as Mb[21:0], which

h(3) = d7-{yl - (yl+y3)cl + (y3+y5)c2 - (y5+y7)c3}
5 = d7/¥2. {Y2.y1 - (yl+y3)+cls + (y3+y5) - (y5+y7)-c3s}

Now recall that, according to this embodiment, all
values are scaled upward by a factor of ¥2 for both the
DCT and IDCT operations. In other words, according to the

10 embodiment, both h(k) and g(k) are nnﬂtiplfed by this
scaling factor. The g(k) and h(k) expressions therefore

become:
(E1l1):
15 g(0) = yO + y2:cls + y4 + yb6.c3s
g(l) = yO + y2.c3s - y4 - yb.cls
g(2) = yO - y2.c3s - y4 + yb6.cls
g(3) = yO - y2.cls + y4 - yb6:c3s
- and
20 , _

(E12): | .
h(0)= d1{V2.yl + (yl+y3)-cls + (y3+y5) + (y5+y7)-c3s}
h(1)= a3{vV2-.yl + (yl+y3).c3s - (y3+y5) - (y5+y7)-cls}
h(2)= d5{V2.yl - (yl+y3).c3s - (y3+y5) + (y5+y7)-cls}

25 h(3)= a7{¥2.yl - (yl4+y3)-cls + (y3+y5) - (y5+y7)-c3s}
' Notice that, since - ¢2 = cos(n/4)= 1/2,

multiplication by V2 gives a "scaled" c¢c2 value = 1. By
‘scaling the expressions (corresponding to upward scaling
30 of the values of the video absolute and frequency values)
according to this embodiment, it is thus possible to
eliminafe the need to multiply by c¢2 altogether.
Furthermore, only two cosine terms need to be evaluated,
cls and c3s, both of which are constant coefficients so
35 that general utility multipliers are not needed. This in
turn eliminates the need for the corresponding hardware



c'orresponds to the 22-bit value p0 shown in FIG 1. The 22-bit signal
Mb[21:0] 1is thus the equivalent of the resolved nmultiplication of the
output fromthe latch L1CL by [err] 2. The outputs fromthe other three

| at ches L54L, L32L, L76L are also transferred to cor [[€SDOTdI Ny oGt Pe—S,

| at'ches C54L, C32L, and C76L, respectively, both dir c'? RFAHEMFENDSHEET |

| at ¢h buses LCH54[21:Q, LCH32[ 21: 0] .. LCH76[ 21: 0 Ijand_ iZnHiAUg:tI tq the
out put | atches via resolving adders P2A,2PIA; and P3 ®specti-vel'Y.Edch

Lgi\?l ;“hgg Oﬁgdﬁb{%ﬁ'g& 'gn‘.’a\ei@gg‘dgg%iéggdﬁgeggSim&Pex;;g;taaﬂjor; %f the ID
operations. _ _

The similarity in structure of g(k) and h(k) can be

illustrated by expressing these sets of equations in

5 matrix form. Let C be the 4 x 4 cosine coefficient matrix

defined as follows:

1 ¢Is 1 c3s

1 ¢3s -1 -cls
El13): =
( ) < 1 -c3s -1 cis
1 -cls 1 -c3s
Then:
g(0) y0
: g(1) y2
(E14): fol
g(2) y4
g(3) 6
10 and
h(0) v2' y1| -
(E15) : | Bl p gl |y
h(2) y3+y5
h(3) 5+y7
where D = diag(di, 43, ds, d7] the 4 x 4 matrix
with d1, d3, d5 and 47 along the diagonal and with all
other elements egual to zero. As E14 and El15 show, the
15 procedures for operating on even-numbered inputs to get
g(k) and for operating on the odd-numbered inputs to get
h(k) both have the common step of multiplication by the
cosine coefficient matrix C. To get h(k), however, the

inputs must first be pairwise summed (recalling that
y(-1) = 0 by definition), y(1) must be premultiplied by
v2, and the result of the multiplication by C must be
multiplied by D.

20

As the expressions above also indicate, the N-point,

1-D IDCT (see E4) can be split into two N/2-point, 1-D



fromthe latch L32L, and the other input is received fromthe [atch L54L.

For “i nput values Y5 (latched in L54L) and Y3 (latched in L32L) t he out put
fromthe adder P2A will therefore be equal to Y5 + Y3, [, as ] vvn
above, 15 is equal to p(2). The adders thus "pair" the (ﬁ?Phﬁﬁb@?‘:é\‘J$"ﬁ t g
to formthe paired input values p(l), p(2), and p(3). cours?i AUB 1996

even- nunber ed Anput signals latched in L34L, L32L, L76L W SO pass Tt
t hrough t he resol vi ng adders P2A, P1A, and P3A, respectively, but the

resulting 20 gpoddl UgSachM LAveDbidf cermsd &eréh%p@&b&abnbak%m%%rﬂQﬂe
C32L, and C76L because t he "sel ect p" rygn SELP Wi | not be activated for
r

even- nunber ed W@ow@i%) ul® ttlli’ét PQ@CH&T’?‘H’?% B0E pNY 2| SVETes
ClOL, C54L, C33putdiRahlUEs. uprhe anipresisionsofabdve iyiesld the following

simplé structure for the IDCT as implemented in this

5 embodiment:
Low-order outputs (for N=8, outputs k=(0,1,2,3}):
(E16):  y(k) = g(k) + h(k) |
High-order outputs (for N=8, outputs k={4,5,6,7}):
(E17):  y(k) = y(N-1-k') = g(k') - h(k')
10 Note that g(k) operates directly on even input values
to yield output values directly, whereas h(k') involves
- grouping of input values, as well as multiplication by the
values dl, 43, 45 and 47.
As always, the designer of an IDCT circuit is faced
15 with a humber of trade-offs, such as size versus speed and
greater number of implemented devices versus reduced
interconnection complexity. For example, .it is often
possible to improve the speed of con_tputation by including
more, or more complicated, devices on the silicon chip, -
20 but this obviously makes the implementation bigger or more
complex. Also, the area available or desired on the IDCT_
chip may 1limit or preclude the use of sophisticated,
complicated, designs such as "look-ahead" adders.

25 Standards of Accuracy
Assuming infinite precision and accuracy of all .

calculations, and thus unlimited storage space and
calculation time, the image recreated by performing the
IDCT on DCT-transformed image data would reproduce the
30 original  image pérfectly. Of course, such pérfection is
not to be had using existing technology.
In order to achieve some standardization, however,
IDCT systems - are at present measured according to a
standardized method put forth by the Comite Consultatif
35 International Telegraphique et Telephonique ("CCITT") in
"annex 1 of CCITT Recommendation H.261 -- Inverse
Transform Accuracy Specification". This test specifies



25 clock signal INCLK w Il therefore be equal to either the even-nunbered
inputs YO Y2, Y4, Y6 or the paired input values PO, Pl, P2 P3 for the
odd--nunbered i nputs. One should recall that the input ' {h
the value Y(-1), which is assumed to be zero. In FIG 4 ﬁ#ﬁLg %&ggﬁﬁﬁ?ﬂ:n
S |nplenented by not adding anything to the value Y1; %gpe Yl is only
mul tiplied by [err]2, as is shown in FIG§q 1 and 2. FI ST AT Es i h
preferred archi-tecture of the common bIocE CBLK according to the

embodi nent . Begaksesats 3% # e o/adeous-ByLbi PhiSaki ONsortbsl Rt t i Qmaddy the
di fferent systemblocks, it is necess?ly or advantageous to scale down the

i nput  val ues intggerRebe ganerAtef v fheaser blecks areé then DCT and IDCT
transformed (preceded or followed by predefined rounding,

clipping and arithmetic operations) using predefined

5 precision to produce 10,000 sets of 8-by-8 "reference"
IDCT output data.

When testing an IDCT implementation, the CCITT test
blocks are used as inputs. The actual IDCT transformed
outputs are then compared statistically'with the known

10 "reference" IDCT output data.- Maximum wvalues are
spécified for the IDCT in terms of peak, mean, mean square
and mean mean error of blocks as a whole and individual
elements. Furthermore, the IDCT must produce all zeros out
if the corresponding input block contains all zeros, and

15 the IDCT must meet the same standards when the sign of all
input data is changed. Implementations of the IDCT are
said to héve acceptable accuracy only if their maximum
errors do not exceed the specified maximum values when
these tests are run.

20 Other known standards are those of the Institute of
Electrical and Electronic Engineers ("IEEE"), in "“IEEE.,
Draft Standard Specification for the Implementation of 8
by 8 Discrete Cosine Transform", P1180/D2, July 18, 1990;
and Annex A of "8 by 8 Inverse Discrete Cosine Transform",

25 ISO Committee Draft CD 11172-2. These standards are
essentially identical to the CCITT standard described
above.

Hardware Implementation
30 FIG. 1 is a simplified block diagram that illustrates

the data flow of the IDCT method according to one

. embodiment (although the hardware structure, as is
illustrated and explained below, is made more compact and
efficient). In FIG. 1, the inputs to the system such as

35 Y{0)] and Y{4], and the outputs from the system, such as
X{3] and X[6], are shown as being conveyed on single
lines. It is to be understood that each of the singie-



perform ng the various calculations; this ensures a uniformposition for
t he® deci mal point (which is inplied for integer arithmetic) for _
corresponding inputs to the various arithnetic devices™
The input values INJ21:0] and [IN1[21:0] are acco
by a factor of four, which corresponds in digital arith
shift of two bits. In order to preserve ? e sign of the
positive val ues positive and negative values negative) Im 10 binary

representatio e I ga B t I in

P Bralfic1iRel £ ¥¥d. A2RboRELen Bk bz Eﬁﬂ? 6£8 %ﬁaxgnﬁ

the two nost significant f e resulting %)
process is kngﬂﬁmagf data buses to convey, prefera ly in parallel the

several-bit wide data words that each input and output
corresponds to.

5 In FIG. 1, large open circles represent two-input,
single-output adders, whereby a small circle at the
connection point of an input with the adder indicates that
the complement of the corresponding input word is used.
Adders with such a complementing input thus subtract the

10 complemented input from the non-complemented input. For
example, although the output TO from the upper left adder
will be equal to Y[O0] + Y[4] (that is, TO = YO + Y4, the
adder with the output Tl forms the value YO + (-1).Y4 = YO
- Y4. Adders with a single complementing input can

15 therefore be said to be differencing components.

Also in FIG. 1, constant-coefficient multipliers are
represented by solid triangles in the data path. For
example, the input Y1 passes through a V2 multiplier
before entering the adder to form BO. Consequently, the

20 intermediate value T3 = Y2.T3 = Y2.cls + Y6:c3s, and the
intermediate value B2 = plec3s - p3:cls = (Yl+Y31-ch -
(¥Y5+¥Y7).cls. By performing .the indicated additions,
subtractions, and multiplications, one will see that the
illustrated structure implements the expressions Ell and

25 E12 for g(0) to g(3) and h(0) to h(3).

FIG. 1 illustrates an important 'advantage of the
embodiment. As FIG. 1 shows, the structure is divided
into four main regions: a pre;common block PREC that forms
the paired inputs p(k) and multiplies the input Y(1) by

. 30 ¥2; a first post-common block POSTCl that includes four
multipliers for +the constants dl, d3, 45, 47 (see
expréssion El2); a second post-common block POSTC2 that
sums the g0 to g3 terms and the hO to h3 terms for the low
order outputs, and forms the difference of the g0 to g3

35 terms and the h0O to h3 terms for the high-order outpufs
{See expressions E16 and E17); and a common block CBLK
(described below).



"si-gn extension". Accordingly, the input value INO is downshifted by two
bits with sign extension to formthe 15 shifted input value indicated
as 1NJ21],INTJ21], INJ21:2]. The input value IN1[21:0] is simlarly

si gn- extended two pl aces. The input values |IN3 SHEET |
(corresponding, respectively, to inputs Y[3,2] and Y[7, )ELQK%MFAJ

ri ght one position with sign extension. _The 20 third ﬂ%%t 'S""PHQKE“P e
shifted and extended as |IN3[21], INS[Zf . The i nput| [RZ 1&7S)

1150 and ot o EEUIVLNG i L1 i Y TG ol *
shows, . t he i npbhesinNgt shgnals atcszdithgctontie dmbodinent,) qrdpesdingcal ed

coefficients ghsnanghg3%ven-numbered and odd-numbered input signals

involves a common operation represented by the matrix C.

5 This can be seen in FIG. 1, in which the common block CBLK

is included in both the even and odd data paths. In the

processing circuitry according to the embodiment, the

common operations performed on the odd- and even-numbered

inputs are carried out by a single structure, rather than

10 the duplicated structure illustrated in FIG. 1.

To understand the method of operation and the
advantages of éertain digital structures used in the
embodiment, it is helpful to understand what a "carry
word" is, and how it is generated.

15 In performing the two most common arithmetic
operations, addition and multiplication, digital dewvices
need to deal with the problem of "carry bits". As a
simple example, note that the addition of two binary
numbers is such ‘that 1+1 = 0, with a carry of "1", which

20 must be added into the next higher order bit to produce
the correct result "10" (the binary representation of the.
decimal number "2"). In other words, Ol + Ol = 00 (the
"sum" without carry) + 10 (the carry word):; adding the
*sum" to the "carry word", one gets the correct answer 00

25 + 10 = 10.

As a decimal exampie, assume that one needs to add
the numbers "436" and "825". The common procedure for
adding two numbers by hand typically proceeds as follows:

'1) Units: "6" plus "5" is "1", with a carry of "1"

30 into the "tens" position --

Sum: 1, Carry-In: 0, Carry-Out: 1;

2) Tens: “3" plus "2" is "5", plus the "1" carried
from the preceding step, gives "6", with no carry --
Sum: 5, Carry-In: 1, Carry-Out: 0O

35 3) Hundreds: "4" plus "8" is "2", with a carry of

' 1l into the thousands, but with no carry to be added in

from the previous step:;



Each input IN3 and IN2 nust be nultiplied by each of the scal ed

coefficients. As FIG 5 illustrates, this is inplenented by the four
constant-coefficient carry-save 30 multipliers MILO S—MINCIS MIC3S3,
and MULC3S2. One should note that the bottom nultig
inverting nmultiplier MILNCS, that is, its outp
negative of the value of the input nultlg%led by the
value latched in C76 35 i.s thus subtract fromthe u

(after mul tiglicatjo KR . ing the inverting nultlpller
- MULNC1S, th!gJu sutt?t'r acci% %'i mdl emen trgé%\ékd E

4) Thousands: "0" plus "0" is "0o", plus the "1"
carried from the hundreds, gives ™iv,

...........................

Sum: 0, Carry-In: 1, Carry-Out: O
5 The answer, "1261", is thus formed by adding the
- carry-in sum for each position to the sum for the same
position, with the carry-in to each position being the
carry-out of the adjacent lower-order position. (Note
that this implies that the carry-in to the lowest order

10 position is always a "0";) The problem, of course, is
that one must wait to add the "4" and "8" in the hundreds
place until one knows whether there will be a carry-in
from the tens place. This illustrates a "ripple adder",
which operates essentially in this way. A ripple adder

15 thus achieves a "final" answer without needing extra
storage elements, but it is slower than some other
designs. _

One such alternative design alternative design is
known as "carry-save", in which the sum of two numbers for

20 each p051t10n is formed by storing a partlal sum or result
word (in this example, 0251) and the carry values in a.
different word (here, 1010). The full answer is then
obtained by "resolving" the sum and carry words in a
following addition step. Thus, 0251 + 1010 = 1261. Note

25 that one can perform the addition for every position at
the same time, without having to wait to determine whether
a carry will have to be added in, and the carry word can
be added to the partlal result at any time as long as it
is saved.

30 Since the resolving operations typically require the
largest proportion of the time required in each
calculation stage, speeding up these operations has a |
significant effect on the overall operating speed while
requiring only a relatively small increase in the size of

35 the transform. Carry-save multipliers ﬁhus are usually
faster than those that use ripple adders in each row, but
this gain in time comes at the cost of greater complexity,



41 addi ng the negative of the correspondi ng value, which is equivalent to
formng a difference. This allows the use of identical C|rCU|try for the

subsequent adders, but a non-inverting multiplier my-he—tsed wi-t-h-a
follomnng 5 subtractor I n t he il lustrated eﬁbcnﬁﬁwmhycmdﬁmgﬁasT
cosine coefficient multipliers MILCLS, MILNCLS, MILC3B3, and MULC3S2 arje

i ncFuded. I f arrangenents are nmade for,signals to )&ﬁ&;SQﬂhdﬁEﬁﬂEﬁ
through nultipliers, however, 10 the necégéary nmul t i pHeats-ons—cout-d=—be

i mpl enented u onl e f the ogef fi,Gi.e f nd ane
for the c3s c% P%ebﬁgg:ég%rgu t|p||e L %@i§%' W£§§§1 %
MULC3S2 must be either stored or passed down to the next addition. _

Furthermore, in order to obtain the final product of a
multiplication, the final partial sum and final carry word
5 will have to be resolved, normally by'addition in a ripple
adder. Note, however, that only one ripple adder will be
needed, so that the time savings are normally proportional
to the size of the multiplication that must be performed.
Furfhermore, note that a carry word may be treated as any
10 other number to be added in and as long as it is added in
at some time before the final multiplication answer is
needed, the actual addition can be delayed.

In this embodiment, this possibility of delaying
resolution is used to simplify the design and increase the

15 throughput of the IDCT circuitry. Also, certain bits of
préselected carry wordé are, optionally, deliberately
forced to predetermined values before resolution in order
to provide greater expected accuracy of the IDCT result
based on a statistical analysis of test runs of the

20 invention on standard test data sets.

FIG., 2 1is a block diagram that illustrates a
preferred structure. In this preferred embodiment of the
invention, the even- and odd- numbered inputs are time-

25 multiplexed and are processed separately in the common
block CBLK. The inputs may be processed in either order.

In FIG. 2, the notation ¥[1,0], Y[5,4], Y¥(3,2] and
Y[(7,6] is used to indicate that the odd-numbered inputs
Yl, Y3, Y5, Y7 preferably pass through the calculation

30 circuitry first, followed by the even~-numbered inputs YO,
Y2, Y4, Y6.  This order is not essential to the
émdodiment; nonetheless, as is explained below, certain
downstream arithmetic operations are performed only on the
odd-numbered inputs, and by entering the odd-numbered

35 input values first, these downstream operations can be
going on at the same time that arithmetic operations
common to all inputs are performed upstream on the even-



are preferably of the carry-save type, which nmeans that 15 they produce two

out put words,
addj ti ons perf

connected. as i
For: ease of il

one corresponding to the result of the pari.ous.rows of

2,

ormed within a hardware multiplier, and C 1)
to the carry bits generated. The outputs fromthe ' ,

nputs to either of two 4-input 20 resollvi _gﬂdeﬁbbB@ga Bff3.

lustration only, five of thegutput buses QR EHE

e not drawn connected to thé corresponding input buses  of

mul tipliers ar
t he adders.

il lustrated by
Thus, the save
t he Iomer 21 bi
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beéﬁesfnﬁeegeﬁ ' ‘?H§sarxpecf\.g:et§e YRdensirdehged sdveral

each respective output a I nput havi ng _t he sane | abel.
ammﬁ&m?qmcsF%UiGFSOPtPREWREPtWﬁpiérrﬁﬂﬁ€ﬂslﬁéeconnected to
i ts ofgiliaara3ye- dhei NABtation X[0,7]1, X[1,6]), XI[3,4],

X[2,5] is used to indicate that the low-order outputs XO,
X1, X2, X3 are output first, followed by the high-order
outputs X4, X5, X6, X7. As FIGS. 1 and 2 illustrate, the

‘inputs are preferably initially not grouped in ascending

order, although this is not necessary according to the
invention. Thus, reading from top to bottom, the even-
numbered inputs are YO, Y4, Y2, and Y6 and the odd-
numbered inputs are Y1, Y5, Y3 and Y7. Arranging the
input signals in this order makes possible the simple

_ "butterfly" data path structure shown in FIGS. 1 and 2 and
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35

greatly increases the interconnection efficiency of the
implementation of the ihvention in silicon semiconductor
devices. '

In FIG. 2, adders and subtractors are indicated by
circles containing either a "+" (adder), "-" (subtractor,
that is, an adder with one complementing input), or "&"
(resolving adder/subtractgr, which is able to switch
between addition and subtraction). The left-most adders.
and subtractors in the common block CBLK are preferably
carry-save adders and subtractors, meaning that their
output upon additidn/subtraction of the two m-bit input
words is the m-bit partial result in parailel with the m-
bit or (m-1)-bit word containing the carry bits of the
addition/subtraction. In other words, the first additions
and subtractions in the common block CBLK are preferably
unresolved, meaning that the addition of the carry bits is
delayed until a subsequent processing stage. The
advantage of this is that  such carry-save
adders/subtractbrs are faster than conventional resolving
adders/subtractors since they do not need to perform the
final addition of the carry-bit word to the result.
Resolving adders may, however, also be 'used in order to
reduce the bus width at the outputs of the adders.



"sa" of the adder BT3. In FIG 5, five of the inputs to the adders BT2 and

30 BT3 are shown as being "split". For exanple, the "ca" input of the
adder BT2 is shown as having I N3[21] over M(C 20:0]. ls 1 '
interpreted to nean that, of the 22-bit input word, |
MBB, with the 21 bits of M3C[20:0] being input as theljlea t gbgnﬁﬂﬁcant
21 bits. Sinilarly, the "sa" (the "sav$ﬁg" i nput) of |thessane..adder.....s
shown as bei ng G\D, GND over M3S[ 19: 0] . '

appended as the twWergP alsoSiltiétfards HHes e UF neRPhaVekE-inpieh
appended bits
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I's means tha

latches in the preferred embodimeht of the invention. 1In
FIG. 2, latches are illustrated as rectangles and are used
in both the pre-common block PREC and. the post-cominon
block POSTC. Single-input latches are used at the inputs:
of the multipliers D1, D3, D5 and D7, as well as to latch
the inputs to the resolving adders/subtractors that

generate the output signals X0 to X7. As FIG. 2
illustrates, the inputs to  these resolving
adders[subtractors are the computed g(k) and h(k) values

corresponding to the respective outputs from 1latches
g[0,7)}, 9(1,6), 9[3,4] and g[2,5], and h{0,7), h{1,6],
h(3,4] and h(2,5). As such, the resolving
adders/subtractors perform the addition or subtraction
indicated in expressions E16 and El17 above.

As is explained above, the even-numbered inputs YO,
Y2, Y4, and Y6 do not need to be paired before being
processed in the common block CBLK. Not only do the odd-
numbered inputs require such pairing, however, but the
input Y1 must also be multiplied by v2 in order to ensure

that the proper input values are presented to the common

block CBLK. The pre-common block PREC, therefore,
includes a 2-input multiplexing ("mux") latch c1d, cs54,
C32 and C76 for each input value. One input to the 2-
input’” mux latch is consequently tied directly to the
unprocessed input values, whereas the other input is
received from the resolving adders and, for the input Y1,
the resolving v2- multiplier. -~ The correct paired or

unpaired inputs can therefore be presented to the common

block CBLK easily by simple switching of the multiplexing
latches between their two inputs.

As FIG. 2 illustrates, the v2-multiplier and the
multipliers D1, D3, D5, D7 preferably resolve their
outputs, that is, they generate results in which the carry
bits have been added in to generate a complete sum. This
ensures that the outputs from the muitipliers have the

Pk e i TBHERR
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ensure that t he proper 22-bit wide input words are forned with the proper
sign. The carry-save adders BT2 and BT3 add the carry and 5 save mords of
two, different 22-bit inputs to forma 22-bit output savy

ACERENTUSHET

a 21-bit output carry word T3( 21:1]. The input to eac

bits wide and the output fromeach adder is 43 bits w

indi cates, the output fromthe latch ClQ4s combined 1 Weter# rt@%ﬁ%
fromthe latch C54 in the upper - nost data pat h before oWttt he
output from LG Caii Sgyaeaddst Bliie THR-naPEPHISEAONInbsLaO! inhoRyer,
necessary until reaching the follow.n In the upper data path.

CbnsequentlyCQE¥QSRQnQB"§hGﬂ§a ﬂﬁé gﬁ%PtEGtéﬁd sign- 15 extended |nput‘
val ue ”WDlS connegHee i &f drhedipgRbod dimesit of the common block also

includes one "“dummy" adder and one "dummy" subtractor in
5 the forward data paths for Y[1,0] and Y[5,4),
respectively. These devices act to combine the two inputs
(in the case of the dummy subtractor, after 2’s-
complementing the one input) in such a way that they are
passed as parallel outputs. In these cases, the one input

nd -

10 is manipulated as if it contained carry bits, which are
added on in the subsequent processing stage. The
corresponding addition and subtraction is thus performed,
although it is delayed.

" This technique reduces the resources needed in the

15 upper two data paths since a full-scale adder/subtractor
need not be implemented for these devices. The
tcombiners" thus act as addef and subtractors and can be
implemented either as simple conductors to the next device
(for addition), or as a row of inverters (for

20 subtraction), 'which requires 1little or no additional
circuitry. -

The use of such combiners also means that the outputs
from the initial adders and subtractors in the common
block CBLK will all have the same width and will be

25 compatible with the outputs of the carry-save

' adder/subtractors found in the bottom two data paths, with
which they form inputs to the subsequent resolving adders
and subtractors in the common block CBLK.

As is mentioned above, the even-numbered inputs are

30 processed separately from the odd-numbered in this
preferred embodiment of the invention. Assume that the
odd-numbered inputs ,afe to be processed first.
Supervisory control circuitry (not shown in FIG. 2) then
applies the odd-numbered input words to the pre-common

35 block PREC, and selects the lower inputs (viewed as in
FIG. 2) of the multiplexing latches €10, C54, C32, C76,
‘which then will store the paired values p0 to p3 (see



I nput. The upper carry input of adder CSO is connected to the shifted and

si gh-extended input value INO and the shifted and sign-extended input |NL
i s connected as the 20 upper save input of the sane or.Ln ot her words,
INO, and IN1 are added later in the adder CSO. The desj| gl heR: -AHENEET
adder/subtractor used in FIG 2 therefore indicates I ch opgrail on s be
per for ned, al though it does not necessarll have to _____________________ Jihe
poi nt indicated in FIG. 2. Simlarly, t he3t over N

G2 et sl Ui LR e e G o e
t he conplenenthm,tbhloumpBL(ﬁhdIBhZ are then activated to latch the
values HO, H1l, H3, and H2, respectively.

The supervisory control circuitry then 1atehes and

5 then selects the upper inputs of the two-input
multiplexing latches C10, C54, C32 and C76 in the pre-
common bloqk PREC and applies the .even-numbered input
words to these latches. Since the even-numbered inputs
are used to form the values of g0 to g3, the supervisory

10 control circuitry then also opens the latches Lg0 to Lg3
in the post-common block POSTC, which store the g(k)
values.

Once the g(k) and h(k) values are latched, the post-
common block POSTC outputs the high-order output signais

15 X7, X6, X5 and X4 by switching the resolving adder/
subtractors to the subtraction mode. The low-order output
signals X3, X2, X1, and X0 are then generated by switching
the resolving adders/subtractors to the addition mode.
Note that the output data can be presented in an arbitrary

20 order, including natural order.

The preferred multiplexed implementaticn illustrated
in greatly‘simplified, schematic form in FIG. 2, performs
the same calculations as the non-multiplexed structure
illustrated in FIG. 1. The number of adders, subtractors

25 and multipliers in the common block CBLK is, however, cut
in half and the use of dummy adder/subtractors further-
reduces the complexity of the costly arithmetic circuitry.

FIG. 3 illustrates the main components and data lines
of an actual implementation of the IDCT circuit according

30 to the embodiment. The main components include the pre-
common block circuit PREC, the common block circuit CBLK,
and the post-common block POSTC. The system also includes
a cbntroller CNTL that either directly or 'indirectiy
applies input, timing and control signals to the pre-~

35 common block PREC and post-common block POSTC.

In the preferred embodiment of the invention, the
input and output signals (Y0 to Y7 and X0 to X7,




30 - Referring once again to FIG 5, the conplenent of the input INL
(corresponding to the output of latch C54 in FIG 2) is perfornmed b

22-bit input inverter INlI[21:0] (which generates the |ggcaF=in
each bit of its input, bit-for-bit). The conpl enent Y
NI N1[ 21:0J -- is passed to the upper "save" input of thg adder " N
t he*correspondi ng upper “"carry" input beigg t he shiftedl||dPaie si-gn= X End:
I NO. The upper 43 portion of the dder Cs1 t per f or s

the subtracti Qo SQUILEAROIYY rd 22 NPT Q¥Se! Mrests have indicated that
this is the minimum width that is possible that still
yields acceptable accuracy as measured by existing
industry standards. As is explained in greater detail

5 below, this minimum width is achieved in part by
deliberately forcing certain carry words "in. selected
arithmetic devices to be either a "1" or a "0". This bit
manipulation, corresponding to an adjustment of certain
data words, is carried out as the result of a statistical

10 analysis of the results of the IDCT system according to
the embodiment after using the embodiment for IDCT
transformation of known input test data. By forcing
certain bits to predetermined values, it was discovered
that the effects of rounding and truncation errors could

15 be reduced, so that the spatial outpuf data from the IDCT
system could be made to deviate less from the known,
"correct" spatial data. The invention is equally
applicable, however, to other data word lengths since the
components used in the circuit according to the embodiment

20 all can be adapted to. different bus widths using known
methods. ’ -
_ Although all four inputs that are processed together
could be input simultaneously to the pre-common block PREC
along 88 parallel conductors (4 x 22), pixel words are

25 typically éonverted one at a time from the serial
transmission data. According to  the embodiment, input
data words are therefore preferably all conveyed serially
over a single, 22-bit input bus and each input word is
sequentially latched at the proper input point in the data

30 path. In FIG. 3, the 22-bit input data bus is labelled
T_IN[21:0].

' In the Figures and in the discussion below, the -
widths of multiple-bit signals are indicated in brackets
with the high-order bit to the left of a colon ":" and thé

35 least significant bit (LSB) to the right of the colon.
For example, the input signal T_IN[21:0] is 22 bits wide,
with the bits being numbered from O to 21. A single bit



In-the lower two data paths shown in FIG 2, resolving subtractors are used
I nstead of the resolving 5 adders shown in the upper t _QQLD§ at t he
out put of the common bl ock CBLK. Each resol ving adder o ﬁﬁ#ﬂﬂjﬂ%r
equjval ent to a carry-save adder or subtractor followed|by  a “Fe&s
adder . This is shown in FIG 5. Subtractors CS g@Q@@SﬁU Ay aS
t hei'r inputs the processed 10 val ues of to | N3 accorsingf{a" hER........
connection structure shown in FIG 2. The 2-bit carry and save ou
fromeach of th tracto are | v n the_r ving
adders RESO ?éfggnggfgc%?P§§ 8&%§g % fg %gﬁé%gy
under st ood in Tlmsar'l’ Bil Y] gindicakes gthtamﬁx‘ts ttt:helxaﬁsm @ug@ﬁfd@@m bk in

greater detailgfefge Lbgmafs T 1IN,
The following control signals are used to control the

5 operation of the pre-common block PREC in the preferred
embodiment of the invention:

IN_CLK, OUT_CLK: The system according to the
embodiment preferably uses a non-overlapping twb-phase
clock. The signals IN_CLK and OUT_CLK are accordingly the

10 signals for +the input and output clock signals,
respectively. These clock signals are used to enable
alternating columns of latches that hold the values of
input, intermediate, and output signals.

LATCH10, LATCHS54, LATCH32, LATCH76: Preferably, one
15 22-bit word is input to the system at a time. On the
" other hand, four inpht signals are processed at a time.
Each input signal must therefore be latched at its
appropriate place in the architecture before processing
with three other-input words. These latch signals are

20 used to enable fhe respective input latches. The signal
LATCH54, for example, is first used to latch input signal
Y5 and later to latch input signal Y4, which enters the
pre-common block PREC at the same point as the input
signal Y5 (see FIG. 2) but during a subsequent processing

25 stage. ' ) '

LATCH: Once the four even- or odd-numbered input
signals are latched into the pre-common block PREC, they
are preferably shifted at the same time to a subsegquent
column of latches. The signal LATCH is used to enable a

30 second column of input latches that hold the four input
values to be operated on by the arithmetic devices in the
pre-common block PREC. _

SEL_BYP, SEL P: As FIG. 2 illustrates, the even-
numbered input signals that are latched into the latches

35 C10, C54, C32, and C76 should be those that bypass the
adders and the V2 resolving multiplier. The odd-numbered
input signals, however, must first be paired'to form the



5 illustrates, the save outputs fromthe carry-save adder s/ subtractors
CSG- CS3 are passed directly as 22-bit inputs to the "a"-input of the

cor respondi ng resol ving 20 adders RESO RES3. As is mell KimowT, T
2' s-conpl enent of a binary nunber is formed by inverting 5@WLGPEWR¥ﬁ?ﬁE§T

(chang| ng all "lI's" to "Os" and vice versa) and then ad 21] AUt g9g hat .
the*' 1" can be added i nmedi ately after thg bit 25 inversi or- ratermnuThe
LSB of a carry word will always be a , which is inplenented N

o ground cb SE-ERR, SHPEED ftn)Y e e SFefa) ' BE BEEELPE RIS kR 8R" 01
respectively. bﬂTébaddTheoqootrol"Sign@heSBD_BﬁPrysou39dtSOoSeiaet the
subtractors CSgnondufes,  Obhpass2’ Snput signals (the even-numbered
inputs), whereas the signal SEL_P is activated in order to
5 select the paired input signals. These signals are thus

‘ used to control gates that act as multiplexers to let the
correct signals péss to the output latches of the pre-
common block PREC.

As is explained above, not arranging the inputs in

10 strictly ascending order leads to a simplified "butterfly"
bus structure with high interconnection efficiency. As is
explained above, the odd inputs are preferably applied as
a group to the pre-~common block first, followed by the
even~numbered inputs, but any order may be used within

15 each odd or even group. Any order of inputs may be used,
however, suitable latch arrangements being provided to
process the odd~numbered and even-numbered inputs are
separately,' or at leést in separate regions of the
circuit.

20 The supervisory control circuitry also generates
timing and control signals for the post-common block.
POSTC. These control signals are as follows:

EN BH, EN_GH: Considering for the moment FIG. 1,
the outputs from the common block CBLK, after processing

25 of the odd-numbered inputs, are shown as HO, Hl, H3 and
H2. These signals are then sent to the coefficient
multipliers, d1, d3, 47, d5, respectively, in the first
post-common block POSTC 1. The signal EN_BH is used to
enable latches that hold signals corresponding to HO to

30 H3. The signal EN_GH is used to enable latches that hold
the g0 to g3 values, as well as latches that hold the hO
to h3 values after they have been multiplied in the
coefficient multipliers. |

ADD, SUB: As FIG. 2 illustrates, the embodiment

35 includes a bank of resolving adders/subtractors that sum
and difference g{k) and h(k) values in order to form the
low-order and high-order outputs, respectively.  The




conpl enment ed val ues, however, is inplenmented by tying the LSB of these data
wor ds 02C and 03C to the supply vol tage VDD, thus repIaC|ng the "0" LSB
of the carry. word by a "1'", which is. equival ent to adgetForbr—=3——35
For .the reasons given above, a "0" is appended as the I BEPLAGESENT SHEET
carry words fromthe carry-save adders CSO and CS1 (by i{tying Z;EMB to
ground GND) and the LSB of the carry mg ds fromthe |cBratey-? ..
subtractors CS2 and CS3 is set equal to " " by tying corTespondr ng

o e o PR e e Tt ccers RS IERG
adders/subtractors in the addition and subtraction modes,
respectively. )

EN_O: This signal is used to enable output latches

5 that latch the results from the  resolving
adders/subtractors. ,

'MUX_OUT70, MUX_OUT61, MUX_OUT43, MUX _OUTS52: The

output data from the system is preferably transmitted over

a single 22-bit output bus, so that only one output value

10 (X0 to X7) is transferred at a time. These signals are

activated sequentially to select which of the four latched

output values is to be latched into a final outpﬁt latch.

These signals thus act as the control signals for a 4-to-1

multiplexer.

15 T_OUT[Zl:O]: This label indicates the 22-bit output
signal from the post-common block POSTC.

The output signals from the pre-common block PREC are
latched to form the inputs signals to the common block
CBLK. In FIG. 3, the output signals from the pre-common

20 block PREC are represented as the four 22-bit data words
CI10{21:0], CI154[21:0], CI132[21:0], CI76[21:0]), which
become the input signals IN{[O], IN[1], IN[3], 1IN{[2],
respectively, to the common block CBLK.

As FIG. 3 shows, the four. 22-bit results from the

25 common block CBLK are transferred in parallel as output
signals OUTO[21:0]}, OUT1[21:0], oOuUT3{21:0], 0OUT2[21:0],
which are then latched as the input signals of the post-
common block POSTC as CO70[21:0], CO61[21:0], CO43[21:0],
C052[21:0].

30 One should note in particular that no control signals
are required for the common block CBLK. Because o0f the
unique structure of the IDCT system in this example, the
common block of operations can be performed as pure logic
operations, with no need for clock, timing or control

35 signals. This further reduces the complexity of the
device. One should note that certain applications
(particularly those in which there is plenty of time to



5 subtractors CSO-CS3 to form-the 22-bit output signals OQUT( 21: 0] -
OUT3[21: 0] . Two advantages of the IDCT circuitry according to the

enhodi ment- can be seen in FIG 5. First, no control or timn

required for the conmmon bl ock CBLK; 10 r at her, the input ||sRE n'a?“sgf%\‘fﬁgggr
cofmon bl ock are already processed in such a way that thgy_can /b pappliggg
| mredi ately to the pure-logic arithnetic ggvices in the @o OB bt ock T

Second, by proper scaling of the data words, integer arithnmetic can be used

t hroughout (or pedfolm afasheedesl a?itmwicfepeeahaﬁéyeéhw ékebeoﬁhggd)
Thi s avoi ds the&E IeX|t g]]gc%\%ness of _fl oating-pol nt Ices, Wt
i

unaccept abl e s&@ ?E??ﬁ P?@F'aﬁeﬁﬂﬁrmﬁﬂﬁgﬁ¥h§@ arrgpged to
enbodi ment is 6befatbyw1thout clock, timing or control signal.

FIG. 4 is a block diagram of the pre-common block
5 PREC. In this and following figures, the notation "si[a],
s2(b)}, ..., SM[Z]," where S is an arbitrary signal label
and a, b,..., 2z are integers within the range of the
signal’s bus width, indicates that the selected bits a,
b,...,z from the signals S1, S2,...,SM are transferred in
10 parallel over the same bus, with the most significant bits
(MSBs) being the selected bits "a" of the signal S1, and
the least significant bits (LSBs) being the selected bits
"z" of signal SM. The selected bits do not have to be
individual bits, but rather, entire or partial multi-bit
15 words may also be transmitted along with other single bits
or complete or partial multi-bit words. 1In the figures,
the symbol S will be replaced by the corresponding signal
label.

For example, in FIG. 4, a v2-multiplier is shown as

20 R2MUL. The "save" or "unresolved sumn" output from this
non-resolving multiplier is indicated as the 21-bit word_
.MSS[ZO:O]._ The "carry" output from the multiplier R2MUL
is shown as the 22-bit word MS5C[21:0], which is
transferred over the bus to the "b" input of a carry-save

25 resoiving adder MSA. (Recall that a "0" is inserted as an
MSB to the least significant 21 bits of the save output,
however, before being applied to the "a" input of the
resolving adder M5A. This is indicated in FIG. 4 by the
notation GND,M5S5[20:0]}). In other words, the conductor

30 corresponding to the MSB input to the adder MSA is forced
to be a "0" by tying it to ground GND.

In order to understand why a "0" is thus inserted as
the 22’nd bit of the "sum" output, observe that if the
partial sum of a multiplication is n places wide, the

35 carry word will normally also have n places. In adding
the carry word to the partigl sum, however, the carry word

is shifted one place to the left relative to the partial



ordering -the inputs as shown, and by using the bal anced 20 deC|nated
nmet hod according to the enbodlnent simlar design structures can be used -
at several points in the silicon |nplenentation For e = RRG—)
5, the constant coefficient nultipliers MULC S, MILC3S3| R&M:GCISAEMNEHEET

MULNC1S all have simlar structures and receive data 25|jat th% sane p0|nt

In the data path, so that aII four nultighiers can be rRMHg

time. This elimnates "bott| enecks" and t he LLUT

i mpl ement at i 0gyps t’bﬁ@ 8y t»szt@heaei.»ulfbrad&ﬁe&ﬁg@ b hPe dCakii®

par al | el structur The carry-saye BT2 and BT 5|n1larl Wi | |
be able to woRkV F&ﬁ@o%&Fyl gﬁﬁ ﬁg PBFPGWPHgaegrPy ‘Qdv s and

subtractors. Ibasts;ﬁgaﬁfycahtdpssgnlemmksﬁﬂ¢slﬁﬁér§|iﬁﬂﬁdﬂhﬂngsbefore
this position to produce a carry bit into the units

5 position). If these two words are used as inputs to a

resolving binary adder, care must be taken to ensure that

the bits (digits) of the carry word are prbperly aligned

with the corresponding bits of the partial sum. This also

ensures that the decimal point (even if only implied, as

10 in integer arithmetic) is kept "aligned" in both words.
Assuming the inputs to the adder are n+l bits widé, a “ov
can then be inserted into the highest~order bit of all n-
bit positive partial sum words to provide an n+l-bit input
that is aligned with the carry word at the other input.

15 As 1is described above, the four inputs that are
processed at a time in the pre-common block PREC are
transferred over the input bus T_IN{21:0]. This input bus
is connected to the inputs of four input latches IN10L,
IN54L, IN32L, and IN76L. Each respective latch is enabled

20 only when the input clock signal 1IN CLK and the
corresponding latch selection signal LATCH10, LATCHS4,_
LATCH32, LATCH76 are high. The four inputs can therefore
‘'be latched into their respective input latches in four
periods of the IN_CLK signal by sequential activation of

25 the 1latch enabling signals LATCH10, LATCH54, LATCH32,.
LATCH76. During this time, the LATCH signal should be low
(or on a different phase) to enable the input latches
IN10L, IN54L, IN321, IN76L to stabilize and latch the four
input values.

30 An example of the timing of the latches is
illustrated in FIG. 7a. Once the four input'signals'are
latched in the ‘preferred order, they are passed to a
second bank of latches L10L, L54L, L32L, L76L. These
second latches are enabled when the signals OUT_CLK and

35 LATCH are high. This signal timing is also illustrated in
FIG. 7a.



utilization of several devices.is common throughout the structure according
to the enbodi nent. 35 Fig. 6 shows the preferred -arrangenent of

t he. post-common bl ock POSTC. As FIG 2 shows, the pring functions of the
post-common POSTC are to formthe hOto 45 h3 val ues :

out puts of the common bl ock by the coefficients dl, d3,
therg(k) and h(k) values to formthe Iomggrder outputs;
h(k) values fromthe correspondi ng g(k) val ues to for

outputs. Referring,f@Wh& the system does not have to delay-receipt
of all eight input words. Once all the even or odd input
words are received and latched in IN10L, INS54L, IN32L and
IN76L, they can be transferred at the next high period of
5 OUT_CLK to the latches L10L, LS54L, L32L and L76lL. This
‘then frees the IN latches, which can begin to receive the
other four input signals without delay at the next rising
edge of IN_CLK.
The 2-digit suffix notation (10, 54, 32, 76] used for
.10 the various components illustrated - in the figures
indicates that odd~numbered signals are proceésed first,
followed by the even-numbered sighals on a subsequent pass
through the structure. 'As is mentioned above, this order

is not necessary.
15 Once the four input signals are latched in proper
- order in the second latches L10L, L54L, L32L, L76L, the
corresponding values are either passed as inputs to output
latches C10L, C54L, C32L, and C76L on activation of the
- selected bypass signal SEL_BYP, or they are passed as
20 paired and multiplied inputs to the same output latches
upon activation of the "“select p" signal SEL_P. 1In other_
words, all signals are passed, both directly and
indirectly, via arithmetic devices, to the output latches
C10L, C54L, C32L, C76L of the pre-common block PREC. The
25 proper values, however, are loaded into these latches by
activation of the "select bypass" signal SEL_BYP (for the
even-numbered inputs YO, Y2, Y4, Y6) or: the "select p"
signal SEL P (for the odd-numbered inputs Y1, ¥3, ¥5, and
¥7). The desired timing and order of these and other
30 control signals is eésily accomplished in a known manner
by proper configurafion and/or'[micro-] programming of the

controller CNTL.

The uppermost input value at the output of latch L10L
is passed first to the v2-multiplier R2MUL and then to the
35 resolving adder MSA as indicated above. The output from
the resolving adder M5A is shown as M5(21:0), which
corresponds to the 22-bit value p0 shown in FIG. 1. The



both FIG 2 and FIG 6, the post-comon bl ock POSTC | atches the
corfespondi ng outputs fromthe common bl ock CBLK into | atch: ‘M;hq

BH3lL, and BH2L when the BH | atches are enabl ed, the cont fokciActf' LY ts-
the, EN BH 10 signal high, and the output clock signal C CLK2di gwd Wdes
high. = The g(k), gOto g3 values are |atched into correspbaging archss
G0OL, GlL, GL and &L when the control cigguitry enabl es at ches vi a
.the signal EN GH and the input clock signal | NCLK goes high. 15 The

processed oddpBupher eﬁigﬁapumﬁém B3t 14 Senubhecne! Bﬁ%ik}gﬂaﬁthsbf Ale
| atched into | atches , HIL L. .and H2L when the EN GH and | NCLK _signal s
are high, via fRSOLYRS BHL tiBAAFRELRR O he AYtEIE ML theaNBtchENOL and

D7MIL.  These @yl W) | erReMaluttpplty, frofmpatid wthar byhree latches L54L,
’ L32L, L76L are also transferred to corresponding output
5 latches CS54L, C32L, and C76L, respectively, both directly
via - 22-bit latch buses LCH54([21:0], LCH32[21:0],
LCH76[21:0] and indirectly to the output latches via
resolving adders P2A, PlA, and P3A, respectively.
Each resolving adder P2A, PlA, P3A has two inputs,
10 "a" and "b". For adder P2A, the one input is received

from the latch L32L, and the other input is received from
the latch L54L. For input values ¥5 (latched in L54L) and
Y3 (latched in L32L), the output from the adder P2A will
therefore be equal to Y5 + Y3, which, as is shown above,
15 is equal to p(2). The adders thus "pair" the odd-numbered .
inputs to form the paired input values'p(l), p(2), and
p(3). Of course, the even-numbered input signals latched
in L54L, L32L, L76L will also pass through the resolving
adders P2A, Pla, and P3A, respectively, but the resulting
20 p "values" will not be passed to the output latches C54L,
C32L, and C76L because the "select p" signal SEL_P will
not be activated for even-numbered inputs.
The values that are latched in the output latches
Cl10L, C54L, C32L, and C75L upon activation of the input
25 clock signal IN_CLK will therefore be equal to either the
even-numbered inputs Y0, Y2, Y4, Y6 or the paired input
values PO, Pl, P2, P3 for the odd-numbered inputs. One
should recall that the input Y(1) is "paired" with the
value Y(-1), which is assumed to be zero. In FIG. 4, this
30 assumption is implemented by not adding anything to the
value Y1l; rather, Y1l is only multiplied by Iz, as is shown
in FIGS. 1 and 2.
- FIG. 5 illustrates the preferred architecture of the
common block CBLK according to the embodiment. Because of
35 the various multiplications and additions in the different
system blocks, it is necessary or advantageous to scale
down the input values to the common block before



20 dI, d3, d5 and d7. In the preferred enbodi nent, these

constant-coefficient nultipliers are preferably carry-save multipliers in
order to sinplify the design and to increase cal culation speed. As FIG 6 -
ilTustrates, the "carry" ("c") outputs from the co 11 )
25 nultlpllers are connected, with certain changes des rlgBéA #ﬁgﬁlsﬁkﬁfhs
a | nputs of resolving adders HOA, H1A H3A®nd H2A. T e
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various arithmetic devices in the systen.

The input wvalues 1INO{21:0] and 1IN1{21:0) are
accordingly scaled down by a factor of four, which
corresponds in digital arithmetic to a right shift of two
bits. In order to preserve the sign of the number (keep
positive values positive and negative values negative) in
binary representation, the most significant bit (MSB) must
then be replicated in the two most significant bits of the
resulting right-shifted word; this process is known as
"sign extension". Accordingly, the input value INO is
downshifted by two bits with sign extension to form the
shifted input value indicated as INO[21],INO[21],
INO[21:2). The input value IN1([21:0]) is similarly sign-
extended two places. The input values IN3 and IN2
(corresponding, respectively, to inputs ¥Y(3,2] and ¥({7,6]})
are shifted right one position with sign extension. The
third input is therefore shifted and extended as
IN3{21],IN3[{21:1]). The input IN2 is similarly shifted and
extended to form IN2([21],IN2(21:1). These one-positio;
shifts correspond to truncated division by a factor of
two. '

As FIG. 2 shows, the inputs IN3, IN2 are those which
must be multiplied by the scaled coefficients cls and c3s.
Each input IN3 and IN2 must be multiplied by each of the
scaled coefficients. As FIG. 5 illustrates, this is
implemented by the four constant-coefficient carry-save
multipliers MULC1S, MULNC1S, MULC3S3, and MULC3S2. One
should note that 'the' bottom 'multiplier for IN2 is an
inverting multiplier MULNCIS, that is, its output
corresponds to the negative of the value of the input

multiplied by the constant C1S. The value latched in C76

is thus subtracted from the value latched in €32 (after
multiplication by C38). By providing the inverting

multiplier - MULNC1S, this subtraction is implemented by



correspondi ng "save" output for HOis set to O (tied to

the’second bit (corresponding to HOS[1]) is set to "1". REmgAday@MmgggET
fromthe carry and save outputs of the constant-coeffigjent nuEU|mUbe%Nﬁ

D3MJL are simlarly mani pul ated and input to the re er..HIA...
The advantage of these mani pul ations is described bel ow=—Al

carry output fromthe coefficient 5 nultjpliers D7/MJIL and D5SMJL are
connected directly to the "a" input of corresponding resolving adders H3A

and H2A. The By ﬁ?&h\é@’étﬁi\i&i@f'&é SEYere SPbREL ng NONBYE! [ whEch is
equivalent to forming a difference. This allows the use
of identical circuitry for the subsequent adders, but a
‘non-inverting multiplier may be used with a following

5 subtractor.

In the ' illustrated embodiment, four cosine
coefficient multipliers MULC1S, MULNC1lS, MULC3S3, and
MULC3S2 are included. If arrangements are made for
signals to pass separately through multipliers, however,

10 the necessary multiplications could be implemented using
only two multipliers, one for the cis coefficient and one
for the c3s coefficient.

The multipliers MULC1S, MULNC1S, MULC3S3, and MULC3S2
are preferably of the carry-save type, which means that

15 they prbdude two output words, one corresponding to the
result of the various rows of additions performed within
a hardware multiplier, and another corresponding to the
carry bits generated. The outputs from the multipliers
are then connected as inputs to either of two 4-input
20 resolving adders BT2, BT3. B

For ease of illustration only, five of the output
buses from the multipliers are not drawn connected to the
corresponding input buses of the adders. These
connections are to be understood, and are illustrated by

25 each respective output and input having the same label.
Thus, the save output M1S[{20:0] of the multiplier MULC1S
is connected to thé lower 21 bits of the "save-a" input
"sa" of the adder BT3.

In FIG. 5, five of the inputs .to the adders BT2 and

30 BT3 are shown as being "split". For example, the "ca"
input of the adder BT2 is shown as having IN3[21) over
M3C[20:0]. This is to be interpreted to mean that, of the
22-bit input word, IN3(21] is input as the MSB, with the
21 bits of M3C[20ﬁ0] being input as the least significant

35 21 bits. Similarly, the "sa" (the "save-a" input) of the
same adder is shown as being GND,GND over M3S{19:0]. This

means that two zeros are appended as the two most
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The carry-save adders BT2 and BT3 add the carry and
save words of two different 22-bit inputs to form a 22-bit
output save word T3S{21:0]) and a 21-bit output carry word
T3C[21:1). The input to each adder is thus 88 bits wide
and the output from each adder is 43 bits wide. As FIG.
2 indicates, the output from the latch C10 is combined
with the output from the latch C54 in the upper-most data
path before addition with the output from the carry-save
adder BT3. The "combination" is not, however, necessary
until reaching the following adder in the upper data path.
Consequently, as FIG. 5 shows, the shifted and sign-
extended input value.INO is connected to the upper carry
input.

The upper carry input of adder CSO0 is connected to
the shifted and sign-extended input value INO, and the
shifted and sign-extended input IN1 is connected as the
upper save input of the same adder. In other words, INO
and IN1 are added later in the adder CSO.

The designation "dummy" adder/subtractor used in FIG.
2 therefore indicates which operation must be performed,
although it does not necessarily have to be performed at
the point indicated in FIG. 2. Similarly, the lower dummy
subtractor shown in FIG. 2 requires that the output from
latch C54 be subtracted from the output from latch cio.
This is the same as adding the output from C10 to the
complement of the output of CS54. _

Referring once again to FIG. 5, the'cbmplement of the
input IN1 (corresponding to the output of latch €54 in
FIG. 2) is performed by a 22-bit input inverter IN1I{[21:0)
(which generates the logical inverse of each bit of its
input, bit-for-bit). The complement of INl1 value -~-
NIN1[21:0] ~-- is passed to the upper "save" input of the
adder CS1, with the corresponding upper "carry"_inpdt

being the shifted and sign-extended INO. The upper
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preti sion, and truncation and rounding errors, there |s typically sone

i naccuracy in 25 every data word in an |IDCT system
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result of corresponding calculations is deliberately
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The bit-forcing schanettmedlmrbe_tmmdév;a \nattfhs shown in FIG. 2,
- resolving subtractors are used instead of the resolving
5 adders shown in the upper two data paths at the output of
thé common block CBLK. Each resolving adder or subtractor
is equivalent to a carry-save adder or subtractor followed
by a reseclving adder. This is shown in FIG. S.
Subtractors CS2 and CS3 have as their inputs the processed
10 values of INO to IN3 accofding to the connection structure
shown in FIG. 2.

The 22-bit carry and save outputs from each of the
' adders/subtractors CS0-CS3 are resolved in the resolving
adders RESO-RES3. Resolution of carry and save outputs is
15 well understood in the art of digital design and is
therefore not described in greater detail here. As FIG.
5 1illustrates, the save "outputs from the garry-savé
adders/subtractors CS0-CS3 are passed directly as 22-bit
inputs to the "a"-input of the corresponding resolving

20 adders RESO-RES3.

As is well known, the 2’s-complement of a binary

number is formed by inverting each of its bits (changing
all "1’s" to "0’s" and vice versa) and then adding "1i".
Note that the "1" can be added immediately after the bit
25 inversion, or later. The LSB of a carry word will always
be a "o¥, ‘which is implemented in the illustrated
embodiment by tying the LSB of the carry words 0O0OC and 01C
to ground GND as they are input to the resolving adders
RESO and RES1, respectively. The addition of "1" to the
30 carry outputs of the subtractors €S2 and CS3 to form 2’/s-

complemented values, however, is implemented by tying the "

LSB of these data words 02C and 03C to the supply voltage
VDD, thus "replacing" the "0" LSB of the carry word by a
v1%, which is equivalent to addition by "1".

35 For the reasons given above, a "0" is appended as the
LSB to the 21-bit carry words from the carry-save adders
€S0 and CS1 (by tying the LSB to ground GND) and the LSB

cerror-therelly
systenatically 30 introduced into a particular data word at a particular

by



certain bits always forced to take specified values, but rather a dynamc

schene nmay al so be used. For exanpl e, sel ected bItS of a data mnrd may
be forced to "1" or "0" dependi ng on whether the word (or
data) is even or odd, positive or negative, above or belo
t hreshold, etc. 5 Normal ly, only small systematic chg
needed to inprove overall statistical perfsrmance. Cbnsequ‘
to this enbodiment, the LSB's of selected data words (prefeé

and one data WeECtAe GattgBsords vegh th &at&yﬂghva%ﬁﬁﬁﬁéd'&oﬁé Q:éz)raﬁﬁﬁ to
Cs3 is set equal to "one" by tying the corresponding data
line to the supply voltage VDD. The fesolving adders
RESO-RES3 therefore resolve the outputs from the adders/
5 subtractors CS0-CS3 to form the 22-bit output signals
ouT0[21:0)] - OUT3[21:0].
Two advantages of the IDCT circuitry according to the
embodiment can be seen in FIG. 5. First, no control or

timing signals are required for the common block CBLK:
10 rather, the input signals to the common block are already
prdéessed in such a way that they can be applied
immediately to the pure-logic arithmetic devices in the
common block. Second, by proper scaling of the data
words, integer arithmetic can be used throughout (or, at
15 least, decimal point for all values will be fixed). This
| avoids the complexity and slowness of floating-point
devices, with no unacceptable sacrifice of precision.
Yet another advantage of the embodiment is that, by
ordering the inputs as shown, and by using the balanced
20 decimated method according to the embodiment, similar
design structures can be used at several points in the
silicon implementation. For example, in FIG. 5, the
constant coefficient multipliers MULC1S, MULC3S3, MULC3S2,
and MULNC1S all have similar structures and receive data
25 at the same point in the data path,'so that all four
multipliers can 'be working at the same time. This
eliminates "bottlenecks" and  the  semiconductor
implementation is then able to take full advantage of the
duplicative, parallel structure. The carry-save adders
30 BT2 and BT3 simiiafly will be able to work simultaneously,
as will the following carry-save adders and subtractors.
This symmetry of design and efficient simultaneous
utilization of several devices is common throughout the
structure accérding to the embodiment.
35 Fig. 6 shows the preferred arrangement of the
post-common - block POSTC. As FIG. 2 shows, the primary
functions of the post?common POSTC are to form the hO to



10 be a "1" or a "O'. The CCITT test is run, and the CC TT statistics for

the'run are conpil ed. The bit is then forced to the other_of "1" or "0",
and-the test is rerun. Then the LSB (or LSBs) of other da r [ )
forced to "1" and "Q', and simlar statistics are conplle:qR Q ﬁgﬁ%ShEET
exam ni ng the statistics for various combinations of fOFC'quét li AUy
forced words, a best statistical performapge can be deter 0

statistically based i nprovenent is not required, however, the outputs from
t'he constant - R0 vepaidd cm;enﬁuwi;blpim@rsnal ShtputB Nk, thEMebmmeéAdpBokL may

o esalved |y sopugpbianglee o1 e TR0 Sor TR R he
as the upper 2ndihék) values to form the low-order outputs; and to
subtract the h(k) values from the corresponding g(k)
5 values to form the high-order outputs. Referring now to
both FIG. 2 and FIG. 6, the post~common block POSTC
latches the corresponding outputs from the common block
CBLK into latches BHOL, BH1L, BH3L, and BH2L when the BH
latches are enabled, the control circuitry sets the EN_BH

10 signal high, and the output clock signal OUTC_CLK signal
goes high. The g(k), g0 to g3 values are latched into
corresponding latches GOL, G1lL, G3L and G2L when the
control circuitry enables these latches via the signal
EN_GH and the input clock siQnal IN_CLK goes high.

15 The processed odd-numbered inputs, that is, the
values hO to h3, are latched into latches HOL, H1L, H3L
and H2L when the EN_GH and IN_CLK signals are high, via
the constant coefficient multipliers D1IMUL, D3MUL, DSMUL
and D7MUL. These multipliers multiply, respectively, by

20 d1, 43, d5 and d7. In the preferred embodiment, these
constant-coefficient multipliers are preferably carry-save
multipliers in order to 51mp11fy the design and to
increase calculation speed. As FIG. 6 illustrates, the
"garry"' ("c") outputs from the .constant coefficient

25 multipliers are connected, with certain changes described
below, to the a inputs of resolving adders HOA, H1A, H3A
and H2A. The "save" ("s") outputs from the coefficient
multipliers are similarly, with certain forced changes
described Dbelow, connected to other input of the

30 corresponding resolving adder.

As FIG. 6 illustrates, the LSB of the HO signal is
preferably forced to be a "1" by tying the corresponding
‘line to the supply voltage VDD. The MSB of the
corresponding "save" output for HO is set to 0 (tied to

35 ground GND), and the second bit (corresponding to HOS[1])
is set to "1M. The data words from the carry and save
outputs of the constant-coefficient multiplier D3MUL are



at the input of the corresponding | atches HOL- FBL with 25 the LSB of these
i nputs tied to ground. The outputs fromthe H1atches (HOL- H3L) and the

G latches (GOL-G3L) pairwise formthe respective a- and s.to
resol ving adder-subtractors S70A, S61A, S43A and S52A HEPEAQEQEQ&%##E
above, these devices add their 30 inputs when the ADD si 5

naI i's hi ,
subttact the "b" input fromthe "a" I nputgghen the subt ZlnzﬁgJGe]
signal SUB is high. The second blts of t%e upper two | :

and HIL, G L & i AbASoRYatld | AL €6 NSRECHend1 1h

descrlbed bel ow. 35 he outputs fromthe resolvin adder-subtractors
S70A, S61A, sm-andTBszﬂdXPBtPaPcﬁéd thass MARARULERLRS ¥ ofesepibed raaL
and R52L. below.

All 22-bits of the carry output from the coefficient

5 multipliers D7MUL and D5MUL are connected directly to the

“a' input of corresponding resolving adders H3A and H2A.

The MSB of each multiplier's "save" output, however, is

forced to be a "0" by tying the corresponding data line to
ground GND.

10 The IDCT system described was tested against the
CCITT specification described above. Because of the
scaling and other well-known properties of digital adders
and multipliefs, some precision is typically lost during
the various processing stages of the device. The

15 inventors discovered through a statistical analysis of the
10,000-sample test run that forcing the various bits
described above to either "0" or "1" reduced the expected
error of the digital transformation. As a result of the
bit manipulation of the data words, the embodiment

20 achieved acceptable accuracy under the CCITT standard
using only 22-bit wide data words, whereas 24 bits would
normally be required to produce equivalent accuracy.

Because of limited precision, and truncation and
rounding errors, there is typically some inaccuracy in

25 every data wo;d in an IDCT system. Of course, forcing
selected bits of a data word to be other than they would
be as a natural result of corresponding calculations is
deliberately introducing "error". The inventors
discovered, however, that the error thereby systematically

30 introduced into a particular data word at a particular
point in the hardware yielded statistically better overall
results. Bit-forcing may also be applied "within" a
multiplication, for examplé, by selectively forcing one or
more carry bits to predetermined values.

. 35 The bit-forcing scheme need not be static, with
certain bits always forced to take specified vaiues, but
rather a dynamic-scheme may also be used. For example,



4 8 In FIG 6b,
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depending on whether the word (or even some other data) is
even or odd, positive or negative, above or below a
predetermined threshold, etc.

Normally, only small systematic changes will be
needed to improve overall statistical performance.
Consequently, according to this embodiment, the LSB's of
selected data words (preferably one bit and one data word
at a time, although this is not necessary) are forced to
be a "1" or a "0". The CCITT test is run, and the CCITT
statistics for the run are compiled. The bit is then
forced to the other of "1" or "0", and the test is rerun.

.Then the LSB (or'LSBs) of other data words are forced to

"1" and "0", and similar statistics are compiled. By
exémining the statistics for various combinations of
forced bits in various forced words, a best statistical
performance can be determined.

If this statistically based improvement is not

requiféd, however, the outputs from the constant-
coefficient multipliers D1IMUL, D3MUL, DSMUL, and D7MUL may

be resolved in the conventional manner in the resolving .

adders HOA-H3A. The lower 21-bits of the outputs from the
resolving adders HOA-H3A are applied as the upper 2l-bits
at the input of the'corresponding latches HOL-H3L, with
the LSB of these inputs tied to ground.

The. outputs from the H-latches (HOL-H3L) and the

G-latches (GOL-G3L) pairwise form the respective a~ and b-
inputs to resolving adder-subtractors S70A, S61A, S43A and

'S52A. As was indicated above, these devices add their

inputs when the ADD signal is high, and‘subtract the "b"
input from the "a" input when the subtraction enable
signal SUB is high. The second bits of the uppér two
latch pairs HOL, GOL and H1L, GlL are manipulated by
multiplexing arrangements in a manner described below.

The outputs from the resolving: adder-subtractors
S70A, S61A, S43A and S52A are latched into result latches
R70L, R61L, R43L and R52L.

the input words to the adder/subtractors S70A and S61A have
t he 'second bits of each input word mani pul at ed. For exanple ‘the second



mul tiplexers are controlled by the ADD and SUB signals such that the second
bit- (HOLM GOLM H11M and GL1M is set to one if the respe Ve

adder/ subtractor S70A, S61A is set to add (ADD is high), an
'is set to 15 its actual latch output value if the SUB signa
hi gh. Setting of individual bits in this manner is an eas
hi gh- speed operation. The preferred enbddi nent includes this b
arrangenent since, as is described above, statistical analysis of a large

nunber 20 of testsIpi KEG.webdstiasinput ceerds ttattherasidecisutitractons s are

thereby obtai 89@a and {séfANAhveNHRSSFEJondIOBRLE! of O BRI H.‘z'i??:tte Jd¥a
second bits in this._mnner, although |t gives the advantage of snaller word

wi dth. The foBAPRPYRatER| o E Y dB¥aRRLR t $her SacoNGh R nOf the input
word to the "a"-input of the adder/subtractor S70A is

5 GO[21:2), GO[1M], GO[0]). In other words, the second bit
"of this signal is set to the value G01M. The second bits
of the other inputs to the adder/subtractors S70A and S61A
are similarly manipulated. This bit manipulation is
accomplished by four 2:1-bit multiplexers HO1MUX, GO1MUX,

10 H11MUX and G11MUX (shown to the right in FIG. 6b). These
multiplexers are controlled by the ADD and SUB signals
such that the second bit (HO1M, GO1M, H11M, and G1l1M) is
set to one if the respective adder/éubtractor S70A, 'S61A

is set to add (ADD is high), and the second bit is set to

15 its actual latch output value if the SUB signal is set to

high. Setting of individual bits in this manner is an
easily implemented, high-speed operation. The preferred
embodiment includes this bit-forcing arrangement since, as
is described above, statistical analysis of a large number
20 of tests pikel words has indicated thét more accdrate
results are thereby obtained. It is not necessary,
however, to manipulate the second bits in this manner,
although it gives the advantage of smaller word width.
_ The four high- or low-order results are latched in
25 the output latches R70L R61L, R43L and R52L. The results
are sequentially latched into the final output latch OUTF
under the control of the multiplexing signals MUX_OUT70,
MUX_ OUTé61, MUX_OUT43, MUX_OUTS52. The order in which
resulting signals are output can therefore be controlled
30 simply by changing the sequence with which they are
latched into the latch OUTF. The output from the latch
OUTF .is the final 22-bit resulting output signal
T OUT([21:0].
The relationship between the clock and control
35 signals in the post-common block POSTC is shown in FIGS.
7b and 7c.



25 the output latches R70L R61L, R43L and R52L. The results are
sequentially latched into the final output |latch OUTF under the control’
themultiplexing signals MJX OQUT70, MJXOUT61, MIXOUT43, FWMXOIELR2. Thp

order in which resulting signals are output can therefor HBPUNWMWENﬂéﬁE
sinmply by changi ng the-sequence with which they are latched int tnﬁ{
QUTF. The output fromthe |latch OUTF I sqgthe final 2 thhnge q

output signal T QUT[21:0]. The relationship between the ‘cFoek=and centrol

35 signals in the pRst-wesnDai HEesEe&OTBovs, Shay® iNdinfehsidhand T
operations may be performed in series, with an intervening
transposition of data, in order to perform a 2-D IDCT.
The output.signals from the post-common block POSTC are

5 therefore, according to thisembodiment, first stored in a
known manner column-wise (or row-wise) in a conventional
storage unit, such as a RAM memory circuit (not shown),
and are then read from the storage unit row-wise (‘column-
wise) to be passed as inputs to a subsequent pre-common

10 block and are processed as described above in this block,
and in a common block CBLK and a post-common block POSTC.

Storing by row (column) and reading out by column
(row) performs the required operation of transposing the
15 data before the second 1-D IDCT. The output from the
second POSTC will be the desired, 2-D IDCT results and can
be scaled in a conventional manner by shifting to offset
the scaling shifts carried out in the various process1ng
blocks. "In particular, a right shift by one position will
20 perform the division by 2 necessary to offset the two V2
multiplications performed in the 1-D IDCT operations.
Depending on the application, this second IDCT
structure (which is preferably identical to that shown
FIG. 3) is preferably a separate semiconductor’
25 implementation. This avoids the decrease in speed that
would arise if the same circuits were used for both
transforms, although = separate 1-D transform
implementations are not necessary if the pixel-clock rate
is slow enough-that a single implementation of the circuit
30 will be able to handle two passes in real time.

In range tests carried out on a prototype of the IDCT
arrangement described above, it was found that all
intermediate and final values were kept well within a

35 known range at each point while still meeting the CCITT
standards. Because of this, it was possible to "adjust"
selected values as described above by small amounts (for



As was ' di scussed above, two 1-dinensional |DCT operations may be

performed in

performa 2-D I DCT. The output signals fromthe post-cor

5 therefore,
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The method and system according to the invention can
be varied in numerous ways. For example, the structures
used to resolve additions or multiplications may be
altered using any known technology. -Thus, it is possible

to use resolving adders or subtractors where the preferred

embodiment uses carry-save devices with separate resolving
adders. Also, the preferred embodiment of the invention
uses down-scaiing at various points to ensure that.all
values remain within their acceptable ranges.
Down~scaling is not necessary,' however, because other
precautions may be taken to avoid overflow or underflow.

In a prototype of the invention, certain bits of
various data words were manipulated on the basis of a
statistical analysis of test _résults of the system.
Although these manipulations reduced the required word
width within the system, the various intermediate wvalues
may of course be passed without bit manipulation..
ﬁurthermore, although only data words were bit-manipulated
in the illustrated example of the invention, it is also
possible to manipulate the bits of constant coefficients
as well and evaluate the results under the CCITT standard.
If a comparison of the results showed that it would be
advantageous to force a particﬁlar bit to a given value,
in some cases, one might then be able to increase the
number of "zeros" in the binary representation of these
coefficients in order to decrease further the silicon area
required to implement the corresponding multiplier. Once
again, bit manipulation is not necessary.

UtS tO a subsequent pre conmon
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application, this second IDCT structure (which is preferabliyd 4##444#-

that shown FIG 3) is preferably a cCiapEsate semi conductor .
;gﬁéeg??zﬁf{gnmerlhtzegv ogﬁﬁ%ghf?rans §$%%£5§“§¥§%#§§§;d%§§a a?rl§%als o
t ransf or m i npl &remt at Egagueneynse raedzﬁslsmr?emtesehmtipti@m, cincwhighe the
digital signals are arranged in groups of N data input
5 words;

CHARACTERIZED in that common processing
means (CBLK) is provided and has a plurality of common
arithmetic devices (BT2, BT3, cls, c¢3s) arranged to pass
both odd- and even-numbered input data words in separate

10 passes to form odd and even common processing means output
values, respectively.

2. A system according to claim 1 and comprising:

pre-common processing means (PREC) arranged to

perform predetermined pairing operations on odd-numbered

15 ones of the input words and to transmit even-numbered ones
of the input words to pre-common outputs; and

. post-common processing means (POSTC) arranged to
perform predetermined output scaling operations on the odd
common -procéssing‘ means output wvalues to form post-

20 processed odd wvalues and to arithmetically combine the
post-processed odd values with the even common processing
means output values to generate high- and low-order output
words, the system being arranged such that the output
words contain inverse discrete cosine transformation

25 values corresponding to the input data words.

3. A system according to claim 2 wherein the pre-
common processing means (PREC) has means arranged to
perform predetermined scaling operations on the odd-

30 numbered ones of the input words and to transmit even-
' numbered ones of the input words directly to the pre-
common outputs.

4. A system according to claim 2 or 3, wherein the

35 post-common processing means (POSTC) has means arranged to

perform predetermined output scaling operations only on
the odd common processing means output wvalues.

AR L AR
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or 4, and

pre-common processing means and has means for sorting each
-group of N input data words into the odd and even-numbered
5 input words.

6. A system accofding to any one of claims 2 to 5,
wherein the pre-common processing means (PREC) has N/2
pre-common inputs and N/2 pre-common outputs, the common
10 processing means fCBLK) has N/2 common inputs, which are
connected to the N/2 pre-common outputs, and N/2 common
outputs and the post—common processing means (POSTC) has
N/2 post-commoﬁ inputs, which are connected to the N/2
common outputs; and N/2 post-common outputs, which form

15 system outputs.

7. A system according to any one of claims 2 to 6,
and comprising means arranged to force predetermined bits .
of selected internal data words to predetermined binary
20 values, such that the statistical accuracy of the system
is improved relative to a predetermined test input data
set.
8. A system according to claim 7 and arranged such
that the selected internal data words are the post-
25 processed odd values and even common outputs.

9. - A system according to any one of claims 2 to 8,
wherein the pre-common means (PREC) includes a single
scaling multiplier (R2MUL) attached in a lowest order

30 input data line fof multiplying the lowest order odd input
data word by a pre-determihed scaling factor.

10. A system according to claim 9, wherein the pre-
_ determined scaling factor is the square root of two..
35 | | | _

11. A system according to any one of claims 2 to 10,
wherein the pre-common processing means (PREC) includes a

A O A




in the arithmetic calculations. 5 The met hod and . CCO E@ENO
t he i nventtioshea aias Reen Raildceld i N numer ous ways. For exa Iéﬁﬁiﬁ;i' REGL Ur es

used to re or multiplications may be al t] _
t echnol ogy. N
€

ossible to use resol ving addersjpoRe HET
where the erre Pate

1! enbodi nent uses carry-save devi ces mﬁthL§eﬁQ
resol ving adders. Also, the preferred enbggli ment of the ijpWéietion uses "
down-scal ing at various points to ensure that all values renai N W t hin
L hei r acﬁeptﬁﬂﬁllifﬁr&ﬁ%d&w gmad,i P2A,S PBAN) Beeepsbryisdcaddtion
ecause other 1 recautions e en to. avoi.d overflo n OW.
In a prototype f&ﬁﬁfge%%ﬂng%eée?%gﬁe b‘?f%”rb‘fmifgreldgégp Hgtééﬁ%r‘gé{‘\;/\%re

mani pul at ed ontd hfolmapaimdd ainput data words.

5 12. A system according to any one of claims 2 to 11,
wherein the pre-common processing means further includes
a plﬁrality of pre-common output storage elements (ClOL,
C54L, C32L, C76L) arranged alternately to load and latch
the paired input data words and the even input data words.

10 -

13. A system according to any one of the preceding
claims wherein the common processing means (CBLK) includes
common coefficient multipliers (MULC1lS, MULC3S3, MULC3S2,
MULNCIS) for multiplying selected common processing means -

15 input values by predetermined  trigonometric constants.

14. A system according to claim 14,wherein the
common coefficient multipliers (MULC1S, MULC3S3, MULC3SZ2,
MULNC1S) are four in number and are arranged such‘that

20 each of a selected pair of the common processsing means
input values is connected to a corresponding pair of the
four coefficient multipliers.

15. A system according to any one of claims 2 to 12,
25 or to claim 13 or 14 when appended to claim 2, wherein:
a) the post-common processing means (POSTC) includes
switchable arithmetic devices (S70A, S61A, S43A, S523)
each with an addition mode and a subtraction mode;
b) the post-processed odd values and the even common
30 outputs are connected as inputs to the switchable
artihmetic devices (S70A, S61A, S43A, S52A): '
c) in the addition mode, the switchable arithmetic
devices form the low-order output words as the sum of the
post-processed odd values and the even common outputs; and
35 d) in the subtraction mode mode, the switchable
arithmetic devices form the high-order output words as the

A
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A system according to claim 15, wherein:

5 a) the post-common processing méans (POSTC) includes
a first set of outpuf data latches (LgO, Lgl, Lg2, Lg3)
arranged to store the even common outputs and a second set
of output data latches (LhO, Lhl, Lh2, Lh3) arranged to
store the post-processed odd values; and |

10 b) each of the first and second output data latches
;s connected to respective- inputs of the switchable
arithmetic devices.

17. A system according to claim 15 or 16, and

15 comprising control means (CNTL) connected to the

switchable arithmetic devices (S70A, S61A, S43A, S52A) for

generating mode signals to switch the arithmetic devices
between the addition and subtraction modes. '

20 18. A system according to any one of claims 2 to 12
and 15, 16 and 17, or to claim 13 or 14 when appended to
claim 2, wherein the post-common processing means (POSTC)
includés a plurality of post-common coefficient
multipliers (dl, d3, d5, d7) arranged to multiply the odd

25 common processing means output values respectively by

' predetermined post-common, constant, scaling values to
form the post~processed odd values.

19. A system according to any one'of the preceding
30 claims, wherein the common processing means (CBLK) is a
non-clocked, pure-logic circuit.

20. A system according to claim 11, or any one of
claims 12 to 19 when appended to claim 11, the adders
35 (rPla, P2A, P3A) all being fixed-point devices.

0
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provi ded and has a plurality of common arithnetic devic
c3s) arranged to pass both odd- and even-ggnber input data words tir—

21. A system according to claim 13 or 14, or to any
one of claims 15 to 20 when appended to claim 13, the
common coefficient multipliers (MULC1lS, MULC3S3, MULC3S2,
MULNC1S) all being fixed-point devices.

22. A.system according to claim 15, 16 or 17, or to
any one of claims 18 to 21 when appended to claim 15, the
switchable artihmetic devices (S70A, S61A, S43A, S52A) all
being fixed-point devices. o

10

23. A system according to any one of the preceding
claims, the common arithmetic devices (BT2, BT3, cls, c3s)
all being fixed-point'devices.

15 24. A system according to any one of the preceding
claims and comprising a plurality of adders (M5Aa, PilA,
P2A, P3A, BT2, BT3, CSO, CSl, CS2, CS3, RESO, RES1l, RES2,
RES3, HOA, H1lA, H2A, H3A) and adder/subtractors (S70a,
S61A, S43A, S524) all of which are fixed-point devices.

20 |

25. A system for transforming . digital signals ihxn;
a frequency to a time representation, in which the digital
signals are arranged in groups of N data input words;

25 CHARACTERIZED in that an arrangement is
provided for multiplying all input data words by the
square root of two.

26. A system for transforming digital signals from

30 a frequency to a time representation, in which the digital
signals are arranged in groups of N data input words,

CHARACTERIZETD in that there are means

arranged to force predetermined bits of selected internal

data words to predetermined binary wvalues, whereby'the

35 statistical accuracy of the system is improved relative to

\
‘ Ry i

a predetérmined test input data set.
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common processi ng neans out put values to form :
transmit the digital signals, and a receiver which is

connected to a system output of the system.: _
5 28. A method for transforming digital signals from
a frequency to a time representation, including grouping
- the digitél signals into groups of'N data input words;
CHARACTERIZED by the following steps:
a) in a pre-common processing means (PREC) performing
10 predetermined pairing opérations on odd-numbered ones of
the input words and transmitting even-numbered ones of the
input words to the pre-common outputs:;
~b) passing both odd- and even-numbered input data
words in separate passes through a common processing means
15 (CBLK) to form odd and even common processing means output
values, respectively; and '

c) in a post-common processing means (POSTC),
performing predetermined output scaling operationé on the
odd common means output values to form post-processed odd

20 Qalues and arithmetically combining the post-processed odd
'~ values with the even commoﬁ means outputs to generate
high- and low-order output words; T
' the method being such that the output words contain
inverse discrete cosine transformation values
25 corresponding to the input data words.

29. A method according to claim 28, and comprising:
-a) segregating the input data words in each group
into odd- and even- numbered input data words and applying
30 the odd and even input data words to a pre-common
processing circuit (PREC);
b) directly multiplying selected even-numbered data
input words by at least one common coefficient:;
c) in the pre~common processing circuit (PREC), pre-
35 multiplying a lowest order odd data input word by a
scaling factor: ’

‘—‘*;*‘---‘ﬁ~__
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posp-processedj%;;\\;ij\gxaﬁa‘fb‘arithnetically conbi ne the

eof
odd values with processi ng neans out put val
hi gh- and | ow rds, the system being arranged
out put words conta di screte cosine transformation

corresponding to the input data words. 2. A system accordi

‘wher'ei n the post- comon processing neangg( POSTC) has neans “t :
perform predeterm ned out put scaling operations only on the odd common '
processi ng nmeans og@hpphivralisesaddition of selected odd-numbered input

data words to form paired input data words;

e) multiplying selected paired input data words by
the common coefficient(s): ' ' '

5 f) pairwise grouping of i’ntermed—iate common data
words to form even and odd common output data wordé:

g) in a post-common processing circuit (POSTC), posf-
multiplying by a respective output scaling coefficient
each intermediate common data word corresponding to odd-

10 numbered input data woxrds;

h) proéessing odd and even-numbered input data words
separateiy; and

i) pairwiée addition and subtraction of even and odd
output data words to form low-~ and high-order output data

15 words. '

30. A method according to claim 28 or 29, in which
the data. input words correspond to the N? elements of an
N by N block of digital pixel values transmitted in a
20 frequency representation, and comprising:

_ a) for each of a plurality of text pixel blocks%
comparing the output data words with known target output
values; - '

b) statistically analyzing the difference between
25 actual output data words and target output values; and
c) forcing selected bits of selected internal data
words to predetermined binary wvalues to minimize the
expected rounding error in arbitrary output data words.

30 31. A method according to any one of claims 28 to
30, and comprising scaling all data input words by
multiplying them by the square root of two.

32. In combination for operating on indications
35 representing a discrete cosine transform to obtain
indications representing an inverse discrete cosine

transform,

e
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form
a block, the input words constituting even words and odd

words,
5 second means for providing common circuitry for
processing the odd words in the sequence, and for
- processing the even words in the sequence, to obtain
indications in accordance with such processing,
third means for providing circuitry prior to the
10 common cifcuitry, such prior circuitry being responsive to
the indications representing the discrete cosine transform
" to provide a different processing of the odd words than
the even words and to obtain indications from such prior
circuitry for introduction to the common circuitry, and
i5 " fourth means for providing post circuitry after the
-common circuitry, such post circuitry being responsive to
the indications from such common circuitry for providing
arithmetic operations on particular combinations of such
indications from the even and output words to provide
20 indications related to the inverse discrete transforms.

33. 1In a combination as set forth in claim 32,
the second means providing geometric and arithmetic
operations on the indications from the third means in
25 patterns common to the odd words and the even words in the
sequence.

34. 1In a combination as set forth in claim 32 or 33,
the second means providing multiplication by constant
30 values in the geometric operations.

35. 1In a combination as recited in claim 32, 33 or

34, '
the third means providing circuitry not common to the
35 odd words and the even words, and '
| the fourth means providing circuitry not common to

the odd words and the even words. k‘_**““““;-—-e5“_
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system accor di ng to claim5 and arranged such that the sglgecte rﬁlé‘? r}%ﬂﬁ
dat& words are the post- 25 processed oddggal ues and evepl—coniiDA " Ol pUrs:
7. A system according to claim1, wherein the pre-comon neans (PREC)

includes a single s8alingnmal t¢qnhbﬂiat(ﬂ{\/Uhk JdtAcheeth Nia layesdner & 30
| nputdata llnglagmsnyﬁt é”j@ n% h%hirﬁ@meaggdfncfhékngF%ifth means for
directly introducing the indications of the even words in
the discrete cosine transform to the second means and
5 including sixth means for performing geometric and
arithmetic operationé on the indications of the odd words
in the discrete cosine transform to obtain the indications
for introduction to the second means.

10 37. In combination for operating on indications
representing a discrete cosine transform to obtain
i,ndicati'ons representing an inverse discrete cosine
transform,

first means for providing the indications of the

15 discrete coéine transform for a sequence of input words in
a block, the input words constituting even words and odd
words,

second means for processing the indications in the
even words differently from the indications in the odd

20 words. to obtaih first indications from the second means,

third means responsive to the first indications from
the second means for providing the same processing for th;
output indications from the even words in the second means
and the output indications for the odd words from the

25 second means to provide second indications, and

fourth means responsive to the second indications
from the +third means for performing arithmetic and
geometric operations on such second indications for
related pairs of odd and even words to obtain output

30 indications output related to the inverted discrete cosine
transform.

38. In a combination as set forth in claim 37,
the arithmetic operations for the pair of words in the
35 fourth means providing a sum of the indications in each
related pair of words to provide first output indication
for one of the words in such pair and providing a

A
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to claim1,

difference of the indications in the words in such related

pair to provide a second output indication for the other

word in such pair.

5 39. 1In a combination as set forth in claim 37 or 38,_

the third means providing geometric operations involving

multiplication by particular constants and providing

arithmetic operations involving the sums of the

indications in pairs of words and the differences between

10 the indications in pairs of words.

40. In a combination as set forth in claim 37, 38 or

39, the second means providing arithmetic operations

involving the sums of indications in pairs of words and

15.providing a geometric operation involving a multiplication

of the indications in another word by a constant.

41. In a combination as set forth in any one of

claims 37 to 40,

20 the third means providing geometric operations.

involving a multiplication by particular trigonometric

constants in particular ones of the odd and even words and

providing arithmetic operations involving the sums of the
indications in pairs of the odd words and corresponding

25 pairs of the even words and the differences ‘between the
indications in the pairs of the odd words and in the

corresponding pairs of the even words,

the second means providing arithmetic operations

involving the sums of indications in pairs of the odd

30 words and providing a geometrical operation involving a

multiplication of the indications in another one of the

odd words by a constant, and

the arithmetic operations for the pairs of the words

in the fourth means providing a sum of the indications in

35 each related pair of words to provide a first output

indication for one of the words in such pair and providing

a difference of the indications in the words in such

A




wher einthe ntpiconnnn processi ng neans further include louf—at-i BEEN |
pre- conmon output storage elements (G A, C54L, C32L, Ci-ﬁy@g%@@tHﬁS

alternQP et | atch the paired input data L :__zzzzfunv

i nput d m 1. A system according to clai m|1 RN HERTHEHE Iu
process ~includes comon coefficient tipI| q'l
MULC3S3, MILC3SZ, NULNG S) for mul ti pl yi ngysel ect ed n- ﬂrooeé o

15 input val ues by predeterm ned trigononetric constants. IZ. A Syste
according to cLaidtkl Ngwﬂerebrprdmé:w&e&oﬁaeéttpuermdmdawimn @&ox thelLd S,

MULC3S3, MULC3S2, MJUL S) are four,in nunber and are arranged such that 20
each of a sel eOtBETp¥Or AN FUC g ]

O%ﬁ pr ocesssi ng neans

42. In a combination as set forth in any one of

5 cléims 37 to 41, one of the words in eéch pair in the

fourth means constituting an odd word and the other one of
the words in such pair constituting an even word.

43. In combination for operating on indications

10 representing a discrete cosine transform to obtain
indications representing an inverse discrete cosine
transform, i

first means for providing the indications of the
discrete cosine transform in a sequence of input words in

15 a block, the words constituting even words and odd words,

second means for processing the indications of the
Qiscrete cosine transform in the even words and in the odd
words to obtain first indications, the second means
including first latching means for holding the first

20 indications from the second means,

means for providing clock signals for controlling the
passage of the first indications from the second means
into and out of the first latching means for the second
means,

25 third means for providing the same processing for the
first indications from the even words in the second means
‘and the first indicatibns from the odd words in the second
means to produce second indiéations from the third means,
the third means being operative independently of any

' 30 latching means, and ¢
fourth means for processing the second indications
and for producing third indications related to the inverse
discrete cosine transform, the fourth means including
second latching means responsive to the clock signals for

35 controlling the times of operation of the fourth means in

accordance with the occurrence of the clock signalé.

-
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mul ti pl |'§n§heétﬂasmeﬂ( &pllaBdl. accordl ng to claim1, wherein:
proee55|n i ncl udes switchable arithnetic
S61A, S43 ﬁm&tth an addition node and a subtr
post - processe s and the even comon 30 out puts
I npats to the SMAtChab|e artihmetic deviggs (S7OA, S61A,
the addition node, the switchable arithnetic devices for

out put words as themummf al kR>mMBAREtRHACASS edtOFd Rl UeS ARG nl 13 e vate

conmbn out puts b{ractjon node node, t he
smﬁtchablep ecoéé means proée551ng @h ihélcations of the even words

in the discrete cosine transform differently from the
processing of the indications of the odd words in the
5 discrete cosine transform.

45. In a combination as set forth in claim 43 or 44,
the third means processing the first indications for the
odd words differently from the first indications for the

10 even words. '

46. In a combination as set forth in claim 43, 44 or

45, the third means providing geometric calculations on

the first indications for particular ones of the odd words

15 and for corresponding ones of the even words and providing

arithmetic calculations on the first indications for

‘particular pairs of the odd word and for corresponding
pairs of the even words. |

20 .47. In a combination as set. forth in claim 44,
 the second means passing to the third means the
indications of the discrete cosine transform in the even
words as the first indications for such even words and
providing arithmetic calculations on thé indications of
25 the discrete cosine transform in pairs of even words to
provide the first indications for such even words.

48. In a combination as set forth in claim 47,
the second means also providing a geometric calculation on
30 the indications of the discrete cosine transform in an
- individual one of the odd words and then providing the
arithmetic calculations on the indications of the discrete

cosine transform in pairs of the odd words,

the third means providing geometric calculations of
35 the first output ipdications with particular constants for
particular ones of the odd words and corresponding ones of

the even words and ‘then providing arithmetic calculations
- T

R ) 0




EﬁEKuW?etegge;

arit hmet i dhj ﬂﬁSB&Qk. 1he hi gh- order output words as th
of the post val ues and t he even conmon outp system
accerding erein: a) the post-conmp
(POSTO) |ncludes set of output data | atches (LgQ HﬁﬁhMmiﬁENﬂgﬁBET

arranged to store the even common out puts and a second sjet J? at a
| at thes (LhO, Lhl, Lh2, Lh3) arranged to €63re the post-jp sse fe,

val ues;

and 10

10

15

b) each of the first and second outpu
on the first output indications for particular palrs of

the odd words and corresponding pairs of the even words.

49. In a combination as set forth in claim 48,
the particular constants constituting trigonometric values
and also the square root of two (JZ).

50. In a combination as set forth in claim 45,
the fourth means providing sums of the second indications
in particular pairs of words, one constituting an even

word and the other constituting an odd word, and providing -

subtractions between the indications in the particular

pairs of words.

51. 1In combination + for operating on binary
indications representing a discrete cosine transform to
obtain binary indications representing an inverse discrete
cosine transform where the binary indications representing

'the discrete cosine transform include a binary factor

20

25

30

35

representing a constant Valué constituting the square root
of two (JZ), .
first means for providing the binary indications of
the discrete cosineltransform in a sequence of input words
in a block, the input words constltutlng even words and
odd words,
second means for processing the binary indications of

the discrete cosine transform to obtain binary output’

indications related to the inverse discrete . cosine
trahsform and including the binary factor constituting the
square root of two (42), and

means for shifting the binary output indications by
one binary p051tion to obtain a division of the binary
output indications by a factor of two (2) and to obtain
binary ihdications related to the inverse discrete cosine
transform. '

52. In a combination as set forth in claim 51,

A DG



I S connected—to—+espeetive inputs of the switchable arith

A Systen1 EE 0 cIa|n113 , and 15 conpri sifhge HEFACED |
means the switchable arithnetic deyi Res AdH, o 1
S61A, S43A %ﬁﬁnfﬂ rati ng node signals to switch the arlthrnai\t(alggTSHEET |

devi ces bet on and subtraction nodes. 20 , [‘,I,gﬁe
according to claiml1, wherein the post-c@gon processi ng ness
includes . a plurality of post - conmon coefficient nultlpllers (d1,
d3, d5, d7) arshengsdcoondmueapsy irmlutichg?5meamsdnfprocpsecaegsimgnstbet put
val-ues respectl) t\éﬁ'c%t%ngr %Etaergi&?;g dBQqubEBE“%nst‘i%sc%'& eitiidl | £le

val ues to formthe post-process
odd words or the even words and for processing the

indications in a group of words constituting the other of
5 the odd words and the even words.

53. In a combination as set forth in claim 51 or 52,
the second means including precommon prbcessing means for
individually processing the binary indications

10 representing, in the even and odd words, the discrete
cosine transform to obtain first binary indications, the
precommon processing means including means for multiplying
the binary indications of the discrete cosine transform in
one of the words by the binary factor constituting the

15 square root of (JZ), _

the second means also including common processing .
means for initially processing in a particular
reiationship the first binary indications in a group
constituting either the odd words or the even words and

20 for then processing in the particular relationship the
first binary indications in a group constituting the other
of the even words and the odd words, the common processiné.
means including means for multiplying the first binary
indications in particular ones of the odd words and

25 corresponding ones of the even words by the binary factor
constituting the square root of two.

54. In a combination as set forth in claim 53,
‘the common processing means in the second means also
30 including means for multiplying the first binary
indications in particular ones of the odd words and
corresponding ones of the even words by binary factors
constituting constant trigonometric values.

35 55. In a combination as set forth in claim 53 or 54,
the indications in the different word from the common
processing means having individual binary significances,

\\
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17 A system accordi ng to claim1, 30 wherein th'eﬁg|

means ( CBL: twdded pure-logic circuit. 18 ' s ‘
to elaim9 ,l rﬂ PIA P2A, P3A) all being fixedieeat— ‘
55 19. ng to claim 11, the conmon coef

mul tipli ers (MuLC S IVU C3S3, MJULC3S2, NULNClS) all being|fi xegjip,w@t
devi'ces. 65 DAt feverrrrersrereie

the second means including postcommon processing
means for processing the binary indications from the
common processing means, the postcommon processing means
including means for processing the indications from the
words of higher binary significance from the common

processing means differently from the words of lower .

binary significance from the common processing means.

[y A g



5 20. A systemaccording.to claim 13, the switchable artihnetic devices
(S7TOA, S61A, S43A, S52A) all being fixed-point. devices. .10 21. A system

RFR !

according to claim 1, the common arithnetic devices (BTZ2,

all -being fixed-point devices. 15 22. A syst em accor dj| rRERL&CERNER Nﬁ&ﬁh

and conprising a plurality of adders (MbA, Pl A P2A  P3A
CS1, CS2, CS3, RESO RES1, RES2, RES3, HO&s H A, HA, H3A)
adder / subt ract or s (S70A, S61A, .S43A, S52A) all of which ar

u, 1S3 J, \;OO
qon

AT T

F+Xeo- PO TIL

devi ces. Method and Arrangement for Transformation of Signals

from a frequency to a time domain
ABSTRACT

An IDCT method decimates a 2-D IDCT into two 1-D IDCT
5 operations and then operates separately on the even and

odd pixell input words. In a common processing step,
selected input values are passed directly to output adders
and subtractors, while others are multiplied by constant,
scaled cosine values. In a pre-common proceésing step, the
10 lowest-order odd input word is pre-multiplied by'fé, and
the odd input words are summed pairwise before procéssing

in a common processing step. In a post-common processing
step, intermediate values corresponding to the processed .
"odd input words are multiplied by predetermined

15 coefficients to form odd resultant values._ After
calculation of the even and odd resultant values, the

high-order'and-low—order outputs are formed by simple
subtraction/addition, respectively, of the odd resultant

values from/with the ewven resultant values.

The input -

20 values are preferably scaled upward by a factor of V2.
Selected bits of some intermediate resulting data words
are optionally adjusted by forcing these bits to either

L1} 1“ or "0" .

The IDCT system includes a pre-common processing
25 circuit (PREC), a common processing circuit (CBLK), and a
post-common processing circuit (POSTC), which perform the

necessary operations in the respective steps.

The system

also includes a controller (CNTL) to generate signals to
control the loading of system latches'and, preferably, to
30 time-multiplex the application of the even and odd input

words to latches in the pre-common circuit.

FIGURE 1
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clainms, and including a transm ssion device arranged to transmt the

digital

signal s,

the system 5
frequency to a tinme representation, including grouping the di itZ\I\
Into groups of N data input words;
f ol*l owi ng st eps:
predet erm ned pairing operations on odd-2yasbered ones of the input words

and transmtting even-ggnbereg\ones
out puts; b) passing bot) odd-*@nd e
separ ate passes throu
even conmon processi ng
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neans_.. (POSIC)

val ues, respectively; and c) I n a post-comon processing

perform ng predeterm ned output scaling operations on the qgd

out plit values to form post-processed odd 20 val ues and arit
conbi ning the post-processed odd values with the even conmd

ﬁ:ﬁﬁﬂﬁﬁﬁ;ﬁ?@?‘ﬁ:ﬂ

metic

to denerate high- and | ow order output words; the nethod be

nsfornatlon

i

eac
ying 30 the

t he output words contaign ¢ - discréfld cosine tra
val ues 25 correspondin tgfﬁﬁzaﬁkput data woraos.. A et ho
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processing circuit (PREC); b) directly multiplying sel ected even-nunbered
I n the pre-common

data i nput words by at
proeessing circuit (PREC)

i nput word by a scaling factor;
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5 " f) pairw se grouping of internediate conmon data words to form even
and odd common out put data words; g) in a post-conmobn processing circuit

(POSTC), post- multiplying by a respective output scaling Cfﬁ—ffi cient each

i ntermedi ate conmon data word corresponding to odd- 10 nunb«.rﬁglp,i_waq.ﬁgﬁ ET
wor ds; h) processing odd and even-nunbered i nput data words{iseparately; a.ﬁ
i) pairwi se addition and subtraction of eveglgnd odd out put wér’dﬁuﬁo m

2
%

formlow and high-order output data 15 words. .27 . A metho ording 1ty
claim 25 or , in ch the data input words corrsspond to the N2 el enents
of an N by ock oigital pi xel values transmjtded in a
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20 .frequency representation, and conprising: a) for each_of_ Ly
text pixel blocks, conparing the output data words wth CHngfet | BUT
val,ues; b) statistically analyzing the difference betwee 25 adt bahUw
dat.a words and target output values; and c) forcing sele tggtebj L.seofeer
selected internal data words to predeterm ned binary val
expected rounding error in arbitrary out %?%4 data words. 30 28.. A

nmet hod according to any one of clains 25 and conprising scaling all
data i nput words by multiplying them by the square root of ﬁngQ

conbi nati on forcahlpem'%; on indications 35 representing a disCréte cosine

transformto obtain
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i ndi cations representing an inverse discrete cosine transf
means for providing the indications of the discrete cosi
sequence of input words in a block, the input words const u“;f Wmds
and odd words, 5 second neans for providing comon cli gkl L ot

processing the odd words in the sequence, and for

even words in the sequence, to obtain |ﬁﬁqéat|ons I n accor??72e\MAtTf§E§h
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third neans for providing circuitry prior to the 10 common pﬁlbUI%_yq §%§

pridr circuitry being responsive to the indi.cations repres Fvﬁﬁ ﬁE“N -
di serete cosine transformto provi.de a different processin
words than the even words and to obtain indications from sufgt

circuitry for introduction to the cofmon circuitry, and 15 means
for*providing post circuitry after thesMdnmmon circuitry, such post
circuitry beind responsive[to the iJadi catipns from sudh.conmon[gircuitry
for providing grithnetic opé¢rationgfon paryicular confdihationsdef such
i ndi cations[frdmthe even afid output] wordslto provide 20 indicagians !
related to elinverse discrete transfornsf 30. In a combination as set
forth in clhijm]29, the sq&ond means provi di ng geone{Llc and arithmetic
. S ' *
N S
&8 g g
Sli= T =
i
AN 5
QD [«
S > S >
= % = &
o S = =
N T & X
T T T 8 T T T 8
g X S S S S =
g g ) S T 3
g g S, T X S
8 Q
5 5
[
o~ = =~ =
D g 3 © 9w % S
Q Q
N N
S b
S -
S ) &
< <
3 8 e P
Q' S % Q S %
A
S S
N| N
S
g :
(N BH >
[our ¢tk >

. ba
.-LJ_

G

/

Iy

1



operations on the indications fromthe third means in 25 patter 0
the”odd words and the even words in the sequence. .31. |n_a—eowbrTIal LARERS
seteforth in claim29 or 30, the second neans providing rrg;gl»;sj.m#‘ﬁ‘alon by |
constant 30 values in the geonetric operations. 32. Inja conbi n@]q{ﬂ@
recited in claim2, 30 or 31, the third neans providing |gi -
comon to the 35 odd words and the evea/yords, and the f
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60 33 . In a conbination as set forth in any one of clains 29 to 32, the
thitd means including fifth neans for directly introducing the Wt
~of the even words in the discrete cosine transformto the sec
5 is«cluding sixth means for perform ng geonetric and arithnet
on the indications of the odd words in the discrete cosine trg
"obt¥in the indications for introduction to the second neans. £Q
conbi nati on fo,rr operating.on indic tiontolr_lgpresenti ng di screfe cosine
transformto obtain indi célg-}-ons re@r sentijng an inverﬁrdl scret cosi ne
transform } — + +
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first means for providing the indications of the 15 discre COS+HH )
transformfor a sequence of input words in a block, the i mpn@gg&ﬁigsgé%ﬂ il
constituting even words and odd words, second nmeans for pripcessi

“indkcations in the even words di fferently from the indicatj gnrgein.the. odd ------
20 words to &btain first indications fromthe second neans Bri=re-A Fee
resf_)onswe to the first indications from gh]f second neans for pI’OVI di ng the
same processing for the O}%dl cati ohd’¥y om the even words in the
second nmeans and t he potpUtd ations for the odd words fromthe 25
second means to provijde second indications, and fourth means responsiv@o
the second indicati s “+~r-orrtire—~t3hi rd neans for performng arithmetic@d
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geonetric operations on such second indications for related pairs of odd
and -even words to obtain output 30 indications output related to the
inverted discrete cosine transform 35. |In a conbination_as
claiim 34 the arithnetic operations for the pair of words '§E$'~
megs providing a sumof the indications in each related}padlr p
provide first output indication for one ofi2fie words in dugh, pair an
providing a difference of the indications in the wordd L
pair to provide a second output indication for the other
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word in such pair.

35,

36.

In a conbination as set forth in claim 34 or

by particular constants and providing arithnmetic

the% suns of
bet?

fort

36,

I ndi cations in another word by a constant.
forth in any one of clains 34 to 37,

/b
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“the third means providing geonetric operations involving multiplication
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20 the third means providing geometric operations involving a
mul-tiplication by particular trigononetric constants in particul ar ones of
the=odd and even words and providing arithmetic operations |nvoIV|ng t he

=28
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operation involving a multiplication of tﬂ I ndications in another one of
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in the fourtFﬂulersl.ﬁ,glsHa[;)53 \r/ll d| ng a sum of the indications}ify8sHEECHASSBEER

pai r of vvords liced st out put indication for one osfa wmmrds fﬂ\
such pair and l

fference of the indicat]j
such = 62 rel a rovide a second out put REbE&éEﬂENﬁ'@HEéTE ot her
word in such pair. Inaconblnatlon as set fort Inﬂ L@ﬂm | ai ms
34 to 38, one of the vvords in each pair ipn the four l@a ______ 9] |tut| ng an
odd word and the other one of the words Th such pai ven
wor d

WHAT IS CLAIMED IS:

1. A system for use in transforming digital signals
from a frequent:y to a time representation, in which
the digital signals are arranged in groups of N data
input words;

CHARACTERIZED in that common processing means
(CBLK) is provided and has a plurality of common
arithmetic devices (BTZ, BT3, c¢ls, c3s) arranged to
pass both odd- and even-number input data words in
separate passes to form odd and even common processing
means output values, respectively; '

pre-common processing means (PREC) are arranged
to perform predetermined pairing operations on odd-
numbered ones of the input words and to transmit even-
numbered ones of the input words to pre-common
outputs, wherein the pre-common processing means
(PREC) has means arranged to perform predetermined
scaling operations on the odd-numbered ones of the
input words. and to transmit even-numbered ones of the
input wdrds_ directly to the pre-common outputs; and

post-common processing means (POSTC) are arranged
to perform predetermined output scaling operations on
the odd common processing means output values to form
post-processed odd values and to arithmetically
combine the post-processed odd values with the even
common processing means oﬁtput values to generate
high- and low-order output words, the system being
arranged such that the output words contain inverse
discrete cosine transformation values corresponding to
the input data words.
2. A system for use in transforming digital signals
from a frequency to a time representation, in which

the digital signals are arranged in groups of N data
input words;

* [ L L] S * _
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40. In conblnatlon for operating on indications 10 SENL I screte
cosine trad emHasBmuaa}l,med ndi cati ons representi n.,._..-—- ;t e
cosi ne tran ans for providing the |n% 3 ' | Bcrete
cosi ne tran ence of input words in 1%

constltutlng even mor d odd words, second neans

i ndi cati ons of the discrete cosine transforn1in th )
odd words to obtain first indications, #2he second --“""Tfﬁjﬂ;?T}st

atohi o meens, o kLR el |15 i) bR USSR IE BERRRY PR
i ndi cati ons ffGRLKhe s®cpordvideds and has a plurality of common :

arithmetic devices (BT2, BT2, cls, c3s) arranged to
pass both odd- and even-numbered input data words in
separate passes to form odd and even common processing
means output values, respectively;

pre-common processing means (PREC) are'3§§5nged
to perform predetermined pairing operations on odd-
numbered ones of the input words and to transmit even-
numbered ones of the input words to pre-common
outputs; and

post-common processing means (POSTC) are arranged
to perform predetermined output scaling operations on
the odd common processing means output values to form
post-processed odd values and to arithmetically
combine the post-processed odd values with the even
common processing means output values to generate
high- and low-order output words, the system being
arranged such that the output words contain inverse
discrete cosine transformation values corresponding to
the input data words, wherein the post-common
processing means (POSTC) has means arranged to perform
predetermined output scaling operations only on the
odd common processing means output'ﬁalues.
3. A system according to claim 1, wherein the post-
common processing means (POSTC) has means arranged to
perform predetermined output scaling operations only
on the odd common processing means output values.
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into andmtchi ng means for the sgg
third mearfEhisfShéet BBkt the sane processing for {{

fromthe ev e second means and the fi [
odd werds if E’lmi ans to produce second indi gafl:
means, the ing operative independent| ==t

means, and fourth neans for processing %He second i nd
produ0|ng third indications related to e inverse di§

transform the fgurth %é@cgggb%ﬁ@cqgg E%g}ﬂgnq rgeaéns .r_es onRgide to

t he cl ock S|gnals for 35 control |1 t1 mes operation of the tourth
means i n aceePBRAEANG & ‘F%tBEEE?FeﬁEQXT&f) t‘Fﬂ?‘bl’cﬁkcgﬁ‘ﬁﬁ‘&F§d to the

pre-common processing means and has means for sorting each

group of N input data words into the odd and even-numbered
5 input words.

5. A system according to e claims 1 & 2,
wherein the pre-common processing means (PREC) has N/2
pre-common inputs and N/2 pre-common outputs, the common

10 processing means (CBLK) has N/2 common inputs, which are
connected to the N/2 pre-common outputs, and N/2 common
outputs and the post-common processing means (POSTC) has
N/2 post-common inputs, which are connected to the N/2

common outputs, and N/2 post-common outputs, which form
15 system outputs.

6. A system according to " claims 1 & 2,
and comprising means arranged to force predetermined bits
of selected internal data words to predetermined binary

20 values, such that the statistical accuracy of the system
is improved relative to a predetermined test input data
set. _

7 . A system according to claim 6 and arranged such
that the selected internal data words are the post-

25 processed odd values and even common outputs.

8 - A system according to - Claims 1 & 2,
wherein the pre-common means (PREC) includes a single
scaling multiplier (R2MUL) attached in a lowest order

30 input data line for multiplying the lowest order odd input
data word by a pre-determined scaling factor.

9 . A system according to claim 8§, wherein the pre-
determined scaling factor is the square root of two.
35 _
10. A system according to claims '1 & 2,

wherein the pre-common processing means (PREC) includes a

R ) R A
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41. In a conbinatiomas—set—forth in claim40, the secon Egg%qhﬁ?éﬁé§§ﬁﬁ@
the indicationgniokpebdi, g8 MOrds in the discrete gpsi | LACED
differently fror &iof t he i ndi cati ons [poREph =n the

5 discrete cosi WMMWE 2 In a conbination #s sef fortH! SHEEraj/mio

or 41 the third ng the first indicat dBEsJ_f_@__rJLh dd woff ds
differently fromthe first indications for the 10 - N0

conbi nation as set forth in claim40, 415% 42, the third neans =di ng

geonetric cal cul ati,ons
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plurality o%nadders (P1A, P2A, P3A) for palrwise addition
of predetermined ones of the odd-numbered input data words
to form paired input data words.

11 . A system according to - - claims 1 § 2 .
whérein the pre-common processing means further includes
a plﬁrality of pre-common output storage eleméiits’ (ClOL,
C54L, C32L, C76L) arranged alternately to load and latch
the paired input data words and the even input data words.

12°. A system according to claimsl & 2,

‘wherein the common processing means (CBLK) includes
common coefficient multipliers (MULC1S, MULC3S3, MULC3S2,
MULNC1S) for multiplying selected common processing means
input values by predetermined trigonometric constants.

15. A system according to claim 12,wherein the
common coefficient multipliers (MULClS, MULC3S3, MULC3S2,
MULNC1S) are four in number and are arranged such that
each of a selected pair of the common processsing means
input values is connected to a corresponding pair of the
four coefficient multipliers.

14, A system according to .claims 1 5§ 2 .,
' : wherein:

a) the post-common processing means (POSTC) includes
switchable arithmetic devices (S70A, S61A, S43A, S52A)
each with an addition mode and a subtraction mode:

b) the post-processed odd values and the éveﬁ common
outputs are connected as inputs to the switchable
artihmetic devices (S70A, S61A, S43A, S52A):;

c) in the addition mode, the switchable arithmetic
devices form the low-order output words as the sum of the
post-processed odd values and the even common outputs; and

d) in the subtraction £ode mode, the switchable
arithmetic devices form the high-~order output words as the
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_' " auEET HAS BEEN |
t he fi.rst—indications—for—particul ar ones of the odd V\E\’*&S"i%?gﬁa or
. - ﬁi—;:—*ﬁ_ oD .
correspondiffgds s &m%gq‘%yen wor ds and providing ar|_thopeti ns
on the first | or particular pairs of thg—sge—werd—ard—Ior)
correspondij i ' even words. 20 44, IFRE!H.MIE%EN\'&SHEETdf set
forthin clai : ond neans passing to the tlhir S

I ndi cations of the discrete cosine trans% rmin thejevaa.worgds..as--the [first
i ndi cations for such even words and providi ng arithreEe—¢t n
the indicati t | SC - | oLt 1R Palr f_ even words
to provide Fﬁ'%% Tel(}fresfféel n%fc%tkiéoéggé?o‘gpédﬁ%%éeéﬁaé/o%gg'.hgfagmfrF%éa c%‘ﬁé;rl\ nation
as set fortcommagi Hukpmtss he second neans al so providing a geonetric

cal cul ation on

"15. A system according to claim 14, wherein:

5 a) the post-common processing means (POSTC) includes
a first set of output data latches (Lg0, Lgl, Lg2, Lg3)
arranged to store the even common outputs and a second -set
of output data latches (LhO, Lhl, Lh2, Lh3) arranged to
store the post-processed odd values; and

10 b) each of the first and second output data latches

is connected to respective inputs of the switchable
~arithmetic devices.

l6.. A system according to claim 14 . and

15 comprising control means (CNTL) connected to the

switchable arithmetic devices (S70A, S61A, S43A, S52A) for

generating mode signals to switch the arithmetic devices
between the addition and subtraction modes.

! 20 17. A system according to . . claims 122,

wherein the post-common processing means (POSTC)
includes a plurality of post-common coefficient
multipliers (41, 43, 45, d7) arranged to multiply the odd
common processing means output values respectively by
predetermined post-éommon, constant, scaling wvalues to
form the post-processed odd values.

25

18 . A system according to claimsl & 2,

30 wherein the common processing means {(CBLK) is a

non-clocked, pure-logic circuit.

19 . A system according to claim jgq,

the adders
35 (P1la, P2A, P3A) all being fixed-point devices.

-
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30 the indications of the discrete cosine transformi ans Sh!"t._T' ' 8t‘c?zr\{e_'of
t he odd wor dgis gkvet HasBeenReplgdedli ng the arithnetic cal on—

i ndi cations - cosine transformin pai t he
third:neans p tric calculations of 35

i ndi cations particul ar constants for particul fjor ds
and correspondi ng ones of the even words_and then Neovding

cal cul ati ons on the first output indi @8tions for part

set forth in clai®m45,

wor ds and corresg n.di r)@s%éesm Oafcé&edfr\{gentéméfiasim%m, In a conbinati o..n

. the
common coefficient multipliers (MULClS, MULC3S3, MULC3S2,
MULNC1S) all being fixed-point devices.

i 321.. A system according to claim 14,

- rimanaiy )

.- ) the
switchable artihmetic devices (S70A, S61A, S43A, S52A) all

" being fiked-point devices.

10

15

20

22 . A system according to claimgl & 2,
the common arithmetic devices (BT2, BT3, cls, c3s)
2ll being fixed-point devices.

23', A system according to claimsl & 2,.
and comprising a plurality of adders (M5A, PIlA,
P2A, P3A, BT2, BT3, CSO, Csi, Cs2, Cs3, RESQO, RESl, RES2,
RES3, HOA, H1A, H2A, H3A) and adder/subtractors (S70a,
S61A, S43A, S52A) all of which are fixed-point devices.
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transmit the digital signals, and a receiver which is
connected to a system output of the system.

25. A method for transforming digital signals from
a frequency to a time representation, including grouping
the digital signals into groups of ‘N data input words;

CHARACTERIZZED by the following steps:

a) in a pre~common processing means (PREC) performing
predetermined pairing operations on odd-numbered ones of
the input words and transmitting even-numbered ones of the
input words to the pre-common outputs;

b) passing both odd- and even-~-numbered input data
words in separate passes through a common processing means
(CBLK) to form odd and even common processing means output
vaiues, respectively:; and

c) in a post-common processing means (POSTC),
performing predetermined output scaling operations on the
odd common means output values to form post-processed odd
values and arithmetically combining the post-processed odd
values with the even commod means outputs to generaté
high- and low-order output words;

the method being such that the output words contain
inverse discrete cosine transformation values
corresponding to the input data words. |

26. A method according to claim 25, and comprising:

a) segregating the input data words in each group
into odd- and even- numbered input data words and applying
the odd and even input data words to a pré-common
processing circuit (PREC):;

ib) directly multiplying selected even-numbered data
input words by at least one common coefficient;

c¢) in the pre-common processing circuit (PREC), pre-
multiplying a lowest order odd data input word by a
scaling factor:
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SHEET HAS BEEN |

of t\/\o.[err.]}l1 rst neans for providing the binary IﬂmFC§E$gﬁﬁkDf t he

di screte cos wﬂ ‘a sequence of input W -R—a— B OC K. —Ehe
i nput wor ds ven words and 25 odd wor g __qnﬁ"j'; LT
processi ng t | catlons of the discrete ouﬂEﬁbAPF-ﬂ“-“”"“'

obtain binary output |nd|cat|ons rel ated to the invg

of two [err] and neans for shifting the binary outpt#==md .“EEFTEBS by one
bi nary position 9 ﬁh,m@e daaaﬁtQ@noaft Belleictedy cad{nimbdrbLaihpae by a
;?ggfgtgfcg _ é?%vggg (¥%§Hrba &3&A£ﬁmqga£gnaogglated to the I nverse

e) multiplying selected paired input data words by

the common coefficient(s); i
5 £f) pairwise grouping of intermediate common data
words to form even and odd common output data words:

g) in a post-common proceséiﬁg circuit (POSTE), post-
multiplying by a respective output scaling coefficient
each intermediate common data word corresponding to odd-

10 numbered input data words;

h) processing odd and even-numbered input data words
separately; and
i) pairwise addition and subtraction of even and odd

output data words to form low- and high-order output data
15 words. ' '

27 . A method according to claim 25 or 26, in which
the data input words correspond to the N2 elements of an
N by N block of digital pixel values transmitted in a

20 frequency representation, and comprising:

a) for each of a plurality of text pixel blocks,
comparing the output data words with known target output
values}

b) statistically analyzing the difference between

25 actual output data words and target output values; and
" ¢) forcing selected bits of selected internal data
words to predetermined binary values to minimize the
expected rounding error in arbitrary output data words.

30 28.. A method according to any one of claims 25 to
27, and comprising scaling all data input words by
multiplying them by the square root of two.

29 . In combination for operating on indications
35 representing a discrete cosine transform to obtain

indications representing an inverse discrete cosine
transform,

A



35 tran eﬁblnatlon as set forthgr

second ' cIudl eans for processing indi
wor ds co the odd words or the evign
processlng ns in a group of words cony éé
the odd wo en words. 50. In a conbingtion
claim48 or 49, the second neans i ncl udi preco
i ndi vi dual |y processi ng t he bi nar i ndi cat i{oA
first means for providing the indications of <the
discrete cosine transform in a sequence of input words in
a block, the input words constituting even words and odd
. words, ' _ |
5 second means for providing common circuitry for

processing the odd words in the sequence, and for
processing the even words in the sequence, to obtain
indications in accordance with such processing,
third means for providing circuitry prior to the
10 common circuitry, such prior circuitry being responsive to
the indications representing the discrete cosine transform
to provide a different processing of the odd words than
the even words and to obtain indications from such prior
circuitry for introduction to the common circuitry, and
15 fourth means for providing post circuitry after the
common circuitry, such post circuitry being responsive to
the indications from such .common circuitry for providing
arithmetic operations on particular combinations of such
indications from the even and output words to provide
20 indications related to the inverse discrete transforms.

30. In a combination as set forth in claim 29,
the second means providing geometric and arithmetic
operations on the indications from the third means in

25 patterns common to the odd words and the even words in the
sequence.

31, In a combination as set forth in claim 29 or’ 30,
the second means providing multiplication by constant
30 values in the geometric operations.

32. In a combination as recited in claim 29, 30 or
31,

~ the third means providing circuitry not common to the
35 odd words and the even words, and

the fourth means providing circuitry not common to
the odd words and the even words.
—_—
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10 representing, in the everr—and odd words, the dl SIS REEEPB)A

to obtain f*}ﬁ' HaeBedn RHLGat i ons, the preconmon| pr oC gEH; R

i ncl udi ng ne yi ng the bi nary indi cg |
cosine trans ,‘rlm g’mmf*he words by the binaf Réﬁg,&@&;,ﬁ@flgygt—l,l

te
15 square root of t.he second neans al sqf i ncl %i' O@E?n
processing neans for initially proces%| ng i n|| Batepal Pi ¥l a
rel ationship the first binary indications in a gresp—eenstitUf i RE"

the Oddlwords orgg he e!ﬁ”dl\ﬂ?éﬁbﬁﬂgtignf Us géée R4S SiM0ahp tdife of
Bonst Ut 1 g LALBSURDr R Y PHe, GISE deant Ll wias St dsh BRBRERREN
processi ng ngébnectbgl idtegdueding the fnbicakiong bfe ther evehi wergds in
the discrete cosine transform to the second means and

S including sixth means for performing geometric and
arithmetic operations on the indications of the odd words

in the discrete cosine transform to obtain the imdications
for introduction to the second means.

10 34 . In combination for operating on indications
representing a discrete cosine transform 'to obtain
indications representing an - inverse discrete cosine
transform,

first means for providing the indications of the

15 discrete cosine transform for a sequence of input words in
a block, the input words constituting even words and odd
woxds,

second means for processing the indications in the
even words differently from the indications in the odd

20 words to obtain first indications from the second means,

third means responsive to the first indications from
the second means for providing the same processing for the
output indications from the even words in the second means
-and the output indications for the odd words from the

25 second means to provide second indications, and_

| fourth means responsive to the second indications
from the third means for performing arithmetic and
geometric operations on such second indications for
related pairs of odd and even words to obtain output

30 indications output related to the inverted discrete cosine
- transform.

[y

35. In a combination as set forth in claim 34,
the .arithmetic operations for the pair of words in the
35 fourth means providing a sum of the indications in each
lre-'lated pair of words to provide first output indication
for one of the words in such pair and providing a

\
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i ndi cations in pa es of the odd words and

:zér“&*b?”* HAS No'
e qﬁl‘? jé‘ ng'{fgof '?\?\D

of t he evﬁmm&ﬁﬁs he bi nary factor constituting

In ac t forth in claim49, the—==se f ans
|n t he secm ﬁ 30 including neans for mﬂ%#\ﬁt&ﬁﬂ@‘ﬁ first
binary indiC tlcul ar ones of the odd words ﬂ guLr ondli ng
ones of the even vvords by bi nary factorsggonstitutfi Mptecanst.ant. ...
trigononetric val ues. In a corrbl nation Siimia ai m 50
or 51, the u&@mtéﬁ& dfﬂ tee ididﬂdﬂﬁranwhdtiuéomkbe ¢ABRBhPFOLEEEANT

means havi n%al r;:dlé/cla dggév’t_)égaryssélc nldf Io% pu ":(‘: 'indication for the other

word in such pair.

5 36. In a combination as set forth in claim34 or 3-5':,
the third means providing geometric operations involving
multiplication by particular constants and providing
arithmetic operations involving <the sums of the

indications in pairs of words and the differences between
10 the indications in pairs of words.

37 . In a combination as set forth in claim 34,35 or

36, the second means - providing arithmetic operations

involving the sums of indications in pairs of words and

15 providing a geometric operation involving a multiplication
of the indications in another word by a constant.

38. In a combination as set forth in any one of
claims 34 to 37, |
20 the third means providing geometric operations
involving a multiplication by particular trigonometric
constants in particular ones of the odd and even words and
providing arithmetic operations involving the sums of the
indications in pairs of the odd words and corresponding
25 pairs of the even words and the differences between the
indications in the pairs of the odd words and in the
corresponding pairs of the even words,
the second means providing arithmetic operations
involving the sums of indications in pairs of the odd
30 words and providing a geometrical operation involving a
multiplication of the indications in another one of the
odd words by a constant, and
the arithmetic operations for the pairs of the words
in the fourth means providing a sum of the indications in
35 each related pair of words to provide a first output
indication for_ one of the words in such pair and providing
a difference of the indications in the words in such

AL




6 6 the second neans including postcomon processi{ 1

t he b|nﬁk;htnﬂkB&Mm@ﬂ&xdronlthe common processing
proceSS|

di ng neans for processing the-rr ?:____‘
significance fromthe conmon pfQeeasiChy T
di fferent rds of |ower binary significange fro

wor ds of
proce33|ng nmeans. 62

related pair to provide a second output indication for the
other word in such pair.

39. In a combination as set forth in any one of

5 claims 34" to 38, one of the words in each pair in the

fourth means constituting an odd word and the other one of
the words in such pair constituting an even wor®.~

40. In combination for operating on indications

10 representing a discrete cosine transform to obtain
indications representing an inverse discrete cosine
transform, i '

first means for providing the indications of the
discrete cosine transform in a sequence of input words in

15 a block, the words constituting even words and odd words,

second means for processing the indications of the
discrete cosine transform in the even words and in the odd
words to obtain first indications, the second means
including first latching means for holding the first

20 indications from the second means,

means for providing clock signals for controlling the
passage of the first indications from the second means
int6 and out of the first latching means for the second
means,

25 third means for providing the same processing for the
first indications from the even words in the second means
and the firsf indications from the odd words in the second
means to produce second indications from the third means,
the third means being operative independently of any

30 latching means, and

fourth means for processing the second indications
and for producing third indications related to the inverse
discrete cosine +transform, the fourth means including
second latching means responsive to the clock signals for

35 controlling the times of operation of the fourth means in
accordance with the occurrence of the clock signals.

RPN )0



- This Sheet Has. Been Rep

T

10

15

20

25

30

35

- THIS SHEET HAS BEEN
REF !-A(\ hD

63

41. In a combination as set forth in claim 40, the
second means processing the indications of the even words
in the discrete cosine transform differently £from the

processing of the indications of the odd words in the
discrete cosine transform.

42 . In a combination as set forth in claim40 or -4},
the third means processing the first indications for the

odd words differently from the first indications for the
even words.

43. In a combination as set forth in claim 40,41  or
42, the third means providing geometric calculations on
the first indications for particular ones of the odd words
and for corresponding ones of the even words and providing
arithmetic calculations on the first indications for

particular pairs of the odd word and for corresponding
pairs of the even words.

44. 1In a combination as set forth in claim 41,
the second means passing to the third means the
indications of the discrete cosine transform in the even
words as the first indications for such even words and
providing arithmetic calculations on the indications of
the discrete cosine transform in pairs of even words to
provide the first indications for such even words.

45 . In a combination as set forth in claim 44,

the second means also providing a geometric calculation on
the indications of the discrete cosine transform in an
individual one of the odd words and then providing the
arithmetic calculations on the indications of the discrete
cosine transform in pairs of the odd words,

the third means providing geometric calculations of
the first output indications with particular constants for
particular ones of the odd words and corresponding ones of
the even words and. then providing arithmetic calculations

—_—
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46 . In a combination as set forth in claim 45,
the particular constants constituting trigonometric values
and also the sqguare root of two (( 2).

et 3

47 . In a combination as set forth in claim 42,
the fourth means providing sums of the second indications
in particular pairs of words, one constituting an even
word and the other constituting an odd word, and providing

subtractions between the indications in the particular -
pairs of words.

48. In combination for ©operating on  Dbinary
indications representing a discrete cosine transform to
obtain binary indications representing an inverse discrete
cosine transform where the binary indications representing
the discrete cosine transform include a binary factor
representing a constant value constituting the square root
of two (12),

first means for providing the binary indications of
the discrete cosine transform in a sequence of input words
in a block, the input words constituting even words and
odd words,

second means for processing the binary indications of
the discrete cosine transform to obtain binary output
indications related to the inverse discrete cosine
transform and including the binary factor constituting the
square root of two (12), and

means for shifting the binary output indications by
one binary position to obtain a division of fhe binary
output indications by a factor of two (2) and to obtain

binary indications related to the inverse discrete cosine
transform.

49.. In a combination as set forth in claim 48,

) 0 A A
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the second means including means for processing €
indications in a group of words constituting either the
odd words or the even words and for processing the

indications in a group of words constituting the other of
the odd words and the even words.

50. In a combination as set forth in claiml49 or 49,
the second means including precommon processing means for
individually procesSing the binary indications
representing, in the even and odd words, the discrete
cosine transform to obtain first binary indications, the
precommon processing means including means for multiplying
the binary indications of the discrete cosine transform in
cne of the words by the binary factor constituting the
square root of (J 2),

the second means also including common processing
means for initially processing in a particular
relationship the f£first binary indications in a group
constituting either the odd words or the even words and
for then processing in the particular relationship the
first binary indications in a group constituting the other
of the even words and the odd words, the common processing
means including means for multiplying the first binary
indications in particular ones of the odd words and

corresponding ones of the even words by the binary factor
constituting the square root of two.

51. 1In a combination as set forth in claim 49,
the common processing means in the second means also
including means for multiplying the first binary
indications in particular ones of the odd words and
corresponding ones of the even words by binary factors
constituting constant trigonometric values. '

52.' In a combination as set forth in claim 50 or 51,
the indications in the different word from the common
1processing means having individual binary significances,

—_—
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the second means including postcommon processing

means for processing the binary indications from the

common processing means, the postcommon processing means

including means for processing the indications from the

5 words of higher binary significance from the common

processing means differently from the words of lower
binary significance from the common processing-means.

o
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WHAT IS CLAIMED IS:

1. A system for use in transforming digital signals

from a frequency to a time representation, in which

the digital signals are arranged in groups of N data .

input words;

CHARACTERIZED in that common processing means
(CBLK) is provided and has a plurality of common

arithmetic devices (BT2, BT3, cls, c3s) arranged to

pass both odd- and even-number input data words in
separate passes to form odd and even common processing
means output values, respectively;

pre-common processing means (PREC) are arranged
to perform predetermined pairing operations on odd-
numbered ones of the input words and to transmit even-
numbered ones of the input wérds
outputs,
(PREC)

to pre-common
wherein the pre-common processing means

has means arranged to perform predetermined
scaling operations on the odd-numbered ones of the
- input words and to transmit even-numbered ones of the
input words directly to the pre-common outputs; and
post-common processing means (POSTC) are arranged
to perform predetermined output scaling operations on
the odd common processing means output values to form
post-processed odd values and to arithmetically
combine the post-processed odd values with the even

common processing means output values to generate

high- and low-order output words, the system being

arranged such that the output words contain inverse

discrete cosine transformation values corresponding to
the input data words.

2. A system according to claim 1; wherein the post-
common processing means (POSTCi’has means arranged to
perform predetermined output scaling operations only
on the odd common processing means output values.
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3. A system according to claim } . and
comprising a controller (CNTL) that is connected to the
pre-common processing means and has means for sorting each

group of N input data words into the odd and even-numbered
input words.

4. A system according to claim 1,
wherein the pre-common processing means (PREC) has N/2
pre-common inputs and N/2 pre-common outputs, the common
processing means (CBLK) has N/2 common inputs, which are
connected to the N/2 pre-common outputs, and N/2 common
outputs and the post-common processing means (POSTC) has

N/2 post-common inputs, which are connected to the N/2

common outputs, and N/2 post-common outputs, which form
system outputs.

5. A system according to claim 1,
and comprising means arranged to force predetermined bits
of selected internal data words to predetermined binary
values, such that the statistical accuracy of the system

is improved relative to a predetermined test input data
set.

6. A system according to claim 5 and arranged such

that the selected internal data words are the post-
processed odd wvalues and even common outputs.

7. A system according to claim 1,
wherein the pre-common means (PREC) includes a single
scaling multiplier (R2MUL) attached in a lowest order

input data line for multiplying the lowest order odd input
data word by a pre-determined scaling factor.

8. A system according to claim 7 wherein the pre-

determined scaling factor is the square root of two.

9. A system according to c¢laim 1,

wherein the pre-common érocessing means (PREC) includes a
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plurality of adders (P1lA, P2A, P3A) for pairwise addition

of predetermined ones of the odd-numbered input data words
to form paired input data words.

10 . A system according to -claim 1,
wherein the pre-common processing means further includes
a plurality of pre-common output storage elements (ClOL,
C54L, C32L, C76L) arranged alternately to load and latch
the paired input data words and the even input data words.

11. A system according to claim 1
‘wherein the common processing means (CBLK) includes
common coefficient multipliers (MULC1S, MULC3S3, MULC3S2,
MULNC1S) for multiplying selected common processing means
input values by predetermined trigonometric constants.

12. A system according to claim 11 ,wherein the

common coefficient multipliers (MULC1S, MULC3S3, MULC3S2Z,
MULNC1S) are four in number and are arranged such that
each of a selected pair of the common processsing means

input values is connected to a corresponding pair of the
four coefficient multipliers.

13. A system according to claim 1, -

wherein:
a) the post-common processing means (POSTC) includes

switchable arithmetic devices (S70A, S61A, S43A, S852A)
each with an addition mode and a subtraction mode:;
b) the post-processed odd values and the even common
outputs are connected as inputs to the
artihmetic devices (S70A, S61A, S43A, S52A):
c) in the addition mode,

switchable

the switchable arithmetic
devices form the low-order output words as the sum of the
post-processed odd values and the even common outputs; and

d) in the subtraction mode mode, the switchable

arithmetic devices form the high-order output words as the
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difference of the post-processed odd values and the even
common outputs.

14. A system according to claim 13, wherein:

a) the post-common.pfocessing means (POSTC) includes
a first set of output data latches (LgO, Lgl, Lg2, Lg3)
arranged to store the even common outputs and a second set
of output data latches (LhO, Lhl, Lh2, Lh3) arranged to
store the post-processed odd values; and

b) each of the first and second output data latches

is connected to respective inputs of <the switchable
arithmetic devices.

.15, A system according to claim 13 , and
comprising control means (CNTL) connected +to the
switchable arithmetic devices (S70A, S61A, S43A, S52A) for

generating mode signals to switch the arithmetic devices
between the addition and subtraction modes.

16 . A system according to .claim 1,

wherein the post-common processing means (POSTC)

includes a plurality of post-common coefficient

multipliers (dl, 43, d5, d7) arranged to multiply the odd
common processing means output values respectively by
predetermined post-common, constant,

scaling values to
form the post-processed odd values.

17, A system according to claim 1,

wherein the common processing means (CBLK) is a
non-clocked, pure-logic circuit.

18 . A system according to claim 9

’ .

the adders
(P1A, P2A, P3A) all being fixed-point devices.
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19, A system according to claim 11,

) the
common coefficient multipliers {MULC1lS, MULC3S3, MULC3S2,

MULNC1S) all being fixed-point devices.

20. A system according to claim 13,

_ .. the
switchable artihmetic devices (S70A, S61A, S43A, S52A) all

being fixed-point devices.

21. A system according to claim 1,

the common arithmetic devices (BT2, BT3, cls, c3s)
all being fixed-point devices.

22. A system according to claim 1, . )
and comprising a plurality of adders (M5A, PIlA,
P2A, P3A, BT2, BT3, CSO, CSl1l, CS2, CsS3, RESO, RESl, RES2,

RES3, HOA, Hla, H2A, H3A) and adder/subtractors (S70A,
S61A, S43A, S52A) all of which are fixed-point devices.



———

——

AR R | CEPLCEENT et

L L

56

23. A system according to any one of the preceding
claims, and including a transmission device arranged to
transmit the digital signals, and a receiver which is
connected to a system output of the system.



