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1 Method and Arrangerrer@lﬂ@ Bjrﬁ[ﬁr,r@ion of Signals 5 froma
frequency to a tine donmm h ntion relates to a nmethod for the

transfoﬁnatlon of signals frequency to a tinme 10 representation, as
wel | a§’ a drgital circuit a ment for inplenmenting the transformtion.
It is a-common goal in the area of telecomunications 15 to increase both
I nformati on content and transm ssion speed. Each conmuni cations nedi um
however, inposes a limtation on transm ssibn speed, as does the hardware
at the transnlttlng and receiving end that nust process the transmtted
signals. A telegraph wire is, for exanple, 20 typically a nuch faster
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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 does the hardware at
the transmitting and receiving end that must process the
transmitted signals. A telegraph wire is, for example,
20 typically a 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
long-winded telegraph message will, for example, take
loﬁégr to convey than a succinct message with the same
info:'."mation 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 medium, 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 electrical signals
to control the luminance and color of picture elements



field - of digital television. Whereas conventional television systens
use analog radio and electrical signals to control the |um nance and col or
of picture,el enents 2 ("pixels") in lines displayed on a television
screén, a'digital television transm ssion systemgenerates a digital
representation of an i nmage by converting.anal og signals into binary
“nunbers" corresponding to | um nance and ol or 5 values for the pixels.
Modern digital encoding schemes and hardware structures typically enable
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10 life-like images than their conventional analog
counterparts. It is anticipated that digital television
systems, including so-calleci High-Definition 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 image ‘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 the sequence were
35 completely unlike the frames closest to it in the

sequence.



there are at present two standards -- MPEG and H. 261 -- 25 both of which
carry out JPEG i ke procedures on each of the sequential frames of the
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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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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 reguired. There are at present two main
methods used for reducing the computation required for the
DCT, both of which use "“binary decimation."” The term
“pbinary 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



5 to performthe necessary matrix nultiplication for an eight-by-eight

pi xel block, 512 rmultiplications and 448 additions are required, so that
1, 024 nultlpllcatlons and 896 additions are needed to performthe ful

2-di nehsional DCT on the 8-by-8 pixel block. These arithmetic 10
operations, and especially nmultiplication, are conplex and sl ow and
therefore limt the achievable transm ssiop rate; they also require
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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 wvideo.
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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10 either by truncating the answer by dropping the right-most
"e", 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 1loss of precision or include highly
complicated and space-wasting circuitry to mininmize
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 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 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



25 inverse DCT to video data are very sinple and highly efficient for a
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One way of redu01ng 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 switch the

20 appropriate signals from the selected sources to the
inputs of the multiplier. Additional large-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

multipliers typically include rows of adders and shifters
such that, 1f the current bit of a multiplier word is a
35 "one", the value of the multiplicand is added into the
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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m nim‘ze rounding error. Even with efficient rounding circuitry, however,
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' 10 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

15 order to perform 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,

.20 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

.25 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

30 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 1is then
obtained by performing two one-dimensional IDCT operations
in sequence (with an intermediate reordering —--

35 transposition -- of data).

In a common processing step, for N=8, a first pair of

input values is passed without need for multiplication to



just as clear as 12.30 + 4.56 = 16. 86, since one would always know that the
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whi ch both inputs are variable. is well known, | enent ati ons of
di gi t al processing block. In a post- common rocessing 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-ordér 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 v2. 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 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

35 setting of selected bits to either "1" or "0".



multipliers typically include rows of adders and shifters such that, if the
current bit of a nultiplier word is a 35 "one", the value of the
mul tiplicandris added into the partial result, but not if the current bit

is a "zero". Since a general purpose nultiplier nust be able to deal 8
with the case in which every bit is a "1", a row of adders nust be provided
for every bit of the multiplier word. By of an exanpl e, assune that

data words are 8 bits wide and that one wishes to nmultiply single inputs by

9 5. An 8-hbit reprefﬁatﬁmgﬂs%nsbe EHHHEEo§mh%iQROOQ¥01 1210t B%ftamglt >

digital nultiplication requires onl ¥ he i nput va ue be sh
to the left tvﬁﬁ{ﬁh%@s°P@o#ﬂb§bdﬂ%ﬁ9&9to ﬁﬁﬂFFEP#CdT1 rPE®r§$1%hd°Ph§he

added to its ugagdittediyasuerom Ihe ﬂbgt 3bp poeTt ipticcfsidif steps.
coefficient have bit values of "0" 4&#& woul d not require a1¥ Shlftlng
or addition steps. %Pf??@ﬁ ?Xﬁﬁ?Wc?%ﬁﬂr e ivst anethes aspeqthof thee, o

mul tiplier Cs!.pﬂbbenﬁiomlincﬂl\;dm anl préycbmmen vprbdesedngr eciwrdyit, siangl e

shifter and a N r. tog t Laon
(di sregarding §+m@%$tg§g§§§ 3 f@ﬁ~% carry cgé%t %?genergkg %%%sg
mul tiplier, i nctmtxiastinmmth‘eqau presaphmens gAUM@ideBndf posdgacomnmbnt he
ei ght positi Onﬁroééégihaoégikf:ﬁiéti?&néh&ﬂ&%f’oﬁﬁé{&bx{'eﬁfb&@ dftd! SR

the exanple ilTustrates | xed cqeffici‘ents can si i he nultlpllers
since they al |bwqwseew’s~°r@mr cOBtaaliar 9ePEFater JeRBFEOLnsionals 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 ocutput 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-ﬁurpose 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



correspond to zeros in the coefficient, thus saving silicon area. Various
aspects of the invention are exenplified by 25 the attached clains. In a

| DCT net hod ;according to a further aspect of the invention, a

one-di nensional IDCT for each N-row and N- columm of N-by-N pixel blocks is
decimated and a 1-D IDCT is perforned separately on the N 2 even-nunbered
pi xel 30 input words and the N 2 odd-nunbey :gd pi xel input words. In a
preferred enbodi nent, N=8 according to the JPEG standard. The

t wo- di mensi 0”2% \Li)cr foteHddfoting h?ﬁc@btt%*a@&ft&ﬂn&%f&@f& ”91&&‘8 data

one-di nensi on operations iIn % uence (wth an internediate

reordering 35 ‘H%Phs%%l?Foﬂ°r§ ef GQFa oljowing, FRAYSessi ng step, for

N=8, a first pair ofihnpgbnstbnts | aspassed W ialqut nzg&lyor Bhtithileitdad | on
to 9 out put _adders and subtractors. Each of a second pair of input
val ues is mul t?RFFRE*BYSach of two constant- coefficient values

corresponding to twozscahadommanuxaareésceN¢h§rsalxmnmlateaaneededamb

only one subt rmﬁiggﬁéta%eogfn@?d' HAQP abel ?g;%:ﬁ&ﬁ'? hBExC ora e

processing ste e secon alf en ad or di erence pairwm
with the fi rstebamﬁnﬁﬁ i hﬁuﬁhvaﬁaes]-@'éc\“%ﬁlh evRReferablyr Q| tRowe véﬂh?és.

In a pre-coMDB:RLPLEAS £i¥kr SeFF cildht |19:w§é11ﬁiﬂgr o) €HE iaHuHitethdesS,
pre-multiplied byp&gar]%ltgndathgmgff Irﬁ*ber of constant coefficient
10 multipliers rather than general purpose multipliers 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

15 sufficient 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

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 invenfion 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;



words are summed pairw se before processing in a comon processing bl ock.
In a post-commobn processing stage, internedi ate val ues corresponding to the
processed odd input words are nultiplied by predeterm ned constant 15
coefficients to formodd resul tant values. After calculation of the even
and odd resultant values, the N2 high-order outputs are forned by sinple
subtraction of the odd resultant values frpmthe even resultant val ues, and
the N2 | oworder outputs are formed 20 by sinple addition of the odd

resul tant val ues andrIithe 2veisr esulbklmok vdliagramFothabt HihsDEtEsnt thee

transm ssion ery \%ﬂ ribd/] d?ﬁné’if’ffé&' ”Qw&%tt%?e aé%]ﬁihl?eé% (3¢ LRe 1pcT

recei ving end, i Hcor f'es ohe or e various aspects of 25
the i nvention) SYtSf@WeﬂQM@ng prefeiablivertiort atel y scal ed upward by a

factor of [err]2. ~ g¥d.er 3 heiHCTal nggmetibaonmabﬁ pari%?&am dfe the
resul ting val ues may then be scal ed downvva gée b’&b&Ct %r t\/\oogﬁyna SIP‘p| e
bi nary ri ght %mﬁegraﬁﬁ% A FHEES ¢ BN FORPEdSe, FRgr fadBa

elimnates seveitsd IDCT iPrdtaaii on steps that are requi red accordl ng to

bi ts of constant codt1E1 chE SR (1 crouarafs” Ree.d DG 4 edral g €
rounded or adj psteetbrncessidig echrauilt3soresponddings e erel ©ft $hieo raimer
"1t oor 0" SMLTUR- OB 8RNI SE TB¥ | Qb Pdndt ¥, daidhd Stigures

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
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 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 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'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):



carried out by a second, identical 1-D operation on the output values from
the first 1-D I DCT processing steps. An |IDCT system according to yet

anot her, aspect of the 5 invention includes a pre-comon processing.
circuit, a compn processing circuit, and a post-comobn processing circuit,
in which the pre-comon, conmon, and post-comon processing cal cul ati ons
are perforned on input data words. A supervigory controller generates
control signals to 10 control the | oading of various system | atches;
preferably, to ggihally @Qggﬂguutiplex the application of the N2 even- and
N2 odd-nunbered input words to ipput |atches of the)pre-conTPn bgock; to
direct addition of gh ng~ 0 I | & a mes) iolf 21 h

| ow- or der out put 15ﬁs?é§g?3k2ngt _odfﬁzgpt)sgéﬁr/acttﬂn 011 ﬁég od@N esyl t ant
val ues fromthe even resultant values to formand | atch the high-order .

out put signals; and to sequentially control internal multiplexers. Even and
odd i nput words are preferably processed in 20 separate passes through the
sanme processing bl ockhenenduk dat®e Wor ds <ar 8pPreferably (but not

necessarily) |atchedayd dyBtrd@d) %= aiq_e/}tﬁ NEgy fascergli ng order, but
rather in an grder enabliég an efficie t1"tnntdxﬁé§bi§§ructure for data

pat hs. 25 At leagst . the nmon rogcessi.ng, _citcui.t be
configured as a pure?‘f}tﬁetgi1i:e’fﬁl r%fﬁ?tgo‘ﬁ\?f'ﬁsngh%lSSkISYeéoﬁ’lfr &F‘H%itd:ﬁé\ssfom'
requi red for itang dher copfificientsas(jly otkdtace knooesss mpriraddization

dependi ng on theg_pardicul ar application. 30 No general - pur pose
multipliers (wwth two variable inputs) are required, rat her constant
coefficient The expression for the corresponding inverse discrete

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

(E2): X(m,n) =

o
(=Y
3
"

2
N 2N 2N

cld) clk) vii. b cos[_@_f?_‘f_l_).i_ﬂ] cos[ (2n+1) kn

o
»
o

W,

Where j,k = 0' l' . e, N—l

15 and ¢(j), c(k) = {i/wl’z fgﬁ j,l; =0
othnerwise

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
expression E2 can therefore be rewritten as:



multipliers are included throughout the preferred enbodi nent.
Furthernore, fixed-point integer arithnmetic devices are included in the
preferred enbodinent for all 35 required arithnetic operations.. It will be
apparent that certain enbodiments of the invention can be so designed as to
provi de a nethod and system for performng |IDCT transformation of video
data with one or nore of the followi ng feag4res: (1) constant use of
al | costly ari'thnmetic operations; 5 (2) in order to reduce the
silicon area neeg@y:to i npl exeminyhe | DCT, there are a small nunber of
storage elenents (such as |latches), preferably no nore than required for
efficient pipelining,gf the architecture, gpupled with a small nunber of
constant coefficiedt yr0 auiyt EQELMT hapkpenes at) wsgégsmmkmi pliers
that require extrahs ag€ el enent sg2N( 3) dgérations are arrpange@Nso t}hat
each arithnetic operation does not need to use sophisticated designs; for
exanple, if known "ripple adders" are used, these would 15 sufficient tine
to "resolve" (see below) or produce their answers; if operations are
aLragged in ﬁuch a mm%igﬂafhougfre&ﬁgraeanprgﬂgd?ngj&ﬁ@1fréidgmé?§¢55ilin-
the data path.a o_be_he i dle [ L adder, t inLs
then rearr angf’ ngBSte?ﬁffgﬁ@e?ooﬁva‘ﬁ ?ﬁ?é\gﬁti ‘gg igisﬁ%ﬁp% ﬁé%ﬁ ?%p%ﬁéa?'ar
t hroughput and kf &hdi encolldwedne afdeahlee strgjghtfomvant Btandard datar al
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) =!§ c(nj)' (n) - cos|EL2X:1) 0 k=1{0,1 N-1}
5 conyoncof 20505 ket
15 where c(n) = |1/2 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
operations is in turn broken down into sub-procedures that
are then exploited to reduce even further the regquired

30 size and complexity of the semiconductor implementation.



order; (5) no costly, conplex, crossbar sw tching need be required; 25

(6) the architecture is able to support nmuch faster operations; and (7)
the circuitryy 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 sane may be carried into effect, reference wll now
be made, by way of exanple, to the acconpagyging drawi ngs, in which: FIG 1
is asinplified illustration of basic steps in a nethod according to the

i nvention for perforghAgal faSbod SH &fefddiedfsa; 12 FIG 2 is a block
diagramthat illustrafes the conbined, sinplified, two-stage architecture

of an I DCT system according to the invention; FIG 3 is a sinplified block
di agram of the 5 i ntrgrgsediscussedsabbat, campriimpdritan trales igmpyoeht foof

br o- pr ocessi ng TPy bRe 8PP sp8n iAo PACSHAoD Gt Lol Muflber of
for ease of eXphabtipbhershthat inyst dse 1inaleded s tnrthetolixoiitryi veMpsis
FIG 4, FIGS wgdébféf?gé%f@ﬁlﬁfn%‘ PheCBes 38 2Pl tiRe FOEBPE RELERDY NI
circuit in the system Tor ease of

. to reduce the number of multiplications needed. According
to this embodiment, however, all the input wvalues 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 V2 in series
is that the final 2-D results will be scaled upward by a

20 factor of v2.Y2 = 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 1is explained below in
greater detail, the single additional multiplication step
(upward scaling by V2) of the input data in each 1-D



expl anation, these figures are referred to collectively as FIG 5; 15

FI GS. 6a, 6b, 6c, and 6d together are a bl ock diagram of a post-processing
circuit, that; corresponds to another main conponent of the system except as
necessary to enphasize certain features, these figures are referred to
collectively as FIG 6; and 20 FIGS. 7a, b, c are timng diagrans that
show the rel ati onshi ps between timng andécontrol signals in the | DCT
systemin the preferred enbodi nent. Theoretical Background of the Invention
. 25 | n copRratiomnddesdand the pReposd i Frien i ofrfof Yete vatheus
conponent s a%i@%fgggg{&gessegpghe tHatal aPé 0C NG REt R ISeds i Rgt N

| DCT system according to the invention, it is helpful to understand tﬁe
system s t hec?@ryentional srethpdBnarability of a Two- Di nensi onal | DCT The
mat hemati cal definition of a two-dinensional forward discrete cosine
transform ( ) foL_an xohlb o] % of_Hix- [ 2 fol | ows ere_Y(]

are the pixel 35 freguehty varte 0 Eoprxe Simv
val ues X(mn): ] ] where j,k - 0, 1, ..., N1 and c(j), c(k) =
[err] 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
v(0), y(1), v(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/f2-1)
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

ES): = . . Z(2k+1)n
(ES) x(k) ,,2% c(n) - y(n) cos[ =

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

where c(n) = {1/«2 for n = 0
1 otherwise

25 ‘High-order outputs:

N-1
E6) : e o (N-1-K) = _ayn 1!(2k’+1)n}
(E6): (k)= x(N-1-k') ; 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).
NHote 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 sunmmation sign for the



5 The term 2/ N governs the dc |level of the transform and the coefficients
c(j), c(k) are known as nornalization factors. The expression for the
correspondi ng i nverse discrete 10 cosine transform that is for the |IDCT
is as follows: (E2): X(mn) = [err] where j,k =0, 1, ..., N1 15
and c(j), c(k) =[err] The forward DCT is used to transform spati al val ues
(whet her representing characteristics sucfyas |um nance directly, or
representing differences, such as in the MPEG 20 standard) into their

frequency repRSeRierda inphRe | Weloe)DCEoraSthés iy | Myl e6utput
operates in the _other "direction®

L Jthat i he IDCT.trapsforog.the
frequency vaIMQ§Q&§:ﬁWdh95C§E§tFgﬁtv§s3e¥?°>ngﬁﬁg g%éﬁegsiﬂﬂgéi?TﬁSFethat
the cosine furgto)ensa /A2 .each depend on only one of the sunmation indices
The expression 2 app e f,9rse NL YLH 6RY A9hro pbdnl S oBY Srichelde
equi valent of a fi - ) T f
all terns tiat depdkbeNve abbah, tbel oRdBI1Eft SUm i ai §pef otwlr dIDCT
st andar dhdat a éiﬁ&é&f)ﬁr?] I@?,céw ﬁ%@@e@&&a@ﬂé@ﬁ&iw@wd BGhsiSione For
' nputs the Outéﬁgszéénlnghbéégé inputgp?£g§|828, Y(0), v(2), y(4), and

y(6)) and one for the odd-numbered inputs (for N=8, y(1),
y(3), v(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) =

¥ Ny
p) p)
c(2n)y(2n)cos[1t_£?"_l.§:l.)_2£] = c(2n) y(2n) cos _T_L(_Zﬁi}_)_g}
n=9 2N n=0 z(ﬂ) |
z] |
15 where k = {0, 1, ..., (N/2-1)}; and
g-x
(E8) : - wt (2k+1) (2n+1)
h(k) ;; y(2n+1)cos{ SR

Where k = {0, 1' s ey (N/Z-l)}. .
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 cosihe identity:
cos (A+B) + cos(A-B), and set
A = w(2k+1)/2N and B = w(2k+1l) (2n+1)/2N. One can then
25 multiply both sides of the expression E8 by:
2'cos A = 1/{2-cos{m(2k+1) /2N]} = Ci.

Note that, since C, does not depend on the summation

2 'cosA-:cosB

index n, it can be rnoved 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



10 Definition of the 1-D IDCT A 1-di nensional, N-point IDCT (where N
is an even nunber) is defined by the foll ow ng expression: (E4): [err] 15
where c(n) =[err] and where y(n) are the Ninputs to the inverse
transformation function and x(k) are its N outputs. As in the 2-D case,
the fornmula for the DCT has the same 20 structure wunder the sunmmation
sign, but wth the normalization constggsit outside the summation sign and
with the x and y vectors switching places in the equation. Resolution of a
1-D IDCT 25 expréAssiensfionnhfbpvean ttiee-ibe M thbeheirc dihruifaladwizigng a
sequence of 1. hDCT operations separated by a transpose. According to an
enbodi nment , egcﬁ 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 cd®8)éxity of the semiconductor inplenentation. 15
Normal i zation of coefficients As is digcussed above, an inportant design
goal for IDCT hardware is the reducti of the required number-gf

mul tipliers thalt{kust be1
cal cul ating the DCT orZ2| |
mul-tiplications needed. According t
i nput val ues are

- dyéraEdd trorf2nvad ]
}d“&ttenpt to reduce the|nu
o this enbodi nent, however,

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+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)
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 represenfed by the

following:
¥—1
(E10): h(k) = ¢ ¥ p(n) cos n(2k+i)n
=0 R
" z)

20
Where k = {0' 1, “« o o g (N/Z"l)}.

Observe now that the cosine term under the summation

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

25 have the structure of a 1-D IDCT (compare with expression
E5). The result of the IDCT for the odd kX terms, that is,
for h(k), however, is nultiplied 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



deliberately scaled upward by a factor of [err]2. 1In other 10 words, using
the nmethod according to this enbodinent, the right-hand side of the

| DCT expression (E4) is deliberately multiplied by [err]2. According to
this eirtbodiment, two 1-D I DCT operations are perforned in series (with an
internmedi ate transpose) 15 to yield the final 2-D IDCT result. Each of
these 1-D operations includes a nultiplicaigon by the sane [err]2 factor.
Since the internedi ate transposition involves no scaling, the result of two
nul tiplicationgnby/bepblidti 1pedar igerat ipton heyf{2nal ) 2+Dyr(ewnHihg windree
scal ed upward b 20 _factqr of .[err]2.[err]2 = 2. To obtain the unscal ed
val ue the cird%{fib"ngegytﬁgﬁlgﬁlﬁo ‘vide by two, which, since the val ues
are all represent edNdiwgiin&irbfucearthiee faddenwing hedembitigsby a sinple right
shift of the data. Qﬁ LS qgﬂe cl earer below, the upward scaling by [err]2
in each 1-D I DCT 25 stagg and final down-scaling by 2 is acconplished by
adders, mul tPpliersClafdcemi(f/éds all within the system s hardware, so that
the system pl aces neg2r eqeosq¥ayiey orcdat o ispups20n the other devices to
whi-ch the systen1na§ be conﬁgct .. Because of this, the systemis
conpati bl e 30 with 5thér €8I &{F)dnal devices that operate according to the
JPEG or MPEG st andadds = Ngr{2alacsdtn /a6)acrcordi ng to this enbodi nent thus

el i m nates the needikor Rar io{ers within the I DCT sem conduct or
architecture for atd%eéé?%ﬁﬁyqé§¢%%ziéié?nntipIication oper ati ons. As is
expl ai ned btPow i ndgr Eatldil 0@as (5TA¥&) bt @ additional nultiplication

step (upward scaling7by [1gr(d-BoPf74# s pput data in each 1-D

Further introduce scaled cosine coefficients as

follows:
15 cls = v2-'cos(m/8);
c3s = v2-'cos(3n/8);
Using the Xknown 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 + yd4c2 + y6c3 _
= 1/v2'(y0 + y2°'cls + y4 + y6-°c3s)
g(l) = 1/¥2°y0 + y2c3 - y4c2 - yécl
25 = 1/v2-(y0 + y2-c3s ~ y4 - y6-cls)
g(2) = 1/v2-y0 - y2c3 - y4c2 + yé6cl
= 1/v2-(y0 ~ y2-c3s ~ y4 + y6-cls)
g(3) = 1/v2'y0 - y2cl + y4c2 - yéc3
= 1/¥2:(y0 - y2°cls + y4 - y6-°c3s)

30
and
h(0) = dl-{yl + (yl+y3)cl + (y3+y5)c2 + (yS5+y7)c3}
= d1/v2- {v2-'yl + (yl+y3)-cls + (y3+y5) + (y5+y7)-c3s}
35 h(1) = d3-{yl + (yl+y3)c3 - (y3+y5)c2 - (y5+y7)cl}

= d3/v2: {v2-yl + (yl+y3)-c3s - (y3+y5) = (y5+y7)-cls}



16 operation leads to the elimnation of yet other nultiplication steps

that are required when using conventional nethods. 5 Separati on of
the 1-D IDCT into H gh and Low Order Qutputs Expression E4 can now be

eval uated separately for the N2 | oworder outputs (k= 0, 1, ..., N2-1)
and the N2 high-order outputs (k= N2, N2+1, ... N). For N=8, this 10

nmeans that one can first transformthe inpots to calculate y(o), y(1),
y(2), and y(3), and then transformthe inputs to calculate y(4), y(5),
y(6), and y(7). |nthg2uce aﬁe{yhr+ abye+¥3 eI V- 1ey<;+ymc2 he (¥Styoyck)

Vartes 1t rom (11 23077, W2elf Refr Sy PREn: (ORI 2 (b3t BT (-
{4,5,6,7}. It can then be shown that expression E4 can be d|V|ded into the

follow ng two sub- elpfp??smgﬁs{g@ oy £hy s $cihe E¢8%Py § CE4 eW-;L }the .

I nterval of sunnatl d E6:7 20 Low order outputs: ,
o, (N2-1)3 ;= E(H} = (8}tYS25CF gh- 6Y%é¥5bufph¥§+YTEﬂ?qs%here
k={N,...,(N2+1)} -k { 1, , (N 2-1)}

Now recall that, according to this embodiment, all
values are scaled upward by a factor of v2 for both the
DCT and IDCT operations. In other words, accofding to the

10 embodiment, both h(k) and g(k) are multiplied by this
scaling factor. The g(k) and h(k) expressions therefore

become:
{E1l):
15 g(0) = yO + y2.cls + y4 + y6:c3s
g(l) = yO + y2.¢c3s -~ y4 - yb6:.cls
g(2) = y0 ~ y2:c3s ~ y4 + y6-cls
g(3) = yO - y2«cls + y4 - y6-c3s
and
20
(E12):
h(0)= d1{V2.yl + (yl+y3).cls + (y3+y5) + (y5+y7)-c3s}
h(l)= d3{V2.y1 + (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.y1 - (yl+y3)-cls + (y3+y5) - (y5+y7)-c3s)}

Notice that, since - ¢2 = ~cos(u/4)= 12,
multiplication by ¥2 gives a "scaled" ¢2 value = 1. By
scaling the expressions (corrééponding to upward scaling

30 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

35 that general utility multipliers are not needed. This in
turn eliminates the need for the corresponding hardware



(Since c(n) =1 for all high-order terns, c(n) is not included in this
expression). Note that both E5 and E6 have the sane structure 30 under the
summati on sign except that the term(-1)n changes the sign of the product
under tfhe summation sign for the 17 odd-nunbered inputs (n odd) for the
upper N 2 output values and except that the y(O termw |l be nultiplied by
c(O= 1/[err]2. Separation of the 1-D IDCJ;into Even and Odd Inputs 5
bserve that the single sum in the 1-D |IDCT expression E4 can al so
be separated iffi¢ t;me%urm tABeséREcbhaueyer- MMphenedthtRBhSof ftte NDLT
y(O, vy(2), y(4), and y(6)) and one for the odd-nunbered inputs (for N=8,
y(1), y(3), y@Pe ,ra&‘rf-d’%?(-?)) Let g(k) represent the partial sum 10 for the
even- nunber ed i nputthearghini lgr itepr bsestrabeuper bifak (kymand H({xX9 can be

dd- nunb d Ce,
?N/ ZnE)}ergndll[qqrq}ﬁst%Q;e;% ?§E7%%Pg§§;’1 [ef’r%ié 5et%of er%“%%%é o Phai
the suns in EmatwixEdmmnh des gobeakbe Gvers neoﬂﬁe 1C°€ff3}lemo\ma@c:eekl

the known cosigierigitdd Vio P GSA CosB = cos(A+B) + cos(A-B), and
set A = [err](2k+1)/2N and B = [err](2k+1)(2n+1)/2N. One can then

1 ¢c1ls 1 c3s

1 ¢3s -1 -cls
E13): =
( ) < 1 -¢3s -} cls
1 -cls 1 -c¢3s
Then:
g(0) 'y0
g(1) y2
El4): = .
(E14): g2 =€ e
g(3) (3
10 and
h(0) V2 y1
. h(1) 1+v3
(E15): = o~ | YA
- |h(2) b-c y3+y5
h(3) S5+y7

where D = diag(dl, d3, d5, d7] = the 4 x 4 matrix

with di1, d3, d5 and d7 along the diagonal and with all

other elements equal to zero. As El4 and E15 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

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

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

2s the expressions above also indicate, the N-point,

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



25 multiply both sides of the expression E8 by: 2 cos A = 1/{2

cos[[err] (2k+1)/2N]} = Ck. Note that, since Ck does not depend on the
sumation index n, it can be noved 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 18 expression for h(k) can then be
rewitten in the following form (E9): [eRR] 5 - where k = {0, 1,
(N2-1)}. Note that the "inputs" [y(2n+l) + y(2n-1)] inply that, in

cal cul ati ng h(¥)CT$ heeadl iimyailviegnecemomaiorz opefretaoNs2 (‘undieredthe

1203 1y HEELI g nd v, qod o,y g
definition) 1.inpq¢ Yalugﬁg) Zhe eypgyssi9v§)a99ve quid %ﬂ
Expression B9 ¢fiplé k)sﬁ%éﬁ@ err aeesenEed Hy tﬁ@ﬁ&.&émmin[ %ﬂﬂs 20
where k = {0 (N . Qbserve now that the cosine termunder the
surmmation = 9 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): (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 designef of an IDCT circuit is faced

15 with a number of trade-offs, such as size versus speed and
greater number of implemented devices versus reduced
interconnection. complexityl. 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 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 perfectly. Of course, such perfection is
not to be had using existing technology.
In order to achieve some standardization, however,
IbCT systems are at present measured according to a
standardized method put forth by the Comite Consultatif
35 International Telegraphique et Telephonique ("CCITT")} in
"aAnnex 1 of CCITT Recommendation H.261 -- Inverse
Transform Accuracy Specification". This test specifies



sign is the sane for both g(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, is multiplied
by the factor Ck = 1/{2 cos[[err](2k+l)/2N]}. In other words, g(k) is
an N 2-point |IDCT operating on even inputs y(2n) and h(k) is 19 an

N 2-poi nt | DCT operating on [y(2n+1l) + y( )] where y(-1)= 0 by

defi(Fition. Now i ntroduce the following identities: yn= y(n) 5 cl =
cos([err]/8 c erel/ = /
cos(3[ er]r] / 23) %§Ff F?‘fg[ cgg] gdf r?cl)qgséiﬁ;éé —191170(-(:2}&005 3 /ﬁgs) )random

err
ds5 = 1/[ 2. cos(%P@EFgPF%PF g&ﬁ&rGFGd 1/%%%%&%%#?]#%)‘}he'hﬂ%énd IDCT
i ntroduce scakednsFerimed S fodloeld B4s rb'@eflnedljr%und:mg,

[err]2-cos([err /g) c33 er -costg&{ / 8 Us t knovvn ness
(cos(-[err]) d58d Lﬁ‘g‘r"“l Q‘{f (aé:’ r]“) &rﬁ%ﬁ]ﬁ of
t he cosine fsnptrlea:ris:.’w\ ekpr pseodoce HO HQ0 E8etsn dfhea bg—Sx arefsirdrore N=8

t | d I 1/ 2 O =1/ 2 O 2cl
yzcgliyesggecallncﬁl%qlwcg@.w [err]2): g(O [err]2 yO + y2cl +

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 Imf)lementation 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 single-



=1I1/[err]2 (yO+ y2.cls + y4 + y6.¢c3s) g(l) = 1/[err]2.yO + y2c3 - y4c2 -
y6ci 25 =1/[err]2 (yO+ y2.¢c3s - y4 - y6.cls) g(2) = 1/[err]2
yO - y2c3 - wy4c2 + y6cl = 1/[err]2 (yO- y2 c3s - y4 + y6.cls) g(3) =
1/[err]2.yO - y2cl + y4c2 - y6¢c3 = 1/[err]2 (yO- y2.cls + y4 - y6.¢c3s) 30
and h(O = dl.{yl + (yl+y3)cl + (y3+y5)c2 + (y5+y7)c3} = dl/[err]2
{[err]2-yl + (yl+y3).cls + (y3+y5) + (y5+®8).c3s} 35 h(l) = d3.{yl +
(yl+y3)c3 - (y3+y5)c2 - (y5+y7)cl} = d3/[err]2- {[err]2 yl + (yl+y3).c3s -
(y3+y5) - (y5+g7awm|Xkines iZ'OF‘rI@Z) l_rgpr{eﬂem:s( geveZpd3confygtpssc int+the

5+y7)cl d + 7
g%’?’)y )87}{yl ?A%rﬁrélt #i Eﬁ% %ci Ccéﬂvi %f%jaéi’§ Yr) f&réfgéi ) thleS}
{[err]2.yl - (?13‘4%8? thit +wi sw%—-) &) §7)t;@£}em #e@&m gyt output
according to tRpsSré& %a ., all values are scaled upward by a factor of
“wt Fifit
(k

2 f both th ti t h d di t
the 10 enbodSmont OF-arPRR) ORP RIFELES GFRAETHIG CRaTARgNE. |

factor. The g(kingnd takpuexppddsrons wherethyr @ bemaid: (CHihicgle 1at theg( O
=yO+y2.cls do nect?fgncgéir%laf an an&@v&:ﬁx thy'add}é(} %ﬁlcates 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 T1 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 2 niultiplier
before entering the adder to form BO. Consequently, the

20 intermediate value T3 = Y2.T3 = Y2.cls + Y6.c3s, and the
intermediate value B2 = pl.c3s - p3:cls = (¥Y1+¥3).c3s -
(Y5+Y7).cls. By performing the in_dicated additions,
subtractions, and multiplications, one will see that the

- illustrated structure implements the expressions El1l 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, d7 (see
expression El12); a second post-common block POSTC2 that
sums the g0 to g3 terms and the h0 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 E16 and E17); and a common block CBLK
(described below).



g(2) = yO- y2.¢c3s - y4 + y6.cls g(3) = yO- y2.cls + y4 - y6.c3s and 20
(E12): h(0)=dl([err]2.yl + (yl+y3)-cls + (y3+y5) + (y5+y7).c3s} h(l)=
d3([err]2.yl. + (yl+y3).c3s - (y3+y5) - (y5+y7).cls) h(2)= d5{[err]2.yl -

(yl +y3).c3s - (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 3* [err]2 gives a "scaled" c2
value = 1. By scaling the expressions (c ?esponding to upward scaling 30

gl;rbz)g?rr;ﬁlt “elstofst[‘ své9§9e§g$811?t Erd gk’ E1SS Séﬁl}é%%e%lﬁﬁ%%ﬂhﬂgtﬁg hi's

SSI |n1na e nee
al t oget her. Futhéeinput, so@hglsmoccgsdnagt@pnshneeubpdim@nsuapu@p@§siags

and c3s, both ghynhig{y ate‘%em%waréa)eaaac'saasnﬁﬂbéﬁeahain ersalgdatlélty

nultlpllers are not need his in turn elimnates the need for th
corr espondi ng Havahues a c?fﬂﬂmiﬂﬂﬂrﬁiiqql¥?EF%%%?E%ﬁdB¥tGPe|Wﬁﬁgﬁﬂh&étlon
of the | DCT ®pehasi €86 bdheeshin FIGy 10 ﬁirmitcm et cinorf sl duk cBIan be

e the 4 x 4 oS RBCLRERR; SRCRBTR IS, axeh e aapopRs s arher ) T 8 ©
processing circuitry according to the embodiment, the
common operations perfofmed 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+l = 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 "S5" 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: 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;



Then: [err] 10 and [err] where D diag [dl, d3, d5, d7] =the 4 x 4
matrix with dil, d3, d5 and d7 along the diagonal and with all other

el ements equal to zero. As E14 and E15 show, the 15 procedures for
operati‘ng on even-nunbered inputs to get g(k) and for operating on the

odd- nunbered i nputs to get h(k) both have the common step of nultiplication

by the cosine coefficient matrix C. To gg% h(k), however, the inputs nust
first be pairwi se sumed (recalling that y(-1) = 0 by definition), y(1)

nmust be prenugphplbed U b It% @nd ddigy-/sudd of the nultiplication by C
must- be nultiplred By D. AS thg expressions above al sp indicate, the
N-point, 3-D IDCT @dee FaPusaRdse splq't PHed {'Q0 NS2-POI nt Plus. ghe "33
| DCTs, each i pueriedq fe@Mihe Mundyais; iginsed urpier the sunmation sign) on

Vield the fol PBIG b BV LE L & PUr ¥t as i ol omented in this 5
enbodi ment : SLow or e canpues, ('h26EY, b&t fihus kEpgmed? I3y ) ad@ing) ;the
y(k) = 9(k) Al Hr e g 860Ut Spéd PE 1 S8 o0 Wit Suk=EbeS the'ldane
(EL7): y(kgo;iégon; w;tﬁ %gé)cérréfig 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 "0o".) The problem, of course, ié
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 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

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 partial 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 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,



10 Note that g(k) operates directly on even input values to yield
out put values directly, whereas h(k') involves grouping of input values, as
wel |l as.multiplication by the values dl, d3, d5 and d7. As al ways, the
designer of an IDCT circuit is faced 15 with a nunber of trade-offs, such
as size versus speed and greater nunber of inplenented devices versus
reduced i nterconnection, conplexity. Forggxanple, it is often possible
to inprove the speed of conputation by |nc?ud|ng nore, or nore conplicated,

devi ces on thes&hldeCCﬁhethérryQQc@tﬂ £ bt Seabwl %aalihaﬁkti% the Imwﬁrﬁwéztlon
bi gger or nore _co # Ab E rea avalla e or desired aon the

chip may |imt™® ’{3; & PA&BeEhETREEdPT SBRRFE |§3Y’Bdt° c%l’ﬁ:‘%ﬁ i&éﬁ‘b’ns
such as "| ook- &luactiie raxtoher,s. iIQSOSdendamjsobtaAﬁcu:héCyEiA«ﬂﬂunpmdmdS‘EI Bift &
preci sion and GV cH.ati 0 hus d.s

space and cal cg\%gl%lrlgﬁ'ltélyr}:eia&{ Clﬁlerrgégtarle reé:t%%g %uhj' %Haor{r%%f #I%f?%ef
DCT- t r ansf or Pe@iildadaveate heurescaépedduoermmmobwa@dn‘aiom Ny e peipee I y
O course, SucladeRid cONGYR | hciRlvdid DHARAE) W& dAIIID deRSdin Qb bd 1

order to achieve sone standardi zation, however. ystens are at present

measur ed accor ISR S thA%athe, EimReEAVANES ag ® r'?‘l’F‘Whh PTORATElonal

Consul t at |][ 35 ﬁmtwmaiﬂwadf Eﬁi@gﬁﬂmm@tﬂﬁlﬂmm‘fwﬂ e Frifogmed.
"Annex 1 of CCILIT.,Reconmendati,on -- |l nverse, Transf orm Accur ac
Speci fi cati on” Furthﬁrmq L %%%%Iffrr% a carry word may be tr eatec{ Q’ 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, 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
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-



23 that sets of 10,000 8-by-8 bl ocks containing random i ntegers be
generated. These bl ocks are then DCT and I DCT transfornmed (preceded or

foll owed by predefined rounding, clipping and arithmetic operations) using
predefined 5 precision to produce 10,000 sets of 8-by-8 "reference" |DCT
out put data. When testing an IDCT inplenentation, the CCITT test bl ocks are
used as inputs. The actual |IDCT transforneggutputs are then conpared
statistically with the known 10 "reference” |IDCT output data. Maxi mum
val ues are speaumbedetioringats DCT Thisenxlufespethe neime mhat sgeeeresahnd

Tean frean er ror o8l cRLGRIER 88,3cuobena Lokl duak RLerPTg . Further more,

the 1 DCT nust p?o uce a Zeros reéspon input bl ock
contains all zeros, Samilsrilye | BBE npotagden tl’iéosaﬂm sKﬁhdéﬂds Bbdndihe

sign of all inpyfpdahasis ehangsdinatBRLEERLE LABS1GH- abeefD@Itaﬁessmd to
have acceptable accuracy only if their maxinmumerrors do not exceed

speci fied nmaxPnBfe vziqzue§‘3/m§ﬁet ﬁB§E"Fe§t’-§ sir e foddowes by the hB%QRnBEﬂer

standards are tgagpudk ®ag ksst msut x70f Ekestescal and £ ﬂElﬁ@ﬂtﬁtEDgtﬁéerS
("IEEE"), in "IEEE Draft Stan 0{/f.lctlonfor t he 1 npl ement at | a‘g
by 8 Discrete CYSPH&ESTRHF R e HriahdX, 0t gEeped iR ARRER ALY "8

by 8 Inverse D etderg Cisthrmugh ahh!.srrﬂs tﬂﬂtlﬁébé‘ssarYt eechrﬂ:k‘thD:dltﬁé 2.

These standards ﬁ 3 %ntlai.lj“y%,bdfgga§€¢ E‘EQTfnh%o It'BT ‘féfm@ ggsg(,éged

above. Hardware enentation ock diragram
t hat iIIustréQe@l ered 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
greatly increases the interconnection efficiency of the

15 implementation of the invention in silicon semiconductor
devices.

In FIG. 2, adders and subtractors are indicated by
circles contaihing either a “+“ (adder), "-" (subtractor,
that is, an adder with one coﬁplementing input), or "&"

20 (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

‘25 words is the m-bit partiai 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

30 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.

35 Resolving adders may, however, also be used in order to
reduce the bus width at the outputs of the adders.



the data flow of the IDCT nethod according to one enbodi nent (although the
hardware structure, as is illustrated and expl ai ned bel ow, is nade nore
conpact _and efficient). In FIG 1, the inputs to the system such as 35 Y[O0]
and Y[4], and the outputs fromthe 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
si ngl e- 24 drawn lines in FIG 1 represants several conductors in the
form of data buses to convey, preferably in parallel, the several-bit w de

data words that eaclFIGnpataasd bhlmmmraxnsexhnnuketaf dne- and rtwiol-Gnphit
| arge open ci rgk‘%%ne%p&%s%gk h\é@fle'il gk, eabeakﬁeg Rigt t%%d%ér&n S0y
small circle a wth

connec Of an | ndl cates
that the conpl &Xént 20f lﬂhéhéérﬁégpb}mﬁh‘ifﬁmw&\m@t%n%%ﬁ andicures udead

such a CO”D|9”§W”E6kﬁ”EWétﬁ%ﬁkéﬁﬁﬁéﬁcblb@k3§h§@”@ﬁﬁmﬁﬁédFdHEUcJﬂﬁHHthe
non- conplenented | nput . For ‘e | e althougF he output TO fromthe upper

left adder wPl P l?é:ke(flﬁ)échto ﬁlqglﬁ'\r['@}l (LRECheS aFs§ 415@@ Aty Lhg HdRikfer
with the out pUbfTi:tﬂ‘d)ﬁdmttﬂiﬁl\ea:lsue)lYODs (Dis) atd D7YOas Well aAddsy Sandh a

Sing! e comPl SRR NG 0 Lhel NELELIAE Sl Rl BLerCl e
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Yl passes throqqrh&,{legggg mul tdyd | er shefiee entying gﬁ@s@dderréé)oi‘p{ﬁ%BO
Cbnsequentl%b adders/subtractors are the computed g(k) and h(k) values
corresponding to the respective outputs from 1latches
g{0,73), 91,61, 9{3,4) and 9g(2,5)}, and h[O0,7]}, h(1,6],
h{3,4) and h{2,5]. As such, the resolving
adders/subtractors perform the addition or subtraction
15 indicated in expressions E16 and E17 above.

As is explained above, the even-numbered inputs YO,
Y2, Y4, and ¥6 do not need to be paired before being
processed in the common block CBLK. Not only do the odad-
numbered inputs require such pairing, however, but the

20 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 c10, C54,
C32 and C76 for each input value. One input to the 2-

25 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

30 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

35 bits have been added in to generate a complete sum. This

ensures that the outputé from the multipliers have the



20 internedi ate value T3 Y2.T3 = Y2.cls + Y6.c3s, and the internedi ate
value B2 = pl.c3s - p3.cls = (YI+Y3).c3s - (Y5+Y7).cls. By perform ng
the indicated additions, subtractions, and nultiplications, one will see
that the illustrated structure inplenments the expressions E11 and 25 E12
for g(O to g(3) and h(O to h(3). FIG 1 illustrates an inportant

advant age of the enbodi nent. As FIG 1 ggpws, the structure is divided
into four main regions: a pre-comon bl ock PREC that forns the paired

i nputs p(k) andamul t bpki esifitle | aput tiél ) uhymdQtipildpd; anputst past £henmon
bl ock POSTCL that i f I glik.er r. the constants dl, d3, d5,
d7 (see expresgP%ﬁegﬁéﬁggggsgggﬁgE%gsP%§§hﬁﬁkgﬁrock POSTC2 that sunms the gO
to g3 terms and t heThe tprefenredsenbedinentowiorthe commens bhoekf @L$® t he

difference of 4he)d@ek0cthd FAuinly™ RUbY NEndVhE MSuhRYEshBtrhBeor in

hi gh- order outputs (See expressions E16 _and E17); and a.common bl ock CBLK
(described b8l &lp. fovward obftdsi ®rEhS14 £RT E1503 00 catdnd py ¥[S5.4],
nani pul ating t pesperttiveilgnal Thaseoddigesoatt ete rdunb ives tthep e dsipughot h

operation T opr daBnt S8y SRS mits (e sRFL” EybEESCEER. T SRERR", 27e;
whi ch the conmmuonplesentBing ithe mrieidiatput) bbn hsudk avwayatbasddhea are
paths. In the prOCRYSLRILGFhEYLLT YuBpaeEdl NEntthéde SIdKMl] NEHY orld & riRsETON
operations performed on Fhe odd- and,even- nunper ed ) )

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
vcombiners" 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-numbered 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 p0 to p3 (see



I nputs are carried out by a single structure, rather than 10 the duplicated
structure illustrated in FIG 1. To understand the nethod of operation and
t he advantages of certain digital structures used in the enbodinent, it is
hel pful to understand what a "carry word" is, and howit is generated. 15
In performing the two nobst common arithnetic operations, addition and
mul tiplication, digital devices need to de with the problemof "carry
bits". As a sinple exanpl e, note that the addition of two binary nunbers is

such that 1+1 =F t o “ 15 ddegyint
next hi gher order \thl %r?d ucggghgl&?\r‘y{gc& égﬂﬁ?%tb " )at he nal%il';cn?es
representation bhot.hé'lﬂemm nandelh22"gre FheDt Wé?tihtﬁﬁ%d boe lattph: Y

(the "sunt Wlthggguggr;.m) R110 46t h@an@ainy, WY, @g;gw the "sunt to the
‘carry word", one gets the correct answer 00 5 + 10 . As _a deci mal

exanpl e, assume t hat TH&e FHRARY {805 (CPRET RN GIrSuiARy Shﬂn" dadches 1gpd
common procedar ehkar aﬁdwetémwmeﬁﬁpér haixpdy9i calfl y ﬁhéceeﬁﬁo-aﬁm%ut

foll Uni t | us J'5" .i f » 30 to t
t)engWSpOSI ti OEI itégﬁ‘ex%ng deﬁ‘ﬁ}‘?% ébo Wéhr %%:? %P% 5716T ﬂsltrl]’e(')iip BT us
"2" is "5", plusommen' 1blockr iIRREC r andt taepg)'k:iezredrtm seeen-gumbered”  inpat
no carry -- Su”ho§d5(35r¥hé£e %a&cﬂééry(ggnié)éﬁe eveﬁﬁhudﬂ%¥g Ay u%é"

plus "8" is "2" carr I nto the thousands no ca ry to
be added in froﬁ\rﬁhél%ﬂde\ﬁ%téfé‘t dfhe 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 signals

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 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 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 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 (YO to Y7 and X0 to X7,



26 Sum 2, Carry-In: 0, Carry-Qut: 1 4) Thousands: "0" plus "0" is

"0", plus the "1" carried fromthe hundreds, gives "1". Sum O, Carry-In:
1, Carry-Qut: 0 5 The answer, "1261", is thus formed by adding the
carry-in sumfor each position to the sumfor the sane position, with the
carry-in to each position being the carry-out of the adjacent | ower-order
posi tion. (Note that this inplies that th@2carry-in to the | owest order
10 position is always a "0".) The problem of course, is that one mnust
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word can
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 wvalues, 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 t_)it (LSB) to the right of the cblon.
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



be added to the partial result at any tine as long as it is saved. 30
Since the resolving operations typically require the | argest proportion of
the tinme required in each cal cul ati on stage, speeding up these operations
has a significant effect on the overall operating speed while requiring
only a relatively snmall increase in the size of 35 the transform
Carry-save multipliers thus are usually fasigr than those that use ripple
adders in each row, but this gain in time cones at the cost of greater

conpl exi ty, 24 sbaaeikheaqc %rsr Yo Vih IO n8RBEr agdichiiAn st;ﬁatrae pRidKHSES er
nmust be either stored or ? 3 g gomn to the next addition.” Furth ernnrg%}ln
order to obtai nTPH: f TdN 3 odDEicates Hhe next $a deashsignificant

sum and final cefryhwosighal Il IMave to be resolved, normally by addition

in a ripple adder ver one.ripple adde
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the mul tiplicatoparakaonmesft the ppréocomuonFinliduk NPREC Aot dhehgireferred

word may be treéﬁﬁﬂdﬁﬁeﬁ%Yokotﬁbh §hvaHEni 0 be added in and as long as it
is added in at sone time before the final nultiplication answer is needed,

the actual addition éyac&g deﬂﬁWaFL&w1ttn??%ﬁﬁﬁﬁﬁ?ﬁﬁn 2G9E3iNRg s B9 | | theof
del ayi ng resol uginpBdimentedptererablif Yudde @eshen-80Gdriappe ?e twe-pghase
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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 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

20 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 enfers 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 subsequent
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



forced to predeterm ned val ues before resolution in order to provide
greater expected accuracy of the IDCT result based on a statistical

anal ysis of test runs of the 20 invention on standard test data sets. FIG
2 is a block diagramthat illustrates a preferred structure. In this
preferred enbodi nent of the invention, the even- and odd- nunbered inputs
are tine- 25 nultiplexed and are processed ggparately in the common bl ock
CBLK. The inputs may be processed in either order. In FIG 2, the notation

Y[1,0], Y[5 4], p¥li3ed iphtd p@El) Sar\’c!;eﬁihéosi@dafa?f 8tk b&en@q%rmrﬁé@r ed
i nputs Yl, Y3, 9 Y7 preferabl ﬁ thrfug thg@cglculatlon 30 C|rCU|try
first, foll owed B'y ‘FRIh%‘é‘F Signdts Syysedygo selpGts th
grlder is not a,e@&emp' . tby%éée edeipditnerdigraet hetRas, e&&ﬂ-&|ﬂ1ﬁﬂz@€’led
el ow, certain downstreamarit rat S,a n the
odd- nunber ed i ngtPY %%ﬂi :Qﬁﬁggh ?ﬁﬁ g gﬁﬁﬁﬁbégé%:éé ﬁegtfvé¥ 5? to
first, these Gomaslemammepaainemsimt beigoahg. onTaesehslgaWQSt iane tthus
ari thmetic oper g o\ YIRTII gilded WHAE R REhAY d QRN ik

even- 28 nunbered I np S reduces the tine t severa
arithnetic devi W%r%%@a%upésﬁerﬁﬁ? nthe) eutgyf I%‘?%"eﬁ hef n&bhgt iR¥Fie-
X[0,7], X1,6], dﬁﬁhgﬂ,bpﬂékfﬂngcg used to indicate that the | ow order
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10 strictly ascendlng 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 léast 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, H1l, H3 and
H2. These signals are then sent to the coefficient
multipliers, dl, 43, 47, @5, 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



I nputs are preferably initially not grouped in ascendi ng order, although
this is not necessary according to the invention. Thus, reading fromtop to
bottom ,the gven- 10 nunbered inputs are YO Y4, Y2, and Y6 and the odd-
nunbered inputs are Y1, Y5, Y3 and Y7. Arranging the input signals in
this order makes possible the sinple "butterfly" data path structure shown
in FIGS. 1 and 2 and greatly increases the iygterconnection efficiency of
the 15 inplenentation of the invention in silicon sem conductor devices. In

FIG 2, adders ﬁ&pgraqtyys as@el ngigat edely %C'@étcorttr@ nlﬁ@s@whﬁg a
" (adder) 2@5 ubtrac# s, an adder wth one cong pentin
input), or "+" % ER46FY ﬁﬁaﬁﬁﬂgﬁléﬂb??%c?@ﬁit§mﬁcﬁn¢ss%BF ?BlgﬂmT% eS.
bet ween addltlonr@@ﬂecﬁbVéagtlon) The | eft-nost adders and subtractors in
t he common bl ock CBL re._preferably carry-save,adders d subtr

meani ng that their oﬁ?gu ‘upo%gégdﬁ¥933;s%%tvﬁﬁ? aﬁﬂ% ? pﬁwb* £$h%ﬁt
25 words is the thatt pakateh rediie i nreambtsel vi:tdmt he time bi t resolving

(ml)-bit word coahal8iradniPactdrsy bits of the addition/subtraction. In
ot her words, the ?arst/ad |tlghs and subtractions in the common bl ock CBLK

are preferably unresoMyEdOUTELh nYUELB¥TOhe MK IOWIADF MAE QHTIZ2 it sThe
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-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], CI32[21:0], C176[21:0], which
become the input signals IN[0], IN[1], IN[3], IN[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], ouTi[21:0], ouT3{21:0], oUT2{21:0],
which are then latched as the input signals of the post-
common block POSTC as CO70[21:0], C061[21:0], C043{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
unigque 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



29 FIG 2 also illustrates the use of one- and two-input latches in the
preferred enbodi nent of the invention. In FIG 2, latches are illustrated
as rectangles and are used in both the pre-conmon bl ock PREC and t he
post-common 5 bl ock POSTC. Single-input |atches are used at the inputs of
the multipliers DI, D3, D5 and D7, as well as to latch the inputs to the
resol ving adders/subtractors that generate3zethe output signals XO to
X7. As FIG 2 illustrates, t he i nput s to t hese

resol ving 10 adserSésmbalhcheededr eriihbmetiputopdrations)d ek )predt cwtmon
correspondi ng t S ' fr e ] ,
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is consequently fied'directly to t npr oc ed.i nput val ue wher eas t he
ot her ingut }gyparallel overy£he samelﬁdé, $¥¥%(%he gost sggnificant bgts

(MSBs) being the selected bits "a" of the signal S1, and
the least significant bits (LSBs) being the selected bits
uz" 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-nultiplier is shown as

20 R2MUL. The '"save'" or "unresolved sum" output from this
non-resolving multiplier is indicated as the 21-bit word
M55[20:0). The "carry" output from the multiplier R2MUL
is shown as the 22-bit word MSC{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 M5A. This is indicated in FIG. 4 by the
notation GND,M5S([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 partial sum, however, the carry word

is shifted one place to the left relative to the partial



received fromthe resolving adders and, for the input Y1, the resolving

[err]2- nmultiplier. The correct paired or unpaired inputs can therefore
be presented to the common 30 bl ock CBLK easily by sinple switching of the
mul tiplexing |atches between their two inputs. As FIG 2 illustrates, the

[err]2-multiplier and the nultipliers DI, D3, D5, D7 preferably resolve
their outputs, that is, they generate resuiys in which the carry 35 bits
have been added in to generate a conplete sum This ensures that the

outputs from t hgutul il takFyNA¥edt BRerefdPeSéRBeRES ¥HULM 351486, with

un-nmul tiplied inputs, [n the correspondin al l el data paths. The,
preferred enbod nEid9atR REEndA B“%cﬂgéf)g% PRELGIOD G iRy it dHRe

and one "dummy"lemst rsigrorf icakt thesifiomegsincntthepat s néetiing[befdre
e LTI P PRI S I
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one input 10 i S-d@ei Pih@tEthasyidadér SO Pé A€ AbE YekéS t¥hisbupé erpaded
on in the subsequent [ogessin t age. The, correspondi ng addi ti on
and subtracti orth® PhES ﬁgngFﬁid?gaFf‘ﬁogﬁﬁrﬁ W?%é%@e@?"ﬂ?ﬁ t3LheEngde
reduces the resgitll esherarsaresporidind bitppef the gatraipd! sansi NTRi8 also
full-scal e adder/oWpLLaghot URETacliha1PBoiht! @URH &k iy iHSTfea, as

10 in integer arithmetic) is kept "aligned" in both words.
Assuming the inputs to the adder are n+l bits wide, a YO
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 is 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,
INS54L, 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 latch enabling signals LATCH10, LATCHS4, LATCH32,
LATCH76. During this time, the LATCH signal should be low
{or on a different phase) to enable the input latches
IN10L, INS54L, IN32L, IN76L to stabilize and latch the four
input wvalues.

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, LS54L, 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.



"conbi ners" thus act as adder and subtractors and can be inplenented either
as sinple conductors to the next device (for addition), or as a row
of inverters (for 20 subtraction), which requires little or no
additional circuitry. The use of such conbiners also nmeans that the outputs
fromthe initial adders and subtractors in the common bl ock CBLK will al
have the sane width and will be 25 conpatibdge W th t he out puts of

t he carry-save adder/subtractors found in the bottomtw data paths, with
whi ch they forminpiicte dchite thdstygem dessl nohghasdeerts atelsutecsipts

I the commn ol 108isntAS rigut B0 GHAY Gy o VAR AU 1 S
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Hl, H3, and Hz,edaa Rk tINFIK- The supervisory control circuitry then

| atches and 5 then m esidigitesuifipehotiavidis (10f, suhesat,Wosjnagéd for

10 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.

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. In other
words, all signals are passed, both directly and
indirectly, via arithmetic devices, to the output latches
Cl0L, CS54L, 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
Y7). The desired timing and order of these and other

30 control signals is easily accomplished in a known manner
by proper configuraﬁion and/or [micro-] programming of the
controller CNTL.

The uppermost input value at the output of latch L10OL
is passed first to the v2-multiplier R2MUL and then to the

35 resolving adder M5A as indicated above. The output fron
the resolving adder M5A 1is shown as M5({21:0])], which
corresponds to the 22-bit wvalue p0 shown in FIG. 1. The



mul tiplexing |atches Cl10, C54, C32 and C76 in the pre- common bl ock PREC
and applies the even-nunbered i nput words to these | atches. Since the

even- nunpbered inputs are used to formthe values of gOto g3, the
supervisory 10 control circuitry then also opens the latches LgOto Lg3 in
t he post-comon bl ock POSTC, which store the g(k) values. Once the g(k) and
h(k) values are | atched, the post- comon bB%ck POSTC out puts the

hi gh-order output signals 15 X7, X6, X5 and X4 by switching the resol ving
adder/ subtract @Z ik t sdgagBt rd2t2bi0hods thes| deor gapiyademt sefnathe

X3, X2, X, and pded MM S5 G €cbrd Yo £ WHE utputh & ris And Ntch L10L

adder s/ subtractors #.o the addition node. Note that the output data can be
presented in anR¥ oY €rar % QY ERYES | fEPRAItRG T thFeer 1atsdes dithed
mul ti pl exed i nplgseEmt at.76n eirkudlst egcars f3@aid Yt6i apkickispendishe mitput
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mul tipliers in twia co@rbitt ocRaCBbK i busasweVieGH541R21 i Q] hal fLCHRR f2k: Qe
f d dder/ f t ' f tlys

of ~dunmy —adader %{/@Qfgé] BLEIIrWGRnH?QBE‘Ei hgo CAHY eglikput 1Qgc§8§ ia

arithmetic circ ustrates the mai n conponénts an ata |1 nes

of an actual inpresehving odddershB2ApAtlei rand tPIRcoFePPRCBOVedYt he
enbodi ment. The mai n gagRopeBbIviAg! ddackh 2w, e-p1x0MPBAbhask thid CihpuPREC,

e comon bl gkl st (LK 208 LISeRoRaColen BLecECRT e heasysigT
I nput, tim ng anfromnthel latghal.32Lp at@ the-otder dmpunt biookedErednfirom
post-common bl oci, PRIGen 1.54L. For input values Y5 (latched in L5SAL) and
Y3 (latched in L32L), the output from the adder PZA-will
therefore be equal to Y5 + ¥3, which, as is shown above,
15 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, 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 wvalues that are latched in the output latches
Cl0L, C54L, C32L, and C76L 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 ¥(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 Y1; rather, Yl is only multiplied by ¥2, 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



In the preferred enbodi ment of the invention, the input and output signals

(YOto Y7 and XO to X7, 32 respectively) are 22 bits wi de. Tests have
indicated that this is the mnimumw dth that is possible that still vyields
accept abl e accuracy as neasured by existing i ndustry standards. As is

explained in greater detail 5 below, this mninumwdth is achieved in part
by deli berately forcing certain carry vvord§C!n sel ected arithnetic devices

to be either "1" or a "0", This bit manl E g corriz\pondl gg to an
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are 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 wvalue INO is
downshifted by two bits with sign extension to form the
15 shifted input value indicated as 1INO[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 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-position
shifts correspond to truncated division by a factor of
tvo.
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 €32 (after
multiplication by C3S). By providing the inverting
multiplier MULNC1S, this subtraction is implemented by



25 typically converted one at a tine fromthe serial transm ssion data.

According to t

he enbodi nent, input data words are therefore preferably al

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. 1In
FIG 3, the 22-bit input data bus is labelled T_IN21:0]. In the Figures
and in the discussion below, the wdths ofgqyultiple-bit signals are

indicated in brackets with the high-order bit to the left of a colon ":"

and tlhe 3i3h| easadihgniﬂﬁecafégdﬁive( L&B) the tberebpbhddhgt va lacd OmhiEm is
exanpl e, elnputs O]l is 11s w de, th t.he hjt

nunbered from §%3 ?f A:ﬁ ?E?%ﬁ? gﬁgp?gepﬁgntrﬁﬁ aﬁ!%fégrl e nunber
wi t hin square brfaakhstrst:.d’&lxss:lifcu&l{:ty fotti diteessuheeqguentt @dld@er§t, but a

significant bi
to control the

enbodi ment off swPtIARYRYon: | N CLK, OUTCLK: The

H\g iRt GRA! o g%BI'isrf qhd Wi Qakr Qs Sh 9al §oP18wi'ﬁ§d

operatlon of t re-common bl ock PREC in the preferre

system according

t he elrrboii:\l g&t p& efdefrrr&bkwwes ﬂmftwd apréxmoaweaeﬁbase gbaek. dbeine
signal s an are or.di ngly S or ut d
out put cl ock s&ﬂ?aqfslc’reé%‘bed‘l ’%r g‘i’@‘%& ck@i‘?ﬁ}é &ggp ahd

use

enabl e al t er natMUIgEISE urare oflnlcaudleds t hal £ hadnrangenehtes éufe i mpde, for
'nter”Ed'ate’Eﬁ%hﬁ&&@“ﬁosbgggl§eparate1y through multipliers, however,

10

15

20

25

30

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

The multipliers MULC1S, MULNC1S, MULC3S3, and MULC3S2
are preferably of the carry-save type, which means that
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
resolving adders BT2, BT3.

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
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
BT3 are shown as being Ysplit". 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

35

21 bits of M3C[20:0] being input as the least significant
21 bits. Similarly, the "sa" (the "save-a" input) of the
same adder is shown as being GND,GND over M3S5(19:0]. This

means that two zeros are appended as the two most.

to



LATCH10, LATCH54, LATCH32, LATCH76: Preferably, one 15 22-bit word is input
to the systemat a tine. On the other hand, four input signals are
processed at, a tinme. Each input signal nust therefore be latched at its
appropriate place in the architecture before processing with three ot her

I nput wor ds. These | atch signals are 20 used to enable the respective

i nput | atches. The signal LATCH54, for exatple, is first used to latch

i nput signal Y5 and later to latch input _ signal Y4, which enters the .
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but during a s Nhdt QGRS Privhedd H-adss wAICH nputOeerdfeafut oenea-
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to select thfb 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 ané 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. 1In 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

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



ungrouped, bypass input signals (the even-nunbered inputs), whereas the
signal SELP is activated in order to 5 select the paired input signals.
These signal.s are thus used to control gates that act as nultiplexers to

l et the correct signals pass to the output |atches of the pre- common bl ock
PREC. As is explained above, not arranging the inputs in 10 strictly
ascending order leads to a sinplified "butazrfly” bus structure with high

i nterconnection efficiency. As is explained above, the odd inputs are
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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 illustrates, 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 is well known, the 2’s-complement of a binary
number is formed by inverting each of its bits (changing
all "17s" to "0’s" and vice versa) and then adding "1%.
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 O0C and O1C
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
v1n", 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
cS0 and CS1 (by tying the LSB to ground GlD) and the LSB



coefficient nultipliers. ADD, SUB: As FIG 2 illustrates, the enbodi nent 35
I ncl udes a bank of resolving adders/subtractors that sum and difference
g(k) and h(k) values in order to formthe | oworder and high-order

out puts, respectively. The 35 signals ADD, SUB are used to set the
resol vi ng adders/subtractors in the addition and subtraction nodes,
respectively. EN O: This signal is used t#g4enable output |atches 5 that

| at ch t he resul ts from the resol vi ng adders/subtractors. MJX
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whi ch 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 o©of floating-point
devices, with no unacceptable sacrifice of precision.
Yet anothér 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



beconme the input signals INCO], INI], IN 3], IN2], respectively, to the
common bl ock CBLK. As FIG 3 shows, the four 22-bit results fromthe 25
conmmon block, CBLK are transferred in parallel as output signals OQUTI( 21:0],
QJT1[21 0], QJT3[21 0], QUT2[21:0], which are then |atched as the input
signals of the post- conmon bl ock POSTC as C070[ 21: 0], CO61[21:0],

C043[ 21: 0), C052[21:0]. 30 One should pete in particular that no
control signals are required for the comon bl ock CBLK. Because of the
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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, DS5MUL
and D7MUL. These multipliers multiply, respectively, by

20 41, d3, 45 and 47. 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 "i'". The data words from the carry and save
outputs of the constant-coefficient multiplier D3MUL are



(MSBs) being the selected bits "a" of the signal S1, and the |east
significant bits (LSBs) being the selected bits "z" of signal SM The

sel ected bits do not have to be individual bits, but rather, entire or
partial rmulti-bit 15 words nay al so be transmtted along with other single
bits or conplete or partial multi-bit words. In the figures, the synbol S
wi Il be replaced by the correspondi ng signalgg abel. For exanple, in FIG 4,
af[err]2-multiplier is shown as 20 RRMJL. The "save" or "unresolved sunf
out put from thi sspaplaetgl wiargpulldtea | andi dnipadi cad ethas redse1/liny t added
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however, the carPy word is shifted one place to the left relative to the
parti al 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 multipliers, some precision is typically lost during
the wvarious 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 "O" or "1" reduced the expected
error of the digital transformation. As a result of the
bit manipulation o¢f 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 "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 values. '
35 The bit-forcing scheme need not be static, with
certain bits always forced to take specified values, but

rather a dynamic scheme may alsoc be used. For example,



37 sum The carry word therefore extends to n+l places, with a valid data
bit in the ntl'"th position and a "O' in the |least significant position
(since theresis nothing before this position to produce a carry bit into
the units 5 position). If these two words are used as inputs to a resol ving
bi nary adder, care nust be taken to ensure that the bits (digits) of the
carry word are properly aligned with the co47esponding bits of the parti al
sum This al so ensures that the decinmal point (even if only inplied, as 10

in integer aritsedeichrd Pieptof a i dmeal"word ey her fercadstimi rig "t e i"fbut s
to the adder arg@eRthdlidgs oM dfetherOtheaRoblcloP eddis Wdms dtHdx dia) is

hi ghest-order bit "of all” n- _bit positive partial sumwords to provide an
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As is descri bedpriedéeterniiited atireshnld, tétt., are processed at a tinme in the
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LATCHLO, LAT ,  LATCH32, LATCH[G. ring.this tinmg, the LATCH signal
shoul d be Ioﬁi’re Gh & di PFefen phag‘éja Fglgﬁaﬁﬁétfﬁé FMBut ang ¢ GHEBE,
I NS4L, | N32L, | NAEtistisdabifbirzettendrinat alret ordmilied NputTheal bge. is then
' | forced to the other of "1" or "0O", 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 wvarious 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 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 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 H1L, GlL are manipulated by
multiplexing arrangements in a manner described below.
35 The outputs from the resolving adder-subtractors
S70Aa, S61A, S43A and S52A are latched into result latches
R70L, R61L, R43L and R52L.



30 An exanple- 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 |atches L10L, L54L, L32L, L76L.
These second | atches are enabl ed when the signals OUTCLK and 35 LATCH are

high. This signal timng is also |IIustrat%%|n FIG 7a. 38 Note that
the system does not have to delay receipt of all eight input wor ds. Once
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C76L on activation of the sel ected tz_’ydoass
si gnal SELBYP, 1§h@db§g§ Qurs2:1-bit multiplexers HO1MUX, IMUX,

10 HllMUX and G11MUX (shown to the right in FIG. 6éb). These
multiplexers are controlled by the ADD and SUB'signals
such that the second bit (HO1M, GO1M, H11lM, 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 preferred
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 OUT61, 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. '



20 paired and nultiplied inputs to the sanme output | atches upon activation
of the "select p" signal SELP. In other words, all signals are passed,
both directly and indirectly, via arithnetic devices, to the output |atches
Cl0L, Cb4L, C32L, Cr6L of the pre-common bl ock PREC. The 25 proper val ues,
however, are |oaded into these |atches by activation of the "sel ect bypass”
si gnal SELBYP (for t he even-nunbered i nputs490 Y2, Y4, Y6) or the "select
p" signal SEL P (for the odd-nunbered inputs Yl, Y3, Y5, and Y7). The
desired tining and order wis t Kbsecussledt habods, canmoI1s¢§memsiosakasED¢T
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val ue po show§|§¥QQQ§°?F TfEer 2§°b#?1§FﬂhaplﬂﬁP§1 f1rst sha¥egnhdn 2
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adders P2A, PI A, and P3A; respectively.
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 (ceclumn) 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
multiplicatibns 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 wvalues wére 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



Each resol ving adder P2A, PIA, P3A has two inputs, 10 "a" and "b". For
adder P2A, the one input is received fromthe latch L32L, and the other

i nput is-recetved fromthe latch L54L. For input values Y5 (latched in
L54L) and Y3 (latched in L32L), the output fromthe adder P2A wl|

t herefore be equal to Y5 + Y3, which, as is shown above, 15 is equal to
p(2). The adders thus "pair" the odd-nunbersgd i nputs to formthe paired
i nput values p(l), p(2), and p(3). O course, the even-nunbered input
signals |at cheob:tamﬁBdL by 3brcinglcentdimlsiccpass sdlenig dara esvlds 1o

adders P2A, Pl e S
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"sel ect p" signdh ime Pk thmgsicheadsulasionstor even- nunber ed i nputs. The
values that are latched in the output |atches Cl0L, C54L, C32L, and C76L
upon activation of the |nput 25 cl.ock signal INCLK will therefore be equal
to either thedeven-nthBePelbpPapand %t?@ aggorging, teh&hgalpgntipm can
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FIGS. 1 and 2. f f Lolyyely
bl ock CBLK accoﬁc’ﬂcil ét%éétcﬁﬁ{%%ﬁn%ﬁst %éﬁ%%%%w%/%}l %ogg:g%e

mul tiplicatibhseahadiBanti ¥aes|sATRE-IRYS dasrices stidh sepairate resolving

necessary or adya@éageounlisd,saNe gl | Ebba VRbHESo 0thBe 199E  on
bl ock before uses down-scaling at various points to ensure that all
values remain within their acceptable ranges.
Down-scaling is not 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 manipulai:ions 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 given wvalue,
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.



40 perform ng the various calculations; this ensures a um-ﬁﬁf-m—pﬁ%rt—l—eﬁ—f—%

the decimal point (which is inplied for integer arlthrretl

corresponding inputs to the various arithmetic devices in} I‘Mmﬂwmﬂllﬂum
The ‘input values IN(J21:0] and IN[21:0] - are accord

by a factor of four, which corresponds i rBHi gital arithmetic to a right
shift of two bits. In order to preserve #.Rf sign of the nunber (keep
positive val ues positive and negative vEPEEY negative) in 10 binary
representation, thé-nodt sysheni fart thansfRcpinguéig rignglsc&ram i n
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shifted and extended as I N3[21],IN3[21:1]. The input IN2 is simlarly
shifted and extended to form I N2[21],1N2[21: 1]z« 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 nust be nultiplied by the scal ed
coefficients cls and c3s. Each input IN3 and I N2 nust be nmultiplied by each
of the :
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scal ed coefficients. As FIG 5 illustrates, this is inplenented by the
four constant-coefficient carry-save 30 multipliers MILCS, MJILNCLS,
MULC3S3, . and sMJLC3S2. One should note that the bottomnmultiplier for IN2
is an inverting nultiplier- MILNCIS, that is, its output corresponds to the
negative of the value of the input nultlpllgg by the constant CS. The

om the value latched in C32

value latched in C76 35 is thus subtracted
(after nmultiplication
MULNCI' S, this subtra i EtTe 8 '

t he correspondi ng val ue, whg cbml tboaf men adnfference This
allows the use of identical circuitry fq& f§h¢#bsequent adders, but a
non-inverting multiplier my be used wt owing 5 subtractor. In

t he illustrated T RGR method sigcimates rﬁezc@ef[pp&'i dntontive| bt P FRCT

MULCLS, MULNCES 618335 s a8fa MeheaSopetfeted @éﬁgﬁéitel bh ¥heaARSAFENMsd
are made for signals to pass separately throu% HU|tHﬁ i ers, however, 10
t P

the necessary mAdd pPr&edi o}RPYHyMPIRAS i npl e pEHF? ssipg step,
mul tipliers, ongdldctéd ni;ancamfues airie ms@md&aedtng ¢3soatpiiti addets

The multipliers Cl C1S, S VUL t he
Carry-save type SN SHETRATES Rn VLS RGPEFE AEE Toptini et Th G e
correspondi ng t sdaled exsineivaluesarinogs prencoginoadirocessipgr $bepedthe

wi thin 10 lowest-order odd input word is pre-multiplied by Y2, and

the odd input words are summed pairwise before processing
in a common processing step. In a post-common processing
step, intermediate wvalues 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 wvalues, 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 prefefably_scaled upward by a factor of V2.
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.

FIGURE 1
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a hardware multiplier, and another corresponding to the carry bits
generated. The outputs fromthe nultipliers are then connected as inputs
to either of two 4-input 20 resolving adders BT2, BT3. For ease of
illustration only, five of the output buses fromthe nultipliers 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 sane | abel. Thus, the save out put
MLS[ 20: 0] of the multiplier MILCS is cong ted to the lower 21 bits of the
"save-a" input "sa" of _the addg[ BT3._In 5, five of the inpuLs to the

adders BT2 and §§:BT3 &Eb showp, as béEhg "sEhjt". 3§For exampl e, & he "ca"
i nput of the add®r BT2 Is sho 3 NBCFZO:O]?‘This i's

to be interprete N3[-21]} i s input

wor d.. Such apdend
formed with tHe
carry and 5 s%ye

|
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out put save word T3S[21:0] and a 21-bit output carry word T3(C 21:1]. The
i nput to each adder is thus 88 bits wide and the output from each adder
43 bits.,wide; As FIG 2 indicates, the output fromthe latch Cl0 is
conbined 10 with the output fromthe latch C54 in the upper-nost data path
before addition with the output fromthe carry-save adder BT3. The

"conbi nation" is not, however, necessary until reaching the follow ng adder
in the upper data path. Consequently, as FIG 5 shows, the shifted and
sign- 15 extended input value INOis connected to the upper carry input.

The upper carry input of adder CSOis confEdted to t

si gn- ext ended input val ugs1 NO -gnd thegshift and ¢i gngext ended i nput [IN1

is connected as the 20 ugper sawe |np%of t h@ sanefadde . |In other words,
INO and INL are added | aReér in Rhe ad CSOXThe d¢si gRation "dummy"

adder/subtractor used inlFIG 2j|therefpre indjcateswhi ope‘féatl on nust] be
performed, althou i ‘ : be rforQ:red at 25 tjhe
poi nt indicated i [y su tracﬁsor shown i|n
btr&cted Srom t he
put rom Cl10 td
a.l\n to FI G
5, the conpl ene %\‘out &of | atch
Cs4 in FIG 2) II[ ](whlch

generates the | 8giicatsyi k b & 3 'to-ttslinp ctblt §[ -bit).
The conpl enent ‘ Fr ' pas 83

is
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adder CS1, wth the correspondi ng upper "carry"

and sign-extended | NO. The upper 43 portion of the adder CS1
therefore perforns the subtraction corresponding to INO mnus INL. In the
| ower two data paths shown in FIG 2, resolving subtractors are used

i nstead of the resolving 5 adders shown in the upper two data paths at the
out put of the common bl ock CBLK. Each resol ving adder or subtractor

I nput being the shifted

i's
equivalent to a carry-save adder or subtractor follomed by a resolving
adder . [ s CS2 and ave
their af’Ues of | NO to IN3 according t he
connection structure sijown in FI G g2—Fhe-22—bt STy nd save outputs
fromeach of the adderg s weotk CS3 are resolvedir1the resol vi ng
adders RESO RES3. Reso

t rourand save outg'uts s 15 well
understood in the_art

del) dand is thedeforf not described in
greater detaifl Il up the save oufjputs fromthe
carry-save adders Sy passed dlrect‘yraﬁﬂ22-bit i nput s
to the "a"-i '1} ol ving 20 addefs RESO- RES3. As is
wel | known, y nunber is fo ned by inverting
each of its Db uww "0' s's apdgvige Yersa) and then
adding "1". ¢ cadgipd |Ml&&ycfter the bit
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25 inversion, or later. The LSB of a carry word will always be a "0",

which is inplemented in the illustrated enbodi nent by tying the LSB of

the carfy words OOC and OLC to ground GND as they are input to the

resol ving adders RESO and RES1, respectively. The addition of "1" to the

30 carry outputs of the subtractors CS2 and CS3 to form 2's- conpl enent ed

val ues, however, is inplenented by tylng the LSB of these data words 02C

and 03C to the supply vol tage VDD, thus PIaC|ng the "0" LSB of the

carry word by a "1", which is equivalent té'%ddltlon by "1". 35 For

t he reasons given above a "0" is appended as the LSB_ to the 21-bit carry

wor ds fronttheCEarry-save ders CSO and CS1 (by tyifiglthe LSB to ground

G D and the =3B 44 of e carry words fromthe caRTy- save subtractors

CS2 and CS3 is set equal t@l"one" by tying the corregfibnding data line to

t he supply vol t age VDD. e resol ving adders RESO K&F3 therefore resol ve

t he outputs f%gglﬁhe adder 5 subtractors CSO CS3 tg forntthe 22 bi t
[

¢

out put signal d 21: 0] QUr3[21: Q1. Two advantag--
circuitry acc ing to t hd ®nbodi nent  $an be seen in|P G 5. Flrst
control or timng signals jare requiredjfor the common bl ock CBLK; lp

rather, the input signals {4 t e comop Dl ock are al eady%process=§i n such

no

a way that t hey can be apptjed 1nnedlatéTy to the pur, ppi c arithnetic
devices in the conmbpn_bl ocH. Second, b r ope al bf the data
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words, integer arithnetic can be used throughout (or, at 15 | east, decinmal
point for all values will be fixed). This avoids the conplexity and

sl owness: of fl oating-point devices, with no unacceptable sacrifice of

preci sion. Yet another advantage of the enbodinent is that, by ordering
-the inputs as shown, and by using the bal anced 20 deci mated net hod
according to the enbodi nent, simlar design structures can be used at
several points in the silicon inplenmentation. For exanple, in FIG 5,
the constant coefficient nultipliers MILCLS ¢ MJLC3S3, MJLC3S2, and MIULNCLS
all have simlar structures and receive data 25 at the sane point in the

dat a pat h, so_KBat all Aour nultipliers can be wor g at the sane tine.
This el im nat " bofHl enecks” and the s¢e conduct or

i npl enentation Ys then{@ble to take full advantage|& the duplicative,
paral l el structure. e carry-save adders 30 BT2 d BT3 simlarly wll
be able to workesi mult &feously, as will the foll owtg carry-save adders and
subt ract ors. s synmefry of design and efficient<gi nultaneous utilization
of several dewvigces is kgmon throughout the structye accordingfto the
enbodi nent. 35 Fip. 6 shows| the preferred| arrangenment| of the

post - conmon bl ock POSTC. &ﬁs FI G |2Rshows, the prinaryﬁfunctio & of the
post - cormon POSTC are (3 fqrmthe A4t o 45 h3 vali Biying t he
out puts of the common | by the coefficients dl,] d5, and d7; to add
the g(k)

e
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and h(k) values to formthe | ow order outputs; and to subtract the h(k)

val ues fromthe corresponding g(k) 5 values to formthe high-order outputs.
Referring now to both FIG 2 and FIG 6, the post-comon bl ock POSTC

| at ches the correspondi ng outputs fromthe common bl ock CBLK into | atches
BHOL, BH1L, BH3L, and BH2L when the BH | atches are enabl ed, the control
circuitry sets the ENBH 10 signal high, and the output clock signal OUTCCLK
si gnal goes high. The g(k), gOto g3 values are latched into
corresponding |atches GO, AL, G3L and qulyhen the control circuitry
enabl es these latches via the signal ENGH and the input clock signal INCLK
goes high. 15 The processed odd-nunbered inputs, thqg_(gé, €7
val ues hO to h3, $%Tanched into latches HOL, H L, H3L and H2L when"the
ENGH and | NCLK signa;£~zggwﬂigh, via the constant coefficient nultipliers
D MJL, D3MJUL, D5MJL and DMAMUL. These nmultipliers multiply, respectively, by
20 d1, d3, d5 and d7. In the preferred enbodi nent, these
constant-coefficient nultipliers are preferably carry-save multipliers in

order to sinplify the design ang Nicr e -cal cul ation speed. As FIG 6
illustrates, the "carry" ("c")uwagZ;UTEWﬂﬁﬁﬁiﬁlWﬁ%géconstant coefficient
25 multipliers are connected, Ww th(S8em¢ symextshdedhges descri bed bel ow, to the
a inputs of resolving adders HOA, H A, H3A and H2A. The "save" ("s")
outputs fromthe coefficient nmultipliers are simlarly, wth certain forced
changes descri bed bel ow, connected to other input of the correspondi ng
resolving adder. As FIG 6 illustrates, the LSB of the yQal vvisrzf21:0] )
preferably forced to be a "1" by tying the correspondi

{-
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Iine- to the supply voltage VDD The MSB of the corresponding
"save" output for HOis set to O (tied to 35 ground GND), and the second
bit (corresponding to HOS[1]) is set to "1". The data words fromthe carry

and save outputs

of the constant-coefficient multiplier D3MJL are 46

simlarly manipulated and input to the resol ving adder HVA. The advant age

of these mani pul ations is described below. Al 22-bits of the carry out put

fromthe coefficient 5 nultipliers D/MJL ng D5MJL are connected directly
n

to the "a" input ofge spondi ng resol vi ddders H3A and 7234’The f
each nmultiplier's "saetfgbuifut, however, is forced to be a’" (be t&fﬁzg
the corresponding data lineNo ground GND. 10 The |1 DCT system

descri bed was tested against the CONJT spe0|bu%gyyon de { bed above.

Because of the scal*gg and ot her wefeé>no OPE epf =i gital adders

and mul tipliers

processing stages
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normal Iy be required to produce equival ent accuracy. Because of |imted
precision, and truncation and rounding errors, there is typically sone

i naccuragy inmn 25 every data word in an IDCT system O course, forcing
selected bits of a data word to be other than they would be as a natural
result of corresponding cal culations is deliberately i ntroduci ng
"error". The i nventors di scovered, however, that the error thereby
systematically 30 introduced into a particular data word at a particul ar
point in the hardware yielded statisticalldy better overall results.

Bit-forcing may gl so be applfi-ed "within" h nultiplicdtion, f exanpl e,
by sel ectivel I +y—bid-sto—predets } BLues?f35
The bit-forci t be—stati-c— - way-s—-ef ced
to take speci val ues, but rather a dynai c schene may al so be used.
For exanpl e, 7 selected_bits of a data jwrd may be,forced to "1" or "O
dependi ng on her the mé%d (or even sone}ot her dat is even or odd,
positive or r@WEtlive, abov&or bel ow a predeterm ned &reshold, etc. 5
Normal Iy, o smal | sy§ienatic changes pill be néeded to inprove
overal | stati d ance. Consequentlly, pafcordilng to this
enmbodi nent, the LSB' § sef echedldat a wor df el bit and one
data word at a ti v S §s not nices ; 8 _LORCE to 10 be a
"1" or a "0". Th un, and the C
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statistics for the run are conpil ed. The bit is then forced to the other
of "I'" or "O', and the test is rerun. Then the LSB (or LSBs) of other data
words are fotced to "1" and "0", and simlar statistics are conpil ed. By
15 exam ning the statistics for various conbinations of forced bits in
various forced words, a best statistical performance can be determ ned. |If
this statistically based i nprovenent is not required, however, the outputs
fromthe constant- 20 coefficient nmultipliers DIMJL, D3MJL, D5MJ., and
D7MJL may be resolved in the conventiond/'hanner in the resol ving adders
HOA- H3A. The lower 21-bitg of the outputs fromthe resol ving adders HOA- H3A
are applied af)the upper 81-bits at the input ofxthe correspgpndi ng | atches
HOL- H3L, wit S the LSB of x hese inputg tied tojgepun g agtputs from

the H Il atches THOL-H

_ efBdrmthe
respective a- and bL2BapLtdR o ag |SADA, S61A, S43A
and S52A. ‘was H8YcRTdd a se B 0 i nputs when

t he ADD signat-is high, nsubtra t3 3 "&" input when
t he subtract iLqﬂ enabl e sig®al SUB i s hggh. The &cond bits ®f the upper
two latch pairs HOL, GOL and HIL, AL are nanipul ated by nultipl exing
arrangenents in a manner descri bed bel ow. 35 The outputs fromthe

resol ving adder-subtractors S70A, S61A, S43A and Sb52A-are latched into
result |atches R70L, Bﬂ_’éz’-‘o&gl and B52|
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483 In FIG 6b, the input words to the adder/subtractors S70A and S61A have
the second bits of each input word mani pul at ed. For exanple, the second
bit of the ipput word to the "a"-input of the adder/subtractor S70A is 5
cJ21:2], 1M, GJg. In other words, the second bit of this signal is
set to the value GOLM The second bits of the other inputs to the
adder/subtractors S70A and S61A are simlarly manipul at ed. This bit
mani pul ation is acconplished by four 2:1-bit nultiplexers HO MJX, GO MJX,
10 H 1MJX and d 1MJX (shown to the right {ylflG. 6b). These nul ti pl exers

are controlled by the ADD and SUB signal s d¥ch that th second pit (HOM
GOLM  H11M and Gl1M is se'?F"o one 1iﬂ]’the Hespective %jer/sub act or
S70A, S61A is Setf to add (ADDlis high), and}the second t is sef to 15 its
actual |atch loutpot value 1f the SUB signal |is set to high. Setting of
i ndividual bits ijn this manner is an easilyli npl enented, high-speed
operation. The preferred erf@odi ment includeg this bi t -Forcing arrangenent
since, as is descfibed abov:js,, statisti.cal aralysis of @& |arge nunber 20 of
tests pixel words| has indic@ated that nore adqcurate res§lts are thereby
obt ai ned. It ip not necegsary, however, tlo mani pul afe the second bits in
this manner, althpugh it o advant agg of s ' rdew dth. The
four high- or |oworf exl atched |in | gt ches R70L
R61L, R43L and R5PL. & sequentj al 3 the fina
out put | atch QOUTF| under, of the nPItip xing si MUXQOUT70,
MUX OUT61, MJIX OUT43, |MUX QUT52. The ordey inJwhich resultilng signals
are out put can thereforpe be control I§d ' EE
& &
SRS 2 S S S
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30 sinply by changing the sequence with which they are latched into the

| atch QUTF. The output fromthe latch QUTF is the final 22-bit resulting
out put signal T_OUT[21:0}. The relationship between the clock and control
35 signals in the post-conmmon bl ock POSTC is shown in FIGS. 7b and 7c.

49 As was discussed above, two 1-dinensional [IDCT operations nmay be
performed in series, with an intervening transposition of data, in order to
performa 2-D IDCT. The output signals fromthe post-comon bl ock POSTC are
5 therefore, according to thisenbodi nent, {jngt stored in a known nanner

col um-w se (or row w se) i enti onal storage unit, such as a RAM
menory circuit (not shox%y‘@gﬁﬁfﬁﬂé then read fromthe storage uni t
row-w se (colum- wise)Jto be passed as inputs to a subsequent pre- con&ﬁ%
10 bl ock and are procesged as descrf| bed above in this block, and in a
common bl ock CBLK and g post-comony bl ock POSTC. Storing by row (col um)
and readi ng out by colunn (row) perfmrns the required operation of

transposi ng the 15 datbShefore the k&ond 1-D | DCT. The out put fron1tQﬁ5
second POSTC wi r¢1desi red -D IDCT results and can be scal ed Inﬂq
convent i onal Sy 3l ting offset the scaling shifts carried out<n
t he various pr = lfdcks. I pfPparticular, a right shift by one position
will 20 perfor fdijon by Plgklecessary to of fset the two [err]2
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mul tiplications perforned in the 1-D I DCT operations. Depending on the
application, this second IDCT structure (which is preferably identical
that shaowa H.G 3) is preferably a separate sem conduct or 25

i npl enentation. This avoids the decrease in speed that would arise if the

same circuits were used for both transforns, al t hough Separate 1-D
transforminpl ementations are not necessary if the pixel-clock rate is slow
enough that a single inplenmentation of the circuit 30 will be able to

handl e two passes in real -tine. In range t¥4t¢ carried out on a pr ot ot ype
of the IDCT arrangenent described above, it was found that

to

all internediate
and final values were kept well within a 35 known range at each point while
still meeting the CCl T aRdat-gs—Becatse—o s—tt—was—possibtE to
"adj ust" sel ected val yes as descri bed above by small anounts (for 50

exanple, by forcing cgdrtain bits,of selected data words to desired|val ues)

bt i ons. 5
The nethod and systemjaccor ¢fngX o fhegnvEntign an e varied in hunerous
ways. For exanple, thg strutgurg used jo esogve @dd@ i dgs or

nul tiplications may bel alterad using arg kEowiSt e@noBogyS Thus, i

i's
possi ble to use resol vj ng adders or-subtrastore weere-t hevpreferre# 10
enbodi ment uses carry-pave—dev-ces—pth—sef g—adders—| Al so,
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uses down-scaling at various points to ensure that all values remain

W thin their accept abl e ranges. Down-scaling is not necessary,
however, because other 15 precautions may be taken to avoid overfl ow or
underflow. In a prototype of the invention, certain bits of various data
wor ds were mani pul ated on the basis of a statistical analysis of test
results of the system Although these manipul ati ons reduced the required

word 20 width within the system the various internedi ate val ues may of
course be passed without bit mani pul ation. R r/wer nore, although only data

words were bit-manipulated in the illustrate
I's also possible to mani pul ate the bits of constant coefficients 25 as well

exanpl e of the invention,

it

and evaluate the results under the CCITT standard. If a conparison of the

results showed t hat

it pit to a
gi ven val ue, in sone ca!;es, one m ght then be able to increase the hunber
of "zeros" in the binary representation of these 30 cogf,iL.giegnts I nj order
to decrease further the|sffXon area required to inpl enepeEtthe
correspondi ng mul tiplier. ZChce aqainy®it ipul ati on3 8 3 necespary.
51 W claim 1. A systensi®i Pﬁl%fipﬁnﬁr@\' Plglo Siehel € froma
frequency to a tine repres@rﬁg%‘g,‘\s@‘@@gm § giig & £skghal s ar¢
arranged in groups of Nldaia ipul WA dSe LGNPT LSenRg~ Reans $or nmul §i pl ying
data input words by the |square root—of—twe to—generate
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scal ed i nput words; pre-comon processing nmeans (PREC) arranged to perform
predeterm ned pairing operations on odd-nunbered ones of the scal ed input
words and € e ransmt even-nunbered ones of the scaled input words to
pre-common out puts; and post-conmon processing neans (POSTC) arranged to
perform predet erm ned out put scaling operations on the odd common
processi ng nmeans output values to form post-processed odd val ues and to
arithnetically conbine the post-processed odd values with the even conmon
processi ng means output val ues to generate high- and | ow order output
words, the system being arranged such that the output words contain inverse
di screte cosine transformati on val ues corresponding to the input data

wor ds. 2. A system according to claim1,4A¢rein the pre-comon

processi ng neans (PREC) has N 2 pre-comon inputs and N2 pre-co

out puts, the common p
are connected to the
t he post-comopn proce
are connected to the
form system out put s.

pr e- conmon processi ng

(PGSTC) have i nternal

predet ermi ned bi nary

systemis inproved re
system according to cl
predeterm ned bits of
val ues, such that the
relative to a predeter
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R Jeted -2 | REPLACEMENT SHEETS  SG
52 5. = A syste ! o _any one of claing 1l Des@iptiohepeged t.hée paged....,
pt.e- conmon neans (PREC) includes a single scali ndY Otdit(s)! e pagd@Mho -paged..":zg'
attached in a Iovves”w ﬂmmmﬂ)m ailine for Imil Drwing@Y : phged .QUES pagedier
odd input data word "_‘_i._ir__'ned scal i r|g BVA®kt®4ct ©-: pagedl 5984 %ed”
acclorgl ng to claimb5, wher'ei i t e pre: comon prlocessi ng neans ( PREC) . ;.
includes a plurglity of adders (P1A, P2A, P3A) |f Py | ti [ '
pr edet er i newq)a@g"of t he odd- nunbered input d *?ﬂﬁﬁﬂﬁé‘q dﬂmq'? qu
:quut _ datﬁ war ds. A7 systers forstr@sferatey diigiigl tsignalsy frome aofrequienays tal & din@,

erein e pre-co n processi ng. npeans (PREC) inclu Pl aljd
adders (P1A, Pw%?engp,&? Fb%'ﬁ@?@%ﬁ@ggaﬁmaﬁﬁ 8% rfarfﬂ%gdgt%z(?"&sn%fg\l %ﬁ{eashl'gglf t he
odd;nunberedgjqowboﬂgfigngwrds to formpaired i nput data words. 8. A
system according to claim?7, wherejn the adder Pl A P2 P3A) all are
fi xed- poi nt devi c&¥ang for mutilyiag Qﬁﬁaa{%"gr"mrﬂ%g)( ﬁ\enga@nrgo@?f t@'f’a‘% ﬁgnelra 0 3,
wherein the géﬁe@mmpnoﬂgpc?assi ng neans further includes a plurality of
pre-common out put storage elenents (Cl 41, C32 Cr6L) ar
alternately to | o&f?‘ﬁ?f'ﬂg\"ﬁtp&q’f’eﬁﬁ@g H&?@%Pﬁﬁgb?hﬁ%qmﬁ‘gnﬁﬁﬁe‘{%%ﬂﬁ&&
mgtﬁ; i dat ﬁ Wphiihg opBrations &t aammb@mcgémﬁ of meaml :jedﬂﬂptmwoxdiaanntoltrarmnﬂt
n e commDn processi ng. neans | ncl udes commp gef f.i ci ent
multipliers @mmmg?reﬂ&ﬂeeSgt,heﬁe%eé&?,"%w)eﬁﬁgﬁgje'mmﬁ{l|°HPP¢'?§FH sel ect ed
ggnmgt)g |tor ociiy ng\ pB@taéb?nt rhéw Utproddssing bmleéﬁﬁdﬁ(gesrrb)le@rtaﬂggdndnet perform
nts. . system according to claim/10, erein the common

coefficient RRdetesmingdsoytRyl $gading pppEEens °m§ﬁ€:ﬁg]°9wmmf§°eéﬁ'é‘gf'88?"ﬁ n
n;lgber and apftpat _vaneftb ﬁ:rlﬁ lbobtsocaned odtl valueslandtte drithmistically ¢dmbine theon

cessin ' |
]P our coef ?i gﬁggtﬁprﬁﬁél y slléﬁg\lcl)ag:legliels %vitﬁ ?r?eng\9etnec(>]lorrt1ngnor‘;jl prco(t?;Eagselr?gi3 r%réghsn guf%ﬁ{ \Balﬁ)és the

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 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 the 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.

3. A system according to claim 1, wherein said pre-common processing means
(PREC) and said post-common processing means (POSTC) have internal data
~ words flowing therethrough, and further comprise means for forcing 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.

4. A system according to claim 2, 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 rélative to a
predetermined test input data set. _ REPLACEMENT SHEET

16 DEC 1999
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53 12. A;systemaccording to claim1l, wherein: a) —the—pest—comom

processi ng nmeans (POSTC) includes sw tchabl e arithnetic :
S61A, S43A, S52A) each with an addition node and a su ‘jﬁ &m&m

the post-processed odd values and the even common out d as

I nputs to the switchable arithmetic devi &s (S70A, SGlA S43A S52A); c¢):

in the additlin m)ré thes‘:{%r(,:hgS arit rretlcge:/?ic%sformthelow order
out put words &s t He SERIRMACCOLRING, I a0, P 8L Slating, 4 4O P WHELEIR e PiRsCrERn
gommn o]yt pUtrfnearthPREC) mbl(ldéehte smgnét saﬂmgcmultnﬁc& (Rnhmmwuhdimbf Itnﬁa dowddanet i c
evices formthe hi ou wor.ds. as erenge o e

post - pr oces s IOTIAPYLaTe I, PR Hhes omst et oA GGk data yord f¥ e pre-
accordi ng to ddterimeddscatiigfaetor. t he common coefficient nultipliers (MILCLS,

MULC3S3, MJULC3S2, MULNC1S) all are fixed-point devices. 14. A system
according to claim 10, wherein: a) t he post-comon processi ng nmeans

(POSTC) incl wgles saofsyétmtﬁceommgttbraﬁnmcs aerdin shed ﬁé%mrﬁ@iﬁmc&ﬁ&;ig meané)
0S

each with an nd.a su act rocessed
odd val ues an@% Bﬁ’?ﬁ:ﬁrﬂ'ﬂ'ﬁ"‘&ﬂfpﬁf{‘ier%r(#ﬂgo%[bég fr ?q\'ﬂﬂ? af’%‘
swi tchabl e ar rédm”tﬁﬁmﬁediﬁhwﬁﬁ tHeSéldnubérdd ihga datewais t6 form lpalréthﬁhput

addi tion m)de thefdsvm tchable arithmetic devices formthe | ow order output
words as t he Q&#W8WSt he post-processed odd val ues and the even conmon
out puts; and d) in the subtraction node, the switchable arithnetic

devi ces formg he E\Agh order a#sﬁ t words Ihe (tjtlfference of the
pos@process d odd® P¥FEP2CEAEING, O aRYePNe:- 8 W’%" G Wherein the pre-common

proceésing means (PREC) includes a plurality of adders (P1A, P2A, P3A) for
pairwise addition of predetermined ones of the odd-numbered input data words to
form paired input data words.

8. A system according to claim 7, wherein the adders (PIA, P2A, P3A) all are
fixed-point devices.

9. A system according to any one of claims 1 to 3, wherein the pre-common
processing means further includes a plurality of pre-common output storage
elements (C1OL, C54L, C32L, C76L) arranged alternately to load and latch the
paired input data words and the even input datai words.

10. A system according to any one of claims 1 to 3, wherein the common
processing means (CBLK) includes common coefficient multipliers (MULC1S,
MULC3S3, MULC3S2, MULNC1S) for multipljying selected common processing
means input values by predetermined tﬁgonométric constants.

11. A system according to claim 10, wherein the common coefficient multipliers
(MULC1S, MULC3S3, MULC3S2, MULNC1S) are four in number and are arranged
such that each of a selected pair of the common processing means input values is
connected to a corresponding pair of the four coefficient muitipliers.

N trr—
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15. * A system according to claim10, wherein the post-comon processing
means (POSTC) includes a plurality of post-common coefficient nultipliers

(dl; d3, d5, d7) arranged to nultiply the odd conmon p

out put val ues respectively by predeterm ned post-com‘mumﬂﬂﬂllmunmﬂﬂ“li ng
- val ues to fo][mlthe post - processed odd va$3ies. 54 16.* A systém dccdrding
to any one of clainms 1.to 3, .wherein: .he post-common processi hg neans
(POSTC) i ncl ddes é\_ﬁﬁ&%‘&ﬁ?“é”%&?iﬂ F e 1 eres (S70A, SB1A, S43A,  S52A)
eggh W:th an gddlh t@) ON el postrsbnamen btocassing meande(PAFTC) intladgmoswitghableessed
odd val ues and the even c t ar, nnect S, i Aput

v t ohabl o aPRICIdovieS (oLTA SR ST FE28) GAGT WS fad i ol ghds

addldt i on ”ﬁd%ubﬁé'&ilgﬁ‘ﬁ‘irl]do%ham e arithmetic devices formthe | ow order output
words as the sum of the post-processed . odd val u and t

outputs; and d) Bn tﬁ@ggﬂﬁtf‘gﬁﬁsisﬁi %J@,ueﬁh@‘gﬁiet%‘%&b&iﬂrﬁ'ﬁmﬁﬁ ctha

devi ces for mghhgediéd asOingets toutheuswitshable adthibtic diekites 5Z0A0861Ae S43A,

post - processed odd val ues and the even common outputs. 17. A system

accordi ng toSﬁzﬁ‘D;_m 16, further conprising control neans (CNTL) connect ed to
the switchabl e aridhmetip thedgiditimméde] Bk swifchableSfithinetisSdbdjces domythedowt i ng

node signals t tch t I th I ¢ devi b Lt

SUDE  act | on 1RSSOV, WOTHS SpcinB T ob 108 A CoReSr oDt A, S v gt

Z\é\n t chabl igardowhﬁﬁﬁdtmplﬁig,\/énaes_ (S7TOA, ISGlA, S43A, S52A) all are fixed-point
Vi ces. . S em according,.t im 16,. -

processi ng nmeans >(@OST(E? ’F%E’iﬂﬁ °'g"'(}§d§'lrgqei tc%%%@%m&%gggﬁ’%em

mul kipl i ers (ijh-ord@r output words as the difference of the post-processed odd values and the

even common outputs.

13. A system according to claim 10, wherein the common coefficient multipliers
(MULC1S, MULC3S3, MULC3S2, MULNC18) all are fixed-point devices.

14. A system according fo claim 10, 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 outputs are

, connected as inputs to the switchable arithmetib 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 mode, the switchable arithmetic devices form the

high-order output words as the difference of the post-processed odd values and the

even common outputs.

15. A system according to claim 10, wherein the post-common processing
means (POSTC) includes a plurality of post-common coefficient multipliers (dl, d3,
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. |
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»

d5, d7) arranged to nultiply the odd conmon processing -

respectively by predeterm ned post-conmmon, constant, scalj rm
t he post-processed odd val ues. 20. A system according t ﬂ E‘ ﬁmmﬂia ﬂi n
the switchable arithnmetic devices (S70A, S61A, S43A, S52 oS e

fi xed-point devices. 21. A systemaccor84ng to claim 16, wherein the
‘common arithngtic devices (B2 .BI3, cls, c3s),.ar ||l .f.i xed-poi nt devices.
55 22. A system 8‘(?6?"8@%0@89&?3?%?’1%??‘%"]?%@ %@ﬁ{el"ki ng a plurality of
adders (MbA, PIA, £2A, theAosBdcinmbi ProdeSting ChdansCHFOSTESincliEe switElible RES2,
RES3, HOA, H1 H2A,  H3A a / tr rs (SZOA.  S61A SA3A  S52A) -
all of which aﬁ?@“‘%’%@%"‘#& @?géesgﬁsg%%i%é% %@@%@%5‘@8 one
of clains 1 tsuwbBactivhensde) t he post-comon processing nmeans (POSTC) incl udes
a plurality of post-co n coefficient multipliers (dl, d3, d5 .d7

arranged to nulti B?t)y tﬂgg&?a 'WBﬁ‘?ﬁ?ﬁgiﬂd&c@%ﬁcﬁgﬁ"qﬁ&?fhév%?%@Waqu are
respectivel y dopngdted efseinputsetd thes switchziblen arithatetic adevices q@I70AQ S6AAL@EI3AD form
t he post-pro d odd val ues. 24. A system according to any one of

claims 1 to 3 'erein the common processing neans (CBLK) is a non-cl ocked,
pure-1ogic circuitc) 25.in the additichnmede; ahel switchablecarithraetic ddviceisfoms thk lbw- 3,

th i thmetic dev BT?2 3 |1, being fixed-poi nt
tovi oo 6. orieruoitb W Rcioeh ot 10e FRECRIPSsRR et vaussand §i pln "
conpri sing a dommae odtyutefaretider s (MBA, PIA, P2A, P3A, BT2, BT3, CSO, CSi,

CS2, CS3, RESO RESL, RES2 S3.. HOA, = HLA, H3A), and adder/subtractors
(SrDA 1A Saan s i pUgRClp giods e swichan dninit; REssom the,
system accor diigtgotder eutputomerds tas theadifferehcé of the pobiepretesset @dd values mndthe

processi ng neans (PREC) includes a plurality of adders (P1lA, P2A P3A) for
even common outputs.

17. A system according to claim 16, further 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.

18. A system according to claim 16, wherein the switchable arithmetic devices
(S70A, S61A, S43A, S52A) all are fixed-point devices.

i 19. A system according to claim 16, wherein the post-common processing

-/ means (POSTC) includes a plurality of post-common coefficient muitipliers (dl, d3,
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.

20. A system according to claim 16, wherein the switchable arithmetic devices
(S70A, S61A, S43A, S52A) are ali fixed-point devices.

21. A system according to claim 16, wherein the common arithmetic devices
(BT2, BT3, cts, ¢3s) are all fixed-point devices.
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pai rw se addition of predeterm ned ones of the odd-
words to form paired input data words, -and the commn rocessi n rreans :
(CBLK) includes conmon coefficient mul ti pliers (MJLCY) ll

M\/ULNClS) for multiplying selected cormbn processing

;predeterm ned tri gonorretrl c constants, tis adders (PI A A) aﬂ be| ng
fi xed- poi nt Vi ce st.em accox di to any .one ,
wherei n the gze dﬁﬁgﬁteﬂ} Bﬁg@ﬁﬂdo s ?(% PﬁQE@f F?H:'P AP HmbaP{gg&%F
adders (P1A, (PBA, RAAP2AOP3ARIBTE, BT3aB0, 081pCS2 @83, RESORES1eRES2,t he

(Pin Pon - paiSHORMAR S BB Eecldhy (570, SR Sha A o
processi ng mesfwhidh4e8 Tiked-poiat deléesswi t chabl e arithrmetic devices (S70A,

S61A, S43A, S52A) each with an addition node and a subtracti on node; b)
t he post-processed odd val ues and the even conmmopn outputs are connected as

i nputs to thexw tAlkgstem adcbidingeiol ahydend ofeclaifrS 7D 336Hdkem3&34msﬁ&ﬂﬁhbn c)

in the addition node, the sm‘&,ﬁ bl.e (%éthmah]c deQ\? ces, formthe | order
out put wor ds R{EC8SHTs MRDE Fok dnglugsse &s Slralilyy 9fa Pasicemygon P

common out putmRiltipliets (Bl ds3,ids, ahmmbda@mmlwqutchmmm pedeesding &feahbrret ic

devi ces formt e hi wor ds, as the difference of the

bost - bt ocess RHIBTa0E? Tepekia: RLPredelhmaBRT BRFRA"S congant soel] velugs
accordi ng to tafomothe pobt-prooéssed bdt ¥al@eswher ei n t he pre-comon processi ng
means (PREC) includes a plurality of adders (PlA, P2A, P3A) for pairw se
=add&‘eﬁon of predeterm ned ones of the odd-nunbered input data words to form
‘pai | nput 2kt a Aeystem abeordiflg &to sarfyPbre dPZUhnmE’Smozﬂ lwheeéinothki eomimpei nt

gﬁ\rlia?legéi gnd r}rgges%%rgnmenar%r(ggfﬁﬂs non-gloa(e% pure-loglc c|rcunt0n cl ocked,

25. A system according to any one of claims 1 to 3, the common arithmetic
devices (BT2, BT3, c1s, c3s) all being fixed-point devices.

26. A system according to any one of claims 1 to 3, further comprising a plurality
of adders (M5A, PIA, P2A, P3A, BT2, BT3, CSO, CS1, CS2, CS3, RESO, RES1,
RES2, RES3, HOA, H1A, H2A, H3A) and adder/subtractors (S70A, S61A, S43A,
S$52A) all of which are fixed-point devices.

o 27. A system according to any one of claims 1 to 3, wherein the pre-common

- processing means (PREC) includes a plurality of adders (P1A, P2A, P3A) for
pairwise addition of predetermined ones of the odd-numbered input data words to
form paired input data words, and 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, the adders (PIA, P2A, P3A) all being fixed-point devices.

28. A system according to any one of claims 1 to 3, wherein the pre-common
processing means (PREC) includes a plurality of adders (P1A, P2A, P3A) for
pairwise addition of predetermined ones of the odd-numbered input data words to
form paired input data words, the adders (PIA, P2A, P3A) all being fixed-point
devices, and
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he

circuit. 30. A system according to any one of clai
common processi ng neans (CBLK) includes common coefficient nultipliers -

(MULC1S, MJLC3S3, MULC3S2, MJLNC1S) for nultiplying s n

processi ng nmeans i nput values by predeterm ned tri gorﬂ!mcﬂmunmlmrl“i t he-
‘conmon coefficient nultipliers (MILCLS, BELC3S3, MILC3S2,° MOLNE1S] afl

'‘bei ng fixed- point devices, wherein: a) . the pos}- n _processi ng,nmeans
(POSTC) T ncl ubles 9 ¢ cifio PeShFMYARE Procegsing dBedmBciFisi! (o atides, Sutciabia,

each w th an zghhéticofevitedqSA0A, 86HAIS437;1S52) @aeke with)an addifioroaBte Rindcessed

odd val ues and the even common outputs are connected as inputs to the
swi t chabl e arSUPHARONMRAS; i ces (S70A, S61A, S43A, S52A): ¢) in the

addidtion mﬁde, the SV\ﬂhttﬁé'%blstepraééésbﬂﬁidldd' c\aattmsld 'iﬁlﬁﬁtﬁ@é\éﬁd&ﬁnh\@WOLﬁmﬂQ@r@Ut put
words as the sum of .t he, post-proces; odd .val yes, and t % 0 n

out put's; and connegted;as '"BHtst ﬁ‘?eth?uﬁ‘ﬂ"?‘:}@f"eoﬁm}l?ﬂﬁg? d[emge§\,(%§ ega‘é%éxa%ﬁnet ic
devi ces formgdmg{;hi gh-order output words as the difference of the

post - processed odd val yes and _the eyen common, outputs, 31, A system
according to any e of'"&'?ea?qpét_'oﬂm %,th%&'g%ah'etQT@”B?t&é%@ﬁ?ﬁﬁo'ﬂ? !vf@_ég‘é"_r ng
nmeans (PREC) drder it Woridb Wispihet un® fof aR6! pbst-frbdedsefadd Vaivds &Rd tiRAieven se
addi tion of predeterm ned ones of the odd-nunbered input data words to form

pai red i nput SQEYEON yteuts Rk s (P A, “P2A, P3A) all being fixed-point
devi ces; wherein td)e COVRsEBRRAGS ivdeMBRNSWIlchEbIK arititaéticd@svicea Tomn the

coefficient ltipliers (MICLS C3S3, LC3S2, MJULNCL for multiplyin
Corect od- comPit-pRist GBI oIS Anthe Asrence.plIbe PastArPGtRsEd ot valves ana thd” 7' "9
tri S‘ehorret ri GveR eSmAbnSoutputs.

29. A system according to any one of claims 1 to 3, wherein the pre-common
processing means (PREC) includes a plurality of adders (P1A, P2A, P3A) for
pairwise addition of predeten'nined ones of the odd-numbered input data words to
form paired input data words, the adders (PIA, P2A, P3A) all being fixed-point
devices; and the common processing means (CBLK) is a non-clocked, pure-logic
circuit.

30. A system according to any one of claims 1 to 3, wherein the common
processing means (CBLK) includes common coefficient multipliers (MULC1S,
MULC3S3, MULC3S2, MULNC1S) for multiplying selected common processing
means input values by predetermined frigonometric constants, the common
coefficient multipliers (MULC1S, MULC383, MULC3S2, MULNC1S) all being fixed-
point devices, 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;

w,

b) the post-processed odd values and the even common outputs are
connected as inputs to the switchable arithmetic 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
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the tommon coefficient multipliers (MJULCLS, MIC3S3, MILC3
being fi xed- poi nt devices. 32. A system according to claim 31H \Aﬁﬁu

the switchable arithnmetic devices (S70A, S61A, S43A nmwumm

fi xed-point devices. 33. A systemaccording to clai
common arithnetic devices (BT2 BT3, cl s, §8s) are. all ffxéd- p0| nt

devi ces. 34. A system ccor to cla m33 rt her [l Si
plurality of adde (I\/B'A qDFl/‘-P g% "Pgﬁ tc@?’@ 9@5&5@ Q%rr&él\:ge
RESO, RES1, MRigfhRordBESikput-¥a¥ids b8 fhe diférentis 4) therplbstaplﬂeeﬁs'ed lodd vatues ant T A,
S61A,. S43A, S52A) all of i ch are fixed-point devices. 35. A system

accor di ng t o SYFReAMgIPN in the commn arithmetic devices (BT2, BT3,
cls, c3s) are all fixed- poi nt devi ces. A system according to claim

35, further nprisin urallty of add rS. A P2A, P3A, BT2, BT3,
35 U "L SATEL S i i oL e i 2 e ey
deer /'su bg r7 aqir?e&sw?méanssmd CpabludessSa /k)lurailt!y off adders [{PaA L PRIAX @Bﬁ{)ﬁfeﬁt

evi ces. : S r to ai grein

conmon arit hrP@l @q&;qgrgﬂefe c§§)°d rrgm%gereﬁnpmﬂ ?}al"mfdﬁg% ces.
58 I38. | A sy$¢?mngaméwd rrqbuﬂaatbplthAma%dzage (ng H2A, IF3A) dllmehgoﬁx&gédxﬁntcsmsg si ng
a plurality of adders

RESO, RES1, MbgEen F!éés ARN ﬂ?ﬁesshf‘gAmq?@ﬁ) Eﬁd‘)a@&@f’?% &E’P?'E%’f cﬁ°§ﬁ~F§%§A
S61A, S43A, ﬁﬂt@heﬁé KMULCV\G,I MULD3S3f |Mwscssz MULNETSEfor méitiplying gmédml for
transformng digita nalsfro.mﬁ aiuelg ency,t.o a%(“mere esentat

i nc|ddi ng gr &8 Qrﬂge NG TERNSINBY ré‘f’?}ﬁ'ﬁ%'" rﬁ°ﬂ%’f‘ nconsta rds
CHARACTERI ZEfhdgorhimen foaéﬂf‘a%mngulﬁplm (MULC#S FMBLCBWUDCQSE,SEUDSCWB?BBS

( PREC) performn re e
belng d-poin eVIces

32. A system according to claim 31, wherein the switchable arithmetic devices
(S7T0A, S61A, S43A, S52A) are all fixed-point devices.

33. A system according to claim 32, wherein the common arithmetic devices
(BT2, BT3, c1s, ¢3s) are all fixed-point devices.

34. A system according to claim 33, further comprising a plurality of adders
(M5A, PIA, P2A, P3A, BT2, BT3, CSO, CS1, CS2, CS3, RESO, RES1, RES2,
RES3, HOA, H1A, H2A, H3A) and adder/subtractors (S70A, S61A, S43A, S52A) ali
of which are fixed-point devices.

35. A system according to claim 31, wherein the common arithmetic devices
(BT2, BT3, c1s, c3s) are all fixed-point devices.

36. A system according to claim 35, further comprising a plurality of adders
(M5SA, PIA, P2A, P3A, BT2, BT3, CSO, CS1, CS2, CS3, RESO, RES1, RES2,
RES3, HOA, H1A, H2A, H3A) and adder/subtractors (S70A, S61A, S43A, S52A) all
of which are fixed-point devices.

37. A system according to any of claims 1 to 3, wherein the common arithmetic

devices (BT2, BT3, c1s, c3s) are all fixed-point devices.
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pai ring operations on odd-nunbered ones of the in tting

even- nunbered ones of the input words to the.pre
passi ng both odd- and even-nunbered input data wor MMMH E ses
t hrough a comon.processi ng neans (CBLK) to formo

processi ng nmeans out put val ues, respectiggly; the rret hod bei ng such that
t he out put vag] ues con ain |nver e discr {f COSI nsf ormat.i on Y

cor r espondi ngiato theYs ?fB@FO‘HQ'PQ Q8pyene g almsA ef GPMPHIR A HrU?

digital signajfadteenMsA, muemypsﬁo BT2, iBTES, mmessnteszoosslmESQdm1

L nnScs he fhsh kod R, b La0t S Sod abedBieches ' Sin e

i nput data V\xsm)amoﬁﬁﬁ@nat@rmwdehie@ygh a common processi ng nmeans
(CBLK) to form odd and even commopn processi ng nmeans out put val ues,

respectively; and in a post-common processi ng means (POSTC), perforrri ng

predet er m neggout putmetAdd If&gt@ﬁﬁbﬁﬁm NSigid si @Mnc@nﬁequmrl@ auttné
val ues to form ost - roqe d odd va met | cally ctﬁrdt})l ni,n the

s and ar
post - processé’ﬁp gents 'hé%‘-’ thfqt@"‘@\/ digh RUpStY

hi gh- and |OW@ﬂQQjHANA@'!]ER]EEDﬂﬁytHeI’fQHdmﬁd"lgdp@F,‘I ng such t hat the out put
words contain i nverse di screte cosi ne transfo&;% on val yes corremg) |ng
to the input data "hdt FES-CAMMON MRCEEAG SBFAlc %PFEEO'@P'% Rredetgimiped,; m

40, further ¢nifidgicperdiohs 6n %HG-Fhuﬁfbeféd drie! of ittedinptkawara® dhd wahskiting dvea-

re root of two.,K REPL
squfat_)e numbered ones of '?’%F e input worgs I) the pre-common outputs; and

N passing both odd- and even-numbered.input data words in separate passes

:-D

through a common processing means (CBLK) to form odd and even common
processing means output values, respectively; the method being such that the
output values contain inverse discrete cosine transformation values corresponding
to the input data words.

40. 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:

passing both odd- and even-numbered input data words in separate passes
through a common processing means (CBLK) to form odd and even corhmon
processing means output values, respectively; and 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 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 corresponding to the input data words.

41.  The method according to claim 39 or claim 40, further comprising the step of
multiplying the input words by the square root of two.
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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
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 processing step, the
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
coefficients to form odd resultant wvalues. After
calculation of the even and odd resultant wvalues, 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
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
"1" or "O".

The IDCT system 1includes a pre-common processing
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
time-multiplex the application of the even and odd input

words to latches in the pre-common circuit.

FIGURE 1




