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The present invention relates to the field of conputer systens

and nore particularly to a nethod of using a single instruction nultiple
data (SIMD) conputer to transpose a two-di nmensional array.

BACKGROUND OF THE | NVENTI ON -1- A two di nensional array of
data is a matrix of rows and coI urms 10 V\/nereln the | ocation of
each data elenent in : : : A SINdGeAti fied by
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conput er program whic - W FEQRT 'MD N ticular
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et e D o TP O Sk o a9 A oy and ol
:rr:pa?pg nl sI t hat ¥ ”B\i%r%%{? loatiaq of each data elemenéfq H%Yt}’é"'hBiae e25| I yg
mani pul at ed. | n tuniquely identiiect by ita rpwean®Bolumn. For exanmlépastsasﬁm y
row-wi se conput alghpdsdsifdet dORRAIBE Brogtath WHidt frhcks the employees of a
particular company represents an array. Each row of the spreadsheet
might be identified by a different employee name while each column
15 might contain information such as salary, employee number, and
other employment information for each employee. To transpose an
array means to translate the layout of the array such that rows of the
original array become columns of the transposed array while columns
of the original array become rows of the transposed array. Inthe
20 - spreadsheet example, each column of the transposed array is
identified by an employee name while each row contains the
employment information.
- One advantage to transposing an array is that the data in the
| array can be more easily manipulated. in the spreadsheet example,
25 suppose only row-wise computations were possible, and further
assume that every employee's salary is to be raised by 5%. To
update the array, one would need to step through each row and
update the data in the salary column one row at a time, which could
be quite time consuming. Alternatively, the array is first transposed so
30 that the column of salaries in the original array becomes a row of
salaries in the transposed array. The entire row of salaries is then
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updated in a single step of instructing the conmputer to performa row
W se conputation, raising all salaries by-3% The transposed array is
then transposed back to its original form its salary colum having

been updated i “uﬁdétbagh% ﬁhglé step of  instructing the computér t% 8rrﬂra'ﬂfdv¢ cal -
exanpl e, data is. genera n conput er

|
system nmenory, %qmpg%wn.. gwsf@ g r?@fﬁﬂef by 5%. The tranqugqg §'EVEY i
i dentified by athparttamﬂosembaﬂc;o its drigireal form sitsrsatzty dohern having

conputing syst ' 0, ins multiple data el ements.
Each of these ﬁ?%"@?@%&érﬁe@ ?@%@ #F?al |y contained within a "colum" 10
of dmta, the colum Asmmqretpragtlealnexamp , datais geneeally argamzedsinf r om a

plurality of rongysin bfs §te4ﬁ4némw m{erawsaéh FOWTE A Meisty
|mage is stored In co ut S our. nmenor reql sters
(four "rows"), r@@q 'sp %bﬁm@m'@rmmoabﬁgﬁms "d%ﬁ"geé quapced

(four "colums” domiibﬂngzslysmmt eact registeradontaing moltiple ddtad eomentsof
' Each of these data elements is essentially contained within a "column”
10 of data, the column constituting similarly situated data elements from a
plurality of rows. For example, a 4x4 array of pixels from a video
image is stored in computer system memory in four memory registers
(four "rows"), each register comprising four contiguous data elements
(four "columns”). The value of each data element in the 4x4 array of
15 data elements in computer system memory corresponds to the color of
its associated pixel of the 4x4 array of pixels.

Conventional computer operations manipulate data in memory
registers preferably in a row-wise fashion, rather than column¥wise,
because each row is identifiable by a unique register address which

20 can be easily accessed from contiguous memory registers. However,
often it is desirable to execute the same instruction over several data
elements in a column, the column cutting across several rows of
register addresses. For the 4x4 array of data elements described
above, executing the same instruction on each data element in a

25 single column means executing the same instruction 4 times, once for
each of the 4 rows. To avoid having to execute the same instruction
multiple times in a serial manner, the array is transposed, so columns
become rows, and the instruction can then be executed once across
the row of data in a parallel manner.

- 30 Because a 4x4 array comprises 16 data elements, transposing
the array requires 40 operations. First, each of the 16 data elements
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the array is transposed back to its original form, the modified row
becomes the desired, modified column of the array.
In more advanced video processing applications, array

transposition is useful for implementing computationally intensive

15 functions such as fast Fourier transforms and discrete cosine
transforms. These transforms use array transposition in filter and
compression techniques for digital signal processing applications.
The ability to perform rapid array transposition in these and other
multimedia applications is an important element to increasing the

20 speed ot these applications by, for example, allowing columns of data
to be processed in parallel as rows of their associated, transposed
arrays.

In many cases, the time it takes to transpose an array, execute

the desired operations on the rows of the transposed array, and re-

25 transpose the array back to its original form is greater than the time it
takes to simply execute the desired operations a piurality of times, in a
serial manner, on each row of the atray "in place”. In such cases, any .
advantages which would be gained by paratllel processing of the data
elements in a row of the transposed array are lost. Therefore, what is

30 desired is a method for speeding the transposition of an array.
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elements from the first result are interleaved with data elements from
15 the second result to generate a third result.
Other features and advantages of the present invention will be
apparent from the accompanying drawings and the detailed

description that follows.

20 BRIEF DE IPTION OF THE DRAWIN
' The present invention is illustrated by way of example and not
limitation in the figures of the accompanying drawings in which like
references indicate similar elements and in which:
~ Figure 1 shows a computer system in accordance with one
25 embodiment of the present invention.
Figure 2 shows one embodiment of an unpack operation
Figure 3A shows another embodiment of an unpack operation
Figure 3B shows anocther embodiment of an unpack operation
Figure 4 shows another embodiment of an unpack operation
30 Figure 5 shows a method for transposing an array in
accordance with one embodiment of the present invention.
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described. A nmultimedia i nput device which generates an audio '

and/or video signal is coupled to a processor. The processor is also 5
‘coupled to a storage device upon which a deconpression routine is
stored, - the deconpression routine including a transposition routine.
The transposition routine mani pul ates data el enents associated with

the audio or video signal in transposing an array of n rows of a
plurality of data elenments. The transpositign routine, when executed 10
by the processor, causes the processor to interleave data el enents

froma first rowwth t . 0 ate a
first result. Data ele nrgs.ee%ﬁgrﬁﬁgaas ﬁ{tﬁﬁb%@ﬁ%ﬁ%%ﬁ@ﬁnﬁ&éﬁm th data
el enents from a @ecArdAncewith agetharembadinentef thespresentinventioat a

el ements fromthe firfFigurgspbhows@ hititRod 96V REn¥pddIng drPafbgiRNts from 15
t he second result to genera. e at O her

t hird Besul t. . .
features and advaEo[gaBcewithanptharembpdirent ofthg; presgst invention.
appargnt from the accFigas8Aghdwava figst portion lbé adebthiddtbr transposing an
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The present invel nis-i ra Wway ot exanple
limtation in th@veiny@hes of the acconpanying drawi ngs in which |ike

references indicate sFplra'sB'sABRE seBEnd Poidir Bf a method for transposing
Figure 1 shows a conputer systemin gccor

cL nce vmé_h onef
‘enbodi ment of t h@N AN aceprdapee yith another embodiment of therpresest » shows
one Hbodi ment olmvemtionpack operation Fi gure 3A shows

anot her enbodi ment of F‘?éhr%}[ﬁ’%ﬁg 18REEREA %gmﬁ steps taken to transpose dd GHhy SB

shows anot her enbodi ne unpack o
Figure 4 shows aifo@¢rardangeaviticenegmhadimentad thpdqreseahinvention.
' Figure 10 is a flow chart of the steps taken to transpose an
array in accordance with another embodiment of the present
15 invention.

Figure 11 is a flow chart of the steps taken to transpose an
array in accordance with another embodiment of the present
invention. '

Figure 12A shows an application of array transposition in

20 accordance with an embodiment of the present invention.
Figure 12B shows some steps implemented in Figure 12A in

accordance with an embodiment of the present invention.

DETAILED DESCRIPTION .

25 A method of transposing a two-dimensional array is described
using a series of unpack operations on packed data sets. For one
embodiment of the present invention, packed data stored in a memory
register constitutes a "row” of data. Each data element packed into the
data set constitutes a "column”. In this manner, packed data elements

30 stored in memory registers having consecutive addresses constitute
an array, or matrix, of data. In accordance with one embodiment of the



30 Figure 5 shows a nmethod for transposing an array in
accordancgvd\ig.;/ﬁggge enbodi nent of the present invention. WO
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Figure 6 shows a nethod for transposing an array in _

accordance wi th another enbodi mrent of the present invention.

Figure 7 shows a nethod for transposing an array in

accordance wi th anot her enbodi ment of the present invention. 5
Figure 8A shows a first portion of a nmethod for transposing an

array in accordance with another enbodi negt of the present

I nventi on. Fi gure 8B shows a second portion of a

nbog montof - EraseiAventian packed catarSlofed i s REMg TeGislal 7 e
Figure 9 is a funpRckedwithpacked data stareddn anotheramepuory ragisier. aBy
i:p accor1 gapce Wrildacmcn@ Wﬁm& dtﬁfea bié?ni}ﬁetﬁ%t@gh? ?gﬁ%d&@é%ata sets are
e 20 s o ta PGB P et B3k kBB o heR forat packectsata sets
i nveénti on. ultimately results in trafSppsitior bf the as$dciatetharray of daie St eps
cbod ment o] e prscagtnod for ransposfiy b yARGHISH S i udlSHR
Fi gure 12A shoWd mere5teil helewraleng avithits application in arcamputer system.
Figure 1 shows a block diagram illustrating an exemplary
. computer system 100 according to one embodiment of the invention.
10 The exemplary computer system 100 includes a processor 110, a
storage device 120, and a bus 145. The processor 110 is coupled to
storage device 120 by bus 145. Bus 145 represents one or more
busses and bridges (or bus controllers) which comport with one or
more bus protocols. A number of input devices 130, and a display
15 device 135, are also coupled to the bus. A network 125 may also be
coupled to bus 145. '
Processor 110 represents a central processing unit of any type
of architecture, including, for example, complex instruction set
computing (CISC), reduced instruction set computing (RISC), very
20 large instruction word (VLIW), or a hybrid architecture. Note that
processor 110 may be implemented on one or more semiconductor
chips. Processor 110 includes an execution unit 140 and a decoder
175 along with some additional, conventional Circuitry. (The
additional circuitry has not been shown to avoid obscuring the present
25 invention.) While this embodiment is described in relation to a single
processor computer system, the invention can be implemented in a
multi-processor computer system as well. In addition, while several
embodiments are described below in relation to a 64-bit computer
system, the invention is not limited to a 64-bit computer system.
30 Storage device 120 represents the memory of the computer
system and includes one or more mechanisms for storing data. For
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' 10 accordance with an embodiment of the present invention. in addition,
memory registers within storage device 120 contain data used by the
transposition routine 115, as described in more detail below. Storage
device 120 also contains additional software, the details of which are
not necessary for an understanding of the present invention.

15 Input devices 130 represent any of a number of devices
capable of generating signals which are processed by the computer
system. For example, input devices 130 may include a keyboard and
a mouse for entering, selecting, and modifying data in the computer
system. In addition, input devices 130 may include multimedia input

20 ' devices, including video and/or audio input devices. Video includes
both individual, still-motion images as well as multiple images in a
moving picture format. A multimedia input device includes a video
camera or other image capturing device, a video cassete recorder
(VCR), another computer system which outputs a video or audio

25 signal, a CD-ROM or other optical storage device, or a microphone.
Display device 135 includes a cathode ray tube (CRT), a liquid crystal
display (LCD), a hard-copy printout, or other image generating device.
For an alternate embodiment in which audio signals are output by the
computer system, speakers are coupled to the bus for playback.

30 Many multimedia applications, as well as other advanced
software applications, process huge amounts of data comprising
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a storage device 120, and a bus 145. The processor 110 is
coupl ed V@ 97722938 storage device 120 by bus 145. BRET/LS36/204p? esent $
one or nore busses and bridges (or bus controllers) which
conport with one or nore bus protocols. A nunber of input
devi ces 130, and a display 15 device 135, are also coupled to
the bus. A network 125 may al so be ~coupl ed to bus 145.

Processor 110 represents a central processing unit of any type

of architecture, including, for exanple, conplex instruction set
conmputing (CI SC), reduced instruction se$ conputing (RISC), very 20
| arge instruction word (VLIW, or a hybrid architecture. Note that
processor 11O0retatjvdly small, mlwtdual datmahamentsmatmny benfbrax@mple,
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which generally represents only a single, scalar 64 bit value, may
instead comprise four 16 bit packed data elements, each representing
a separate value. In other words, four 16 bit data elements (or a
different number of smaller or larger elements) are "packed” into one
64 bit register. '

15 : To effectively use packed data formats, a processor used in an
embodiment of the present invention supports operations which
operate on packed data formats. Because it is more efficient to
manipulate several discrete data elements within a data set at the
same time, rather than individually, advanced multimedia applications

20 can make use of packed data instructions which cause a processor to
operate in parallel on the discrete data elements within a packed data
set. Packed data instructions are also known as Single Instruction
Multiple Data (SIMD) instructions. By enabling the paralle! processing
of multiple data elements packed into a single data set using SIMD

25 instructions, the speed with which many software applications are
executed is substantially increased.

Decoder 175 is used for decoding instructions received by
processor 110 into control signals and/or microcode entry points. In
response to these control signals and/or microcode entry points, the

30 execution unit performs the appropriate operations. Decoder 175 may
be implemented using any number of different mechanisms including,

l
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access nenory (RAM (e.g. DRAM and cache nenory (note that

cache nenory may actually be contained within the processor itself)), 5
magneti c storage nmediuns (e.g. hard and fl oppy disks), optical

st orage nedi uns such as conpact di sk ROM (CD-ROM), and ot her

non-vol atile solid state nmediuns such as flash nmenory devi ces.

St orage device 120 has stored therein a transposition routine 1 15 for
execution on processor 110 to control arrag.transposition in 10
accordance with an enbodi nent of the present invention. In addition,
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devi ce 120 al so programmablealibigit @reay.software, the details of which are

not necessary for an
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both i ndi vi dual papkbdlindfRidth S6RH6S D 18 £droé§s§6’r| BidtiPwitRpgs | n 2

t { {
camera or of her SeAAGEteA GTEHINGRRRAdEr 17 et

(VCRD, anot her cecpding asd eixecuting the dnstpudtions, vessectivelya ystovides a vast
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Many nul ti ?lredl apcﬂQBPé oﬁspac&?gvéﬁ @aﬂ%‘&?‘y
sof t@are appli cEualcarmeratione,sandhuw@aekmnﬁratmrﬁs.daﬂtermiw embwilments
can implement more, less, or different packed data instructions and
still utilize the teachings of the present invention. For another
embodiment, these packed data instructions are those described in "A
Set of Instructions for Operating on Packed Data," filed on August 31,
20 1995, Serial Number 08/521,360.
' In one embodiment of the invention, execution unit 140
operates on data in severat different packed data formats. For
~ example, in one embodiment computer system 100 manipulates 64-
bit data groups. In this embodiment, packed data can be in one of
25 three formats: a “packed byte” format (one byte = 8 bits), a “packed
word” format (one word = 16 bits), or a “packed doubleword” format
(one doubleword = 32 bits). Packed data in a packed byte format
includes eight separate 8 bit data elements; packed data in a packed
word format includes four separate 16 bit data elements; and packed
30 data in a packed doubleword format includes two separate 32 bit data
elements. While some examples of unpack operations are discussed
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only 16 bits wi de. These applications are inplenented on conputer
systens which are designed to acconmodate, for exanple, 64 bit

w de data. Processing 16 bit w de data through 64 bit wde data 5
buses and registers in the conputer systemeffectively wastes 48 bits
worth of space in those buses and registers. A data format called
"packed" data exploits this otherw se wasfed space. A packed data
format "packs" nultiple, discrete data elEffents into one |arger data
representation r data set. For exanple, data in a 64 bit register, 10
whi ch general | yef%wﬁbmfgrwwt%oee Rpckeddata dernaat, the oparationsnapply

i nstead conpri simiiany tol&niok the paeled data ¢ @RS 0T thé dneritiBRr esent i ng

a separate value. | her words, _four 16 bit data elenqents (or a

di fferent nunber of rg?]o[tﬁm%q ngw Woalr:'géﬂre%%éﬁe?ﬁ‘??gié'ﬂ%msr?ggk%éimpiaﬁko one

64 bit regi st einstaktion of packed instructiof se¢f1BOcareddscrived inanbrRIdeRER
forgats, a pro bLy: . [ f_the present

i nvgﬁt i on supp?ﬁfgﬂéagggﬁ Fgénhs&py\macq%p ulates data elemgpﬂgglﬁ%r?%%wg% Y data
formats. Becaud®m @ first feyiceqwith gata frompa second source to genaratelaatesuliever al

di fﬁr et tehdat a @!w@@t érlﬂdoﬂhhénﬁ tﬁ%‘ﬁ@stffﬂuré%. ‘sé”&ndl source, and 2rgsul§§f'@ tine,
e e pNA Rt BN RLT ettt WA e BBnicisr Saind roBmary
operate in par &drenotert émbddiment, ¢he aesulbissterdd inihiesame registerdasiat a
1O e G o PR AR pegtere B R BR BB S 0L
operation is performed by a corresponding instruction of the same
name, the use of the words "operation” and “instruction” have been
used interchangeably herein.
While generally low-order data elements reside in the lower -

15 half or upper half of a register (depending on the perspective and
convention) and high-order data elements reside in the upper half or
lower half of a register (depending on the perspective and
convention), the terms low-order and high-order data elements are
used herein to indicate relative data element locations within a

20 register, rather than absolute selections of data elements. For
example, low-order or high-order data elements may constitute more
than or less than half the register in which they are stored.

An example of an unpack operation is shown in Figure 2. For
one embodiment, the unpack operation performs an unpack of the

25 low-order data elements of Source 201, within register 204, and
Source 200, within register 203, to generate Result 202, within
register 205. Thus, data element a(0) of Source 200, which resides in
the lowest-order location within register 203, is stored in the lowest-
order location of result register 205. Data element a(1) of Source 201,

30 which resides in the lowest-order location within register 204, is stored
in the second lowest-order location of result register 205. Data



Bt oty

of multiple data el enments packed into a single data set using SIM 25

i nstructi oRgo ¢yRSexzPeEd Wi th which many software applications
executed is substantially increased. _ Deggg‘éﬁlrw%%n?s
used for decoding instructions received by processor 110

into control signals and/or mcrocode entry points. In

response to these control signals and/or m crocode entry points, the 30
execution unit perforns the appropriate operations. Decoder 175 may

be i npl enmented usi ng any nunber of different mechani sns incl uding,
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f | e, I - Akl e, .' at.i |
br ogr ammebl & | ogBiEras R0} o Sdurdd 20 inlcReSIEY i in8 ke Bnclomstgrder, o
on packed data atoxationrwithio register 203, is stored in thesthittlowess-arder loaatioby

processor 110, an‘ré’«ﬁﬂPF&zﬂst%2§§9t &fa éibMentD(1) of Source Zoﬁh%iﬂi?eéiftiéé“ded

i n packed instruction set e ?rocessor cut1on
i

] ) . e
unit 140 al so opH} Hi&5eeRNd layast-orges ORAONIWIEIN tpoister 204, is stored in the
i nstrgicti ons i npksureycwestrorden factionisiPrsaitregstes2o0s. | ncl udi ng

Pesoctated ciroutry infeREaEroh S8ulie 20 AT SBRe Pl chatGes ip this

decodi n? and exemanmeg untd register 205 infilled. eOneetfilled, Respit202ialtimatelst
rr opportu he!

Tl 4} edi o appl | QP iHEREsnbBECRED dik et & W@ﬁ%@%%@'g’g‘ﬁéﬁ‘ﬁﬁﬂbﬁh%
set 180 i ncl udes highsordrn dajaselemtents &f lath $auree 290 and Rpuseedt 8fes: a

- 10 ignored.

Registers 203, 204, and 205 of Figure 2 are each 64 bits wide,

and Source 200, Source 201, and Result 202 are 64 bit packed data
sets in packed byte format, meaning each data element a(0), b(0),
c(0)...g(0), h(0), a(1), b(1), c(1)...g(1), h(1) is 8 bits wide. Because the

i5 unpack operation of Figure 2 unpacks the low-order, 8 bit wide byte
data elements of Source 200 and Source 201, the unpack operation
is referred to as an "Unpack Low Byte" or "Unpack LB" operation. In
accordance with one embodiment of the present invention, the entire

" unpack operation is performed in a single step, using a single
20 instruction. '
An example of another unpack operation is shown in Figure 3A.

For one embodiment, the unpack operation performs an unpack of the
low-order data elements of Source 300, within register 303, and '
Source 301, within register 304, to generate Result 302, within

25 register 305. Thus, data element a(0) of Source 300, which resides in
the lowest-order location within register 303, is stored in the lowest-
order location of result register 305. Data element a(1) of Source 301,
which resides in the lowest-order location within register 304, is stored
in the second lowest-order location of result register 305. Data

30 element b{0) of Source 300, which resides in the second lowest-order
location within register 303, is stored in the second highest-order



packed AND, a packed OR, a packed ADD, a packed SUBTRACT, 15

pack operations, and unpack operations. Alternative enbodi nents

can i npl e‘Hﬁ’rﬂmﬁ'&Se | ess, or different packed data instructPCIESEMI439 -
still utilize the teachings of the present invention. For another

enbodi nent, these packed data instructions are those described in "A

Set of Instructions for Qperating on Packed Data," filed on August 31, 20

1995, Serial Number 08/521, 360. . I n one enbodi nent of
t he invention, execution unit 140 operates on data in
several different packed data formats. For exanple, in one
enbodi nent conputer system 100 mani pul at-¢2- 64- bit data
groups. In this enbodi nent, packed data can be in one of 25 t hree

:‘Ag; ggt s: 3 t p?lobaﬁohfweésuilgrbl %te&@ms bphta e:e?néhttﬁ)l o@SoB?eé?&

(one doubl emr‘&nﬁch\é@sgq%§5n the, ?{%Q{IC@i&\ﬂéeﬁtrprgebgagggnwwy)nfrggﬁ@r 304,

i ncl udes ei ghtisssiprechineth® highestorderl locativre of rsuitaegisten305. a packed
word format include {aﬂ&évugﬁ%rtﬁ&%%%#&b? d%i’% ﬁle‘ﬂwgﬁgnéfs%o@@%bﬁf 8a30

data in a packed dou ncl udes Two se
el énents. Wi | €0y mﬁ@&seppé%tesfR@ﬁﬁhamcqmmsmshamcm@dmset

WO 97/ 22938  p(1)b(0)a(1)a(0). The high-order data elements of both So 300
PCT/ Us96/ 204301 a(1)2(0). 9 e -10-

bel ow wi th ref%?%r?coé‘"% 3@Heafﬁaw&eﬂat a format, the operations apply
simlarly to any of Registesci@3, 30¢,zard 805 of Fmgurem iane eath @4 bits wide,

Referring now 4Rd 'Soiies 308; Souibd 391TaRLRELuIT 362 'WBE4 bit packed data

10 sets in packed word format, meaning each data element a(0), b(0),
c(0), d(0), a(1), b(1), c(1), and d(1) is 16 bits wide. Because the
unpack operation of Figure 3A unpacks the low-order, 16 bit wide
word data elements of Source 300 and Source 301, the unpack
operation is referred to as an "Unpack Low Word" or "Unpack LW"

15 operation. In accordance with one embodiment of the present
invention, the entire unpack operation is performed in a single step,
which may be executed in one clock cycle.

For another embodiment, an unpack word operation, such as
that shown in Figure 3A, is performed on packed byte data sets,

20 treating contiguous byte pairs (constituting a word) within the data sets
as single data elements to be unpacked. Accordingly, for an alternate
embodiment, an unpack operation is performed on packed data sets,
interleaving data elements from a first packed data set with data
elements from a second packed data set, wherein each data element

25 . itself comprises multiple, smaller data elements.

For example, see Figure 3B in which an Unpack' LW operation
interleaves 16 bit data elements from two packed data sets, wherein
each 16 bit data element comprises two 8 bit data elements. The
unpack operation performs a 16 bit unpack word of the low-order data

30 elements of Source 307, within régister 303, and Source 306, within
register 304, to generate Result 308, within register 305. However, in




Instruction of packed instruction set 180 are described in nore detail. 5
An, unpack (wsrg%iggg mani pul ates data el enents by interl eavi Ngp §96/20ﬁ9,
froma first solrce with data froma second source to generate a result.
For one enbodinent, the first source, second source, and result are

given distinct address |locations within the conputer system nenory.

For anot her enbodinent, the result is stored in the sane register as 10
one of the source registers. It is to be noted that because each

operation is perforned by a correspondi ng -t@8structi on of the sane

‘nanme, the use of the words "operation” and "instruction"” have been

oo ot dac o oS bR, Togsors 303, 90 and S0 Wk ol phite,

hal f of a regi sftéﬁe ASES ﬁsﬁm%ﬁ&i’é%&qlv%d data sets of lagure 3a. pp_ _

;:onven:] i IQP) ?nd Tihgs)-datdeslenents e(@namd b(0)si Soeurce 3012, whichrrebitlel incthe
ower half of a . ,

convention), t helbﬁélrs ?th?‘?%'\(/\fg?%ggrgbéﬁ%'? Wgﬁﬁéﬁéﬁﬁ?;ﬁ%\%%ﬁdsma%

used Sherein to ilAweskoEder] Bbitlecation oéreswhregisienS0bnDala elements@(1)

register, ratherahddf pEESbuice 366 ewhichnfeside fotie RWIERHr8er T6'bit

exanpl e, loworder or 'hi.gh-orde gséf el ementf. constd) ut e nore

Lhan or I ess t haCAUPR Wiftin PegiSterci0d. A Rtored intifie.seeaiich aest-order 16

An eXﬁbrrplj_e of anbit lgoationagfaesult segisters3@iin Diata EIGJUEMSZ:(OFfahd d(0) of

one enbodi ment, n r ad: 00 . t .

| ow- order data ﬁéﬁ@#@&ﬁ""@%ﬁ‘r? '%irpa{vé gﬁﬁ“@&#@#ﬁfgle Qﬁb&%mn

Sourkd® 200, wi t hwithingiggister 3083is store@intha eem@rg highest-orgen 16 it

regi ster 205. Thidgatieio? res @i RiYistel Qo Dafteletneg®e (1) ahkf d(?ﬁbﬂS&uhﬂa

t he | owest - or der (l) ca{]‘cﬁn Wt hin regl St& 203, iS stgreg i n the | awest-
order |ocation ofO%e¥ 'teétfﬁeslrb}haz acond jowest-ordpf 180t lagatigg withinoo1 30
whi ch resides i nregistet 80dsis stoded in trenhighesworder 6 bilstatior?6firesudt st or ed
in the second ongaﬁt-epgggr | ocation of result register 205. Data
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PCT/ 15896/ 20439 Interleaving of the low-order 16 bit words of Source 307 and

Source 306, wherein each word comprises two packed byte data
elements, generates Result 308 comprising the packed data set
d{1)c(1)d(0)c({0)b{1)a(1)b(0)a(0). The high-order data elements of
both Source 307 and Source 306 are ignored.

20 As another example, an unpack operation interleaves 32 bit
data elements from packed doubleword, packed word, or packed byte
data sets, wherein each of the interleaved data elements comprises a
single 32 bit data element (one double word), two 16 bit data
elements (two words), or four 8 bit data elements (four bytes),

25 respectively. This embodiment has been found useful in certain
transposition applications which are described in more detail below.

Also, for another embodiment of the present invention, the size

of the source and result data sets is 32 bits, 128 bits, or other width
which is larger than the width of the data elements contained therein.

30 For example, a packed data set in accordance with one embodiment
of the present invention is 128 bits wide and comprises 16 bytes, 8



-~11- el ement b(0) of Source 200, which resides in the

second | owest - order | ocation within register 203, is stored
in the t hMQ9V2388st - or der | ocati on of resul t pePRIESyRG39205-
Data el ement b(1l) of Source 201, which resides in the second

| owest-order |ocation within register 204, is stored in the 5

fourth | owest-order |ocation of result register 205.

I nterl eaving of Source 201 and Source 200 continues in this

manner until register 205 is filled. Once filled, Result 202 ultimtely
conprises the packed data set d(1)d(0)c(1)c(0)-b(1)b(0)a(1)a(0). The

hi gh-order data el ements of both Source AQQ and Source 201 are 1 0

i gnor ed. Regi sters 203, 204, and 205 of Figure 2 are

each 64 bits wwinads, 4doublewords or Qf‘tiha%)%i:@s gg%ség@ﬁﬁ%éég\e?\gd esul t

meani ng cach dAPATERe Rk piNer mbagiments of the present mvastion, heyuopack(0).

a( 1),kb( 1), c( operatiriynpacks) data aﬁmamswm@h n%ﬁauft@séfﬁhnlé tgin

unpack operati @pg0 r 0

dalto § el ePrent s l%}: §|§§H§§§é§§§2‘: *%R@%Uzg%pg?jf g‘?ﬁ?’ﬁ%ﬁ&{eaﬁmhﬁv @n‘%m'd
eferred to R nexargp oublevrrdaariquss! wopd data on. I n

accor dance vi t BlarinieENsieat 1 obhe iSRS urANRRl KD Ing! el ©

unpack operation i in a ep, usin

i nstruction. Speratidn in | $&5rdance W'%agmm@ﬂmtaﬁéhﬂwemmaokemm ation

is shown in Fi gre eqBal to or greaterthan thefgize o thee BREMaNBALa eldhfertiPack

bperation perfﬁé @phtaqnggtétgggg | ow- order data el enents
and

of our ce 300, |n reqi Source 301, within
ster 304, to geﬁé’rﬁl‘%’“R@sQi angtber unpabk epesation is shown in Faglireteer 305.

;rg:/Jstt dgﬁ S;' e%bnﬁtﬁﬁnnﬂ%}?;ﬂ%gﬂgacw’gbﬁfég T f%é*?tﬁrﬁ?a{\ unpack of the the

order |ocation 2 F 9 oufes 401 within register 694890¢ce 301,
Source 400, W|th|n register 403, to generate Result 402, within
register 405. Thus, data element c(0) of Source 400, which resides in

15 the second highest-order location within register 403, is stored in the
lowest-order location of result register 405. Data element c(1) of
Source 401, which resides in the second highest-order location within
register 404, is stored in the second lowest-order location of result
register 405. Data element d{(0) of Source 400, which resides in the

20 highest-order location within register 403, is stored in the second
highest-order location of result register 405. Data element d(1) of
Source 401, which resides in the highest-order location within register
404, is stored in the highest-order location of result register 405.

Interleaving of the high-order data elements of Source 401 and

25 Source 400 generates Result 402 comprising the packed data set
d(1)d(0)c(1)c(0). The low-order data elements of both Source 400
and Source 401 are ignored.

Registers 403, 404, and 405 of Figure 4 are each 64 bits wide,

and Source 400, Source 401. and Result 402 are 64 bit packed data

30 sets in packed word format, meaning each data element a(0), b(0),

c(0), d(0), a(1), b(1), c(1), and d(1) is 16 bits wide. Because the



which resides in the | owest-order location within register 304, is stored

I n.the seco 4,92@ -order location of result register 305. Dq,la.
el ement b(0§m!)of 'oﬁgr ce 300, which resides in the second Iowest-of'%%?’zo‘”

| ocation within register 303, is stored in the second hi ghest-order
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| ocation of result register 305. Data element b(1l) of Source 301,

whi ch resides in the second | owest-order |ocation within register 304,

Is stored in the highest-order |ocation of {gsult regi ster 305.

I nterleaving of the |oworder data el enents'9f Sourece 301 and 5

Source 300 generates Result 302 conprising the packed data set

b( 1) b(0) a( 1) a( 0) Unpaekipraration of Figure & unpacks the Ngh-erdgy.18bitwide word

and Source 301 ardata @lewesits of Source 400 and Source 43¢9itﬁé‘i‘frﬁ)a%ﬂ30cpe3§ﬁon and
305 of Figure 3A.a£%ﬁ§|gc 964 bi t, our ce . 300,

W d 1 H Ll ” g
Source 301, and & agang WﬁMSEe‘Wo%tq Hﬁpa&nﬂ“ﬁ operatigps In,
packed word f or nwccondantenyithaorie datbodimemtof thef Pyeseant Onvention, the entire

c(0), gd(0), a(1), , ' ' -d t
inpacR. oper at 1 on ALk oferaton & beftpimelfin s sgle’ s (. o, e Lek cYere)
word data el enents of '%991’%5 showsadnetiador SrNspeRg AP AE1ay in

operation is ref eigcafddncewitArore BRARIGIMeM Ot pRiseritimasitidA AfBy 500

“hventi on, the- et Prbc A ComBRsie: AolecSels FONA0) RIS, BhadRe) asapws
N ' - of the array, each row containing four data elements a, b, ¢, and d as
10 columns of the array. The packed data sets of rows R(0), R(1), R(2),
' and R(3) of array 500 are each 64 bits wide and comprise four packed
words. For one embodiment of the present invention, the four packed
data sets are contained within four consecutive registers in a
computer's memory and are associated with a 4x4 array of pixels in a
15 video image. In this embodiment, each of the word elements within
array 500 represents a 16 bit color value. A transposition is performed
in conjunction with a discrete cosine transform algorithm or a fast
Fourier transform algorithm. For other embodiments, the packed data
sets of an array contain packed data elements which represent other
20 forms of related data such as, for example, consecutive 16 bit samples
of audio information..
For numerous descriptions herein, the array being transposed
is most likely a sub-array of a much larger array to be transposed. For
example, a larger array might be an entire video image stored in a
25 biock of memory registers, while a sub-array is only the portion of the
image which can be stored in a sub-set of the memory registers, upon
which the operations described below can act. It is to be appreciated
that, if desired, the larger array can be transposed by performing a
serious of transpositions on the smaller sub-arrays, then assigning the
30 transposed sub-arrays back into the appropriate locations within
larger array.



whi ch may be executed in one clock cycle. For anot her
enbodi nent, an unpack word operation, such as that shown in
Fi gure 3AV0i9§/296§|8f0rned on packed byte data sets, 20 pc'rlﬁgﬁﬁhbﬁg
contiguous byte pairs (constituting a word) within the data sets

as single data elenments to be unpacked. Accordingly, for an alternate
enbodi nent, an unpack operation is perforned on packed data sets,
interleaving data elenments froma first packed data set with data

el ements froma second packed data set, wherein each data el enent 25

Itself conprises multiple, smaller data el enents. For
exanmpl e, see Figure 3B in which an Unpackyg-W operati on :
interleaves 16 bit data elenments fromtwo packed data sets, wherein

each 16 bit data el qxgsg@cWQHMch?éaﬁd@ hdd eﬂﬂo@'rﬁhﬁﬂ&%%&%ggnﬁat a 30.'

unpack operation efforms a unpac
el enents of Soll¥ VGaﬁht"ﬁWnoﬂ"é\ﬁ %Eravsmenlaemmmwcerresmnds tdhan

register 904, individoal neméiystégistéP ontifing packed Bata 0t ThuRYSre, |
PCT/ US96/ 20 439whale the memory registers themselves need not be contiguous within 13-

t hi® enbodi nenthe memeneblocRdsr esen beaaslsugﬁédeamnsemtwmam@seds
byte dat t
Thus, data el Z‘”ﬁ%‘iwigégz‘;ﬁgﬁ%?"g”%{ drf o BlorH ﬁfﬂ%ﬁ he

| owest - or der i 8¢ rster 303, are stored in the 5
| owest -order 16 bit HamheIefmb@dlmemldﬂthéQﬂeﬁmrln%lo@ﬁé\ﬂﬁ i$ FRgtire (1)

focat o wi ﬁ?#‘éﬁgﬁ%?%p Y5isaRsh gk 5B ¢ FRTRkaGhE e Burorsare? 1

10 bit word data elements of rows R(0), R(1), R(2), and R(3) using the
unpack operation "Unpack Low Word" or "Unpack LW". Temporary
result t(0) is generated by performing an Unpack LW operation on
packed data sets R(0) and R(1), resulting in packed data set
b(1)b(0)a(1)a(0) as shown. Temporary result t(1) is generated by

15 performing an Unpack LW operation on packed data sets R(2) and
R(3), resulting in packed data set b(3)b(2)a(3)a(2) as shown. Next,
the high-order, 16 bit word data elements of rows R(0), R(1), R(2), and
R(3) are interleaved using the unpack operation "Unpack High Word"
or "Unpack HW". Temporary result t(2) is generated by performing an

20 Unpack HW operation on packed data sets R(0) and R(1), resulting in
packed data set d{1)d(0)c(1)c(0) as shown. Temporary result {(3) is
generated by performing an Unpack HW operation on packed data
sets R(2) and R(3), resulting in packed data set d(3)d(2)c(3)c(2) as
shown.

25 Once the intermediate resuits t(0), t(1), t(2), and t(3) have been
determined, the next step is to interleave low-order and high-order, 32
bit doubleword data elements of the intermediate results, each
doubleword comprising two 16 bit word data elements of the original
packed data sets. Interleaving of 32 bit doubleword data elements is

30 accomplished using the unpack operation "Unpack Low Doubleword"
or "Unpack LD" and "Unpack High Doubleword" or "Unpack HD". -



bit location of result register 305. Data elenments c(0) and d(0) of
Source 307.w¥lkhslysgeside in the second | owest-order 16 bit Iol;lgit'
within register 303, is stored in the second hi ghest-order 16 |/pg&lﬂ’939
I'ocation of result register 305. Data elenents c(1) and d(1) of Source
306, which reside in the second | owest-order 16 bit |ocation wthin
register 304, is stored in the highest-order 16 bit |ocation of result

regi ster 305. 15 Interleaving of the |ow order 16 bit
words of Source 307 and Sourte 306, wherein each word
conprises two packed byte data el enments, generates Result

TERR TG ok i e e e

both Source 307 g&cﬂ%@i@%@%& p@;%ﬁ(gglre%ﬁng i packed data Sef As

anot her exanpl e, aéd)a(R)a{d)a(Opas=hown.i Finallreswit Y (Bpishgenerated by dat a
el enents from pa ,

single 32 bit da A t

el errent_s (ltwo \gﬁy\aa) |nsb gﬁném?d%y%%ﬂ@b@ﬁi?gedrgmﬂph&kl(&mbbemmbn paeked
respectively. iS,e n een. f ound yse in.c n
transposition ap&%*iﬁﬁ?f)sofr(gf aﬂﬁ’@ﬁﬁaf%s d B%‘g(qig?@r tdﬁé&?#)%g%‘” as

Al so, for anot heshownodFimahresifit V(3) isrganeratedhivy performingan dinpack HD

of the source an ?éﬁ’c% t $atl ' ' 4.t h
which_is | arger gﬁg t ﬁo&%ﬁ#@?ﬁg{thés%ﬁg?)?gﬁ%ﬁg@%@ﬁ?g?ﬁ gataﬁ%fj\gt%. 30
For &anple, a pé@kg&p)ﬂzgl&’(%ﬁ{(o) AS&WYRtance with one enbodi ment

of the present inventiTie resuliadtbirassposidl amdy SOMEomprsdStHy packedBdata

\QQT?L/SSE?%% 439 sets V(0), V(1), V(2), and V(3) as rows of the transposed array. Note
that by transposing array 500 in this manner, array 500 is effectively
"flipped" about the axis extending from the location of data element

15 a(0), in the upper-right comer of the array, to the location of data
element d(3), in the lower-left corner of the array. For example, what
was row R(1) of array 500, d(1)c(1)b(1)a(1), becomes column "1" of
transposed array 501, and what was column "d" of array 500,
d(0)d(1)d(2)d(3), becomes row V(3) of transposed array 501. Also,

20 note that for this embodiment, and for other embodiments described
below, the registers may have little endian representation. While a
row may be represented as containing data elements in the orderd - ¢
- b - a, etc., it is to be understood that a row may also be represented
as containing data elements intheordera-b-c-d, etc., andis

25 transposed along the diagonal extending from the upper-right corner
(d(0) for the case of a 4x4 matrix) to the lower-left corner (a(0)).

For an alternate embodiment of the present invention, each row
of a 4x4 array which is transposed by the method of Figure 5 is 32 bits
wide and comprises four packed bytes. For another embodiment,

30 each row is 128 bits wide and comprises four doublewords. In other

embodiments, each row of a 4x4 array transposed by a method in




<14- wor ds, 4 doubl ewords, or 2 quad words as discrete

data elenents. In addition, for other enbodi nents of the
present i MM the unpack oper ati on unpackasdgi@so’

el ements which may be less than a byte in si ze, such as,
for exanple, 4 bit data elenents, or greater than a word 5 I n

size, such as, for exanple, doubleword or quad word data

el enents. Note that the data el enents unpacked by the unpack

operation in accordance with an enbodi ment of the present invention

are equal to or greater than the size of the original data el enments
packed into the data set. 10 -18- An exanpl e of anot her
unpack operation is shown in Figure 4. For one enbodi nent,

t he unpack operaticordames Mthrthegsresontirivehtion i€a data set which is any! 9h- or der

data el enents A01. withi.n register 404, and
Sour ce 400, wi ﬁ{HrﬁeéééfaE\I%W'Q%fark'ﬁoﬁ%&é? &f%atﬁggiﬂ 3at§o<2'f-‘mrttﬁiqﬁequal
regi ster 405. Hia, data el ement c(0) of Source 400, which resides in 15

t he second hi ghest;ogg,génémggtemd}m& Bf?g%b?éﬁnﬁ'g‘?e&ﬁ?i‘r ﬁi?or ed in the

| owest - order |qQcatjon, yesult register 1) of
SouPce 401, whilgieriea¥ingef data elemants periaraiessby thelunpadk apetationistisi n

r egi s: er jgg, irevetseiesb 'trzhttthé o%ﬁﬁﬁf Re df%%g@baﬁéd 'aﬁ'égtédgﬂaiﬁfdéttsﬁ ul t20
register . ene of _Sour ce ich résides in the

hi ghest - or der @é'i’te?‘t%'menﬁdeﬁg}%wﬁ%ﬁ’%é?eifQW§t‘8r‘Ea ol”ﬁ'ﬁ@"?é’()dﬁd

hi ghest - or der Itbisaembodirhent: $he origirgl army isadfeciimely flipped abodf the akis
Source 401, whi ' IRt J] < I | O, i.Lhin. kegister
404, i's stored lehRb oM e Ubbe 16 SBldk dthe 958 fothellbhver Bighf o

I nfBr I eavi ng ofCOrRer Af Hie ararto gsecuca thatrarspasedharay Actransppsition in
Source 400 geneforbedarkss with thiZefboRihehE détribiekiadmend defff below in

d(1)d(0)c(1)c(Q)n: A’%.Iovv: rder dgta el enents of both Source 400
and Source 401@§|néJi 'r%‘r@'ﬂg Iﬂgure ¢ Regi sters 403, 404, and

405 of Fi gur ed4 ar e Alsohfddre embodiraent, one or more of the angadour ce 400,
TYSRCERLS i o0 N O O Hesi
processor capable of executing two instructions simuitaneously is
used, the unpack operation used to generate one of the results t(0).
t(1), t(2), or t(3) is performed in paralle! with the unpack operation
used to generate another of results t(0), t(1), t(2), or t(3). Similarly, the
20 unpack operation used to generate one of results V(0), V(1), V(2), or
V(3) is performed in paralle! with the unpack operation used to
generate another of results V(0), V(1), V(2), or V(3). Forone
embodiment, parallel unpack operations are completed in one clock
cycle.
25 In this manner, array 500 is transposed into array 501 in four
steps, two pairs of unpack operations performed in two parallel steps
to generate results t(0), t(1), 1(2), and t(3), and two pairs of unpack
: operations performed in two parallel steps to generate results V(0),
' V(1), V(2), and V(3). Similarly, for an embodiment in which four
30 ' operations can be performed simultaneously, all four unpack
operations are performed in parallel to generate results t{0), t(1), t(2),



¢(0), d(0), a(l), b(1l), c(1), and d(1) is 16 bits w de. Because the

WO 97/ 22938y 97/22938
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unpack operation of Figure 4 unpacks the high-order, 16 bit w de word
data el enents of Source. 400 and Source 401, the unpack operation

Is referred to as an "Unpack H gh Wbrd" or"Unpack HW operation. In
accordance with one enbodi nment: of the present invention, the entire 5
unpack operation is performed in a single step (e.g. one clock cycle).
Figure 5 shows a nmethod for transposing an ray in

accordance with one enbodi nent of the pres'e1 " invention. Array 500
and R(3) as rows

is a 4x4 matrix caompri.sing.data sets R(O R(1), R(2)

it ad -
of the array, ea8fO 'Eﬁ[‘@tﬂ@em' Aliouruinpack operatignssare d as 10
col ums of the aperformedn pariel tdgeneratesreslits 0).R(A), V) bnaF(3) in a
and R(3) of arra 6 1 ts w.d d conprise four pac cP
words. For one eéﬁgg'?%%ﬁfg%%?%e%é%eﬁ\ﬂWMﬁ16%{@9‘??@‘1"8{9 agayi&y in
data sets are copPnly Wweaistapshi Rarailel pacessing of/enpack eperations if this
co er's menor ' ' 4 .pixels in.a 15
U dbo Lmge. 1n Tiaerdh SAMEanlig imbrove fhe'ifed W BhicH B dira s
array 500 represH@8PAS8E. hit col or value. A transposition is perforned
in conjunction with aFigwereshowssa hetht816f RaRtFdd iahhé?rﬂiirﬁ Last

e

cets of an arr aySaEaince Whn Bbufdr ¥ihnBHERT Tiihg preeSrtiaiaptin n Afrayo
forms of rel at ed6B@traperssntaithe fué mataxB00 otBiguee 5t i Mewkbekiih sanpl es
10 accordance with the embodiment of Figure 6, the array is transposed
using only unpack word operations, rather than the combination of
unpack word and unpack doubleword operations illustrated in Figure
5. An Unpack LW operation is performed on rows R(0) and R(2) to
generate the intermediate, temporary result t(0), comprising the data
15 elements b(2)b(0)a(2)a(0). An Unpack LW operation is also
performed on rows R(1) and R(3) to generate the intermediate,
temporary resuit (1), comprising the data elements b(3)b{1)a(3)a(1).
An Unpack LW operation is performed on temporary results t(0) and
t(1) to generate the final result V(0), comprising the data elements
20 ~a(3)a(2)a(1)a(0). Another unpack operation, Unpack HW, is again
performed on temporary resuits t(0) and t(1) to generate the final result
V(1), comprising the data elements b(3)b(2)b(1)b(0).
Continuing the transposition of array 600 using unpack
operations, an Unpack HW operation is performed on rows R(0) and
25 R(2) to generate the intermediate, temporary result t(2), comprising the
data elements d(2)d(0)c(2)c(0). An Unpack HW operation is also
performed on rows R(1) and R(3) to generate the intermediate,
temporary result t(3) comprising the data elements d(3)d(1)d(3)d(1).
An Unpack LW operation is performed on temporary results t(2) and
30 t(3) to generate the final result V(2), comprising the data elements
¢(3)c(2)c(1)c(0). Another unpack opération, Unpack HW, is again
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a@f audi o i nformation. _ For numer ous descriptions
herein, the array being transposed Is nost likely a

sub- ar r ayV8P7/32 "H‘éch | arger array to be transposed. For PCT/US96/20439
éxanple, a larger array mght be an entire video i mage stored in a 25
bl ock of nmenory registers, while a sub-array is only the portion of the
i mge which can be stored in a sub-set of the nmenory registers, upon
whi ch the operations described below can act. It is to be appreciated
that, if desired, the larger array can be transposed by performng a
serious of transpositions on the smaller sub-arrays, then assigning the 30
transposed sub-arrays back into the appr@®-i ate | ocations wthin

| arger array. WO 97/ 22938

PCT/ US96/ 20439performed on temporary results t(2) and t 32} to Penerate the final resutt ~ 16-

As h d t (h

i nvZﬁtC i onI ne:g&%)o%%g‘?pﬁ\{%@g ihe 95@08&6?"%@3@?&01&9) edphen@suttantn

\II\Ed: Vi ?lﬁal mentranpspesed aerayBit comipriges the paeked data sefs. V(ﬂ)eV(eif)Om)
il e the NENDRKANEGH S W

t he_nmenory bl o%ﬁd \P(r@) e%%?\&lgée%gggéfhégs cgﬂggc% vggéa{l g@%

thedrows of t hmmoow agweréynaafbem&nanbm whm)mumpig "R(2),

etc., are Concﬁmwtbﬁstta’ﬂﬁbé%&bcuted in parallel, the entire tranEﬁésnﬁ@ﬁfC‘éﬁbOd' ment
of the present invention s o ITst step

in transposi ngblﬁr R 1"5 W&,0f g&”éﬁ?%é’%“’mﬂv"b?%m fQLLH clock

cycles respectively.
Figure 7 shows a method for transposing an array in
10 accordance with another embodiment of the present invention. The
array which is to be transposed in accordance with the embodiment
shown in Figure 7 is the 4x2 array comprising column a,
a(0)a(1)a(2)a(3), and column b, b(0)b(1)b(2)b(3), of 4x4 array 700,
which represents the 4x4 array 500 of Figure 5. An Unpack LW
15 operation is performed on rows R(0) and R(2) to generate the
intermediate, temporary result t(0), comprising the data elements
b(0)b(2)a(0)a(2). An Unpack LW operation is also performed on rows
R(1) and R(3) to generate the intermediate, temporary result t(1),
comprising the data elements b(1)b(3)a(1)a(3). An Unpack LW
20 operation is performed on temporary results t(0) and t(1) to generate
the final result V(0), comprising the data elements a(0)a(1)a(2)a(3).
In accordance with the embodiment of Figure 7, temporary
results 1(0) and t(1) are shifted to the right so that the high-order data
elements in the high-order positions in the upper-half of the registers
25 containing t(0) and t(1) are shifted into the low-order positions in the
lower-half of the registers. After results t(0) and t(1) are shifted,
another Unpack LW operation is performed on the high-order data
elements in the low-order positions in t(0) and t(1) to generate resuit
V(1), comprising the data elements b(0)b(1)b(2)b(3). The transposed
30 array 701 comprises results V(0) and V(1). '
This embodiment is useful in applications in which, for




10 bit word data el enents of rows R(0), R(1), R(2) and R(S)

using the unpack operation "Unpack Low Wrd"

TFenpor ary WO 9722938 result t(0) is generated by perform ng"}%&%@éa

LW operation on packed data sets R(0) and R(1), resulting in
packed data set b(1)b(0)a(1l)a(0) as shown. Tenporary result
t(l) is generated by 15 perform ng an Unpack LW operation on
packed data sets R(2) and R(3), resulting in packed data set
b(3)b(2)a(3)a(2) as shown. Next, t he high-order, 16 bit word
data elenents of rows R(0), R(1), R(2), and R(3) are .
I nterl eaved using the unpack operation " Urfgzlck H gh Word" or

"Unpack HW. Tenporary result t(2) is generated by performng an 20
Unpack HW oper at exameie, g pracessar asedtip areoydanae with)the peesenti ingention

packed data set g&&%%‘i’kﬁﬁﬁbﬁ(&)&é&% Iﬁgﬁ"id;perimrs%ﬁ dsSBnphck HW. 1 S

generated by performn t
sets R(2) and R(¥h e'Pe‘g'Uth”rP&cf‘HoWaeﬂ%'g‘t'egﬁ:'i‘?gesl?‘%ﬂ §?§( g&k‘%’}‘&'ﬂa@s
shown. 25 elements are ungavcked e firstishiftirgithése highlotdertdata, t(1),

|t gltz Zar‘LI—’ 223; I( g\)/v- gPll?é?g'iﬁ:}r?}mdﬂggrngPr pgi't'gﬁg%{g IBWor&é?W&&%f@%r d data
el enents of the respectiveidata setsbetare unpacking the packed datagets| Eaor d
conprising two 1g P{He %ﬂoeﬁﬁ@nﬁh%ﬁ?&h%rﬂg ack'H %Xbratsons are

packed data sets. Inte avin o] I ewor errents s 30

acconpl i shed usi sgPPARednioNeRIdsAala Qiﬁmeﬂﬁﬁpél‘ﬁ(“EBﬁF Yé\mﬂ‘ﬂg he data
or "Unpack LD' aeteméhganto highrofderipgosivons’ ofatheirUeppeétivdtiata sets before WO

91/72128 38 unpacking the packed data sets. PCT/ US96/ 20439
Note, however, that this embodiment may be found less

efficient to transpose an array due to the extra steps involved in
shifting the data elements of the packed data sets. For example, two
additional shift operations are associated with each unpack operation

15 in which high-order data elements are to be interleaved in accordance '
with the embodiment illustrated in Figure 7. Therefore, in accordance
with the embodiments illustrated in Figures 5 and 6, eight additional
operations would need to be performed to implement the four unpack

: : high operations used to generate results t(2), t(3), V(1), and V(3) using .

20 the shifting method of Figure 7. While the total number of steps may
be reduced utilizing parallel processing techniques, as described
above, the method of Figure 7 may never achieve the efficiency
associated with “"direct” interleaving of high order data elements using
the unpack high instruction.

25 For another embodiment, the unpack low operations along with
the shifting operations are performed on the remaining two columns of
array 700 to complete the transposition process, if desired, creating a
full 4x4 transposed array. Note that the order of data elements in rows
V(0) and V(1) in transposed array 701 is the reverse of the order of

30 data elements in rows V(0) and V(1), respectively, of transposed
arrays 501 and 601. As discussed above, reversing the order of



Final result V(0) is generated by performing an Unpack LD operation

on packed data sets t(0) and t(1), resulting in packed data set

a(3) a( 2) W0)%322938as shown. Final result V(1) is generated BCTMUSI6R20439
perform ng an Unpack HD operation on packed data sets t(0) and t(1), 5
resulting in packed data set b(3)b(2)b(1)b(0) as shown. Final result
V(2) is generated by perform ng an Unpack LD operation on packed

data sets t(2) and t(3), resulting in packed data set c(3)c(2)c(1)c(0) as

shown. Final result V(3) is generated by gerform ng an Unpack HD
operation on packed data sets t(2) and t , resulting in packed data 10
set d(3)d(2)d(g{i}d 0) as shown. ) The, resul tant,
transposed arr eé@%"'@@rﬁﬂtﬁggmﬁﬁés'Md@'é’&'ﬂﬁgéhe sources of the unpaglt s v(0),
V(1), V(2), andpetatiorss resukts infthiseviersaisafaied etemarit ofderf the

that by transpQsi 200 in this manner, array 500 is effectively
"flipped" abou?’s“f’%gogéﬁ?‘%'endi ng fromthe |l ocation of data elenent 15

a(0), in the upper - fiigute 8ocorsprisingtFigures 84 andoB8B hehdws at methaxf fatat a
| t d(3), i {i t
e, 3. Vet R 8 S by
transposed ar r RJESRAL INK@RIIQH o QG §-malrix.comprising data sets

d( ?) dgﬁ %d]g 2) d@RD), REYPRER), r.?W(WXéé raws of thesaoag,ceauty W EGﬁIaIn‘NJ%@i HtO0
note that for . an r e cr

bel ow, the regh@%?@%&sﬁ&qut gt{e eﬁﬁlh;hﬁ? ggﬁ‘i&@%ﬁgh%o%?gwr g a
row may be reppackadaiatasetoat Yientows due aach Edditsswide ame compriseceight:

- Bo- &, etc. . galckid tyRed CFUPBRb BhEGGYH: o@t:ﬁ@ﬁrg@mgwéehtt@%,&g% nt ed

as containing dat I enents 1n the order a, - N 1S 25
transposed al oRGCKRE dAta fehnAre coBIANER, WithishPIOht cOBpRFUYMe fAdistars Y a
(d(0) for the cemputbrs merhonpand dretassbbiatédwith-areBk8 errayeot pixel)ih.
of a axa array CRR(HERE ndhis RoBLRRER. sBSH e B BRind e wipin,
wi de and conpr sty 800 represents ayBhjl color osgsayrscalentalde mber anggher
eagg row i s 12%mbbdinYérteeatl by Blensét repriscis BhdBIt drequehcyt her
embodi et s, e et dontin bcordance with a fast PoGfer ffindtorn. Kor otfer
embodiments, the packed data sets of the array contain packed. data
elements which represent other forms of related data such as, for
example, consecutive 8 bit samples of video or audio signals, and a
20 transposition is performed in conjunction with a discrete cosine
transform or inverse transform, or other type of transform.
in accordance with the method shown in Figure 8, the columns
of 8x8 array 800 are transposed into 8x8 array 801. The 8 bit bytes of
rows R(0), R(1), R(2), ... R(8) are interleaved using the unpack
25 operation "Unpack Low Byte” or "Unpack LB". Temporary result t(0) is
generated by performing an Unpack LB operation on packed data
sets R(0) and R(1), resulting in packed data set
d(1)d(0)c(1)c(0)b(1)b(0)a(1)a(0) as shown. Temporary result t(1) is
generated by performing an Unpack LB operation on packed data
30 sets R(2) and R(3), resulting in packed data set
d(3)d(2)c(3)c(2)b(3)b(2)a(3)a(2) as shown. Temporary result 1(2) is
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gcordance with the present invention is a data set which is Pac:r']r§U596ao439 :

nunber of bits wide, partitioned to create four data el enents of equal

si ze. . For anot her enbodi nent of the present

I nvention, the 5 I nterl eaving of data el enents perforned by
t he unpack operations is reversed so that the colums of
the transposed array contain data el ements in the reverse
order fromthe rows of the original array. Iy this

enbodi nent, the original array is effectively flipped about the axis

extending fromthe upper-Jl.eft corner of the arr to the | ower-right 10
cor ner 019 t he arr%?"%gatﬁpo%egﬁf’ﬁ@'qgr%ﬂm 'ag?‘/’zﬁ’)?rat}i’"t Pﬁmgﬂtqg%ﬂ in
accordance wit hht Isets Ridpand&i(5),iresolkingrin padked data sedet ?i | bel ow i nd'
conjunction wit one adi nment ,
oneJ or nore of thela (3%2%%5)0(4)&5)b(.4)a(5)a(4) Ssesr“&“!"oﬁifa&"é"@&e@&{’@g@ds
parallel with ot h@engigesidwperfatmingsan Sinpapk LB operation oopackadidata i n an
Sp‘ggglsggpt ciaga\gﬂa%bt@%’ah(iu ﬂ(?}?rr€§€ﬁﬁ§£n %ng&shgltanﬁ?tt aneously is

used, the unpack 6‘3@‘@6?“32%@3&%@6 éﬁg 5012’%9

@ WP the results t(0),
t( 131’ tg( 2)ehe(r);t te( 3) is 'Iimnponamdestuit 14} gehemembyfpeﬂmrnmtg(annﬁ!ipécflolrﬂlB
e oSt 9t h A s IO T 1ol padi
V(1), V(2), or  seth(1)h(0)g(1)gO}(B)(Q)e(1petd)ansehown. Jamparary result tSlis
VT By or e by periorming an URRRR B eoriiadptidn (D)
operations are co F%% ?'Pﬁ&@)'d?ﬁ%'ﬂng in packed data set
h(3)h(2)a(3)g(2)f(3)f(2)e(3)e(2) as shown. Temporary result t(6) is
generated by performing an Unpack HB operation on packed data
‘sets R(4) and R(5), resulting in packed data set
15 h(5)h(4)g(5)a(4)(5)f(4)e(5)e(4) as shown. Temporary result t(7) is
generated by performing an Unpack HB operation on packed data
sets R(6) and R(7), resulting in packed data set
h(7)h(6)g(7)g(6)f(7){(6)e(7)e(6) as shown.
Temporary result u(0) is generated by performing an Unpack
20 LW operation on temporary results t(0) and t(1), resulting in packed
data set b(3)b(2)b(1)b(0)a(3)a(2)a(1)a(0) as shown. Temporary result
u(1) is generated by performing an Unpack LW operation on packed
data sets t(2) and t(3), resulting in packed data set
b(7)b(6)b(5)b(4)a(7)a(6)a(5)a(4) as shown. Temporary result u(2) is
25 generated by performing an Unpack HW operation on temporary
results 1(0) and t(1), resulting in packed data set
d(3)d(2)d(1)d(0)c(3)c(2)c(1)c(0) as shown. Temporary result u(3) is
generated by performing an Unpack HW operation on packed data
sets t(2) and t(3), resulting in packed data set
30 d(7)d(6)d(5)d(4)c(7)c(6)c(5)c(4) as shown.
Temporary result u(4) is generated by performing an Unpack
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cycle. 25 In this manner, array 500 is transposed into
array 501 in four steps, two pairs of unpack operations
per f or medWOR7R2¥BI8par al | el st eps t 0 gener at eeoTassHsh6430( 0) ,
t(1), t(2), and t(3), and two pairs of unpack : oper ati ons
performed in two parallel steps to generate results V(O0),

V(1), V(2), and V(3). Simlarly, for an enbodi nent in which four 30
operations can be performed sinmultaneously, all four unpack

operations are perforned in parallel to generate results t(0), t(1), t(2),
WD 97/ 22938
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andf t(3) di nafirst single step, and all four unpack operations are
* Second n'gPe;’g%‘ﬁ%*?@"ﬁghge&%%%Séé.li!*%‘#%‘%é’%%géﬁeﬁ%"ﬁ'PM o
only two stepsdateselifff DigIe3ie(e(1)e(d)as Sipwn iTemparary result 5
manner can si gifS)iis geneyatedibyoperibimingrat Unpatk LWicperafién dn'gacked
Lransposed.  qata sets t6) an 1), spo N pReRAEBRERIT L o], [or L ansposi e
pr @gnt i nventﬁ(B)f(S)KS)f@)e(?)e(S)e(5)e(4) as shé@0. riegmperary sesbie uf@)ismat ri x 500
o gor 05" ! QUi b9 Adhorming an Unpad N BRFEA LR RRERES, T, o
operations, ra tst‘(ér?%ﬁsgdﬁﬁwﬂﬁgi"é)ﬁaS'Fed data set unpack word and
unpack doubl ews3Jh(B)R(BIN(B)BE3)g(2)e¢t Ygt0)xas sRowhdUTémporary result u(7) is
' generated by performing an Unpack HW operation on packed data
10 sets t(6) and t(7), resulting in packed data set
h(7)h(6)h(5)h(4)g(7)g(6)g(5)g(4) as shown.
Final result V(0) is generated by performing an Unpack LD
operation on packed data sets u(0) and u(1), resulting in packed data
set a(7)a(6)a(5)a(4)a(3)a(2)a(1)a(0), as shown. Final result V(1) is
15 generated by performing another unpack operation, Unpack HD, on
packed data sets u(0) and u(1), resulting in packed data set
b(7)b(6)b(5)b(4)b(3)b(2)b(1)b(0), as shown. Final result V(2) is
generated by performing an Unpack LD operation on packed data
sets u(2) and u(3), resulting in packed data set
20 c(7)c(6)c(5)c(4)c(3)c(2)c(1)e(0), as shown. Final result V(3) is
generated by performing another unpack operation, Unpack HD, on
packed data sets u(2) and u(3), resulting in packed data set
d(7)d(6)d(5)d(4)d(3)d(2)d(1)d(0), as shown. '
Final result V(4) is generated by performing an Unpack LD .
25 operation on packed data sets u(4) and u(5), resulting in packed data
set e(7)e(6)e(5)e(4)e(3)e(2)e(1)e{0), as shown. Final result V(5) is
generated by performing another unpack operation, Unpack HD, on
packed data sets u(4) and u(5), resulting in packed data set
1(7)1(6)15)f(4)f(3)f(2)f(1)1(0), as shown. Final result V(6) is generated by
30 performing an Unpack LD operation on packed data sets u(6) and
u(7), resulting in packed data set g(7)g(6)g(5)g(4)g(3)g(2)9(1)g(0), as



5‘. An Unpack LWoperation is perforned on rows R(0) and R(2) to

generate tRhgoighhesygedi ate, tenporary result t(0), conprising 5
el ements b(2)b(0)a(2)a(0). An Unpack LWoperation is also FcHfusiRiztash

performed on rows R(1) and R(3) to generate the internedi ate,

tenporary result t(1), conprising the data elenents b(3)b(1 )a(3)a(l).
An Unpack LWoperation is perforned on tenporary results t(0) and

t(1) to generate the final result V(0), conprising the data el enents 20
a(3)a(2)a(1)a(0). Another unpack operation, Unpack HW is again
performed on tenporary results t(0) and t( )B. to generate the final result
V(1), conprising the data elenments b(3) b(Z% (1) b(0). '

opor &t ons, an LARNR. HRRESHIL ) 1S oBRptalPchBY RATGTGNES mrofherenpask

551 tZZa 2 Ioegnggfg ag ((aopémtuont OkEHiIB ohpackedrdata gets D(G)ga?i'l)ds ugf)ggésmmr@nd he
performed on rovég%%% aéﬁgﬁ(%@{e@)g@ﬁﬁéf@%@ﬁ ﬂb&@ .%H°é” The
tenporary resul ttragsposechpiray .&eg compusasrasultsdl(03, §(13) () ¥(3), M(3)..

An U ack LW ope eV (A terrporary results t(2) and 30
t(3) o] generatevﬁ? Wf? jrﬁ re uIt nsm&the data el enents

c(3)c(2)c(1)c(0). AnoFﬁéPnﬁrﬁm@Rd'ﬁﬂ)@ﬁabne@f hewnpackeperations are

WD 97/ 22938 executed in parallel with other unpack operations. So, for example, in
PCT/ US96/ 20439

perfor med on tenﬁBré'P?o?'gﬁnt t'2 "’{’Q'ES‘ aaﬁﬁrqlltzbyrotcgsaghg’: g{'-é't'tﬂ{gc?ﬁﬁﬁﬂ resulz'?

capable of executing two instructions simultaneously is used, the

10 unpack operation used to generate one of results t(0), t(1), t(2), t(3),
t(4), (5). t(6), or 1(7) is performed in parallel with the unpack operation .
used to generate another of results t(0), t(1), t(2), t(3), t(4), t(5), t(6), or
t(7) in one step. Also, the unpack operation used to generate one of
results u(0), u(1), u(2), u(3), u(4), u(s), u(6), or u(7) is performed in

15 parallel with the unpack operation used to generate another of results
u(0), u(1), u(2), u(3), u(4), u(s), u(6), or u(7) in one step. Similarly, the
unpack operation used to generate one of results V(0), V(1), V(2),
V(3), V(4), V(5), V(6), or V(7) is performed in parallel with the unpack
operation used to generate another of results V(0), V(1), V(2), V(3),

20 V(4), V(5), V(6), or V(7) in one step. For one embodiment, each step is
completed in one clock cycle.

In this manner, array 800 is transposed into array 801 in 12
steps; four pairs of unpack operations performed in four parallel steps
to generate results t(0), t(1), t(2), t(3), t(4), t(5), t(6), and t(7); four pairs

25 of unpack operations performed in four paréllel steps to generate
results u(0), u(1), u(2), u(3), u(4), u(5), u(6), and u(7); and four pairs of
unpack operations performed in four parallel steps to generate results
V(0), V(1), V(2), V(3), V(4), V(5), V(B), and V(7). Similarly, for an
embodiment in which four operations can be performed

30 simultaneously, four unpack operations are performed in parallei in a
single step, allowing array 800 to be transposed into array 801 in 6
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V(3), conprising the data elenents d(3)d(2)d(1 )d(0). The resultant,
transposed array 601 conprises the packed data sets V(0), V(1), V(2),
and V(3), w&’s”f%gvkg of the transposed array. As described aborer/ugoeInass’
conjunction with Figure 5, in an enbodinment in which multiple

I nstructions can be executed in parallel, the entire transposition can
be perfornmed in two or four steps, conpleting in two of four clock

cycl es respectively. Figure 7 shows a method for
transposing an array in 10 accordance w th anot her enbodi nent
of the present invention. The array which is to be
transposed in accordance with the enbodi @6t shown in

Figure 7 is the 4x2 array conprising colum a,

a(O a(1)a(2)a( 3‘step§1dAls@ Wﬁhﬁ) errh;(d&%hi 1 &h%nﬂhpéﬁéﬁ@sﬁkgg 0,

whi ch ts_t f Fi
AR (T e g ol
io?to )elro ?S;jl ?B )e (t2 lmparaihei/to genétate eyt np @ngi \n,gead‘tﬂmhibmgzé Ot’@ﬁt S
a(0)a

R s RS ¢ Slodiha: B85 8000008 1BinsPO54d it e B0 I BRI Mhrpd Heps.
comp?i sing t he 5’&1’% Qﬁ!l%ﬁﬁ%%“@(oi UNPESKAPEIRUGIE 1N this Urqrmﬂmarvzo
?Eer?_tuoln is plets V(fraaiho t@ﬂnip?mltﬁ’é)é es%itﬁwh{ér?roetni@ﬁ&t % §> ate

e final resu s
I n accordance with t)ﬁ:@ %’@‘?W&Fﬁem qff@ﬁl"& only UBRask éf‘ runpack
results t(0) anopetations:aressed, dn comuﬁmonl\@im asmmftbg rétl”cm ho rﬁh':‘r dat a

el ements in theyly an%;? f.o.l?ogi :;ugngtéa* &h{aﬁv@semm

con |n|ngt(0) an e [ ow or
| owY - hal f of tmeeﬁ@ cyr with ayhigh the agrayds tramspased i !quu;'caﬁ throtighd,

anot her Unpack th¥ ase roatshnnopéraﬁahfsowﬁsds%e fu*&@ dtittiin Unpatk HigRt and
el enents in the hgﬁf‘gr er tions in t(0) and t(1) to generate result
YnPREK [y p i

V(1), conprisin PR-s b(Ob(1)b(2)b(3). The transposed 30
‘array 701 conprises F@martoshet(@mbaddnwnhnly unpack byte operations are Used
embodi ment i s upgfitlerleRviHgPhdn-2bh8BEutive WS B ph&ied data sets in the array
15 to perform the transposition in a manner similar to that illustrated in
Figure 6. For this embodiment, bytes from row R(0) are interleaved
~ with row R(4) using an unpack byte operation to generate a first result.
Then, an unpack byte operation is performed between this first result
and the result of an unpack byte operation performed on rows R(2)
20 and R(6) to generate a second resuit. Bytes from row R(1) are
interleaved with row R(5) using an unpack byte operation to generate
a third result. Then, an unpack byte operation is performed between
this third result and the result of an unpack byte operation performed
on rows R(3) and R(7) to generate a fourth result. Then, another
25 unpack byte operation is performed between the second result and
the fourth result to generate a final packed data set row of the
transposed array. Unpacking of rows of the original array continues in
this manner until the entire array, or the desired portion of the array, is
transposed.
30 For another embodiment, only unpack byte and unpack
doubleword operations are used by effectively splitting the 8x8 array

il a5 f*esré% Meihe

A
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PCT/ US96/ 2 : : -
exanpl e; aqgégz:%?ggr used in accordance with the present invdffit/}pe20439

does not support unpack high operations, such as Unpack HW

Where only unpack | ow operations are supported, high-order data

el ements are unpacked by first shifting these high-order data 5

el enents from high-order positions into | oworder positions of their
respective data sets before unpacking the packed data sets. For

anot her enbodi nent in which only unpack hig? operations are

supported, |oworder data el ements are unp@atked by shifting the data

el ements into high-order positions of their respective data sets before 10
unpacki ng t he pafketve grrayseeach comprising four rows, interleaing, eaahveftle, t hat

this enbodi ment foRy réWsi® W¥hahA8E similar to that illustradlih®i§lfe Cahganspose an
array due to the_ex S ting the data

ra steps_involved in |
el enents of the Wb@@%ﬁg%‘%ﬂ? usifg an.unpack deypleword. For example,
addi ti onal shi f tbytpsfeam dow B(Q) aaresinteiriaaeddwitmrmﬂtzpupmgkampapgtk on 15
I n i ch hi gh-or i ; jynt ) ance
:M' t\r,:/(yt he engodi '? Cﬁﬁfﬁgﬁ mghéﬁéﬁgﬁggP%dlﬁhgﬁéﬁggrrggnpﬁcggg@; dance
with the embodi riRpPRIAtON ¢ periermedihetwegn tbis firshrasult ard the residt of amal
operations woul dumssck bytelsparatio® pepbrined! d e F(1} BRd TrRa) té'gaﬁ te a
hi gh operations used {o n te.esult 2), .t V(1 an 3) .using
200 (S RstiG HBes o fow ) ars nbibaed i, e RGL SIS of
5t eps may an unpack byte opeiation totgeneratega phircirésuit. pﬂ'neﬁsah u;hpack
techyy ques, as rd PR : gur may
nevad achi eve t rErqHGEAtion is performed bet@S8 fhis s FERR A ingBAF of
i nterl eaving of &M YAPSEK Oyteiaperatioarperfermead ag rows R(5) and R(7) tohe unpack

high instructi ongenerate a fourth resuit. Then, an unpack doubleword operation is
performed between the second result and the fourth result to generate
a final packed data set row of the transposed array. Unpacking of
15 rows of the original array continues in this manner until the entire
array, or the desired portion of the array, is transposed.
For an alternate embodiment of the present invention, each row
of an 8x8 array which is transposed by the method of Figure 8 is 32
bits wide and comprises eight packed 4 bit data elements. For
20 another embodiment, each row is 128 bits wide and comprises eight
words. For other embodiments, each row of an 8x8 array transposed
by a method in accordance with the present invention is a data set
which is any number of bits wide, partitioned to create eight data
elements of equal size. Moreover, it is to be appreciated that various
25 combinations of the basic row selection and interleaving techniques,
described above in accordance with the exemplary embodiments of
Figures 5, 6, 7, and 8, may be used to transpose arrays comprising
rows and data elements having virtually any length.
Figure 9 is a flow chart of the steps taken to transpose an array
30 in accordance with one embodiment of the present invention. At step
900, an array of data is accessed in the memory of a computer system



25 For anot’her enbodi nent, the unpack | ow operations

along with the shifting operations are perfornmed on the
r emai ni ngvOWF2eB¥BumMms of array 700 to conpl elornbdverz0439’
transposition process, if desired, creating a full 4x4

transposed array. Note that the order of data elements in rows

V(0) and V(1) in transposed array 701 is the reverse of the order of 30
data elenents in rows V(0) and V(1), respectively, of transposed

arrays 501 and 601. As discussed above, reversing the order of

WD 97/ 22938

PCT/ US96/ 20439 -28- -22-
i nterleaving data el ements, by reversing the sources of the unpack

operations, r eg lidéntitPing™ Sef 6¥ R'réistéts uﬂ%é’mﬁh@r@% r‘é gérll_ﬁglﬁ . A and

transposed arra
8B, shows a me@RAFked daty set, and each packaﬁgﬁy%ﬁﬁbdamagme ohraws or dance

with agm‘é hertem@oxi:dmm -1pbf tHeearray. At step 901, da‘!é%ﬁé?ﬂbnlsﬂh%ﬁﬂs@)?ow%?; ay 800
is an X matr .
R(7) as rows o %[%ﬁgg'r Fg? %ﬁ'ﬁ%’%@%% QAR plemgRts in A\ Secohd tow St ) dat a
el nts a, b,the atray (1) byqerforming @ unpackeperatiomeard they resttitof

ked d d h
| ngkgd b;‘: 2ssefh°is %thﬁ BraticH ﬁ?Féq]QédQ{é §et"‘k %%ﬂfb 58510% thiiFa ‘Fb\ﬂ t 10

packed data sef th@r@"’éﬁn @)nwnwr!%"l?déﬂ'éfh? e@rﬁgéemqf\ﬂee ﬁéf@)/sﬂ@)sﬂl n a
conput ers menothe eadxeamanﬁésqmmg%ﬁun dekadpetufon 4yt reduredfthig

array 800 opr HoBRPK oBaRHRA s Hbtey 3%332 é@t B o ey otk 15
entdi mrent, each byiNotetbatin a¢@pdae@eumthaﬂve8\mnen¢laweme¢ herein,
unless otherwise indicated, the terms "first row", "second row", "third
row", "fourth row", etc. are used as place-holder variables meant to
distinguish one row from ancther in an array rather than consecutive
row numbers of the array. For example, a second row does not
15 necessarily follow a first row consecutively in an array, and a fourth
row may come between a second row and a third row. On the other
hand, the terms R(0), R(1), R(2), R(4), etc. are used to indicate the
actual, consecutive row numbers of an array to be transposed, so that,
for example, R(1) always follows R(0) consecutively, and R(2) is
20 always located between R(3) and R(4) in the array.
For one embodiment, the unpack operations of steps 901 and
902 unpack data elements of an equal size, 2M bits. The unpack
operations are either high or low, and the size of the data elements
unpacked are any of a number of bits wide. At step 903, data sets X
25 and Y are interleaved by performing an unpack operation on data sets
X and Y to generate data set Z. For one embodiment, the unpack
operation of step 903 unpacks data elements which are twice the size
of the data elements unpacked at steps 901 and 902, or 2M+1 bits. As
indicated by step 904, interleaving continues until the array, or some
- 30 desired portion thereof, is transposed. In this manner, arrays of any
size are transposed using the proper sequence of unpack operations



coefficient in accordance with a fast Fourier transform For other

enbodi ment syqt cked data sets of -the array contai n packe
el ement s V\highgg?é%r%esent other forns of related data such as}%gym‘m’.

exanpl e, consecutive 8 bit sanples of video or audio signals, and a 20
transposition is performed in conjunction with a discrete cosine
transformor inverse transform or other type of transform

In accordance with the nmethod shown in Figure 8, the col unms

of 8x8 array 800 are transposed into 8x8 arya® 801. The 8 bit bytes of
rows R(0), R(1), R(2), ... R(8) are interleaved using the unpack 25

operati on "Unpack té ieHighte data sbfpack LB". Tenporary result t(0) is

ders R(0) and R(L). rodiBrendD i sa R A e sepsTaken to ranspose an

d(l)d(?)g(é)C(O) ]lg(an)ay(_ ia)mcbﬁaaﬁae adthsdvother eAToRirAENt Eegw p{és(e?% i's
enerate er an | n_packe a

Sets RL2) and Ry Verbey ALBSBA o0 AREAE) bf Bad s ES8Sed h the'memory of

d(3) d(2) c( 3) c( 2) beFWPRYIarSyster bysdentifying asepof arggistars| wheteh is @

WO 97/ 22938 ower of 2, each register containi
PCT/ US96/ 20439 p g ontaining a packed data set, and each

generated by per f BAGKRE data sphdelinipg aneRiroms RN 1o firel ofdhg array. At )
sets R(4) and R(Skstep #6001 | a figstirowpoicthedareay, R(Otis interleaved with a second

0(5) 1) <(5) () Dl Tha 8o B BtorT I 5 Ukl e

; 10 result of this unpack operation is stored as data set X. At step 902, a
third row of the array, R(n/4), is interleaved with a fourth row of the
array, R(3n/4), by performing an unpack operation, and the result of
this unpack operation is stored as data set Y. For example, for a 4x4
array, the first row is R(0) while the second row is R(2) of the array,

15 according to step 1001. For an 8x8 array, the third row is R(2) while
the fourth row is R(6) of the array, according to step 1002. For a 16x4
array, the first row is R(0) while the second row is R(8) of the array,
according to step 1001.

For one embodiment, the unpack operations of steps 1001 and

20 1002 unpack data elements of an equal size, 2M bits. The unpack
operations are either high or low, and the size of the data elements
unpacked are any of a number of bits wide. At step 1003, data sets X
and Y are interleaved by an unpack operation to generate data set Z.
For one embodiment, the unpack operation of step 1003 unpacks data

25 elements which are equal to the size of the data elements unpacked
at steps 1001 and 1002, 2™ bits. This embodiment is useful for
situations in which the processor of the computer system performing
the unpack operations does not support unpack instructions for
unpacking data elements of, for example, 2M+1 bits wide. As indicated

30 by step 1004, unpacking continues until the array, or some desired
portion thereof, is transposed. In this manner, arrays of any size are

23-



5 sets R(6) and R(7), resulting in. packed data set
d(7)d(6)c(7)c(6)b(7)b(6)a(7)a(6) as shown. Tenporary
resul t t (O 9%42283herated by perform ng an Unpack HB PCT/US96/20439 )
operation on packed data sets R(O and R(1l), resulting in packed data

set h(1 )h(0)g(1 )gOf(1 )f(Oe(l )e(0) as shown. Tenporary result t(5) is
10 generated by perform ng an Unpack HB operation on packed
data - sets R(2) and R(3), resulting in packed data set
h(3)h(2)g(3)g(2)f(3)f(2)e(3)e(2) as shown. Tenporary result t(6) is
generated by perform ng an Unpack HB operation on packed data

sets R(4) and R(5), resulting in packed dgg-a set 15
h(5)h(4)g(5)g(4)f(5)f(4)e(5)e(4) as shown. Tenporary result t(7) is

ggt”grgE g;’ g% deafn@ ﬁfggu%ih E 3?1 Ca?d?{ba%ﬁ%ﬁé?aﬁéh@to

h(7) h(6) g(7) g(gﬁtp%l% é%éﬁeé( 6[}11 ggot ﬁmﬂxbodument of the present inventidsupor ar y
resul: u(0) |fageama3aisattabspmd asimgtieasro t pepse é’rlﬁl%e 8“’ actécke'c—iW
operation on |

data set b( 3) b i@’%s( %@?’é‘}&”@r\?ﬁ)"‘&@“ﬁoﬁi}? 5§9ré§u|°f

u(1§ i s gener aBdBi erthng an Unpack LWoperatlon on packed

data sets t(2) and riire Tﬁ@étﬂoﬁ)ﬂchéhléﬁg t4RER S Fanspose an
b(7)b(6)b(5)b(4)a 5) npor ary EF? ga){m
g((an)ergt )ed(bil é@#‘éﬁﬂ G)VZI&P P "ﬁW%B%P'@?%ﬁ'WGHﬁ@Par’V Step):WO

(r]I ?g %E ;) tCI E (B d?ad ar('?y is accessedrig the nmbqﬂoﬁ@b@nﬁﬁlter systeTnt Ac%ordm

u

generated by per érgrﬁlgagiﬁ%rﬁp&ek&iﬁggg% m@h?% d‘é(f‘ﬁ 2”

sel@ t(2) and Ppwer qusﬁuchngaznwsmeedsmuat&gerseorx as1 2,3, 4, etc. At
d(7)d(6)d(5)d(&ley 716163 ﬁfs’i)réé/:‘(%hé‘ﬁh% the array is interleaved with, g Tenporary

result u(4) is_generate 97/ 22938
PCT/ U896§ 20 439sgcond row they Jtrl?l row Ttﬂg array topgenerate a first result. For one

embodiment, the first row is R(0) and the second row is a power of 2,
such as 2%, away from R(0) in the array, R(2X), where x is alsoan

15 - integersuchas 0, 1, 2, 3, etc. Atstep 1102, a third row of the array
(the Mth row) is interleaved with a fourth row of the array (the Nth row)
to generate a second result. For one embodiment, the third row is a
power of 2, such as 2Y, away from R(0) in the array, R(2Y), where y is
also an integer such as 0, 1, 2, 3, etc. The fourth row is the same

20 distance from the third row, R(2Y), as the second row, R{2¥), is from the
first row, R(0). Therefore, the fourth row is at location R(2X + 2Y) in the
array. |

For an embodiment of the present invention in which a 2x2
array is transposed, only steps 1101 and 1102 need be executed,

25 wherein one unpack operation is low while the other is high. For
another embodiment in which a 2x2 array is transposed, two unpack
low or two unpack high operations are executed in conjunction with
two shift operations to properly shift the packed data elements into the
correct format for unpacking.

30 At step 1103, the first result is interleaved with the second result
to generate a third result. For an embodiment in which a 4x4 array is



- 24- LW operation on tenporary results t(4) and t(5),

resul ting Wg " dat a set
‘c"(?>)‘°(2)f(¥gtF ?g) e(2)e(1)e(0) as shown. Tenporary result PCTAUS96/20439
u(5) is generated by performng an Unpack LWoperation on packed

data sets t(6) and t(7), resulting in packed data set 5
f(7)f(6)f(5)f(4)e(7)e(6)e(5)e(4) as shown. Tenporary result u(6) is
generated by perform ng an Unpack HW operation on tenporary
results t(4) and t(5), resulting in packed data set

h(3)h(2)h(1)h(0)g(3)g(2)g(1)g(0) as shown. girrporary result u(7) is
generated by perform ng an Unpack HW oper atPon on packed data 10

sets t(6) and t(7), resulting in packed data set

h(7) h(6) h(5) h(4) g(ra;\gpqgeg gy@(myrdggsglhm row in the final, transposed arrgy. nger

result V(0) is geﬁﬁéﬂie‘?%rﬁﬂod]ﬁfé‘rﬁﬁﬁfwmcﬁﬁnmﬂfa*ﬁtransposed thls thurd

operation on packed data, sets resu dat a
set a(7)a(6)a(5)al igyth Fﬁ"é’(ﬁé g‘%’o? suQé%W“ﬁQ £ mﬁ)twc}wll) is 15
generated by perf gemameaadbbah raspb,cthedparthtrewlt beimgoa kO\MIm tha final,

acked. dat a t
B( 7) b((j%) b(5) E? 4)5 bt"%%? i Fﬂﬁ%ﬂ&thgpe %ﬁtqumltu%h%a x16 array is
gener at ed by perf fRREP@S kathrBsybé‘i the gwrgﬁ fgag;gé@sggpgnt unpack

> (e%sc‘(Jg)zé ( g)”g( Z; gb eftiof which %e"hé?éfééeﬂ flﬁﬁtréls:mﬁttlhé(ﬁfth result bemg a row in
al re
generated by perf Mé\@ Z’%{B‘)ﬁﬁ ?g@ﬁﬂﬂk@oﬁeﬁrﬁthﬁh "ﬂ?@ﬁﬁﬁ ‘-& BW?" a 32x32

packed data sets wafray iamcanspdsed thinififth resultisthe lsedratafox ssstibsequent

d( 7) d{@{/?g)S) .d( 4) dﬁﬁbg{:@é%%at ?vhncﬁ?%é@r%na sixth rst.él% the sixth result%é?ﬁé

resul i s genera orm
operation on packédouamh§étf@l d(ar)smdu?(r@y AE@@PtfPHQ in packed data

set e(7)e(6)e(5)e(4)e(PorohecérmbodiMentdn vwiiena 44 afby i€ ranbpdésd, 2 & 2,
generated by performhngndy 1l RS ol RS RIDY, B wtdWBRRE ), e Mt row
is R(2), and the Nth row is R(3). For another embodiment,z=2,x =1,

15 and y = 0, so the Ith row is R(0), the Jth row is R(2), the Mth row is R(1),
and the Nth row is R(3). For one embodiment in which an 8x8 array is
transposed, z = 3, x = 0, and y = 2, so the Ith row is R(0), the Jth row is

~ R(1), the Mth row is R(4), and the Nth row is R(5). For another
embodiment, z=3,x =1, and y = 2, so the Ith row is R(0), the Jth row

20 is R(2), the Mth row is R{4), and the Nth row is R(6). For another
embodiment, z = 3, x = 2, and y = 1, so the Ith row is R(0), the Jth row
is R(4), the Mth row is R{2), and the Nth row is R(6). For another
embodiment, z = 3, x = 2, and y = 0, so the Ith row is R(0), the Jth row
is R(4), the Mth row is R(1), and the Nth row is R(5).

25 Other combinations and values for x, y, and z can be used in
conjunction with Figure 11 to determine the initial rows to interleave to
transpose an array having 8, 16, 32, or other number of rows. As
indicated by step 1104, interleaving continues until the array, or some
desired portion thereof, is transposed.

30 Figureé 12A and 12B show an application of array transposition
in accordance with an embodiment of the present invention in which a



|5acked data sets u(4) and u(5), resulting in packed data set
f(7)f(6)f5)f(4)f(3)f(2)f(1)f(0), as shown. Final result V(6) is generated
by 30 W0 97/2293%¢r f or m ng an Unpack LD operation on packedp@ffyRoésdsso U(6) °

and u(7), resulting in packed data set
9(7)9(6)9(5)g(4)9(3)9(2)9(1)g(0), as WO 97/ 22938
PCT/ US96/ 20439 - 25-

shown. Final result V(7) is generated by perform ng anot her unpack
operation, Unpack HD, on packed data sets u(6) and u(7), resulting in
packed data set h(7)h(6)h(5)h(4)h(3)h(2)h(1)h(0), as shown. The
transposed array 801 conprises results V{45, V(1), V(2), V(3), V(4), 5
V(5), V(6), and V(7) as shown. For one enbodi ment,

f cuted in
paral el with 319 SBRALES ARRAUIRREGP! @s oxpmpie, aoppressifd The signal
an enbodi ment ibefQHe sinrlagpdlsataymg @rdeanssvitting itmassociptedt datar Data
O oot o' E4SERMINit 8 Al bOROIR] SPARESRUE WiER rUSEES rbBPE)

unpack operatiqf y ener.ate on esu

t(4), t(5), t(&9 6'|"9t E?S"%TQS%BMF nmaammm ofia vide er awlia: k

opebat i on ( signal, and fromi swhich @ \@daerditaucﬂ@@tg”iﬁl cah tf@ﬁé&drﬁsth/c@ﬁt dAT (1),
t(2 t(3 t one,ste so,

t ge) unpgc%( ope?aat i onéégeeédgﬁ"e 8%8“3?'8”3}%8'& the usb bfine ferffs yide 6' ts u(0),
u(l), u(2), u( 5)90'4](1!)' atuqle)smql%)are intepdey to indicateothecdatanassociated
parallel w th & g AaRration used to generate another of results

5 6 7 e step. Simlarly,
? ( g) u(d). u(2), u(égmereg ‘1%0 t$ resmltsg a)vudgt; s%(na)l th> g r%rc]:envmg Igtage Y

10 1202 within a first computer system 1220 to which the camera is
~coupled. For an embodiment in which the present invention is

implemented in conjunction with a video conferencing application, the
image received at receiving stage 1202 is primarily an image of the
operator of the first computer system 1220 in communication with an

15 operator of a remote second computer system 1221. For an alternate
embodiment in which the computer system operator desires to, for
example, edit, store, or otherwise manipulate motion-picture or still-
motion video images, the output of a VCR, other video capture device,
another computer system, a CD-ROM, or other taser disk is fed to the

20 receiving stage of the computer system.

At receiving stage 1202, the data associated with the video
signal from camera 1200 is stored in the computer system memory to
which the camera is coupled '(either directly or via one or more
processing or control units). This stored data represents, for example,

25 digital samples of the video signal transmitted by the camera. For one
embodiment, the data is stored in a first portion of memory, then
transferred into a second portion of memory via the central processing
unit of the computer system. This data is organized such that each of -
a plurality of registers within the computer system memory contains a

30 packed data set wherein each data element of the packed data set -
represents an associated pixel of a frame of the video image. For



tjnpack operation used to generafe one of results V(0), V(1), V(2),

V(3), V(4) .wib5hp93¥(6), or V(7) is performed in parallel with the unpack
operation use((? to3§enerate anot her of results V(0), V(1), V 2397’%"??,‘“320.
V(4), V(5), V(6), or V(7) in one step. For one enbodi nent, each step is

conpleted in one clock cycle. In this manner, array
800 is transposed into array 801 in 12 steps; four pairs of
unpack operations performed in four parallel steps to -
generate results t(0), t(1), t(2), t(3), t(4), t(5, t(6), and t(7); four
pairs 25 of unpack operations perforned in four parallel steps
to generate results u(0), -881), u(2), u(3), u(4), u(s),
u(6), and u(7); and four pairs of . unpack operations

performed in fouexgapla.ifer one gmbodimantar 64 bitrregistescontains 8 packed  V(0),
V(1), V(2), V(3 4 Wik SI . .
(3 W) Voo BT sstelen 3 9o o o

enbodi nent in whi Qur o
si mul taneously, Y24e afgachibyiedenresants ane of A56opassiblercalarsofits in a

330”8'76235 °p. al | agéouiatedpixeBOA 1argeh paleétts 6PESIBFS MybéUsay if%h i N 6
PCT/ U596/ 20439 embodiment in which the 64 bit register contains 4 words, or a 128 bit _ 26-

steps. Al so, forregistenootains 8 wordshieachavork beingrasooiated withoa different
per forned si rrult'gﬂgp_usly, al | eight unpack operations are perforned

in parallel to genera}:e results t, u, and V, each in a single step,

al | owi ng array 800 toFBEONEfMEbediReEntntwo oF maresseparateonata elemantsiaees. 5

Paral | el processisad tf defin@an inBNIALAIPI%e]. "FoMexafipl¥) & aCA¥Y-green-blue

10 (RGB) encoding scheme, one data element in a first packed data set
defines the R value of a pixel; another data element in a second
packed data set defines the G value of the same pixel; and a third data
element in a third packed data set defines the B value of the same
pixel. For an embodiment in which the Joint Photographers Expert

15 Group (JPEG) standard or the Moving Pictures Experts Group (MPEG)
standard is implemented, the encoding scheme separates the
luminance of a pixel from the chrominance of that pixel, storing the
data elements representing each of these in separate packed data
sets. The luminance of a pixel represents the grey scale, or

20 brightness, of the pixel while the chrominance represents the color of
the pixel. -

The human eye is more tolerant to errors in color than errors in
brightness. By separating the data elements which represent pixel
luminance from the data elements which represent pixel chrominance,

25 the data elements representing luminance can be made larger than
the data elements representing pixel chrominance, thereby ensuring
higher precision of brightness for each pixel while economizing on the
space used to store color information. For example, for one
embodiment, the length of data elements used to represent luminance

30 is twice the length of data elements used to represent chrominance.
Another advantage to separately storing luminance and chrominance



significantly inprove the speed with which the array is transposed.

For an alternate enbodi nent, only unpack high or unpack | ow

oper at i onVRPH2338d, in conjunction with a shift oper ati on, Fcarnidehed3n
the transposition, as illustrated in Figure 7. However, as noted above, 10
the efficiency with which the array is transposed is reduced through

the use of shift operations, versus the use of both unpack high and

unpack | ow operati ons. For anot her enbodi nent, only
unpack byte operations are used by interleaving

non- consecutive rows of packed data sets in the array 15 to
performthe transposition in a manner sifd4-ar to that illustrated in

- Figure 6. For this enbodi nent, bytes fromrow R(0) are interl eaved
with row R(4) wktaelementyisakabyiferemessthpRatsich R ' ul t-
Then, an unpacl&ﬁéﬁsgﬁ rjtk@{\ | S per 1;9?{ mgd bet \Aggr??tﬁﬁg Cf%‘."fr 2% %trsg?ﬁ?t
and the result : ﬁg ¥ ﬁ'lpeogw fORINANCce s k8 OPHMIZRG each 20
and R(6) to geraigaiitbmafardbenype of data tofyé esnfpressedw R(1) are
interleaved W th rovsiedthat' eration,to generate
athird result., The\[ll‘sl an Sﬁ@ag%ﬁ@taﬁegggb‘awéﬁ'ﬁ@% Prfré'ae%é?mn
thi ® third resinyertion.idigital sampling obtheuvigaolksigpyalds gesfortienh Sanfminged
on rows R(3) ard thé Wddd sigParmiiyoe p@%%@drtﬁsﬂh naTcgffb d@i\[@i Eﬁﬁv@ﬁer
unpack byte opfﬁr@tel 8’“ I'r?l' ger.f.or m;d bei en tpe second res a
the fourth resdit o SHUALPCERIWNG stage, %ﬂe‘ﬂ'“ﬂl‘&t%ﬁ@%ﬁa 189Pofln e same
transposed arr &Yanupihaecomeriing rosampled bignat bgck intoaar apalpgysigaes i n
this manner unthiyba ' LAYiq t ' Iyl e array, is
{rqpsposed. 0=y DEpEmic By gl q araF Terihngl. Ardiaglo btk by o
and%unpack and digital to anglggirnmeriers sanhe inglemantedédy dedicatestt i vel y
splitting the Swidwardysuch as digital signdPpPdded32S$ or by s i
PCT/ US96/ 20439 a S g Wp . y oftw.are funning on
general purpose processor. However, in order to avoid
unngcessarily obscuring the present invention, waveform sampling is
_ not described in detail here, and in the interest of clarity, all signals
15 are illustrated in Figure 12B as continuous waveforms. .
Once the video signal has been stored as data in the computer
system memory, the data is manipulated at compression stage 1203,
which may include compressing the data into a smailer memory
space. By occupying a smaller memory space, the video signal is
20 more easily modified, stored, or transmitted because there is less data
to modify, store, or transmit, requiring less processing power and
system resources. As shown in Figure 12B, the video signal 1212,
stored in memory registers of the computer system, is directed to
compression stage 1203. In the spatial domain, video signal 1212 is
25 represented by a waveform in which the amplitude of the signal is
indicated by vertical displacement while time or space is indicated by
horizontal displacement.
For many compression methods it is desirable to transform a
signal from the spatial domain to another domain, such as the
30 frequency domain, before analyzing or modifying the signal. After
video signal 1212 is received at compression stage 1203, the signal is



-27- into two arrays, each conprising four rows,

I nt-er| eavi ngoaaakoxgf t he four rows in a nmenner,

that illustrated in Figure 6, and comnbi ni ng theﬁﬂééﬂ?{"ég

usi ng an unpack doubl eword. For exanpl e, bytes fromrow R(0)
are interleaved with row R(2) using an unpack 5 byt e operation
to generate a first result. Then, an unpack byte operation

is performed between this first result and the result of an

unpack byte operation performed on rows R(1) and R(3) to generate a
second result. Bytes fromrow R(4) are mt_s Ll eaved with row R(6) using
an unpack byte operation to generate a thi 'result Then, an unpack 10
byt e operation i ween this third result and the result of

s peyforned be%
an unpack byte oH@Bﬁ{"F'B‘ﬁdﬁé‘?md gespatial Hemainis sheakaarengy dgmam In the
generate a fourtireqgeenty dofizim, thanamphitudie 604 Paptidnsr QQQU onent

f d bet h tour h resu rate
BFinal packed dad 28 §"98%‘?1?“&5¥$2ﬁ2{% ioitial < 9%@&53@&@&85 y 15
rows of the ori nganca hdisplacesnentwbile itine fieiquenayoé eachtfréquencyent i r e
arrays or the degbimpdnBAf bfﬂﬂeeﬁ rs?r{a?lrs ;doﬁcét&éo@’bﬁpﬂ&gic’%ntr L

For an al ternate enbodi nent I nvent |

of an 8x8 array iSPlAcENent, 5 ﬂ?"?ﬂ’é”h%ﬂ%!ﬁ Wpstrategria thei s 32
bits wide and cofrequercy dogiin mel@;mmblvhttdﬁto@ re8siahssta ér12'63

Nords. For ot her - enboRTATAras(fRaBAN B HsGadlatort 165 spa '31‘538
by a method in atrequensydomiaim invoives traesposingaheiarray somad'&bg thetdata

Bl omi & "’o‘f”yegﬂ?‘%‘"%gjs; g%ﬁegg““ﬁg R e T

conmbi nati ons of $P€ F’@%@e?@&”@ﬁ a‘ﬁﬁ”‘?@ﬂcér FaudienspbregiafisRicthe
descri bed above wdeaomgréalgeaemuyf‘am B&B%«ﬁmbﬁbbﬁemhmﬁf&nﬁd from

Fi gures 5, 6, 74!*%”%.2&%%&"% tHSt tﬁ}}eg\%gscfogﬁgp%éga i28Rte Tosthe

rows and data el ene avin
transform functlon Thls 8x8 array of pixels corresponds to eight
15 memory registers, each containing packed data sets of eight data

elements, each data element corresponding to the value (e.g. color,
brightness, etc.) of its associated pixel in the 8x8 array. To efficiently
transform this array of data using the discrete cosine transform
function, the array is transposed using one of the transposition

20 techniques described above. For example, Figures 8A and 8B
ilustrate an efficient 8x8 array transposition method. For an alternate |
embodiment, other array sizes, such as 4x4 or 16x1 6, are selected as
the subregions of the video image to be processed with a discrete
cosine transform. For another embodiment, other transform functions

25 are implemented such as, for example, a Fourier transform, a fast
Fourier transform, a fast Hartley transform, or a wavelet transform.

Once transformed into the frequency domain, individual

frequency components of the signal can be selectively analyzed,
attenuated, amplified, or discarded. Filtering is a technique in which

30 ~ cerain frequency components of a signal are modified. By selecting
an appropriate filter function, many of which are welt known, which



Figure 9 is a flow chart of the steps taken to transpose an array 30

I n accordance with one enbodi nent of the present invention. At step

900, an aWO87/23P38data is accessed in the menory of a conputPCTARSd/RAR0
WD 97/ 22938
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by identifying a set of n registers in nenory, each register containing

a packed data set, and each packed data set defining one of rows

R(0) to R(n-1) of the array. At step 90lp,psdata elenments in a first row of
the array, R(0), are interleaved with da? el enents in a second row of 5

h R(1 ] unpack operat i and the result of
Lhi s unpack. onSBeaREs BRI HelendP 5 poBEnt MtRouEBpisemtya t hi Lo r ow
of the array, Hegrading theapppatanae uimewidéoumalgewvevfdet&gig?bl?/ R(3) in
' ' t of this
Unpack opor at | ereBy Ranfis8sd HecaBEs Hhe/ ar fedriifed ey compbRgis, | ha
i n accordance Wgh gﬁé!n?\@ﬂ%MG‘?Qt'W%Q%sgdteﬁéﬂé?frﬂ'equency componentsufl ess

o " 5ul g eo dana e haner [SWppTRASed st 2ty
(r:hO\évt | nguiogLt oné&“&gﬁﬁi@%sz%? ﬁéﬁgt n alr[: array rather than consecutive
row nunbers of the &achyfrequencyxeompenent afcthe waveformds snulapliéd b]y an
necessari |y Tobkeurigteld codfticiat 6PEIG st ter @bl drdimepdthe fourth
row may conme between a second row and’'a third row. tne”
hand, the ter nBS§R@ftedgastiiciendis 0,he)frequencygamperenttis simpiyaok t he
* 10 calculated as part of the transform function. As illustrated in Figure
128, a low-pass filter eliminates or attenuates higher frequency
components of the waveform, allowing lower frequency components
to pass through. Higher frequency components are frequencies
above a predetermined limit (referred to as the "cutoff frequency” in
15 some applications), while lower frequency components are
frequencies below this predetermined limit.

Note that frequency components of a waveform can be - .
manipulated in the frequency domain using other techniques in
accordance with other embodiments of the present invention. For one

20 embodiment, an audio waveform transmitted by microphone 1201 is
analyzed and manipulated in a similar manner by computer system
1220. For example, upper harmonic analyses of audio waveforms in
the frequency domain are conducted in accordance with voice
recognition applications. As another example, the harmonic spectrum

25 of audio waveforms are modulated over time to imitate the sounds of
voices, sound effects, or musical instruments. In conjunction with
sound transmission or storagé applications, the audio waveform is
compressed by filtering techniques.

Video images can be similarly manipulated in the frequency

30 domain to do more than merely compress the video data. For
example, for one embodiment of the present invention, a high-pass



actual, consecutive row nunbers of an array to be transgosé((aczij SO tzgat,
for- exarrpl e ways follows R(0) consecutively, an | S 4

al ways Ioca’?vetggf)&eztg\?\*éen R(3) and R(4) in the array. P&’LS%’”“”
For one enbodi nent, the unpack operations of steps 901 and

902 unpack data el errents of an equal size, 2[err] bits. The unpack
operations are either high or low, and the size of the data el enents
unpacked are any of a nunmber of bits wide. At step 903, data sets X 25
and Y are interleaved by perform ng an unpack operation on data sets

X and Y to generate data set Z. For one enbodi nent, the unpack _
operation of step 903 unpacks data el ement 83{hich are twice the size

of the data el ements unpacked at steps 901 and 902, or 2m#l bits. As

i ndi cated by stedit®sis applied te awidgo signalinas adgs detectionrteahnique. sdme 30

desired portion tHighgwiss filleridiMpBRIECEr alténtidtes laﬁaﬁ% uéh&?X:% oﬁéHis

\S,\bzgﬁrzgggéamposef hcléssllgnr(r]alt gﬁo@ gD ﬁ{ghsé? lé%%gcf comg onents to pass through

PCT/ US96/ 20439  Because sharp, high-contrast edges of a video lmage generfaﬂI - ﬁ9-t
to i nfgerl eave dat i S.a w char

of thtesest eps taken 0 trngntg t(\)lgh frequency componentg onggzﬁ;sioﬁ a&e‘éaﬂ' ce with

anot her enbodi meriigeal, gﬁggmmlter will isolate these edgesenT hisrtechnigsieeqay000,
an array of data béf&ﬁﬁﬁﬁ%l Id‘n‘ldii%n”ﬁi@waﬁé de@ecnon and recogfitiGAMPUt er

oover of 2. each dusbalaRS Alahis BoRnitkE @ay ha foundtto have apelications
packed data set defpredictivevectdr quamtiza(i6h dongressibh iafwhieh tAermstionof
step 43001, a fir Yo rfi4riRs ihoridebilive Rees bf a'r%\ef‘lwgepa(\ftu?e Widdo Sighar g

tracked and predicted to generate successive images.

For one embodiment of the present invention, after the video
signal is filtered, the signal is reconverted back into the spatial domain
by applying an inverse transform to the data. Alternatively, the signal

15 remains in the frequency domain and is transformed back into the
spatial domain during the decompression stage, as described below.
Turning back to Figure 12B, note that the high frequency components
have been removed from signal 1212 at step 1214. Removal of these
high frequency components from the original video signal does not

20 significantly degrade picture quality. In general, the more a signal is
compressed, the greater the loss of image fidelity. Because the
human eye is more sensitive to errors in luminance than in
chrominance, as stated above, the chrominance portion of the video
signal is more highly compressed than the luminance portion.

25 In addition, in accordance with some JPEG, MPEG, and other
video compression methods, differing degrees of compression may be
applied to different regions of a video image to gain more
compression in those regions requiring less image detail, and less
‘compression in those regions reduiring more detail. For an

30 embodiment in which image quality is not of the essence, such as, for
example, in a video conferencing application using, for example, an



row of the array, R(n/2), by perform ng an unpack operation, and the 10
result of this unpack operation is stored as data set X At step 902, a
t-hird rowVe97R®Barray, R(n/4), is interleaved with a fourtpctpsedossdie
array, R(3n/4), by perform ng an unpack operation, and the result of

this unpack operation is stored as data set Y. For exanple, for a 4x4
array, the first rowis R(0) while the second rowis R(2) of the array, 15
according to step 1001. For an 8x8 array, the third rowis R(2) while

the fourth rowis R(6) of the array, according to step 1002. For a 1 6x4
array, the first rowis R(0) while the second rowis R(8) of the array,
according to step 1001. -38- For one enbodi nent, the
unpack operations of steps 1001 and 20 1002 unpack data el enents

of an equal si zp26?[cOnipreBsion: algBAtHA pression wi pons are
either high or Iow. ant the & ! t.ﬁ@i@'ga%oamgfees%onq with lowdSkdthe

€ Sl Z€,
unpacked are afigtesiS 2RRIARRAte COMPERSSIOR Issappropriate begause & yuset
g nd Y ar erri)méi _GQBGBW!?' dwedionlyrwable)?ﬁﬂi&bb?ﬂtﬁé)fai?%tﬁbesﬁ&ﬁkléréﬁ{thgg%
or one enbodi n Lon ste unpacks, data
el ements whi ch@ﬂéatgﬁg?ﬂt g'q{%éqgﬁg rg?est ﬁ'@ ﬁé‘?%pé' %ﬁ?guﬁ?\&&'@éﬁ
at 8teps 1001 4kelytodm littipaneyemeotof abjestsdnttbeividen images @ne wayr of
situations in higvi i fipte t; ]
t he unpack opefg{‘ i‘ég;gdﬂlg'ogg{se?%g@}esugggp L'Ef}ﬁpac %ﬁéﬁr‘?@?ghgﬁﬁég fie¥
unpacki ng dat a ¥R RRPIAd torihe W Eﬁa'@a'zmeawgmvm e higheat ed 30
by step 1004, (regaekcycommpdrientss until the array, or sone desired

\B\g g;?gztgggr eof . 1S Al t0thpredsion it JBINd by trur csati%fg the’precteion ©
PC® Us96/ 20439 0f the data and then using a coding scheme to store repetitious terms
in an efficient manner. In accordance with one MPEG standard,
additional compression is achieved by matching similar arrays of
pixels in successive frames, and encoding only the differences or
" interpolations between frames. By compressing the video signal in -

15 this manner, the signal will occupy a smaller amount of space in -
memory. After compression, the signal is stored, displayed, and/or
transmitted in the spatial or frequency domain at step. For example, in
accordance with the embodiment illustrated in Figure 12A, after the
video signal is compressed in compression stage 1203, the signal

20 enters transmission stage 1204 which transmits the compressed video
signal to the receiving stage 1207 of a second computer system 1221,
Because the video signal is compressed, the bandwidth required to
transmit the signal from transmission stage 1204 to receiving stage
1207 is greatly reduced, permitting, for example, phone lines to be

25 used for the transmission. For one embodiment ot the present
invention, in addition to transmitting the video signal, the video signal
is encrypted at transmission stage 1204.

Upon receiving the compressed video signal at receiving stage

1207, the data associated with the signal is loaded into computer

30 system memory. In addition, if the video signal is encrypted, it is
decrypted here. At decompression stage 1208, the signal is

Lo el



:30- transposed using the proper sequence of unpack

oper at i ons W8 9722938 interleave data sets. In anoth dﬂgodi nent

of the present 1nvention, an array is transpg'g%le %6(2%39[ he
proper sequence of unpack operations in accordance with the
met hods shown in Figures 9, 10, or 5 a mxture of the two.

Figure 11 is a flow chart of steps taken to transpose an array in
accordance with enbodi nents of the present invention. At step 1100,
an array is accessed in the nenory of a conmputer system According

to one enbodi nent, the array has n rows, R to R(n-1), where nis a 10
power of 2, such as 2[err], where z is an ™¥eger such as 1, 2, 3, 4, etc.
At step 1101, a first row (the Ith row) of the array is

i nterl eaved wi t hdgcompressed by a methed including, femexample, @applyingtare array to

generate a first ifivFsé transfRirPifthe data to translate the"SgRAMBALK irkgnd i St row
Is R(0) and the SeCﬁ@d [ OW, | as 2[err],

S power of 2, . such ¢
away from R(0) i sPEf@l domaip. Eﬁ@[%ﬁ‘ﬂ‘es hsignal has heep kangmitted in a
i nteger such as @onpre@sedforaiat.in Abe Steguehcy @dmaintflormdompuier sybt%rﬁ”aY)
t he h row) is 4Bher ' - ave (1 row
Lo geferat o & seddaq. rsa iy enfbddinfbnt Hrishiibd 8 Gomprésdlid e, spoatis
power of 2, such tignsmittedimihe spatisdomain, applieatiarny pof RAANYersetsarsfprins
al so an integer ; S, t 20
di stance fromt h?‘l’?ﬂ??ge?&ﬁb mérg\s(glf)rﬁsgﬁgﬁm@éggﬁ b?‘o%v@l%i‘%;eggﬁ%é from
t he de“ﬂﬂrﬁs'%\&f(ﬁﬂ( 5’!"°T‘Per'§P8rsé9"5! Heay B¢ mere 8l at
tocati onan( 3[ er r Jaceo@plished time¢he frequency domain, sequiying a spatial domain
For enbodi mentg; ; | ' ' | :
arr a?/lai st ranspotssfe@{aI gﬁ?‘i’x‘%?eﬁs iﬁﬁﬁgﬁ%ﬁ%@%@e@%g’ é;ég%%rtwsefgrmgg .mto
wher ei n one unpadhke Hesughey domaindar dacompression.Hbenikaak igto thespatial
anot her enbodi mejondinibF Bispay?x2 array is transposed, two unpack

o D O R ergediorts RETE Srastrd S B tnar
correct format f dransforawdtiongin&se transformation, or both até reqeiped 168, t he
(enat 31 2°8 Lt o BTSN U1l RS SGREN SRl hg the g comprsind e
: memory register rows and packed data element columns associated
with the video signal is an impontant step for improving the efficiency
of the decompression. This transposition is accomplished using one
of the array transposition techniques described above.

20 Once decompressed, the signal is transferred to display stage
1209, which may comprise a video RAM (VRAM) array, and the image
is displayed on display device 1211. Using this technique, a user at
computer system 1220 can transmit a video image to computer system
1221 for viewing at the second computer terminal. In addition, audio

25 information gathered by microphone 1201 can be compressed and
transmitted by computer system 1220 to computer system 1221, with
playback available from speakers 1210. Similarly, computer system
1221 may have similar video and audio transmission capabilities (not
shown), allowing display and audio playback on display device 1206

30 and speakers 1205, respectively, of computer system 1220. In this
manner, applications such as video conferencing are enabled.
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transpos®O9T/23938t hird result is a rowin the final, transRCeAdsw2o4dy. For
anot her enbodi nent in which an 8x8 array is transposed, this third

result is the source for a subsequent unpack operation which

generates a fourth result, the fourth result being a rowin the final, 5
transposed array. For another enbodinent in which a 1 6x1 6 array is
transposed, this fourth result is the source for a subsequent unpack
operation which generates a fifth result, the fifth result being a rowin
the final, transposed array. For another mbodl ment in which a 32x32
array is transposed, this fifth result is the source for a subsequent 10

unpack operation whiig h@%\%?%ﬁd@ sPeéu'ﬁééf?oﬁ el?t!é' uhvehﬁ?n Pas dbdrfauséntyd N9

arowin the final, trans

For one enbodi ML qf@fw&ﬁ SPQQJ!F ﬁl‘?’&?'ﬂnﬁ Q’V%B’@Jﬁ%th%’em 2 It will,

x =0, andy hbwe%rtbe eviderithat vaibd mddifcations’ #vd thafgds mé)hﬁth row
is R(2) andtheNt 15

and y = 0 so. fiRee TRt wRooKY HepaRing B g SrPada Spmtant 379p4 i 5
R( 15, the inventiand Tine spebification and &dawings acecacodrditighg o bien whi ch

an 8x8 array | ; and y = 2, so the
‘th rowis R O?QQ?R'dedJI{! an |llustratn{/é?9ﬁ1%95iﬁ§n azregtrg%uv’é s‘e{r‘%e Mh Tow s R4),

and the Nth rowis R(5). For anot her enbodinment, z = 3, x =
1, andy =2, sothe Ith rowis R(0), the Jth row 20 is R(2), the
Mhrowis R(4), and the Nth rowis R(6). For another



enbodinent, z =3, x =2, andy =1, sothe lth rowis R(0), the Jth row
Is R(4), thewddirzreesv is R(2), and the Nth rowis R(6). For an(yp@ r
enbodinment, z =3, x =2, andy =0, sothe lth rowis R(0), t ﬁjﬁ%ﬁm
is R(4), the Mhrowis R(1), and the Nth rowis R(5). 25

O her conbi nations and values for x, y, and z can |

conjunction with Figure 11 to determne the initial | e to
transpose an array having 8, 16, 32, or other nunber”mﬁl@&umlﬂllﬂ@l
€c ald aym, r

i ndicated by step 1104, interleaving continues until me
desired portion thereof, is transposed. 3Q1. Figures 1 2A
and 1 2B show an application of array transposition I n

accordance with an enbodi nent of the present invention in which a
WD 97/ 22938
PCT/ US96/ 20439 CLAIMS

video signal is\WRai RWIanhtsy Y, for exanple, conpressing the signal .
before storing, dis alggy or transnitting its associated data. Data
associ at ed i t h A9 TPy SIf GPTBPUSIAY: i s data which results fromthe

di gi i zi ng, canmukinrdig input devics which gehetates anf awdivi srodides sighllp 5
For pur poses SPPRERr BybIFE M BRI ReRla Bl BBYERE oo v vi deo.
signal" or "aadleragegievice soupledttortbedrocessati and baving stared tharein at ed
with these si gnglgzompression routine including a tPARpRskFrdutesigrt s a video
signal to a recen'mgrlﬂgglastitn%ggata elements in transposing an array of n rows, each
10 row having a plurality of data elements associated with the audio or
video signal, the transposition routine, when exescuted by the
processor, causes the processor to perform the steps of:
interleaving a plurality of data elements from a first row of the array with a
plurality of data elements from a second row of the array to generate
15 a first result;
interleaving a plurality of data elements from a third row of the array with
a plurality of data elements from a fourth row of the array to generate a
second result; and '
interleaving a plurality of data elements from the first result with a plurality
20 of data elements from the second result to generate a third result.

-32-

2. The computer system of claim 1, wherein the third result comprises a
plurality of low-order data elements from the first and second results,
and the transposition routine causes the processor to further perform

25 the step of interleaving a plurality of high-order data elements from the
first result with a plurality of high-order data elements from the second
result to generate a fourth result.

3. The computer system of claim 2, wherein the transposition routine
30 couses the processor to further perform the steps of:
interleaving a plurality of high-order data elements from the first row with



i 0 1202 within a first conputer system 1220 to which the canera

S coupl ed. For-—an enbodi ment in which the present invention
s W0 97/22938  npl emented in conjunction W th a vi deo crPOf/esssapissg '
application, the mmm'"m recei ving stage 1202 is
primarily an i nmage of the ﬂlmglﬁr of the first conputer
system 1220 i n conmuni cati on with a 15 operator of a renote
second computer system 1221. For an alternate enbodi ment in
whi ch the conputer system operator desires to, for : exanpl e,

edit, store, or otherw se manipul ate notion-picture or still-
notion video i mages, the output of a VCER-other video capture device,
anot her conputer system a CD-ROM or other laser disk is fed to the 20

tage 1202, ; At receiving
fﬂ? Lﬁ’%tfgj@f INgARtHEr dalSbRMents from the second row to

stage 1202, CI a nal from

camera 1200 |Q;9%Q"GF%§ Mf%f%@%?@@ﬂélﬂ% Rlyrality of low-0 e which
the canera lwmbmraewmhethetlfurse@nuwmnd wWs)e Or nore

processing, ro ) le, 25
B oress 00 i puBagiech phaiElot Hihnat e Seth SRiter B Rb Inh IonkAT
erodi rrent t aplyrality okhighcrder nat@eteim%mtsmmltbﬁ fetﬂrthnrﬁwrtp gengrrate
transferred i Alsixth @Sﬁ@%e%&dnﬂﬁe@hlt%ﬂsuﬁg 3 ﬁlh?alﬁ?@iffl@\h dteegessi ng
unit of the cg ut e 'st em Kg & g@nl zed such that each of
a plurality o g‘%e%' § fram H?%“i' ag M ¥stem nenory contains a 30
packed dat &\'\t&ﬁbaw@'@lpmmﬁwl‘ofddmldeem etdméhts fpomkibe fifth sesudt with
P e " a Py b RWRbiTer dltaB1bMBHEs R (he SikfiFReduiRE geridtate
PO/ US96/ 20438 seventh result; and
interleaving a plurality of high-order data elements from the fifth result
with a plurality of high-order data elements from the sixth result to
generate an eighth resutt. '

15 4. The computer system of claim 1, wherein the transposition routine is
implemented in accordance with a transformation of the data from:.a
frequency domain to a spatial domain.

5. The computer system of claim 1, wherein the transposition routine is
20 implemented in accordance with a transformation of the data from a
frequency domain to a spatial domain, and the transformation is an
inverse discrete cosine transform.

6. The computer system of claim 1, wherein the video signal isin a
25 Moving Pictures Expert Group (MPEG) standard format.
7. The computer system of claim 4, wherein the video signal is in a

Moving Pictures Expert Group (MPEG) standard format.

30 8. The computer system of claim 1, wherein the video signalisina
H.261 standard format and the transposition routine is implemented in



-“33- | exanpl e, for one enbodinent a 64 bit register
contains 8 bytes, each byte being asso dwth a
di fferent pixel, vanerel n the ' val ue of each byﬂg?)rug V3 s
one of 256 possible colors of assom ated pixel. A
Carger parette of ol ors ey be WMMINMBIMIIN *°°°'* croool et
which the 64 bit register contains £ wdrd8, ®r | 128 bit

regi ster contains 8 words, each word being associated with a different

pi xel . _ For one enbodi nent, two or nore separate data
el enents are used to defi nﬁsan [ nd| vi dual pixel. For
exanple, in a red-green-blue 10 (RGB) encodi ng schene, one data

elenent in a first packed data set defines the R value of a
pi xel ; anot her agcardsinseswith iateleeanferancing application.  packed data set
defines the G value of the sane pi er and a third data

elenment in_a thiyd packed data se es BBV | ue of..the sane.

pi xel . For9an e QrRRYter SYRigR g' Peﬁﬂ% %?%ﬁ@??"@?p@?‘?‘"fés

G oup (JPEG st mﬂwwﬂemduheaddwdagc@mttmaeeleenp&mr;ciagoappl(dmia@

stangdard is inplenmented, the encoding schene separates the

| um Bance of a pixel fromthe chrom nance of that pixel, storing the
data el emei0s r diveceamputes system of daiesé, wheraip dhe transposiiongutine is

sets. The lum ”%gibtﬁém%doihxﬁécdréaﬁ@éWiﬂ'ﬁatté%cﬁhfékeﬁ@ﬁigeapprca’ﬁbn
brightness, of the pixel while the chrom nance represents the col or of

t he pi xel. The human eye is nore tolerant to errors
tn col or tHan erA computer system comprisingbri ght ness. By separating the data

el eggnts whi C%n F@tesen Bbﬁgnsu}% a mlcrorPhonezgl' EHH@BC\ﬁmEh%Bﬁéﬁté@hﬁ

el ements whic € data el enents
representing | urdughe o8 V&QO Bi@nakide | arger than t he data

el ements 1 epr g3BedbrRiotplechty B8 Mpie Bevicler by ensur i ng
hi gher preci si

space used t o@sHQA9e ‘8&5 25?’6“%’3‘& %CA}P )s(%l?{a%q b%"ﬁ\&?&g’:&& tReérei o "©
enbodi ment, the dornpreission rhattinednelusling ausanspasitiasprewiing forumanipidatiog
o SO MG g b e s el avno
plurality o data elements associated with the audio or vndeo sngnal
the transposition routine, when executed by the processor, causes the |
processor to perform the steps of:
interleaving a plurality of data elements from a first row of the array with a
20 plurality of data elements from a second row of the array to generate
a first result;
interleaving a plurality of data elements from a third row of the array with
a plurality of data elements from a fourth row of the array to generate a
second result; and _
25 interleaving a plurality of data elements from the first result with a plurality

of data elements from the second result to generate a _third result.

12.  The computer system of claim 11, wherein the third result comprises a

plurality of low-order data elements from the first and second results,

30 and the transposition routine causes the processor to further perform
the step of interleaving a plurality of high-order data elements from the
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data el en®¥R 8722938 hat di fferent\@mi—on—al—ge{ithns can hecresséiofso |
conpress the | um nance and chr timzing each

al gorithmfor the type of data H,WM Not e
that in accordance with one enbbddiaent resent

i nvention, digital sanpling of the video signal is perforned. Sanpl i ng
of the video signal may be performed by an analog to digital converter
either within receiving stage 1202 or within canera 1200. In the sane
manner, reconverting a sanpled signal baghk-into an anal og signa

may be perforned by a digital to anal og converter. Analog to digital 10

and digital tof"@wédg.igl.taﬁ\ée?gna %@%Q‘?o‘r&&‘&éﬁ%’%@ﬂw&?{ﬂ%?ﬁégﬁc%g on

har dwar e, such as pr ocessors ware ru

a gener al purp"(?§é' gp genarate a R E8sUl.n order to avoid

unnecessarily obscuring the present invention, waveformsanmpling is

not descrjbed in tail. her n nt ere clar t al.l signals
I 9e5C12° Yo EBhhuter Sieqt Pholeltn 1L whBinTie fansaistiohabtine: ne.
Onc® the vi deccauspsdhelprocessor tetfurtber perfdemahe istepe of:onput er

system ”e”D'iMferléQﬁngaé ?Idrﬁln&s&' rﬁgﬁ-gﬁ@gr aéiacgfﬂ?ﬁ&ﬁ?:f%%@%stlw with

whi ch may inc ? essl
space. By occuBpitfgl %fn'&‘ghé?rdﬁéﬁ’éﬁ/e%%%ts frem W?oﬁ;ﬂ?oé‘ﬂgfw tas 20
nore easily nogehémte asfifth Askulothd L TE5LR eBniprisavE e plDEIgy bs 1dve-%ﬁdébat a
to nodify, st 0hiSa &b ern%n?[nng thé ﬁpslf'arn'dngeé %Sm% gcessi ng power and
10 interleaving a plurality of high-order data elements from the third row with
a plurality of high-order data elements from the fourth row to generate
a sixth result, the second result comprising a plurality of low-order
data elements from the third and fourth rows;
interleaving a plurality of low-order data elements from the fifth result with
15 a plurality of low-order data elements from the sixth result to generate
a seventh result; and -
interleaving a plurality of high-order data elements from the fifth result
with a plurality of high-order data elements from the sixth resuit to
generate an eighth result.
20
14.  The computer system of claim 11, wherein the transposition routine is
implemented in accordance with a transformation of the data from a
spatial domain to a frequency domain.

25 16. The computer system of claim 11, wherein the transposition routine is
implemented in accordance with a transformation of the data from a
spatial domain to a frequency domain, and the transformation is a
discrete cosine transform.

30 16.  The computer system of claim 11, wherein the video signal is
compressed into a Moving Pictures Expert Group (MPEG) standard



§ystem resources. As shown in Figure 12B, the video signal 1212,

stored in gisters of the conputer system is directe
conpr essi orr:‘eg?géé‘b%o& In the spatial domain—video signal 1 %536%39

represented by a waveformin which the 'anﬁul I tude of the signal is

I ndi cated by vertical displace ' m space is indicated by
hori zontal di spl acenent. nﬁ“‘“ﬂ“‘““l “ILHH* ‘or nmany conpressi on net hods
it is desirable to transforma * ¢ * " signal fromthe spati al

domain to anot her domain, such as the 30 frequency domai n,
before analyzing or nodifying the signal. After . vi deo si gnal
1212 is received at conpression stage 1203f1 the signal is
97/ 22938 PCT/ US96/ 20439
- 35- format. ¢ransformed fromthe spatial domain to the frequehcy
domain. In the frequency domain, the anplitude of a
particul ar fyequency conponent . e,.dJ. a sine or cosine wave)
of the ori g‘i%al lp%\égrnqr{,ge; pystent eficigim 14, wheregn tib V%e?e?'gf‘%la'ﬁ

di spl acenent whi ¢emplessieddnteeaMovihgeRicturés Supenc@rodp (MPEG) standas@nponent
of trga ori gi nal @in% | is indicated by horizontal

di spltfacenent. The video waveform 1212 is illustrated in the

frequency domain at step 1213 within conpression stage 1203.

fEl; 1; acgﬁgt gmn_sfvﬁa%briﬁme{ si’stéhﬂﬁﬁblafr?om,Wﬁér&ﬁﬁiﬂ@l/ide_@ éiarts%l isd 2 10
u y aonal n_1nvolves, .t ran Ln e ray.con I Nl n g..dat a
el enent s r epr eseFRTRPISEI 'Qf‘bﬁj'ﬁ'%%ﬂogagaﬁﬁf%ﬂqtﬁ"&f:&@r@%ﬂ%"%'?rﬁ
: routine is implemented in accordance with a teleconferencing
10 application.

19. The computer system of claim 11, wherein the transposition routine is
implemented in accordance with a teleconferencing application.

15 20. The computer system of claim 14, wherein the transposition routine is
implemented in accordance with a teleconferencing application.

21. The computer system of claim 11, wherein each data element is
associated with a different pixel from a corresponding array of pixels
20 of the video image.

22. The computer system of claim 13, wherein each data element is
associated with a different pixel from a corresponding array of pixels
of a video image.



sone JPEG MPEG and H. 261 standards, square subregions of the

_zideo ingng&@ﬁgﬁﬁally an 8x8 array of -pixels, are transfor nperpkedRosse
tthe spati a to the frequency donain using a discrete cosine
transform function. This 8x8 array of pixels corresponds to eight 15
menory regi sters, each containing packed data sets of eight data

el enents, each data el enent corresponding to the value (e.g. color,
brightness, etc.) of its associated pixel in the 8x8 array. To efficiently
transformthis array of data using the discrete cosine transform
function, the array is transposed using one of the transposition 20

t echni ques descri bed above. For exanple, Figures 8A and 8B

illustrate an efficient 8x8 array transposition nethod. For an alternate:
enbodi ment, other array sizes, such as 4x4 or 1 6x1 6, are selected as

t he subregions of the video inmage to be processed with a discrete

cosine transform For another apihpedi nent, other transform functions 25
are inplenmented such as, for exanple, a Fourier transform a fast

Fourier transform a fast Hartley transform or a wavelet transform

Once transfornmed into t n, individual '

frequency conponents of [tjhe szgnal cal bgd selestiyely—analyzed, .
attenuated, anplified, or dié% ded. E | tleni ng i s]aftechni quen N which 30
certain frequency conmponents b a sijgaal |ate mpdlﬁied>tEy del €cti ng
an appropriate filter fdn ti(ﬁ1’5n'any Nhi E}ﬂr& wel € drpun, ¥whi ch
WD 97/ 22938 Lo < g+ a2l ©
PCT/ US96/ 20439 = O ~ o ae E - 36-
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degradi ng the appearance of the video imge, the video signal is

t hereby cowgy#me6ss because there are fewer frequency conponemCIAUS6/20439
whi ch define the video inage. Filtering of frequency conponents of 5
the video signal in this manner is inplenented at step 1214 within

conpressi on stage 1203. Each frequency conponent of
the waveformis multiplied by an associ ated coefficient of a
| ow- pass filter function, or, where the associ at ed
coefficient is O, the frequency conponent is sinply not 10

calcul ated as part of the transformfunction. As illustrated in Figure

12B, a |lowpass filter elininatézl%r att enuat es hi gher frequency

conponents of the waveform allow ng | ower frequency conmponents

to pass through. Hi gher frequency conponents are frequencies

above a predetermned limt (referred to as the "cutoff frequency"” in 15
sone applications), while | ower frequency conponents are

frequencies below this predetermned limt. Not e t hat
frequency conponents of a waveform can be mani pul ated in the
frequency domai n using other technéqiues in accordance with
ot her enbodi nents of the present i &ention. For one 20

enbodi ment, an audi o waveformtra jitted by m crophone 1201 is

anal yzed and mani pul ated in a siMIém’ manner by conputer system
1220. For exanpl e, upper harnoni c =Rl s of audio waveforns in
the frequency domain are conducted‘fn acc ance with yoice

recognition applications. As anot} exenpl e \{ he harn®&nic spectrum 25
of audi o waveforns are nodul ated @werfNti to iM\{ate hhe sounds of
voi ces, sound effects, or nu@ cal [raqdt nNymentg. In ugqtion with
sound transmi ssion or storagGSpgltani ohs, t audi o|wayeformis
conpressed by filtering techﬁfﬁue%.o -1 Video images can
be simlarly mani pulated in the figﬁJenc 3 S _ldofBiyr to do nore
than nerely conpress the video dafa® |For quxﬁhgﬁk, for one
enbodi nent of the preseqs-inventiJub a hi gh\pas

2 o o N

@ = © o

2 - i

L - 3

2 sl 2

g - L
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Source
B

204~{hy g, f;(e|dy]|Cy|Dy|ay
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filter is applied to a video signal in an edge detection technique. A

hi gh-pass filter elimnates or attenuates |ower frequency conponents

of the signal, allow ng higher frequency conponents to pass through.
Because sharp, high-contrast edges of a video inmage generally 5
correspond to high frequency conponents of the associated video

signal, a high-pass filter will isolate these edges. This techni que nmay

be found useful in notion anﬂ%} ge detection -and recognition
applications. Also, this tec Hgﬁe may be found to have applications

in. predictive vector quantization conpression in which the notion of 10
boundaries in consecutive franes WhpackboiwnWard(LW)e vi deo signal are
tracked and predicted t SoyE@@rat e successive i mages. Source

For one enbodi ment of the¥Present invention, after the \yggeo :
signal is filtered, the_sitpal is reconverted back into yhe spatial domain
by appl yi ng an i nvggg<] t, desflay pd o]t he dat a. ef@at Lvdlyy, Lt signal 15
remains in the frequen"yﬁrniriﬁpﬁnﬁris transfoﬂgéﬂlgggﬁoig%b~T$§§

spatial domain during the deconprelsi on stage, as des¢fib bel ow.

Turning back to Figure 1 2B, not\e that the high freguency conponents

have been renoved from signal 12 at\ step 1214. Resoval/ of these

hi gh frequency conponents fromtheg origi nal video/Sign does not 20
significantly degrade picture qual Nty. \n genergl, nore a signal is
conpressed, the greater the | oss of\inmag& fidelAty.
human eye is nore sensitive to errorg in m Aance fhan in

chrom nance, as stated above, the chrpm na portfon of the video
signal is nore highly conpressed thanyhe 1 hagCe portion

b,y [bg ay|3g 305

Result

Figure 3A %

306 304 307 303

u 305

-

Result

Figure3B *®
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25 In addition, in accordance with sone JPEG MPEG and

other . Ww09722938 vVvideo conpression nethods, differing dedPEPUSH20439
conpr essi on may be ' applied to different regions of a video
imge to gain nore conpression in those regions requiring

| ess image detail, and |ess conpression in those regions
requiring nore detail. For an 30 enbodi nent in which i mage
quality is not of the essence, such as, for exanple, in a
vi deo conferencing application using, for exanple, an WO

97/ 22938 PCT/ US96/ 20439
- 38- H. 261 conpression algorithm high conpression with
| ower frane ratésli s appropriate. H gh conpression is
appropri ate because a user generally need only be able to
di scern the face of the speaker, w thout intricate detail.
Lower frane rates are appropriate because thereis 5 likely to

be little nmovenent of objects in the video i nage. One way of
achi eving higher conpression is to sinply narrow the | ow pass filter
function applied to the video signal, thereby renoving nore higher

frequency conponents. Addi ti onal conpression is
achi eved by truncating the precision 10 of the data and then
using a coding schene to store repetitious terns in an

efficient manner. In accordance with one MPEG standard,
addi tional conpression is achieved by matching simlar arrays of
pi xel s in successive frames, and encoding only the differences or

s Unpack High Word (HW)
ource
401 Source
\ 7
404-\.d1 Cy b1 a, do Co bo a, ~403

Result
402

Figure 4



i nterpol ati ons between frames. By conpressing the video signal in 15
thi s manneivo 2938 gnal will occupy a smaller anount of spacediise20439
menory. After conpression, the signal is stored, displayed, and/or '
transmtted in the spatial or frequency domain at step:. For exanple, in
accordance with the enmbodinent illustrated in Figure 12A, after the
video signal is conpressed in conpression stage 1203, the signal 20
enters transm ssion stage 1204 which transmts the conpressed vi deo
signal to the receiving stage 1207 of a second conputer system 1221.
Because the video signal is conpressed, the bandwidth required to
transmt the signal fromtransm ssion stage 1204 to receiVving stage

1207 is greatly reduced, perm s¢iag, for exanple, phone lines to be 25

used for the transm ssion. For one enbodi nent of the present

invention, in addition to transmtting the video signal, the video sign
is encrypted at transnission sta J@a.c b.1la _ Upon
recei ving the conpressed video s?‘g’r-l\éll Oxt @ bcRivPrg|st age

1207, the data associated with tnq\sjﬂggi1 b1|eqce into conputer 30
system nmenory. In addition, if the \ stgnal iIsigpgrypted, it is

al

decrypted here. At deconpressi onfgrdge [19PBP,{ Bg |signal is WO
97/ 22938 ' PCT/ US96/ 20439
- 30- deconpr esseBapy 98 |ies [Bal | Radl {idi ng, for exanpl e,

appl ying an i nverse transtrormrtothe data to translate the

signal back into the

to=Unpack LW RyR; = | b, |b, a, |ag
t, = Unpack LW RyR, = bs|b,|a, a,

Vo =Unpack LD t, t, = azlazlaq|a,

V, =Unpack LD t, ty= |cgfcylcy|Cy

Figure 5



spatial domain. This assunes the signal has been transmtted in a

conpr essedwbarme3si n t he frequency domain from conputer syst PET/USI6/20439
1220. For an enbodi nment in which the conpressed video signal is
transmtted in the spatial domain, application of an inverse transform
during the deconpressi on stage nmay not be necessary. However,
deconpression of an audio or video signal may be nore easily
acconplished in the frequency donmain, requiring a spatial domain 10
signal received by deconpre%§ {on stage 1208 to be transformed into

the frequency domai n for deconpression, then back into the spati al

domai n for display. For many enbodi nents of the

present invention in which either transformation, inverse

transformation, or both are required for 15 deconpression of a

vi deo signal, transposing the array conprising the7 menory
oti ated

with the video signal is an inpor ant °dt & s oving the efficiency
of the deconpression. This transBqsi ﬂ|1 4 @bapljp i shed using one

of the array transposition techn‘:z lFJiS gesef ‘u a—3bogeo 20

.Once deconpressed, the signal is Ffef R | 82 qi 5pl ay st age

1209, which may conprise a video CYRAR and the i mage

i s displayed on display device 15 8di \Ffih é3 eghni que, a user at
conputer system 1220 can transmt a video Image 10 conputer system
1221 for viewng at the second conputer termnal. ln _addition, audio 25
information gathered bytd”&unndwrle\l\!lﬂgﬁfan[bg £ aﬁc and
transmtted by conputer system 1220 to corrptu.t.e.r 01221, with

pl ayback available fro I mrgriTyTcoTpOtyr system

1221 may have simlar v m%@%&ﬁa@@lgﬁ'ﬁaﬁsﬁ 4ion %Iapﬁbi lities (not
shown), allowi ng display and audi o playback onm ars Y- aevice 1206 30

a
and speakers 1205, respect vel ute. systemIp26q In this
manner, applications sutczh' Hﬁé@v gmf EMag C2hbolled.

regi ster rows and packed data el gnang cq;l ulrmqsJ a
b

‘13=Unpack HW R, R,

n
Q
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b
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-
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Vo=Unpack LW t,t; = |calc,|cy Co
V= Unpack HW trty = d3 d, d, dy
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Vo~Jd.,id,|d,|d
3 3 2 1 0 y




WD 97/ 22938

PCT/ US96/ 204, PCT/US96/20459
I'n the for(e)‘go%?gr.{gzgsgeci fication, the invention has been described

with reference to specific exenplary enbodiments thereof. It wll,
however, be evident  that various nodifications and changes nay be

made thereto wi thout departing fromthe broader spirit and scope of 5
the invention. The specification and drawi ngs are, accordingly, to be

regarded in an illustrative rather than a restrictive sense.
WD 97/ 22938 7/13

- PCT/ US96/ 20439 -41--
CLAI M5 What is clainmed is: 1. A conput er system
conprising: 5 a nmultimedia i nput device which generates an audi o or

vi deo signal;

$700

' | Rz-q d2 C, b2 a,

ty=Unpack LW R,Rg= |bgbylag]a, .

t,=Unpack LW R;R, = |b;ibj|a,}a,

Vo=Unpack LW t, t5= [agja,|a,|a,

Shift Right t, = by [bs

701

Figure 7



a processor coupled to the nultinedia input device; a storage
devi ce couwoesho3st he processor and having stored therein a PCF/US96/20439
deconpression routine including a transposition routine for '
mani pul ating data el enents in transposing an array of n rows, each 10

row having a plurality of data el enents associated with the audio or
video signal, the transposition routine, when executed by the

processor, causes the processQr . to performthe steps of:

interleaving a plurality of dgfla3 el ements froma first row of the array
with a plurality of—data elepents froma secqond row of the
array to generate 15 aRpie b [slifg1eq [ dg [ Co | By [ BGLel | eaving a
plurality of data elenments from.a thHd—+pw—si—itho—tartify—ii : .
a plurality of data elements frBarabyd@shtyo®yddqt|ey a51£91t0 generate a

L

second result; and LNt erdavi g e pitur i ty—ot—ddt a4 el enent s
fromthe first result with a plURa h’n’y %’2 €2 dZ "ltﬂf '&aiazel ments from

the second result to generate agthi e SPkT Z The conputer
systemof claim1, wherein the R (?%rgé.l ?3 &3 s P3| @

plurality of low order data el egent ,firgyr fp,efti it qnabyaagrd ngults,
and the transposition routine callsés—t Lesdor o furth 'J erfoorm 25
the step of interleaving a pl uralsi\tiﬁscfgglh dbiesqaks (i el 8ggnts fromthe
first result with a plurality of "hi “:. or-d n Het-a—eHetrrept-st++4qmjt he second
result to generate a fourth resBgy 6|95 | T6|®g| 96 || Ropfatle system of
claim2, wherein the transpositxon | kKouid Ngs3P cquges the
processor to further performthe7s g‘std(ﬁff" ®7]97]%7 ??ﬂ g?le ving a
plurality of high-order data elenments fromthe first row with

WD 97/ 22938 '

PCT/ US96/ 20439 to = Unpack LB RyR, = id,{dglc,lecy|b,[bg{a,{a,

t, =UnpackLB RyR3= |da|dy|cqlCy|by b,las|a,

t, =UnpackHB RygRy = "h, |hy|9,180]| f1| fol®1]®@o

t5 = Unpack HB R,R; =

tg =Unpack HB R,Rg = h5 hylg519,41 f5| fales| @4

t, =UnpackHB R R, = |h,1h|0,|gg| f,| fgles es'

u,=Unpack LW t, t,
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-42- | a plurality of high-order data el enents fromthe

second oWy generate a fifth result, the firy M”
conpri sing a pTura?lty of | ow order data el errents omthe
first and second rows; : interleaving a plurality of high-order
data el ements fromthe third row with 5 a plurality of

hi gh-order data elenments fromthe fourth row to generate a
sixth result, the second result conprising a plurality of |ow order

data el ements fromthe third and fourth r ows; interleaving a

plurality of loworder data el &ehts fromthe fifth result with
a plurality of Iow—order data elenents fromthe sixth result to generate 10

a seventh result; er | EgVimg At or der
data el enents from ﬂe‘f‘ P?ﬁkresult’t'nlt = ? r} a' tgt+13 h- Rl Gnalqgt;'[/ of -
hi gh-order data elements fromthe sixth [€S —gener at e

an eighth result. 3= Unpack LWhagcinmul é; :fgrin h tf| &) hep e, [Wef ein the
transposition routine is Pad ln SEcBidAncéd hith a

transformati on of the [ a : e i 0 a
spatial donain. us-qﬂ\@k HWhe‘*ctcinﬁut'éG Egspemhmflgss 55;1 g, %ei n the

transposition routine is 20 D] enent rmaccordarce=with a
transformation of te=dinpadk HWatg t, hy |hg|bs fhr4e(g|7engg ggrrg4n to a
spatial domain, and the transfor rratlon [ Faverise

di screte cosine transform 6. The conmputer_system of claim1,

n
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30 8. The conputer systemof claim1l, wherein the video signal is in

a 3‘,097,2293@ 261 standard format and the transpositi onPC‘!WSPﬁENB%
i'npl emrent e WO 97/ 22938

PCT/ US96/ 20439 - -43-
accordance wth a tel econferencing application. 9. The conput er

systemof claim1, wherein thg/transposition routine is

i npl emented in accordance with a tel econferencing application. 5

10. The conputer systemof claim4, wherein the transposition routine is

I npl emented in accordance with a teI ecpntere ng application. _
11. A conputer system conprising: 10 w I nput device conprising a
m crophone or canera which generat es an audi o or video

si gnal ; a proces +hCE; a
st orage devi ce coupl ed to the procemﬁsﬁﬂsﬁﬁ\ﬂ storeq therein a
conpression routine including a RE@%EB&MWQ%‘(H A i o
e

D

mani pul ati ng 15
data el ements in transposing|aR t GONTAINING A BAGKER

havi ng a
plurality of data elements adRATASEH AND FACHPAGKERDATA L deo signal ,
SET DEFINING ONE OF ROWS

R(0) TO R(n-1) OF AN ARRAY
900

Y

INTEREAVE R(0) WITH
R(1) AND STORE THE
RESULT AS X

801

A 4

INTERLEAVE R(2) WITH
R(3) AND STORE THE
-RESULTAS Y

902

Y

INTERLEAVE X WITH Y
AND STORE THE
RESULTAS Z

903

Y

CONTINUE INTERLEAVING
UNTIL THE ARRAY
IS TRANSPOSED

904

Figure 9




-

the transposition routine, when executed by the processor, causes the

processor Qﬁf%mt'he steps of: interleaving pdsedhodzy of

data el eneMQ7¥FM a first row of the array with a 20 pl urallty
of data elenments froma second row of the array to generate

a first result; interleaving a plurality of data elenents from
a third rowof the array with , a plurality of data el enents

froma fourth row of the arraylit/a3generate a second result;
and 25 interleaving a plurality q elements fromthe first

result with a plurality

STAREL
result to generate a third result. .

claim1ll, wherein the third result conpri ses a

el enents fromthe second
The conputer system of
plurality of

| ow- order data el enents fromtm%éégssl\ Q%ﬁﬁﬁﬂ&%‘l‘éﬁ?' s, 30

and the transposition routing fyrther perform
the step of interleaving a pl ural |éyzo§egﬂgiﬁ§£§ ajel ements fromthe
WO 97/ 22938 CONTAINING A PACKED DATA

PCT/ US96/ 20439 SET, AND EACH PACKED DATA -44-
first result wth a plurality ofSeT GEFININGCONE@FR@VSTENfSs fromthe second
result to generate a fourth rlesuR{o)TO R(n-1) OF ANBARRAMe cpnput er system of
claim 12, wherein the transpgsition routijoge 5 couses the
processor to further perfor mY-re——sieama—i=

y

INTERLEAVE R(0) WITH
R(n/2) AND STORE THE
RESULT AS X

1001

4

INTERLEAVE R({n/4) WITH
R(3n/4) AND STORE THE
RESULT AS Y

1002

Y

INTERLEAVE X WITH Y
AND STORE THE
RESULTAS Z

1003

N

CONTINUE INTERLEAVING
UNTIL THE ARRAY
IS TRANSPOSED

1004

—
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interleaving a plurality of high-order data elenents fromthe first row

Wth wo9e3s @ plurality of high-order data el enents fRHU$6204¥cond
row t o generate a fifth result, the first result conprising
a plurality of |ow order data elenents fromthe first and
second rows; 10 interleaving a plurality of high-order data el ements
fromthe third row with a plurality of high-order data

el ements fromthe fourth rowto generate a sixth result, the
second result conprising a plyrality of | ow order dat a

el ements fromthe third and %8P th rows; interleaving a

plurality of |oworder data elenents fromthe fifth result with 15
a plurality of loworder data elenents fromthe sixth result to generate

a seventh result; and i nter i a plurality of high-order
data elenents fromthe fifth result START with a plurality of

hi gh-order data el enents fromthe sixt to generate
an eighth result. 20 14. The conguter system of claim 11, wherein
the transposition routine is TP EMENteq i n accordance with

a transformation of the data ffomAECESS APLURALITY OF5n5di 4l domain to a

. I . .
frequency donmin. 25 15 E@ﬁ%@%gg@ﬁﬁg{sgz claim 11, wherein

the transposition routine is ACKED DAT in accordance with

a transfornmation of the data f 0 H PACKED DATA SET P2l al domain to a
frequency domai n, and the tran:,B NGH'ROW SF AN ARRAY di screte
cosine transform 30 16. e conputer systemoff claim1l, wherein
the video signal is conpre i ving Pictures Expert
G oup (MPEG standard WO 97/ 22938

PCT/ US96/ 20439
INTERLEAVE AN ith ROW
WITH A Jth ROW OF
THE ARRAY TO GENERATE
A FIRST RESULT

1101

Y

INTERLEAVE A Mth ROW
WITH A Nth ROW OF
THE ARRAY TO GENERATE
A SECOND RESULT

1102

Y

INTERLEAVE THE FIRST
RESULT WITH THE SECOND
RESULT TO GENERATE
A THIRD RESULT

1103

A

CONTINUE INTERLEAVING
UNTIL THE ARRAY
IS TRANSPOSED

1104

4
END

Figure 11



- 45- format. 17. The conputer system of claim 14,

wherei n th d’?ﬁ% ignal is ' conpressed into a quygmgures
Expert G oup [ Eﬁs standard 5 format . 18. The

conput er systemof claim 11, wherein the video signal is
conpressed into a H 261 standard format and the transposition
routine is inplenmented in accordance with a tel econferencing 10

appl i cation. 19. The conputer systemof claim 11, wherein the
transposition routine is i npl emented in accordance with a
tel econferencing application. 15 20. .The conputer system of claim 14,
wherein the transposition routidélls I npl enmented in
accordance with a tel econferencing application. 21. The conputer
system of claim 11, wherein each data elenent is associ at ed
with a different pixel froma corresponding array of pixels 20

of the video imge. g 22. The conputer system of claim 13, wherein

eassociated with a different pixel from

a corresponding array "o of a video inage.

each data elenent is & '
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