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1. FIELD OF INVENTION
" In particular, the invention relates to the field of computer systems. More
specifically, the invention relates to the area of packed data operations.

ERATI NG ON PACKED

ion relates to -

2. DESCRIPTION OF RELATED ART

In typical computer systems, processors are implemented to operate on
values represented by a large number of bits (e.g., 64) using instructions that
produce one result, For exémple, the execution of an add instruction will add
together a first 64-bit value and a second 64-bit value and store the result as a
third 64-bit value. However, multimedia applications (e.g., applications targeted
at computer supported cooperation (CSC -- the integration of teleconferencing
with mixed media data manipulation), 2D/3D graphics, image processing, video
compression/decompression, recognition algorithms and andio manipulation)
require the manipulation of large amounts of data which may be represented ina
small number of bits. For example, graphical data typically requires 8 or 16 bits
and sound data typically requires 8 or 16 bits. Each of these multimedia
application requires one or more algorithms, each requiring a number of
operations. For example, an algorithm may require an add, compare and shift
operation.

To improve efficiency of multimedia applications (as well as other
applications that have the same characteristics), prior art processors provide
packed data formats. A packed data format is one in which the bits typically
used to represent a single value are broken into a number of fixed sized data
elements, each of which represents a separate value. For example, a 64-bit

. register may be broken into two 32-bit elements, each of which represents a
separate 32-bit value. In addition, these prior art processors provide instructions
for separately manipulating each element in these packed data types in parallel.
For example, a packed add instruction adds together corresponding data elements



and sound data typically requires 8 or 16 bits. Each of these nultinedia
application requires one or nore algorithns, each requiring a nunber of
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ogerati on. ' To.i nprove efficiency of nultinedia applications
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prior art processors provide packed data formats. A packed data
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programmer must unpack both the first packed data and the second packed data

(i.e., separate the elements comprising both the first packed data and the second
packed data), add the separated elements together individually, and then pack the
results into a packed result for further packed processing. The processing time
required to perform such packing and unpacking often negates the performance
advantage for which packed data formats are provided. Therefore, it is desirable
to incorporate on a general purpose processor a set of packed data instructions
that provide all the required operations for typical multimedia algorithms.
However, due to the limited die area on today's microprocessors, the number of
instructions which may be added is imited.

One general purpose processor that contains packed data instructions is
the i860XP™ processor manufactured by Intel Corporation of Santa Clara,
California. The i860XP processor includes several packed data types having
different element sizes. In addition, the i860XP processor includes a packed add
and a packed compare instruction. However, the packed add instruction does not
break the carry chain, and thus the programmer has to insure the operations being
performed by the software will not cause an overflow -- i.c., the operation will
not cause bits from one element in the packed data to overflow into the next
element of the packed data. For example, if a value of 1 is added to an 8-bit
packed data element storing "11111111", an overflow occurs and the result is "1
00000000". In addition, the location of the decimal point in the packed data
types supparted by the i860XP processor is fixed (i.e., the i860XP processor
supported 8.8, 6.10, and 8.24 numbers, where an i.j number contains the i most
significant bits and j j bits after the decimal point). Thus, the programmer is
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limted as to the values that may be represented. Since the i 860XP
pgocessor supports bnly these two instructions, it cannot perform
many of the opwo3bigs0s required by nultinmedi a al gori t PORUSSE10E93 -
packed dat a. Anot her general purpose processor that supports
packed data is the MC88110[ err] processor manufactured by Mdtorol a,
Inc. The MC88110 processor supports several different packed data
formats having different size elements. In 4 addition, the set of
packed instructions supported by the MC88110 processor I ncl udes a
pack, an unpack, a packed add, a packed subtract, a packed multiply, a
packed conpare, and a packed rotate. The MC88110 processor
pack command operates by concatenating the (t *r)/64 (where t is
the nunber of bits in the elenents of the packed data) nost

significant bits of each ofﬁ-he—e-l—enfeﬁt-s—ﬁﬁ—kﬂ-ﬂ-st—r@s-t-er—pﬂ to
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rotated left by r bits. The tall e of supgorted values for t &r, as well as

an exanple of the omergtor30ftHis—Pprstruction, are shown in
Tables 1 and 2 bel ow. Ao Co Second
‘g 16 0.95 | Register

r ¢
8 X x 4 // 16 X2 4 g
32 4 8 16 = undefined aperation
Table 1 / ‘/‘//

Third
Ag. CO, Go, . BO Register
Pair
Table 2

This implementation of a pack instruction has two disadvantages. The
first is that additional logic is required to perform the rotate at the end of the
instruction.

The second is the number of instructions required to generate a packed data
result. For example, if it is desired to use four 32-bit values to generate the result
in the third register (shown above), 2 instructions with t=32 and r=32 are

required as shown below in Table 3.
ppack Sourcel,Source2
AQ. AQ Co. .Co Sourcel
X X p 3 X Source2

X x AQ, Co. Resultl
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This i nplenentation of a pack instruction has two di sadvant ages. The

first is that additional logic is required to performthe rotate at the end

of the WO 97/08608 " PCTUS96M1893 -
5.
» _ .
ppack Resultl ,Sourc§3
. Go. .Go Bo. | B Result1
— T % ] somees
Ao, | . | Go. | Bo |Resum
Table 3

The MC88110 processor unpack co_mmand Operates by placing 4-, 8-, or 16-
bit data elements from a packed data into the lower half of data elements that are
twice as large (8, 16, or 32 bits) with zero fill - i.e., the higher order bits in the .
résﬁlﬁng data elements are set to zero. An example ‘of the operation of this
unpack command is shown below in Table4.

_ First Register Pair
1 00101010 | 01010101 § 01010101 | 11111111 | 10000000 |01110000 '-moomﬁlooolooo
7 6 5 4 3 .2 1 0

__Unpack i
_ __Second Register Pair
00000000 10000000 { 00000000 01110000 | 00000000 10001111 | 00000000 10001000
3 . 2 i " Y B 7

Table 4

* The MC88110 processor packed multiply instruction multiplies each
element of a 64-bit packed data by & 32-bit value as if the packed data
represented a single value as shown below in Table 5.



I nstruction. The second is the nunber of instructions required to

generate a packed data result. For exanple, if it is desired to use
four 32-bit values to generate the result in the third register
(shown above), 2 instructions with t=32 and r=32 are required as
shown bel ow i NWe708608 . ppac RCT/USY6/11893 -
Sour cel, Sour ce?2 AO. ' . A0 C0. 0
Sour cel X X ) X X

Sour ce2 X X AO. C0.
Resultl - WO 97/ 08608 -6
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ppack Resultl, Source3 Q0. Q0 BO

. BO Resul tl X X AO.

CO. Sour ce3

63 48 47 32 31 16 15 0
00 Ta; Joo TRy {00 1G |00 !By [rS1uS1H1

00 | 00 | 00 | Ax [rS2

a; XAx | R X Ax | G1 X Ax | B1 X Ax |rDaD+l

Table 5

This multiply instruction has two draw backs. First, this multiply
instruction does not break the carry chains, and thus the programmer must insure
that the operations performed on the packed data do not cause an overflow. Asa
result, the programmer is sometimes required to include additional instructions to
prevent this overflow. Second, this multiply instruction multiplies each element
in the packed dara by a single value (i.c., the 32-bit value). As a result, the user
does not have the flexibility to choose which elements in a packed data are
multiplied by the 32-bit value. Therefore, the programmer must either prepare
the data such that the same multiplications are required on every element in the
packed data or waste processing time unpacking the data whenever a
multiplication on less than all of the elements in the data is required. Thus, the
programmer could not perform multiple multiplications using multiple




AO. CO. Q0. BO. Resul t 2

Table 3 The MC88110 processor unpack cormmand operates by

pl acing 4-, 8-, or 16- bit data elements froma packed data into the
| ower hal f of data el emants that are twce as large (8, 16, or 32 _
bits) with z .e., the higher order bits in the resultlng
dat a el enent ?LQ?;M to zero. An exanple of the operation SFT§PaL 1893
unpack conmmand is shown bel ow in Tabl e 4.

First Register Pair 00101010 01010101 - 01010101 111211111 10000000
011100000 10001111 10001000 7 6 5 4
3 2 1 0 - ' Unpack
Second Regi ster Pair 00000000 10000000 00000000 01110000 00000000

10001111 00000000 &Qﬁﬂﬂu@?ﬂ parallel. Forexamplc,tomulnplytogctl?terelghtmff tgecesgf

- The MC881 10 pr oce<28 e35hope WoRd fops: wm&wmﬁawwﬂp&moma@se;eﬁh
el ement of a 64- bi topemtitreshultiplyingpiwoewdds it a time leffectively wastihgdqualikesdindlat a

represented a singlgrcififlyWeedtor Bt iiBhe? Blaf WitlsikeekAP! € 5. WO 97/ 08608
PCT/ US96/ 11893 4 s _
The MCB8110 processor packed compare instruction compares

corresponding 32-bit data clements from a first packed data and a second packed
data. Each of the two comparisons may return either less-than (<) or greater-
than-or-equal-to (2), resulting in four possible co_thbinations. The instruction
returns an 8-bit result string; four bits indicate which of the four possible
conditions was met, and four bits indicate the complement of those bits.
Conditional branching on the results of tlrxis'insﬁ?u(':tion can be implemented in
two ways: 1) with a sequence of conditional branches, or 2) with a jump table.
A problem with this instruction is the fact that it requires conditional branches
based on data to perform functions such as: if Y>A then X=X+B else X=X. A
pseudo code corhpiled representation of this function would be:

COMPARE YA

BRANCH if the conditional flag mdlcatcs Y<A

ADDX,B

New 'mic'roprooes_sors try to speed up execution by speculatively predicting
where branches go. If a prediction is correct, performance is not lost and there is
a potential for a gain in performance. However, if a prediction is wrong,
performance is lost. Therefore, the incentive to prédict well is great. However,
branches based on data (such as the one above) behave in an unpredictable way
that breaks the prediction algorithms and results in more wrong predictions. Asa
result, use of this compare instruction to set up conditional branches on data
comes at a high cost to performance. :

The MC88110 processor rotate instruction rotates a 64-bit value to any
modulo-4 boundary between 0 and 60 bits. (See Table 6 below for an example).
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Table 5 This multiply instruction has two draw backs. First,

this multiply i nstructi on does not break the carry chains, and thus

t he programmer nust insure - that the operations perforned on the
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63 56 S5 48 47 40 39 3231 24 23 16 I15 8 7 0
Pa Py Pc g Py

¢ Py Pe Pe Py Py, P, Py,
Table 6
Since the rotate instruction causes the high order bits that are shifted out of the
register to be shifted into the low order bits of the register, the MC88110
processor does not support individually shifting each element in a packed data.
As a result, programming algorithms which require individually shifting each
element in a packed data type requires: 1) unpacking the data, 2) performing a
shift on each element individually, and 3) packing the results into a result packed
data for further packed data processing.

SUMMARY OF THE INVENTION

A method and apparatus for including in a processor a set of packed data
instructions that support the operations required by typical multimedia
applications is described. In one embodiment, the invention includes a processor
and a storage area. The storage area contains a number of instructions for
execution by the processor to manipulate packed data. In this embodiment, these
instructions include pack, unpack, packed add, packed subtract, packed multiply,
packed shift, and packed compare.

The processor packs a portion of the bits from data elements in at least
two packed data to form a third packed data in response to receiving the pack
instruction. In contrast, the processor generates a fourth packed data containing
at least one data element from a first packed data operand and at least one
corresponding data element from a second packed data operand in response to
receiving the unpack instruction.
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shift instruction. -
- The processor separately compares in parallel corresponding data
elements from at least two packed data according to an indicated relationship and
 stores as aresult a packed mask in a first register in response to receiving the

packed compare instruction. The packed mask contains. at least a first mask
element and a second mask element. Each bit in the first mask element indicates
the result of comparing one set of corresponding data elements, whilé'each bit in
the second mask element indicates the result of comparing a second set of data
elements.

The invention is ﬂlusn'ated by way of example, and not hmnanon, in the
figures. Like references indicate similar elements. . -
Figure 1 ﬂlusuates an exemplary computer system according to one
embodiment of the i invention. o _
Figure 2 illustrates a register file of the processor according to one
embodiment of the invention. :
Figure 3 is a flow diagram ﬂlnsu'anng the general steps used by the
processor to manipulate data according to one embodiment of the invention.
_ Figure 4 illustrates packed data-types acco_rding 10 one embodiment of the
. invention. - R
_ Fzgnre 5a iflustrates i m—regxster packed data nepresentanons according to one
. embodiment of the invention. -



Condi tional branching on the results of this instruction can be inplenented

I h two ways: 1) wth a sequence of conditional branches; or 2)
with a junp table. A problemwith this instruction is the fact

that it requires conditional branches based on data to perform
functions suchweo7osdes Y>A then X=X+B el se X=X. A ps epefusSsesdssos
conpil ed representation of this function woul d be:

COVWPARE Y, A BRANCH i f the conditional flag indicates
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97/ 08608 Figure 6b illustrates a second control signal format for indicating the use of
PCT/ US96/ 11893 packed data according to one embodiment of the invention. )
PACKED ADD/SUBTRACT
Figure 7a illustrates a method for performing packed addition according to
one embodiment of the invention. -

Figure 7b illustrates a method for performing packed subtraction according
to one embodiment of the invention.

Figure 8 illustrates a circuit for performing packed addition and packed
subtraction on individual bits of packed data according to one embodiment of the
invention.

Figure 9 illustrates a circuit for performing packed addition and packed
subtraction on packed byte data according to one embodiment of the invention.

Figure 10 is a logical view of a circuit for performing packed addition and
packed subtraction on packed word data according to one embodiment of the
invention. :

Figure 11 is a logical view of a circuit for pafonmng packed addition and
packed subtraction on packed doubleword data according to one embodiment of
the invention.

PACKED MULTIPLY

Figure 12 is a flow diagram illustrating a method for performing packed
multiplication operations on packed data according to one embodiment of the
invention.

Figure 13 illustrates a circuit for performing packed multiplication
according to one embodiment of the invention.
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data for further packed data processing.
' A mat hod and apparatus for

including in a processor a set of packed data i nstructions that

support the oper at I-on ti medi a appl ications
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invention.

PACKED SHIFT

Figure 16 is a flow diagram xllustratmg a method for performing a packed
shift operation on packed data according to- one' embodzment of the invention.

Figure 17 illustrates a circuit for performmg a packed shift on individual
bytes of packed data according to one embodlment of the invention.

PACK S

" Figure 18 is a flow diagram illustrating a method for performing pack
operitions on packed data according to one embodiment of the invention.

Figure 19a illustrates a circuit for performmg paclc operations on packed
byte data according to one embodiment of the invention.

Figure 19D illustrates a circuit for performmg pack operations on packed
word data according to one embodiment of the mvenuon

UNPACK S

Figure 20 is a flow diagram illustrating a method for performing unpack -
operations on packed data according to one embohiment of the invention.

" Figure 21 illustrates a circuit for performing unpack operations on packed
data according to one embodiment of the invention.

POPULATION COUNT o

Figure 22 is a flow diagram illustrating a method for performing a
population count operation on packed data according to one embodiment of the
invention.

Figure 23 is a flow diagram illustrating a mcthod for pcrformmg a
population count operation on one data element of a packed data and generating
a single result data element for a result packed data according to one embodiment
of the invention.
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cont ai ni ng at | east one data elenent froma first packed data
operand and at | east one . correspondi ng data el enent froma second
packed data operand in response to recei ving the unpack
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The processor separately adds together in parallel corresponding data

el ements fromat |east two packed data in response to receiving the packed

add : I nstruction. In contrast, the processor separately subtracts
I n parallel correspondi ng data el enerl®s fromat |east two packed
data in response to recei ving the packed subtract instruction.
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data el ements from agml[ ta hiin RGK Gidnd liPelbledie MBI 1b Bnd EEBOMMER Jf i
packed mul tTply_ Ins he processor

separately shifts i nifygntgn o each of the data elenents in a
packed data operand by PiguteR illasvatesadeniled cirovitfmopesforhing & populatiorocouhe

packed shif ?! D5 i neS€parately
conpares in parall el orrespongl ng gamdemntofapackepggnﬁ%rﬁo?:?iﬁ%m A | east two
packed data accor di ngmbedimgntol hedayedsion-e| at i onshi p and stores as a

result a packed mask i nPACKED LOGICGAL-OPERATIONS: to receiving the
packed conpare instruct g, 5K1¢a ARG/ Hikrith stz Andd fot &Fdrming 4 hithbdBSk
of logical operations on packed data accordmg to one embodiment of the
invention.
Figure 27 illustrates a circuit for performing logical operations on packed
data according to one embodiment of the invention.
PACKED COMPARE
Figure 28 is a flow diagram illustrating a method for performing packed
compare operations on packed data according to one embodiment of the
invention.
Figure 29 illustrates a circuit for performing packed compare operations on
individual bytes of packed data according to onc embodiment of the invention.

DETAILED DESCRIPTION

This application describes a method and apparatus for including in a
processor a set of instructions that support the operations on packed data required
by typical multimedia applications. In the following description, numerous
specific details are set forth to provide a thorough understanding of the
invention. However, it is understood that the invention may be practiced without
these specific details. In other instances, well-known circuits, structures and
technigues have not been shown in detail in order not to unnecessarily obscure
the invention.

DEFINITIONS
To provide a foundation for understanding the description of the
embodiments of the invention, the following definitions are provided.



el ement and a second mask el ement. Each bit in the first mask el ement

I ndi cat es the result. of conparing one set of corresponding data
el enents, while each bit in t he second mask el enent indicates the
result of conparing a second set of data el enent s.

BRI EF DESCRI T.
by way of exa

%THE DRAW NGS The invention is illustrated
I

986880 not limtation, in the fi guPEI/USHE/1a893
references indicate sinmlar el enents.

exenpl ary conputer system according to one - enbodi ment of the

i nventi.on.

Figure 2 illustrates a register file of the

processor according to one enbodi nepy. of the invention.
- Figure 3 is a flowdiagramillustrating the general steps used by the

processor . to mani pul ate g to. .one enbodi ment of the invention.
HEk Bty

Figure 4 illustrates pa és_according.to one embodi nent of the

i nverntion.

Fi gur dleBagsia ubleld of bisary pumber, Eerexapplekbitl dat a

representations accordi ng to omsix through bit zerowi theibye001 DF0105 Gshows émt | on.
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Figure 5b illustrates in-regi stfﬂovﬂagkbm@heéms@ﬁm%'ﬁl@rdmml ng to

base two) represent the subﬁeld' 1110103, The 2’ 10-

one enbodi nent of the llﬂmqualsslo,whﬂe}’]sequals 1510.

Rx: isa regnster. A regxster is any dev:ce capable of storing
and providing data. Further. fq_qc_nonah_ty of a register
is described below. A register is not necessarily part of
the processor’s package. -

SRCI, SRC2, and DEST: |
xdennfy storage areas (e g memory addresses,
reglsters, etc. )

Sourcel-i and Resultl-i:
represent data.

COMPUTER SYSTEM

Figure 1 illustrates an exemplary computer system 100 according to one
embodiment of the invention. Computer system 100 includes a bus 101, or other
communications hardware and software, for communiciting’ information, and a
processor 109 coupled with bus 101 for processing information. Processor 109
represents a central processing unit of any type of architecture, including a CISC
or RISC type architecture. Computer system 100 further includes a random
access memory (RAM) or other dynamic storage device (referred to as main
memory 104), coupled to bus 101 for storing information and instructions to be
executed by processor 109. Main memory 104 also may be used for storing
temporary variables or other intermediate information during execution of

_ msu'ucnons by processor 109. Computer system 100 also includes a read only

memory (ROM) 106, and/or other static storage devxce. coupled to bus 101 for
storing static _m_fo;‘manon_ar;d.lnsufucnons_ for processor 109. Data storage devxce
107 is coupled to bus 101 for storing information and instructions.

Figure 1 illustrates an

-



Figure 5c illustrates in-register packed data representations according to

ohe enbodi nent of the invention. Figure 6a illustrates
a control signal format for. indicating the use of packed dat a
according to one enbodi nent of the invention. Fi gure 6b

i[lustrates a swe®mdesgont rol si gnal format for indicating thepgsgissdnises”
packed data according to one enbodi nent of the invention.

PACKED ADD/ SUBTRACT Figure 7a illustrates a nethod for

perform ng packed addition according to one enbodi nent of the

I nventi on. Figure 7b illustrates a nethod for perform ng packed
subtraction according to one embodi et of the invention.

Figure 8 illustrates a circuit for perform ng packed addition and packed
subtraction on indivi duEigutdIsIsmﬂlumehmmssacwidﬂngesm exeratiombnit 1 36; at

of the | nvenidoafer file 150, a cache 166; aeEGeP 163, lahid hrl BhePital Bu€ 170C Wi cobiRE,

perform ng packed addi'tion subtractio acked byte
data according to onmmwﬂwagqﬂ%m}ahmw ich is not’s °wn£’ﬁ§|“bﬁ?te 10 is
a |l ogical view of a obscorsithe inwentiper f or i ng packed addition and

packed subtraction on pgﬁ&%ﬁoﬂ‘ﬁﬁﬂlﬁﬁﬁ gbm g&&g&&W?&&s@e

i nventi on. e 'S a, vi éw of a C
perform ng packed addP?i 116‘ a'to recogaizing mngfeﬂft/wa*é{?‘ﬁm fpd dn geperal
doubl ewor d dat a accopuiipbge firocessoes, exdoodbnmit 136frecognizes msu-dcaonmnpwhedn

PACKED MULTI PLY instruction fﬂbrfgrph?foinﬁit gofuérgt‘ﬂﬁng I PhckBh ahih YhdaRl 'Iﬂgg ed

nmet hod for performng gn-operati ons on p;
data according to on WW"“WM&“"* udgeinptrystions for supporting pack

Figure 13 il ustr at esperation(s) irpackooperacion(s), packgd pdbapedation(s), pptked atibteact

according to one enbgoi <) PackdimilBNI§ Bpérafion(s), packed shift operation(s), packed
compare operation(s), multiply-add operation(s), multiply-subtract operation(s),
population count operation(s), and a set of packed logical operations (including
packed AND, packed ANDNOT, packed OR, and packed XOR) in the manner
later described herein. While one embodiment is described in which packed
instruction set 140 includes these instructions, alternative embodiment may
contain a subset or a super-set of these instructions.

By including these instructions, the operations required by many of the
algorithms used in multimedia applications may be performed using packed data.
Thus, these algorithms may be written to pack the necessary data and perform
the necessary operations on the packed data, without requiring the packed data to
be unpacked to perform one or more operations one data clement at a time. As
previously described, this provides performance advantages over prior art
general purpose processors that do not support the packed data operations
required by certain multimedia algorithms -- i.e., if a multimedia algorithm
requires an operation that cannot be performed on packed data, the program must
unpack the data, perform the operation on the separate elements individually, and
then pack the results into a packed result for further packed processing. In
addition, the disclosed manner in which several of these instructions are
performed improves the performance of many multimedia applications.

Execution unit 130 is coupled to register file 150 by internal bus 170.
Register file 150 represents a storage area on processor 109 for storing
information, including data. It is understood that one aspect of the invention is
the described instruction set for operating on packed data. According to this




WO 97/ 08608

PCT/ US96/ 11893 -11- )
MULTI PLY- ADDY SUBTRACT Figure 14 is a flow diagramillustrating
a nmethod for performng nmultiply- add and mul tiply-subtract .
operatlons on gacked data according to one enbodi nent of the '
i nventi on. Figure 15 illustrates a circuit for BEFISIHISE

mul tiply- add and/or multiply- subtract operations on packed data
according to one enbodi nent of the I nventi on. PACKED
SH FT . Figure 16 is a flow diagramillustrating a method for
perform ng a packed shift operationién packed data according to one
enbodi nent of the invention. Figure 17 illustrates a circuit

for performng a pagleachrakd ;mexaan,ltﬂeistwagyﬁkausedfm ammmaeiem&k@ﬂmdat a .

ding t nb di { |
Faure 18 15 a 11 offtRgHaNrerore Srapdgat s reeiner e 150 pErdengibod mitn

operations on packmcldmﬁguwﬁlE@cnmmnmléﬂinmlxbdm@bhemﬂandvlemimn :
Figure 19a ill ustragescanei1b6itivsed B'catitidafdlali/op comok E‘Wﬁ&h Xafhp acked -
byte data accordin o one gl:b‘a g&ﬂf T &T t%g I nyen 81 TdPe iéI‘—'| gure
19b illustrates a ‘Bgﬁmt Wdﬁswbvsm@%"mw by

word data accordi ngrm:ssmmanb@dnmdrsignd‘sandm'mmodamuypomts InrcsponsetoUNPACK

Figure 20 is a flo o hli@8cdde BRI Qﬁ;e&? %#ﬂgﬁgk
operations on pack data ac §d§w 0 oneee%odln& the I nvention
Figure 21 ill ust ra?]?saPWBP?tE For gxgmple Rroction 15reesivedon packed
data according to dﬂ@demlﬁwaqoﬁuQMMGOMperfmmmemqumd additioRGPALATI ON

COUNT Eﬁ&iﬁ&ﬁn?&ch&:ﬁr@ésﬁ)&’d%@&fe@%ﬂ &ahsateﬁ&hhaguat {8god for
performing a oedBOPHL 3000 SOMAicRPS! 2l b PSSttt g ST 19 O
: any number of different mechanisms (e.g., a look-up table, a hardware
implementation, a PLA, etc.). Thus, while the execution of the various
instructions by the decoder and execution unit is represented by a series of'
iffthen statements, it is understood that the execution of an instruction does not
require a serial processing of these if/then statements. Rather, any mechanism
for logically performing this if/then processmg is considered to be within the
scope of the invention. : e
Figure 1 additionally shows a data storage device 107, such as a magnetic

disk or optical disk, and its corresponding disk drive. Computer system 100 can
also be coupled via bus 101 to a display device 121 for displaying information to -
a computer user. Display device 121 can include a frame buffer, specialized
graphics rendering devices, a cathode ray tube (CRT), and/or 2 flat panel display.
An alphanumeric input device 122, including alphanumeri¢ and other keys, is
typically coupled to bus 101 for communicating information and command
selections to processor 109. Another type of user input device is cursor control
123, such as a mouse, a trackball, a pen, a touch screen, or cursor direction keys
for communicating direction information and command selections to processor
109, and for controlling cursor movement on display device 121. This input
device typically has two degrees of freedom in two axes, a first axis (e.g., x)and

. a-second axis (e.g., ¥); which allows the device to specify. positions in a plane.
However, this invention should not be limited to input devices with only two
degrees of freedom. '




I nventi on. Figure 23 is a flow diagramillustrating a nethod
for performng a popul ati on count operation on one data el enent of
a packed data and generating, a single result data elenment for a
result packed data according to one enbodi ment of the invention.
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Figure 24 illustrates a circuit for perform ng a popul ati on count operation
on packed data having four word data el ements according to one
enbodi nent of the I nventi on. Figure 25 illustrates a
detailed circuit for perform ng a popul ation dunt operation on one
word data el enent of a packed data according to one enbodi nment of
the invention. AnomeﬂMCEMﬁmmbc@mTomSOIisahudwpydevﬁegaﬂe

26 is a flow di agramgjt l{ﬁé’r td gaqgﬁ@:;q 8

of 1 ogical operatlons on ‘%eg&gf ac orcﬁ‘%ﬁm%g&%%e e $é)§i‘geé?t o? ?g;:
i nventi on. ok as paper, figersifpilar pf wggip. ly Frompy

| ogi cal operations osydmkmhan becouplexﬂﬁtaaleﬁicemrdbmgixbﬁording, ﬁﬂhﬁ@laybidkm

t he inventi on. ﬁﬁﬁﬁ% %ﬁﬁﬁ !chgﬁ fl ow
diagramillustrati ngsuchas?%a‘? or.m ng E%hé)nefor Bg are iofl.
operations on packedFaskes thedoyics Yy ‘E’S‘“ﬂ?\%sﬁﬁgﬁé‘fl‘l‘ﬁ%ﬁf cg.}plqdﬁgadxgnaltoanalog

i nventi on. (D/A) converter for playing back the digitized sounds.

Also, computer system 100 can be a terminal in a computer network (e.g., a
LAN). Computer system 100 would then be a computer subsystem of a computer
network. Computer system 100 optionally includes video digitizing device 126.
Video digitizing device 126 can be used to capture video images that can be
transmitted to others on the computer network.

In one embodiment, the processor 109 additionally supports an instruction
set which is compatible with the x86 instruction set (the instruction set used by
existing microprocessors, such as the Pentium® processor, manufactured by Intel
Corporation of Santa Clara, California). Thus, in one embodiment, processor
109 supports all the operations supported in the IA™ - Intel Architecture, as
defined by Intel Corporation of Santa Clara, California (see Microprocessors,
Intel Data Books volume 1 and volume 2, 1992 and 1993, available from Intel of
Santa Clara, California). As a result, processor 109 can support existing x86
operations in addition to the operations of the invention. While the invention is
described as being incorporated into an x86 based instruction set, alternative
embodiments could incorporate the invention into other instruction sets. For
example, the invention could be incorporated into a 64-bit processor using a new
instruction set.

Figure 2 illustrates the register file of the processor according to one
embodiment of the invention. The register file 150 is used for storing
information, including control/status information, integer data, floating point
data, and packed data. In the embodiment shown in Figure 2, the register file
150 includes integer registers 201, registers 209, status registers 208, and
instruction pointer register 211. Status registers 208 indicate the status of
processor 109. Instruction pointer register 211 stores the address of the next
instruction to be executed. Integer registers 201, registers 209, status registers



Figure 29 illustrates a circuit for perform ng packed conpare operations on.
I ndi vi dual bytes of packed data according to one enbodi nent of the

i nventi on. DETAI LED DESCRI PTI ON

This application describes a nethod and apparatus for including in a
processor a §$699 |nstruct|ons that support the operations onﬂfacked .data
required - & ypical nultimedia applications. In thePCHUSSHIAY
descri ption, numerous "~ specific details are set forth to provide a
t hor ough under st andi ng of the i nvention. However, it is understood
that the invention may be practiced w thout t hese specific details.
I n other instances, well-known circuits, strgctures and t echni ques
. have_ not been shown in detail in order not to unnecessarily obscure

the invention.

To provide a foundatlon for ur?’c}gomt sm’tnm lcé"r’?leﬂoolﬁteggfhs HO%Y )
- enbodi ment's of theaﬁmmwﬁﬁwlﬁ&wwwiw&%lme provi ded.

WD 97/ 08608  Inone embodiment, the registers 209 are used for both packed data and
Eﬁ” )lgS?ﬁ/r é 3833 Bi t goatmg point data. In one such embodiment, the‘processor 109, atany gwe:x)’x
time, must treat the registers 209 as being exther stack referenced floating point -
registers or non-stack referenced packed data regls_ters. In this embodiment, a
mechanism is included to allow the processor 109't switch between operating
on registers 209 as stack referenced floating point registers and non-stack |
referenced packed data registers. In another sich embodiment, the processor 109
may simultaneously operate on registers 209 as non-stack referenced floating
point and packed data registers. As another example, in-another embodiment,
these same registers may be used for storing integer data.
* Of course, alternative embodiments may be n'nplemented to contain more or
less sets of registers. For example an alternative embodlment may include a
separate set of floating point registers for storing’ ﬂoanng pomt data. . As another
example, an alternative embodiment may including a first set of reg:sters, each
for storing control/status information, and a second set of registers, each capable
of storing integer, floating point, and packed data; As a matter of clarity, the
registers of an embodiment should not be limited in meaning to a particular type
of circuit. Rather, a register of an embodiment need 'only be capable of storing
and providing data, and performing the functions described herein.
“The various scts of registers (¢.g., the integer registers 201, the registers
209) may be implemented to include different numbers of registers and/or to
different size registers. For example, in onie embodiment, the integer registers
201 are implemented to store thirty-two bits, while the registers 209 are
implemented to store eighty bits (all eighty bits are used for storing floating point
data, while only sixty-four are used for packed data). In addition, registers 209
contains eight registers, R0 212a through R7 212h. R 212a, R2 212b and R3
212¢ are examples of individual registers in registers 209. Thirty-two bits of a
register in registers 209 can be moved into an integer registér in integer registers
. o 201. Similarly, a value in an integer register can'be moved into thirty-two bits of
a register in registers 209. In another embodiment, the integer registers 201 each
contain 64 bits, and 64 bits of data may be moved between the integer register
201 and the registers 209.



defines a subfield of binary nunber. For exanple, bit

six through bit zero of the byte 001110102 (shown in

base two) represent the subfield 111010[err]. The "2

followi ng a binary nunber indicates base 2. Therefore,

1000[err] equakgo Srldasog\hi | € Fl[err] equals 15[err]. PCT/USS/IV893
IS aregister. Aregister is any device capable of storing

and providing data. Further functionality of a register

i s described below. A register is not necessarily part of

t he processor's package. SRC1, SRC2, and DEST:

I dentify storage areas (e.g., nenory addresses1 -

regi sters, etc.) Sourcel-i and Resultl-i:

represent data. Figure 3 is a flow d:agram illustrating the general sRpvREEOHTY the STEM
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enmbodi nrent of the i n\?ent [ on n%uter Ssyst nc es £kt For
ot her ' commun CX2RPIsSUCk gpeapions i Qgimm’?@r" reaemea?gter

information, and a file 150 with 488 &e0r cadiitol GOpmpainatemorl 1104 weadldhly fnéthory (ROM)

processing informatiqgg ‘Edg&%ﬁ% d%gxt%e 1? represents a central
ec ure

processing unit of any type o | ncl udi ng a Cl SC

RI SC type architect ur e. Atstp30trthe decodsn 208 trepiyes meontiof sigaah 247 go‘i“zfﬁﬂ@’rﬂ‘e
access nenory (RAM @mcuetzlﬁabrﬁwnbcmm;eiedmesdrecbnmﬂergmdouaeﬁﬁinamn

menory 104), coupl ed ér%-gﬁﬁo” ng information and instructions to
be executed b processo? ‘Mai n menory 104 al so may be used for
storing t enpor afy ster302dPewedes 20 gerepsep ché?%ﬁ' file 450, oF 3 laeationoin

during execution of memory. Registefstis the@egistinfilp 150 @8 semofdidcationiplthemempii, em

100 al so includes a A= % % %djngonﬁ@?éﬁéferm%ggﬁe@ﬂ%eo&nﬁ? tatic

st orage devi ce, coupl e static | | on
and instructions for?2 memn% BPH%"‘EI@VP’GQ“""I signal 20y Wl S
coupl ed to bus 101 chlﬁccSchg SRORand DESATegistdr addsdsses CSRONIS the address of the

first source register. SRC2 is the address of the second source register. In some
cases, the SRC2 address is optional as not all operations require two source
addresses. If the SRC2 address is not required for an operation, then only the
SRC1 address is used. DEST is the address of the destination register where the
result data is stored. In one embodiment, SRC1 or SRC2 is also used as DEST.
SRC1, SRC2 and DEST are described more fully in relation to Figure 6a and
Figure 6b. The data stored in the corresponding registers is referred to as
Sourcel, Source2, and Result respectively. Each of these data is sixty-four bits in
length.

In another embodiment of the invention, any one, or all, of SRC1, SRC2 and
DEST, can define a memory location in the addressable memory space of
processor 109, For example, SRC1 may identify a memory location in main
memory 104, while SRC2 identifies a first register in integer registers 201 and
DEST identifies a second register in registers 209. For simplicity of the
description herein, the invention will be described in relation to accessing the
register file 150. However, these accesses could be made to memory instead.

At step 303, execution unit 130 is enabled to perform the operation on the
accessed data. At step 304, the result is stored back into register file 150
according to requirements of control signal 207.
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Figure 1 also illustrates that processor 109 includes an execution unit
130, a register file 150, a cache 160, a decoder 165, and an

I nternal bus 170. O course, processor 109 contains additional
circuitry vihi¥Ro74860%t shown so as to not obscur e PREUSIHAIBAS| on.
Execution unit 130 is-used for executing instructions received by processor
'109. In addition to recognizing instructions typi-cally inplemented in

gener al. pur pose processors, execution unit 130 recogni zes

I nstructions in packed I nstruction-19et 140 for performng

operations on packed data fornmats. In one ~ enbodi ment, packed

instruction set 140 includes. i nstr ok QRS STORAGHRBRIALST pack

operation(s), unpack qperation(s —oper.atlon acked, subtract
- operation(s), packed %P&sﬁéﬁ@ﬁﬁ@rﬁ?ywﬁ% ngm#%&eﬁm&#@s, '

packed comnﬁomﬁﬁweﬂj)anh(@a;a foxmhats p‘eyllmttatedmmckcd byte(40], packed '

mul ti ply-subtract b Blbd q‘*"‘”@“ﬁ&?‘ and
a set of packed qu%lcal opergtlondouékrvgfdua?gg Bﬂe l%!:flilf)%packed

ANDNOT, packed OR ng Gentaigin éa}ghtdataelementp dakscri bed
herein. Wiile one. eetdmdtimne byte ldrgsﬁenetxﬂgl a dataviemént jemkiadividual piece of data

instruction set 14Qud, S gl re?ﬁﬁ}f ﬁ{én%?ﬁocﬁidn?wﬁfo{h\éﬁdﬁm&%ﬁ?”; méy_

contain a subset or _a super- Str

i ncl udi ng these i n?fm?c‘ﬂ%ﬁ ﬁgﬁ?’%ﬁm%"frﬂ&q‘m’ entign,fhe pamker of datg, o

al gorithms used i nemmmmnappgxsteas sigtysfonmlyitstaivigest bycthertedgth $n bigs gfacked
dat a. Thu mtelmtal gorithmns rray be witten to pack the necessary
data and perform

wi thout requiring the Pﬁﬁlﬁeﬂé@rﬁg& %1%%%[ our ’tesrlg‘t‘ql)ag‘ 3oy gﬂ‘rg‘g’?‘ggﬁf%?"tnaoné or
mor e oper ati ons oneleents. Bhobrword 482 daa ¢lement coutains sxxteen bits of information.

Packed doubleword 403 is sixty-four bits long and contains two doubleword
-403 data elements. Each doubleword 403 data element contains thirty-two bits of
information. - ' e

Figure Sa through Sc illustrate the in-register packed data stdragi;"""
representation according to one embodiment of thé invention. Unsigried packed
byte in-register representation 510 illustrates the storage of an unsigned packed
byte 401 in one of the registers R( 212a through R7 212h. Information for each

 byte data'element is stored in bit seven through bit zero for byte zero, bit fifteen
through bit eight for byte one, bit twenty-three-thréugh bit sixteen for byte two,
bit thirty-one through bit twenty-four for byte thre_e, bit thirty-nine through bit

. thirty-two for byte four, bit forty-seven through bit forty for byte five, bit fifty-
five through bit forty-eight for byte six and bit six;y-three'through bit fifty-six
for byte seven. Thus, all available bits are used in iihe register. This storage
anangement increases the storage efﬁcie‘ncy.of _th_e_ processor. As well, with eight
data elements accessed, one operation can now be performed on eight data

elements simultaneously. Signed packed byte in-register representation 511
illustrates the storage of a signed packed byte 401.: Note that only the eighth bit
of every byte data element is necessary for the sign indicator.

Unsigned packed word in-register representation 512 illustrates how word
three through word zero are stored in one register-of registers 209. Bit fifteen
through bit zero contain the data element information for word zero, bit thirty-
one through bit sixteen contain the information for data element word one, bit




previ ously described, this provides perfornmance advantages over prior art
general purpose processors that do not support the packed data operations
required by certain nultinmedia algorithns -- i.e., if a multinedia

al gorithm requi res, an operation that cannot be perforned on packed
data, the proguRiY- Misds * "7 unpack the data, performthe @perRbéA8zON
the separate elenents individually, and then pack the results into
a packed result for further packed processing. In addition, the

di scl osed manner in which several of these instructions are

performed i nproves the performance of many nulg.i medi a applications.
Execution unit 130 is coupled to register fil& 150 by internal bus 170.

Regi ster file 150 represents a storage area on processor 109 for storin

i nfornation, includi fertyiseven thraugh bit shicty-twe gentain the inforaation fordaty elemeat w

| nvention is mé%ﬂ@éﬁ&immyx%h%gmmwmemaﬁﬁmﬁwcked
data. According to thys %Z 03698 . . . c o
PCT/ US96/ 11893 element word three. Signed p word in-register representation 513 js-similar
aspect of the invent imthe ubdigned packad svont ercgistedroprsergationi5i3. Note tipaoklydhedat a
I's not CT i t faftlenth HRYE ¥ith wp Bard BRBIENTR Me Rbessdp foraBk kS indidator. 150

< coupl ed to cache 160 VaHEReptrdoabEnoR in fogind hireicarabts S MRty

cache data and/ or coregisidrs 20%gtere twé dorblevasd data siepicats. Doubleword zengiisistomediin v

104. Decodi(r)gl_%t s it e B ibﬁ&gl}db?&ﬁd&%&ﬂsﬁﬂg)dhsﬁtﬁr&m&y?mmdlin bit

Pesponse to e diymughe SiySo.of e raisicr et aked Aovetan s

execution unit 130 pesgistermepresentation 515tik similsptoomsigntdpackesi doubleword iRenegister

exanple, if an add i psh&sfthtidd14SN618 St WRthecessary sign bit is the thirty-second bit of the
doubleword data element. )

As mentioned previously, registers 209 may be used for both packed data

and floating point data. In this embodiment of the invention, the individual
programming processor 109 may be required to track whether an addressed
register, RQ 212a for example, is storing packed data or floating point data. In an
alternative embodiment, processor 109 could track the type of data stored in
individual registers of registers 209. This alternative embodiment could then
generate errors if, for example, a packed addition operation were attempted on
floating point data.

CONTROL SIGNAL FORMATS

The following describes one embodiment of control signal formats used by
processor 109 to manipulate packed data. In one embodiment of the invention,
control signals are represented as thirty-two bits. Decoder 202 may receive
control signal 207 from bus 101. In another embodiment, decoder 202 can also
receive such control signals from cache 160.

Figure 6a illustrates a control signal format for indicating the use of packed
data according to one embodiment of the invention. Operation field OP 601, bit
thirty-one through bit twenty-six, provides information about the operation to be
performed by processor 109; for example, packed addition, packed subtraction,
etc.. SRC1 602, bit twenty-five through twenty, provides the source register
address of a register in registers 209. This source register contains the first
packed data, Sourcel, to be used in the execution of the control signal. Similarly,



decoder 165 causes execution unit 130 to performthe required addition; if
a subtract instruction is received, decoder 165 causes execution
unit 130 to performthe required subtraction; etc. Decoder 165 nay
be i npl enment ed usi ng any nunber of different nmechanisns (e.g., a

| ook- up tablg¥ ?Thardmare - I mpl ementation, a PLA, . etc.). Thus,

whil e the exctBPTM%+¢ the various i nstructions byPCRUSMSIBHer and
execution unit is represented by a series of i f/then statenents,

it is understood that the execution of an instruction does not

require a serial processing of these if/then statenents. Rather, any
mechani sm for logically perform ng-gdihis if/then processing is
considered to be within the scope of the invention.

Figure 1 additionaldRcréiBVs: findadnihioh SRS tic
di sk or optical di sdk angp%g%;corra g‘?\dl ng :E;angglge gﬁg&i&a %Jt}gm 100
can - - al so '

di spl ayi ng i nfor nathemseddmngexecuuondthmmuﬁtmmhﬂﬂ&ﬂbﬁﬁvamrdquhiezeiﬂl can -
include a frame bufd, ﬁﬁ%&r@is‘o??% stermrw%&ﬁé@"l’ﬁﬁdc&ﬂﬁﬁ&ﬂ&%xs@%ﬁes a
cat hode ray tube (CRT 'S

al phanuneric input § ﬂk?éesﬂ gackpc}] é BT?&#EW@I“P@“&%“%‘% her keys, is
typically coupled to tﬂmudlhitsSZrﬁlﬁdnnmelvcahdbgthmémrmdlcmemmﬂdxgﬂmﬁmd -
sel ections o proceaaentdflin At Hirltahd \a6BRd Picidk &ﬁgm&e %Cﬁ Sz%16Yr SOr

or cursor di rect i o SRz R v gt ae] tlEw et Pae ol sl i on

and conmmand sel ect |eqnds 1Ge, mwmﬁddﬁt&wfmmwsmdmd 4L SZ@10i ng
cur sor moverent - on e g@ﬁzdﬂ’lbci@‘rel&%d iibw&vemﬁuﬁomerembommeﬂﬁsh& 6t thag! cal Iy

has two degrees of

in t e.g., X)
a-second axis (e.g.y "S?ﬁwugaﬁ"‘c'ﬁ WB&E‘“?H@*&@ 'ttb(l.p (gecify p03|t|ons in a

pl ane. Howev dontroltiT 61y bitieleen, sitaakas wlmﬁebhe bperadands toobe caprisid
devices with only tg§Pwith saturate mﬁ@%ﬁl%wfﬂ &f‘ed@l'gﬁ a saturatmg oﬁéQﬁ%Z ;08608
PCT/US96/ 11893 performed. I T 611 eguals zero, then a non‘saturatmg operation is performed.
Saturating operations will be described later. -
- Control bit S 612, bit ten, indicates the use of a signed'operation 'If S 612
- equals one, then a signed operation is performed If S 612 equals zero, then an
unsigned operation is petformed o
Figure 6b illustrates a second control sxgnal format for indicating the use of
packed data according to one embodiment of the invention. This format
corresponds with the general integer opcode format described in the “Pentium
Processor Family User’s Manual,” available from Intel Corporation, Literature
Sales, P.O. Box 7641, Mt. prospect, IL, 60056-7641. Note that OP 601, SZ 610,
.T'61 1, and S 612 are all combined into one large field. For some control signals,
~ bits three through five are SRC1 602. In one embodiment, where there is 8 SRC1
602 address, then bits three through five also correspond to DEST 605. In an
alternate embodiment, where there is a _SR__CZ 603 address, then bits zero through
two also correspond to DEST 605. For other control signals, like a packed shift
immediate operation, bits three through five represent an extension to the opcode -
_ field. In one embodiment, this extension allows a programmer to include an
. | immediate value with the control signal, such. as a shxft count value. In one
embodiment, the immediate value follows the cqr_!_n'ql signal. This is described in
more detail in the ‘_‘Pentium Proce__ssor. Family User’s Manual,” in appendix F,
pages F-1 through F-3, Bits zero through two represent SRC2 603. This general

-




-16- Anot her device which nmay be coupled to bus 101 is a hard

copy device 124 whi ch may be used for printing instructions, data,
or other information on a medi um such as paper, film or simlar
types of nedia. Additionally, conputer system 100 can be coupl ed
to a device forw& ecordi ng, and/or playback 125, PCIfSDs/ B0

audio digitizer coupled to a m crophone for recording information.

Further, the device may include a.speaker which is coupled to a digital to
anal og (DA converter for playing back the digitized sounds.

Al so, conputer system 100 can be a termnal in_a conmputer network (e g., a
LAN). Conputer system 100 would then be a cont%}t‘er subsystem of a conputer
network. Conputer system 100 optionally includes video digitizing device
126. Vi deo dionyiat alkiwsgregister togegister, memonytoegisier, registap by memaryieo

i mages that can be regigerp r&%iﬁeé%&é% GfmieliaR! foghier i ReROFHdiREsiRE AN, K-
I n one enbodi nent, tﬁ%glpro essor 10 adgl &I onal [y supports an instruction
set which is conpati B enegmbediment, this gereeal Wﬁqﬂ’ysé’@&?’t“%e‘irﬁ@??ﬁ@ﬁ@ﬁ%et
used by exi ahd register & inpgecregiser &idressinp. as t he Pentium processor,
manuf actured by Intel Corporation of Santa Clara, California).
Thus, in one enbodi nent, processor 109 supports all the operations

supported in the IAlerr] - Intel piscRip NSATURATIET | ned by Intel

) ATURALE A 4

Corporation of Santa O gra | i ' r . . I nt el
Dat a Books vol une 1 and%%ﬁgneﬂﬁg%@b%b‘ﬁ g%gégfgvvgfea%ﬁﬁééﬁnrogﬁn TR of
Santa C ara, Califor sitante. Where the zaspl of a0 opemsiop, withospturais enablndepyrerBowser ng
x86 _ oper at i Qderflowsge irrige bf the dilapthe RRnl Wild bScladpéd) Clantpifginkms.
phile the invention \rng e resueo € RakRES ortfinkihd Gah O SRIRPE ALl Blding" X85

ased instruction set,“arternative " enpbodi menfs could | hcor par at e
the invention into of#nEe's maximum of wimenyalueJn the case of undgsfiow, paturatignclamps
i nvention could be i BeaesoydtiRdowsd Yalae irthbtdnge aabiashoraseisl overflow) evithe
Instruction set. ghest value. ‘ﬁ{egawo@alﬁ%{‘%kgﬂr%@ét&e&%ﬁﬁn&qgiﬁmrin #tk}g 7.Of the

one enpo e

processor accordi ng P

ment” of the 1 nvention.
register file 150 is used_for staring information includin
control/status informati ¢n, integer data,}floating poinpt datfa, and
packed data. In the enbodi nent shDaw Formd#| MMinim@n Vale 1| e Maxirpum{Value
150 includes integer registers Z—R-%ﬁ’égié ers 2QP, stafjus regisgters 208,
and i nstruction 1 1 2 rr—Status— ey sters 208
i ndi cate the status of Signed Byte -128 127
Unsigned Word o 65535
Signed Word -32768 32767
Unsigned Doubleword 0 ] 264.1
Signed Doubleword -263 263.1
Table 7

As mentioned above, T 611 indicates whether saturating operations are
being performed. Therefore, using the unsigned byte data format, if an
operation's result = 258 and saturation was enabled, then the result would be
clamped to 255 before being stored into the operation's destination register.
Similarly, if an operation's result =-32999 and processor 109 used signed word

‘data format with saturation enabled, then the result would be clamped to -32768
before being stored into the operation’s destination register.

PACKED ADDITION



processor 109. Instruction pointer register 211 stores the address of the

next I nstruction to be executed. Integer registers 201, registers ©
209, status registers WD 97/ 08608

PCT/ US96/ 11893 ' =17~

208, and |nstruct|on p0|nter register 211 are all coupled to internal bus
170. Any 97/08¢08di t i onal registers woul d al so be coupl eBCT/BSHMI83 nal

bus 170. I n one enbodi nent, the registers 209 areused for both
packed data and floating point data. In one such enbodi nent, the
processor - 109, at any given time, nust treat the registers 209 as
being either stack referenced floating poings. regi sters or

non- st ack referenced packed data reglsters n thls enbodi ment, a
mechani smis_ included to allow the,pl M tch bet ween
operating on registers 20G¢ S

EPEHTEd floating point
regi sters and non- sta@kembwlmmtoféﬁmmnpﬂekmkmd@m@pmmbm -

anot hter such errb? Bdinfmce&fdlﬁ%ﬁgml?&tls,ﬂaemvenu&%ht aBle§elch amgous! y t
operate on register ag_non ck, re C at i n oi n

and packed data ré€ ?'E?'gf’g %i\’é ag?mk?aa%%“gd"ﬁf 3&'%%%9

t hese sane regi steaegonda;ncmidayed for storing int eger data o -

course, alternative _%B&élmnisﬁamdéﬁodf@ Memgﬁhm
| ess sets of registers. Eor

le an er |ve e |nclude |
a separ at BT} ?‘F?) h?t ?@i gib% ﬁ “P%l’batl ng
poi nt data. As anm207mvmel%MImﬂ%d®mmeMy o

including a first &k féfpatiediaddigbs;, SRAE2, SRC2 603 andBESH 6095 dddresses in

control/status inf orr@t 'ﬁl@ sa%:rxl-gteﬁmsa ucﬁ(‘)tgdmgsne unggl{eggmétlgnrgsﬁ ofeﬁl capabl e
elements in the packed data. -At step 702, via internal bus 170, decoder 202
accesses registers 209 in register file 150 given the SRC1 602 and SRC2 603
addresses. Registers 209 provides Execntion unit 130 with the packed data
stored in the registers at these addresses, Sourcel and Source2 respectively. That
is, reglsters 209 communicate the packed data to Execution unit 130 v1a mtemal
bus 170.

At step 703, decoder 202 enables Executlon unit 130 to perform a packed
addition operation. Decoder 202 further communicates, via internal bus 170, the
length of packed data elements, whether saturation is to be used, and whether
signed arithmetic is to be used. At step 704, the length of the data element
determines which step is to be executed next. If tﬁe length of the data elements
in the packed data is eight bits (byte data), then Execution unit 130 performs step
705a. However, if the lcngth of the data elements in the packed data is sixteen
bits (word data), then Execution unit 130 performs step 705b. In one
embodiment of the invention, only eight bit and sixteen bit data element length
packed addition is supported. However, alternative embodiments can support
different and/or other lengths. For example, an alternative embodiment could
additionally support thirty-two bit data element length packed addition.

Assuming the length of the data elements is eight bits, then step 705a is
executed. Execution unit 130 adds bit seven through bit zero of Sourcel to bit

. o - - seven through bit zero of SRC2, producing bit seven through bit zero of Result
packed data. In paralle]l with this addition, Execution unit 130 adds bit fifteen
. ~ through bit eight of Sourcel to bit fifteen through bit eight of Source2, producing

bit fifteen through bit eight of Result packed data. In parallel with these



of storing integer, floating point, and packed data. As a matter of

clarity, the regi sters of an enbodi nent should not be Ilimted in

nmeaning to a particular type of circuit. Rather, a register of an
epbodi mrent need only be capable of storing - and providing data, and
per form ng the“hﬂﬂﬁk&ﬁns descri bed herein. The VapirRisdef88sS Of
registers (e.qg., the integer registers 201, the registers 209) may

be inplenmented to include different nunbers of registers and/or to
different size registers. For exanple, in one enbodi nent, the integer

regi sters 201 are inplenmented to store thirty-two bits, while the
regi sters 209 are I npl enented to st o8 e ghty bits (all eighty
bits are used for storing floating point data, while only

si xty-four are used hdditignsFBoecutibatwjt 130addshit tweoty:three ghroegh bit sig®en of

Saob and R arr] 0 SBirbelRofividn e bASGHU sRlecabe Sourrka: prddufihg i oty
regi sters 209. Thi rt $hreetbroggh it gixtegn of Result packed dptas Iy paraflel with dhese additionse o,
be noved into an i nt BEgevuticiL@iic3eraddnbit tiigone thefigh bit twenty-four of Soutddl to bit

Simlarly, a value ig. Jthid gg%{g%_ L N4 ﬂ,gljg, }' bits
of a register 'ﬁﬁreglgl'?g#s .%urrg]’f‘goot éé e%%%%‘?rea‘géfa{l%e | Nt eger
registers 201 each bit twenty-fquppk Resylt packed data. ghﬁ“@’fl With thege adflitions,Hxecytion
noved between the i nugigt30 addgbis thixty-nine through Bithirgyrmiotdf Souregl at bit thirfOfine

WD 97/ 08608 ari s o hit thithveni s b
PCT/ US96/ 11893 _ through bit thirty-two of Source2, producing bit thirty-nine through bxgtfgtytwo

Figure 3 is a flow dPEResaltpacked dataqln prgallchwith thess additigng, Fixegution ypjt 134adds

processor to mani pul bitforfiedetentbroughl bitJortyoofSovarce okt fornytsewdn thivagh bit Gty ofh.

For. exanpl g SHoN L ORAGAS bit Pty 6dd Elfoudh b Aty Bt Plbik@adiRofh 2

register in register i N ) . ) ) )
parallel with these additions, Execution unit 130 adds bit fifty-five through bit
forty-eight of Sourcel to bit fifty-five through bit forty-eight of Source2,
producing bit fifty-five throngh bit forty-eight of Result packed data. In parallel
with these additions, Execntion unit 130 adds bit sixty-three through bit fifty-six
of Sourcel to bit sixty-three throngh bit fifty-six of Source2, producing bit sixty-
three through bit fifty-six of Result packed data.

Assuming the length of the data elements is sixteen bits, then step 705b is
executed. Execution unit 130 adds bit fifteen through bit zero of Sourcel to bit
fifteen through bit zero of SRC2, producing bit fifteen through bit zero of Result
packed data. In parallel with this addition, Execution unit 130 adds bit thirty-one
through bit sixteen of Sourcel to bit thirty-one through bit sixteen of Source2,
producing bit thirty-one through bit sixteen of Result packed data. In parallel
with these additions, Execation unit 130 adds bit forty-seven through bit thirty-
two of Sourcel to bit forty-seven through bit thirty-two of Source2, producing
bit forty-seven through bit thirty-two of Result packed data. In paraliel with
these additions, Execution unit 130 adds bit sixty-three through bit forty-eight of
Sourcel to bit sixty-three through bit forty-eight of Source2, producing bit sixty-
.three through bit forty-eight of Result packed data.

At step 706, decoder 202 enables a register in registers 209 with DEST 605
address of the destination register. Thus, the Result is stored in the register
addressed by DEST 605. .

Table 8a illustrates the in-register representation of packed addition
operation. The first row of bits is the packed data representation of a Sourcel



file 150 with data from cache 160, main nenory 104,

106,

101. Decoder

operations t
t he regi st 'erqﬁ;%
register file 150, or

signal 207 fromeither the cache 160 or bus
202 decodes the control signal to determne the _
f or med. At step 302, Decoder 202 accesses
or a location in menory. Re B9 t he
_ menory | ocations in the nenory, are accessed
depending on the regi ster address specified i the control signal
for an operation on packed data, control signal 207 can
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In sone
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SR e 0B i ("
000010pGzg |Szmﬂﬂrlyi fdr@ndﬁ'ﬂowH@lwevsdt is timeaed aTbisfamsoftoul d be

made to menmory i nsk@achtion enablesaprogrammétto éisﬁpp%rﬁmﬁﬁtﬁ
enabled to performthe oper

ﬁeﬁmlﬁmIBO I's
a0 s deshl ot elemep ong 2SS Spressil B (Sa

st.ep

requi rements of co ﬁgtp@lemn@naﬁ- Spofee2 data element one) mod 256 = result data element
one. Further, one skilled in the art would understand from this description that

overflows and underflows could be detected by settmg error bits in a status

register.
‘1 00101010 | 01010101 | 01010101 | 11111111 | 10000000 | 01110000 { 10001111 | 10001000
s 3 :
10101010 | 01010101 § 10101030 | 10000001 | 10000000 | 13110000 | 11001111 | 10001000
~ 1 = = ¥ - £ = — 41 -
S - &
11010200 | 10101010 ] 11111111 | Overflow | Overflow | Overfiow | Overflow | Overfiow
7 .6} 5 4 - 31 2 1 0
Table 8a

' Table 8b 1llustrates the in-register rcpresentauon ofa packcd word data
addition operation. Therefore, if the data ¢lements are slxteen bits in length
{(word data), and uns:gned unsaturated addition is perfonned the Execution unit

130 produces the Result packed data as shown. Note that in word data element

|ngto

2L
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DATA AND STORAGE FORMATS Figure 4 illustrates packed
dat a-types according to one enbodi nent of the i nvention. Three

packed data f e illustrated; packed byte 401, packed rd
402, and packce)ggggﬁ ﬁageword 403. Packed byte, in one enbodi rren%’cgys?t‘ﬁésﬁﬂ

i nvention, is sixty-four bits |Iong containing eight data el enents. Each

dat a elenent is one byte long. Generally, a data elenent is an

I ndi vi dual piece of data that is stored in a single register (or
menory |l ocation) wth other data el enents -26- of the sane length. In
one enbodi nent of the invention, the nunber of data el enent s
stored in a regi st ertwosthe icartry fromihit sovdns(seti emphasizés bitsticbelaw)gropagated intgbivf a
data el enent. : : ' ' P A Sl)eﬁﬁq
contains four word Af t,qpﬁgﬁ@ﬁﬁ&?@hﬁﬂﬁ%%ﬁ?%ﬂéd&%c&gﬁigl%tzﬁggﬁg el efrent
cont ai ns sixteen bits of informajion. Packed doubl eword 403, i s
sixty-four bits long and containg two doubl ewérd 403 dat a

el ements. Each doub
i nformati on.
packed data storag¢g
the invention. Unsi
510 illustrates thqg

[ Wgﬁx uobl Z%Mﬁ%

( di an o_ore .EM_DCEDL Df
I Yoohdodd qRido ;
| Sofh s IHGEALIRARE ]

10101010 a?es'n.
2 U U = U [J

of the registers R| 215 t L ghRLeirl 2] lofaroatl defor Sach |
byte data el enent ijs;ghRbS810i810P! t SN&ERmd NT OYgh RiLnger O flor bylghoger o,
bit fifteen ougn- ot 1 e gl or D@t e one, D BTV -T T &3
through bit sixteert for byte two bit thirty-one tthrough bit
twenty-four for byte three, bit thirty-ni ndlailedlgh bit thirty-two

for byte four, bit fortyrgR\seMidbaRY M ilideid@ riptedeRtatiblY fpakketRioubletvotd Y-
five through bit for(i#a-e ht for ,bx}/t S1 X a{?d.blt Si X ‘X'th ee t hrough bit
Ffty-six reia sigftion opGarion. FiSopersion i SHPPRLN a7 ALSRRYS ool 1 ¢ he
regi ster. This st or agebodiment of the inventiope hareforadf theslaw elamentstane thiyty-two bits
efficiency of the prig@gaQd.e., Aublébdrd dithy, BncPuriined, unsaturated addition is

performed, the Execution unit 130 produces the Result packed data as shown.

Note that carries from bit seven and bit fifteen of doubleword data element one

propagated into bit eight and bit sixteen respectively.

00101010 01010101 01010101 llillllli 10000000 01110000 10001111 10001000
$ A

10101010 01010101 10101010 10000001 | 10000000 11110000 11001111 10001000

- L — ]
111010100 10101017 00000008 10000000 Overflow
1 0
Table 8c

To better illustrate the difference between packed addition and ordinary
addition, the data from the above example is duplicated in Table 9. However, in
this case, ordinary addition (sixty-four bit) is performed on the data. Note that
the carries from bit seven, bit fifteen, bit twenty-three, bit thirty-one, bit thirty-
nine and bit forty-seven have been carried into bit eight, bit sixteen, bit twenty-
four, bit thirty-two, bit forty and bit forty-eight respectively.



data el enents accessed, one operation can now be performed on eight data _
el ements sinultaneously. Signed packed byte in-register representation 511 °
illustrates the storage of a signed packed byte 401. Note that only the

eighth bit : of every byte data elenent is necessary for the sign

I ndi cat or. Unsi gned packed word in-register. representatjon
512 il ust rat"9MB868or d three through word zero aPETUB%AM3| n one
regi ster of registers 209. Bit fifteen through bit zero contain
the data el enment information for word zero, bit thirty- one

t hrough bit sixteen contain the information for data el ement word one, bit
WD 97/ 08608 : _ 27-

PCT/ US96/ 11893 - 20-
forty-seven through bit thirty-two contain the infomation for data el enent
wor d t wg and b|t sixty- three through b|t forty erght cont ai ngt he

~infoemation for- :
in-register reprsenmtowmlﬁbﬁnl G1080100 hAN1111 10000000 61910000 100088 U eiRAFKked
word in-register representatron . te Lpat only the . ST Xt eent h
bit of ‘each word jdete—etem e S TRy —f=0 Fe=St-e—treH—e-ari=e

Unsi gned packed doulp0103030 cb1010101e 116101 1000000E 3 uwn 11106004 1I0buws 16001000 | -
registers 209 stdre two doubl ewor d data el egents. ‘Doubl eword zero is ptored
in - bit tjrTYy-OMe TougiT ST 00 L‘llt;‘lelbtcl.m‘d one
is stored in bit 11010100 40191011 +00p00000+ 16000004 H00G0Q00% 91 109007 101911 HF 001000 -
regi ster. Signed Jpacked doubl eword in- ' register representatipn 515
is simlar to unsigned packed doubl eword i ster o
representation 514. Note that the necessaiy sign bit is the thirty-second
bit of the - doubl eword data el ement. '

T C D N
Table 10 illustrates an example of a slgned packed addition where the data
element length of the packed data is eight bits. Saturation is not used.
* Therefore, results can overflow and underﬂow Table 10 uses dxfferent data than
Tables 8a-8¢ and Table 9.

| 00101010 | 01010101 | 01010101 | 01111111 | 00000000 | 12110000 | 00001111 | 10001000
-, Z

+ T T Y T
i .. _ 2

10101010 | 01010101 § 10101010 | 00000001 | 60000000 } 11110000 | 00001111 | 10001000

J11010100 |Overflow {11111111 {Overflow 00000000 . i:Underﬂow 00011110 jUnderflow
7 6 St 4} 37 . 2 7 0

Table 10
_ . Table ll 1llustrates an example ofa slgned packed addmon where the data
N N element length of the packed data is e:ght bits. Saturate is used, therefore,

overﬂow will be clamped to the maximum value, and underflow will be clamped
- ' to the minimum value. Table 11 uses the same data as Table 10. Here data .



As mentioned previously, registers 209 may be used for both packed data

and floating point data. In this enbodi nent of the invention, the

i ndi vi dual © programu ng processor 109 may be required to track

whet her an addressed *"“register, Rlerr] 212a for exanple, is storing
packed data or yfd kda0 poi nt data. In an al ternati vecerikogig®nt .
processor 109 could track the type of data stored in I ndi vi dua
regi sters of registers 209. This alternative enbodi ment could then

generate errors if, for exanple, a packed addition operation were attenpted

on ) floati ng poi nt dat a.
CONTROL SI GNAL FORMATS The fol I“&gﬁ ng descri bes one enbodi nent
of control signal formats used by processor 109 to mani pul ate

packed data. In one dnm.mddatate}@enhmm@med to the minigpmvalueswhilg| s
are represented as t iy bidmbNiFolt dnd datRTepidar six Bré cEiped €6 @k fiximum value.

control signal 207 from bus 101. In another enbodi nent, decoder 202 can

al so recei ye such contrel signals frqom cachg 160.

Figure 6a illustratps a cgntrol $ignal & ornmat ifor injicatingthejse of
packed dat f [ b0
Qperation field OP p ,8 %i(ﬂgmi oﬁﬂﬁ% J{g}ﬁl‘#r lﬂ?D 12‘?3\003
provi des i nformati oh=atnLt .r..l::b_.o Ryt
processor 109; for pxanplg, pack g >ub?r act I on,

etc.. SRCl1 602, bitftweniy-five ) K [ des THe sourde
regi ster a 1013102 4 [QIOEL | 00000004 420000 mm%‘m

regi ster contains the grldt__=_ reeXE ioshe dsedsin

the execution of the control sighal 2 Sifmlarly, Z \Wp 97/ 08408
PCT/ US96/ 11893
11020200 } 01131111 | 11111111 | 01111111 § 00000000 | 20000000 | 00011110 | 10000000
7 r3 5 r; 3 ) 7 )
Table 11
PACKED SUBTRACTION
PACKED SUBTRACTION OPERATION

One embodiment of the invention enables packed subtraction operations to
be performed in Execution unit 130. That is, the invention enables each data
element of a second packed data to be subtracted individually from each data
element of a first packed data.

Figure 7b illustrates a method for performing packed subtraction according
to one embodiment of the invention. Note that steps 710-713 are similar to steps
701-704. |

In the present embodiment of the invention, only eight bit and sixteen bit
data element length packed subtraction is supported. However, alternative
embodiments can support different and/or other lengths. For example, an
alternative embodiment could additionally support, thirty-two bit data element
length packed subtraction.

Assuming data element length is eight bits, steps 714a and 715a are
executed. Execution unit 130 2's complements bit seven through bit zero of
Source2. In parallel with this 2's complement, Execution unit 130 2's
complements bit fifteen through bit eight of Source2. In parallel with these 2's



-21- SRC2 603, bit nineteen through bit fourteen, contains the
address of a register in regi sters 209. This second source

regi ster contains the packed data, Source2, to be used during
execution of the operation. DEST 605, bit five through bit zero,

contains the address of a register in registers 209. This destination
register wi'| IWO9708608 st e the result packed data, Result PCHAUSYMiHSBcked

data operation. Control bits SZ 610, bit twelve and bit
thirteen, indicates the length of the - data elenents in the first
and second packed data source registers. If SZ 610 equal s 012,

then the packed data is formatted as packed_dayte 401. If SZ 610
equal s 102, then the packed data is formatted as packed word 402. - SZ 610

equal ing 002 or 112 |s cLeser ed. . howev, I n_anpoth nbodl of
Chese val GEEPIEBETG BECtol 30 2 s PP bt SVeIT HEs i eh gl
Contsol bit T 611, smt@en@fswcﬂ |Innm1i@levsﬂmgqeﬁércomnbmpre@cepmnmntk30be

ca{ri efl towsduﬂplbn&aistmaﬁ:&yrméam& 5&1%1« Q?iﬁifSo%@z Inlpafhr th
sat urating operatiqn e er en a
non-sat urating oper’%il %ﬁsc|2§ cﬂté’ﬂggﬁﬁéugxecunm unit l-ggé ﬁ?ﬂﬁéﬁ‘ﬁ %%&F@W SHE wi | |
be descri bed I at.er .through bit thirty-two afSource?- lniparallelbwith thiset2'scomplémmits; at es t he
use OI a signed ?pwﬁbﬂunkﬁm@&&n 1emmsbnf&@tbab&nmghsiaedhyaoffso%€ﬂd
operation is perfor e zer ne
operation is perforﬂ%gmne]wl thesé 2 %ngf ﬁf}tgo%@qu}fqnlfgﬁllg?ggc%mglgg:& ontrol
signal format for |ﬁf51—ﬁm¢wgghhéfqyg!eelgiﬂof80urce2 lnpu‘ell@@ll@ahciea(scordl ng to

one enbodi ment of tdbﬂxpld&léﬁﬁtlin&ﬁunomn& IBQQ@%BmplcmcntsbltsﬁS"m?e%Flﬂx%qﬁh%th the
general integer op Prorfessor

e
Family User's Manua s °a$m5f§? i? IS%sfsrﬁgf“&B?'bW?%b@ﬁﬁoﬁst%?ﬁq
Sales, P.O Box 764h¢2sgompleraeninddhits of Boureefmaherizis of Soseed asiganerdly 601 Sz
610, T 611135@11@&1&6@;7@5@ all conmbined into one large field. For

sone control signals, bi,t s Lou f|v 602. In one
enbodi nent, where ther esslum"§ %ﬁ& e"wengt% it nﬁ'ferg§3r LR ﬁaﬁe‘ﬁspﬁ hr ee
through five al so c¥esusBregution ymitBOGssomplements bit fifteen throngh ditrarccof

embodi ment, where tSwefee2. mpanﬁasanm&mmmmmmmmewzs hrough

two al so cor respon I ked
shift qﬁh% e op erat| %g‘%'%ﬁt%%ggé{“%lfg@rﬁé? I m]raieléﬁ’gsen an
extension to t he ofceE pcments Exec?‘i“é!‘ﬂ“”l ﬁzdmmﬁ‘ﬁﬁﬁﬁ?ﬂy’WF%“ﬁﬁg@rﬁﬁ on

al | ows aprogrammer thiptyiwolofiSauree2. In parallel wxmrthadlz'atempladnms\ﬂxbhnddnmnnont r ol

signal, such as a @bfztscs e?(t@bﬂ%txtj gna %ﬁ‘,“g“f"“y(fg%mgﬂﬁaﬁ% AEtQEp

i mredi ate val ue fol ntr
thc addition of the 2's complemented bits of

lgb Executlon unit 1:90 performs
Source2 to the bits of Sourcel as gencrally descnbed for step 705b.

Note that steps 714 and 715 are the mcthod used in one embodiment of the
invention to subtract a first numbcr from a scoond number However, other
forms of subtraction are known in the art and this invention should not be
considered limited to using 2's complement amhmc:tlc.

At step 716, decoder 202 enables registers 209 with the destination address

" of the destination register. Thus, the result packcd data is stored in the DEST
register of registers 209. |



nore detail

in the "Pentium Processor

Fam |y User's Manual,

I n appendi x F,

pages F-1 through F-3. Bits zero through two represent SRC2 603. This
WD 97/ 08608

gener al

PCT/ US96/ 11893
format al |l ows

regi ster
Al so,

by register,

to register,

regi

ster

i n one enbodi nent,

menory to register,
by i nedi at e,

-22-

regi Sty imeP’ v,

regi ster to nenory addressing.

this general format can support integer
register to register, and register to integer -register addressing.
DESCRI PT1 ON OF SATURATE/ UNSATURATE As mentioned previously, T
611 i ndi cates whether operations optionally -30- saturate. \Were the
result of an operation, with saturate enabl ed, overfl ows or

underfl ows the range of Tﬁlﬂeﬂ&ﬂhsnﬁtésaheﬂsmgtsmrdpresbuaﬁdnwﬁpmd@mﬁmg

means set ti ng,lieon Sxiin E‘b:'EHH‘lé{-@{ Gnd
result exceed the pé range skmam rru_m or n| m? %1’( HI.’(E’ytt%ﬁ H‘(b:ase of
under f| ow, sat urati oMPHgnRgdpInsatura n Execntion upit in the
range and in the casproﬂﬁces\ﬂwrbkmrpackeddmmown hi ghest val ue. The
al l owabl e range for each data format is shown in Table 7.
Data Format M ni mumyVal ue Maxi qum Val ye Unsi gned
Byt e 0 255
00101010 { 01010101 3 01010101 { 01111111 J 00000000 § 11110000 | 00001111 | 16001000
~ 2y _8i _ It . € .t .2y . I o
| 10101010 | 01010101 | 10101010 | 00000001 00000002 11110000 | 00001111 § 10001000
-— Z m— [ = = £ = = 1 = g
2 2
Underflow]00000000 | Underfiow]01111110 100000000 | 00000000 | 00000000 | 00000000
7 I3 5 4 3 2 ] 0
Table 12
P, D A TR 1

Figure 8 illustrates a circuit for performing packed addition and packed
subtraction on individual bits of packed data according to one embodiment of the
invention. Figure 8 shows a modified bit slice adder/subtractor 800.
Adder/subtractor 801a-b enable two bits from Source2 to be added to, or
subtracted from, Sourcel. Operation and carry control 803 transmits to control
809a control signals to enable an addition or subtraction operation. Thus,
adder/subtractor 801a adds or subtracts bit i received on Source2; 805a to bit i
received on Sourcelj 804a, producing a result bit transmitted on Resultj 806a.
Cin 807a-b and Coyt 808a-b represent carry control circuitry as is commonly
found on adder/subtractors.



Si gned Byt e -128 127 | : Unsi gned

Wor d 0 65535 Si gned Word

- 32768 32767 Unsi gned Doubl ewor d 0
2[err]-1 Si gned Doubl eword -2[err]
2[err]-1 " Table.7 As

nmenti oned ab3VR970868811 | ndi cat es whet her saturating oper at | BFEUSH6A1893
bei ng perforned. Therefore, using the unsigned byte data format, if an
operations result = 258 and saturati on was enabl ed, then the result would

be . cl anped to 255 before being stored into the operation's
destination register. Simlarly, it3gn operation's result = -32999
and processor 109 used signed word data format with saturation

enabl ed, then the resﬁﬂ%@%ﬂk&ﬂ%ﬁl@m%&ﬁoﬁ%ﬂéﬁmmnml-sdQ‘?fiaP;S%; pi g
o | 0 e o W0 Gl oo s PRERED

, an
PCT/ US96/ 11893 unsigned packed byte addition is performed.” If adder/subtractor 801a adds - 23-

PACKED ADDI Tl ON h B seven to Source20bii)e@€n, MW anﬁfcmgp Is%dt%! 864 |

enabl es packed additjon, operations tg Fperformne . ecutron
unit 130. That i s,cnable bitcoulis0s stppise s RreRagatipn of a carry from bit seven to bit
cight. o :

el b b T eooonn | 1ocon000 |

+ +
s - 2
e o ...looooiii1 | 10001000
= ] =8 — — 47 _ 31} = _ Ll _ 2]
3 Z —

...} 00011110 | Overflow

_ Table 13a -

However, if an unsigned packed word addition is performed, and
adder/subtractor 801a is similarly used to add bit seven of Sourcel to bit seven of
Source2, bit control 802 propagates the carry to bit eight. Table 13b illustrates
this result. This propagation would be allowed for packed doubleword addition
as well as unpacked addition.

| .| 00001111 10001000
2 — 7 ¥
— Z

... | 00001111 10001000
Ji 2

...| 00011117 00010000
N 2y 1 0
Table 13b

Adder/subtractor 801a subtracts bit Source2; 805a from Sourcel; 804a by
first forming the 2's complement of Source2; 805a by inverting Source2;j 805a




el ement of a first packed data to be added individually to each data

el enent of a second packed dat a. Figure 7a illustrates
a method for perform ng packed addition according to one enbodi nent
of the invention. At step 701, decoder 202 decodes control si gnal

207 received byygpémpagsor 109. Thus, decoder 202 decodes: the peRisoéiiges "
code for packed addition; SRCL 602, SRC2 603 and DEST 605 addresses in .
regi sters 209; saturate/unsaturate, signed/unsigned, and |length of the data
el ements in the packed data. At step 702, via internal bus 170, decoder 202
accesses registers 209 in register file 150 giyen the SRC1 602 and SRC2 603
addresses. Registers 209 provi des Execution Udft 130 with the packed data
stored in the registers at these addresses, Sourcel and Source2

respectively. That andaddmgqns., Thmddtmlbtrm 80darnddsithia rasult keSquaes p804dat a
to Ex ti t 1
o Execution uni z% i ;ﬁ?xhennng _hLll;lg S3 per}lé?on‘;m in the :gégnd@ﬁc skiifed

703, decoder 202 en ecu I on un '
addition operation. bdhearewopidunderstandhow: mfesign Saghabi ts)wazlsw@pha}en% 170,

t he | engt h ofircairc Nt ad gmﬁf%mﬁehafefwnmwwymoammmand)e
used, and whet her eration 3h§ PG &l tic is to be used. At step 704, the
Iength of the data el’Shent e erm nes which step is . to be executed

next. If the length of Elsew(?aﬂlasmmt performing,packed aidition and packed s
eight bits (byte datﬁlbuaédmmnlijadﬂﬂdthym’&méordﬁg tpond emisoatihén pf the invention( 05a.

However, if the Ieng&cnx % ﬁeﬁ?&‘hﬁ étﬁtﬁé Xt een
ot (verd aatsy, TR S SR R

| engt h pac k egspedvely. oOThissadidesubiraaor 908a wddsgsubtravhs Svunal ibiteven
erbod: ment s can_SuPBidugh bitzero 1ooh] €58 bR P bEBOKSnonblcrer

exanpl e, an alter nat | ve

thirty-two bit data %?Séﬁéﬁ%/ ubEagst AopeAditiifiesn throegh b:telghxto/from S°“"‘5&§§Hm ng
the I ength of the daﬁMItmﬂﬁgﬁlsxtﬂghee@htmnwatﬂmﬁseboﬁmmn Control

executed. Execution mIL &cﬁqgﬁmglg 1.35460 st H%blhi Htior sl to
o ot e st P e R ™

zero of Result
Execution unit 130 aﬁpbmtithdnubiE@ﬂrsablcspropagduoow@h@c&bmghhngtaxﬁour cel to

:)iht fi L t een thr ggghfﬁfémﬁ%@%ﬁfmd‘imémt%&m%e iflsing it 10 the nBittmdst f t een
roug ! €9 0 signi fsxganta&%% %tractgr 308a—h 'I%us, anon éontrol%ﬁ performs the

operations of the operation and carry control 803 and the bit control 802 for 64
bit packed data. One skilled in the art would be able create such a circuit given
the illustrations in Figures 1-9 and the above description.

Adder/subtractors 908a-h communicate result information, via result out
907a-h, of the various packed additions to result register 910a-h. Each result
register 910a-h stores and then transmits the result information onto Result bus
909. This result information is then stored in the integer register specified by the
DEST 605 register address.

Figure 10 is a logical view of a circuit for performing packed addition and
packed subtraction on packed word data according to one embodiment of the
invention. Here, packed word operations are being performed. Propagation of
carries between bit eight and bit seven, bit twenty-four and bit twenty-three, bit
forty and bit thirty-nine, and bit fifty-six and bit fifty-five are enabled by
Operation Control 903. Thus, adder/subtractor 908a and 908b, shown as virtual
adder/subtractor 1008a, will act together to add/subtract the first word of packed
word data Source2 (bit fiftcen through bit zero) to/from the first word of packed
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additions, Execution unit 130 adds bit twenty-three through bit sixteen of
Source 1 to bit twenty-three through bit sixteen of Source2, producing bit

twenty- three through bit sixteen of Result packed data. In
paral | 6l "wit WPRZ86%8,qdi t i ons, Execution unit 130 XGE4/SPG/11893
thirty-one through bit twenty-four of Sourcel to bit thirty-one

through bit twenty-four of Source2, producing bi{ thirty-one through
bit twenty-four of Result packed data. In parallel with these additions,

Executi on unit 130 adds bit thirty-gaine through bit thirty-two of
Sourcel to bit thirty-nine t hrough bit thirty-tvvo of Source2,
produci ng bit thi rtx E hr I sul cked
data. In parallel d@ﬁﬁé qg@,f} ﬁm@%’é%e?ﬁ% 4“‘1%“’535@ tgo&i

bit forty-seven thrs addey/serracisr 10Q8b V@mvﬁ‘bﬂf@a@ﬁwnﬂ@rﬁmugh bi t
Lortly of ced dat Sedme%rddﬂpaWImﬂbmsbﬁbweb&mohb feoiigh b sixiéeay t y of
esul t packe at a. ns |on
unit 130 adds bit Iﬁht?eWﬁ%‘?’%ﬁéﬁpjﬁifdwog]da{a%%fcgigg{%'f“ﬁh?ﬂ6&’% lEel to
bit fifty-five thréu*’@%nbplc -forty-eight of Source2, pr oduci ng bi t

fifty-five through bi tvifisul hadefsebifaciofs Basalhbomﬁiﬁeaefbaﬁlamférﬁlaﬂaﬁw

with these additio b|t
fifty-six Q’% l@zgﬁgéo{ﬁlﬁoé@e%ul:]o%%ﬁﬁg %rieﬁgt:tdﬁ éﬁ"gPﬁﬂ' HJ ’Q of
Source2, producing r@ﬁu!tr@stwmwa—d Each Vt"WP’éﬁ“!‘HPSJ%FWOé a-dﬁmlgmcdmsldtf

Resul t packed dat a.registers 910a-b, 910c-dfmeemwm9tdgao kofg akixtden bitQediftldde! ement s

is sixteen bits, t ed. Execution unit 130
adds bit fifteen t%?%heﬁ{fgg"’;‘? hitared anto Resylf B o4 5 fifteen
through bit zero of S Hrléem%vwmoffalqrs@mrmfmsmkedzaddmooﬁndaesult
packed data. In parpablteﬂlsubﬂabdibritkﬁp‘acm&bﬁi?zmdﬂﬁ aa@bﬂee’s%dﬂﬁ%ﬁob't

thirty-one OJ@ %BSJP ﬂ?}:ag“ahéﬁ SE s b§§&é€&ﬁ‘itexgﬂtt Ptbnts vén! it bt Sltgen gh

through bit sixteen
bit sixteen of Resd®hd %gﬁ‘ﬁ@db’ﬂé‘t"’d‘ty‘f‘?ﬁ“ﬂ%ﬁm W@F‘ty'ﬁ“'ee' bit forty and lFﬁ%%!émne,
addi ti ons, Executi doit fomy-tighi3ndditdertypsdves, mntl}artﬁ&yeix Anhrbtxlﬂﬂy-ﬁwdaré brtablegd -

by Operation Control 903. Thus, adderlsubu'actors 908a-d, shown as.virmal

- adder/subtractor 1108a, act together to add/subtract the first doublewoird of
packed doubleword data Source?2 (bit thu'ty—one th;ough bit zero) to/from the
first doubleword of packed word data Sourcel (bit thirty-one through bit zero);
adder/subtractors 908¢-h, shown as virtual adder/subtractor 1108b, act together
to add/subtract the second donbleword of pa'(:kéd'tiouﬁlewOfd data Source2 (bit
sixty-three through bit thirty-two) toffrom the second doubleword of packed
doubleword data Sourcel (bit sixty-three through bxt thirty-two).

* Virtual adder/subtractors 1108a-b commumcate result information, via result
out 1107a-b (combined result outs 907a-d and 907e—h) to virtual result registers
1110a-b. Each virtual result register 1110a-b (combmed result registers 910a-d
and 910e-h) stores a thirty-two blt result-data element to be communicated onto
Result bus 909 ' '

PACKED M ULTIPLY '

In one embbdir_hem_ _df the invention, the_ SRC! register contains
multiplicand data (Sourcel1), the SRC2 register contains multiplier data



two of Sourcel to bit forty-seven through bit thirty-two of Source2,

pr oduci ng bit forty-seven through bit thirty-two of Result packed
data. In parallel wth - these additions, Execution unit 130 adds
bit sixty-three through bit forty-eight of Sourcel to bit

sixty-three th .t forty-eight of Source2, producing bit g3 -
t hree through W%or y-ei ght of Result packed dat a. P&m%tl”sst ep

706. decoder 202 enables a register in registers 209 with DEST 605
address of the destination register. Thus, the Result is stored in the
regi ster: addressed by DEST 605. Tabl e 8a
illustrates the in-register representati on of -Jacked addition
operation. The first row of bits is the packed data representation of a

Sour cel VO 98612829,%nd DEST register will contain a portion of the product of the
PCT/ US96/ 11893

packed data. The sec&%ﬁmm%mﬁwt%’?‘hsﬂ;shsewpﬁe&k%ig h&‘é?%aclrlg%tragsent Eit ion of a
Sour ce2 packed dat a. independentiymuigpliest bythe sespective datp slement of Source2. Depending
representation of o the typd\6¥ tRSmuitiply? Ackedult HlRincibae the WighFsrd&Ur @ 18RCh

data elenent bit is el ement nunber. For exanple, Sourcel

data elenent 0 is 10%@&&4‘?% ef ore, If the data el enents
are eight bits in | engt in ¢isembodimeny of the dnventiong thedollawingmyltiply dperations are
gdfli tion is perf oLnﬁan:@;@Qﬂy hﬁ dﬁg&W gﬂ!tﬁﬁﬁhikﬁ_ﬁigﬁ’ﬁfpﬂc]!:e@ﬁﬂked
i ﬁvgn? ;s on, wher eS aor é%‘ﬂﬁiﬂly EWé fow indicate w&ﬁﬁi’?‘?%ﬁ&gﬁ@d{’%@f h}:?gr ation
i s using unsat urat e, nyitiplicationdre to be ig¢lndgdin theyResalt.ddis is needed because a
multiplication of two N bit numbers results in a product having 2N bits. As each
result data elemeant is the same size as the multiplicand and the multiplier’s data
elements, only half of the product can be represented by the result. High causes
the higher order bits to be output as the result. Low causes the low order bits to
be output as the result. For example, unsigned high packed multiplication of
Source1[7:0] by Source2[7:0] stores the high order bits of the product in
Resultf7:01.

In one embodiment of the invention, the use of the highllow operation
modifier removes the possibility of an overflow from one data element into the
next higher data element. That is, this modifier allows the programmer to select
which bits of the product are to be in the result without concern for overflows.

The programmer can generate a complete 2N bit product using a combination of
packed multiply operations. For example, the programmer can use a multiply
high unsigned packed operation and then, using the same Sourcel and Source2, a
multiply low packed operation to obtain complete (2N) products. The multiply
high operation is provided because, often, the high order bits of the product are
the only important part of the product. The programmer can obtain the high order
bits of the product without first having to perform any truncation, as is often
required by a nonpacked data operation,

In one embodiment of the invention, each data clement in Source2 can have
a different value. This provides the programmer with the flexibility to have a
different value as the multiplier for each multiplicand in Sourcel.

Figure 12 is a flow diagram iflastrating a method for performing packed
multiplication operations on packed data according to one embodiment of the
invention.



That is, the carry bit is ignored. For exanple, in Table 8a, the

I n-regi ster representation of result data el enent one woul d be:
10001000[ err] + 10001000[err] = 00001000[err]. Simlarly, for
underflows, the result is truncated. This form of truncation

enabl es a programmer to easily performnodule arithnmetic. For

exanpl e, an 3%?1 for result data el enent one can be exp?@ygﬁﬂﬂlé@-"
(Sourcel data el enent one + Source2 data el ement one) nod 256 =
result data el ement one. Further, one skilled in the art would
understand fromthis description that overfl ows and underfl ows
coul d be detected by setting error bits in _ggstatus regi ster.
00101010 01010101 01010101 112112111 10000000 01110000 10001111 10001000

11001411 10001000 | e oer a0 ek i gersded i 0 SR e

Overfl ow Q/er fl ow v, dopodsr 202 degpdes: the operation code for the apprepriate multiply
4 : tnon, SRC1 402, SRCZ 609 and DEST 605 addresses in registers 209;

I?béepﬁi‘ked vor o pEARG Ry S B ok B o g 3. "

el enents are sixteen Htstep 1302} mgmnal bus 70 de¢cnden208 aceeyses ragisters 20%ined,
unsat urated additiggisted ﬁl%E‘ﬁb%i\}Eﬁ@xe SRE1 @musm Gwlaadresses Registea 209" oduces
the Result packed dr%%u e ExeSution it NS ich Ifh%t V&%{ads da i% tl?e §1¥EP%02 register
-~ (Sourcel), and the packed data stored in SRC2 603 register (Source2). That is,
registers 209 communicate the packed data to execution unit 130 via internal bus
170. o L S
At step 1130, decoder 202 enables execution unit 130 to perform the
- appropriate packed multiply operation. Decoder 202 further communicates, via

internal bus 170 the size of data elements and the highllow for the mulnply

operation. ' o -

At step 1210, the size of the data element determines which step is 1o be
executed next. If the size of the data elements is elght bits (byte data); ‘then
execution unit 130 performs step 1212. However, 1f the size of the data’elements
in the packed datais sixteen bits (word data), then execution unit 130 performs
step 1214. In'one embodiment, only sixteen bit data element size packed

- multiplies are supported. In dnother cmbodimént,‘ eight bit and sixteen bit data
- element size packed multiplies are supported. However, in another embodiment,
a thirty-two bit data element size packed multiply is also supported.

‘Assuming the size of the data elements is eight bits, then step 1212 is
executed. In step 1212, the following is performed. Source] bits seven through
zero are multiplied by Source2 bits seven through ijero generating Result bits
seven throngh zero. Source] bits fifteen through eight are multiplied by Source2
bits fifteen through eight generating Result bits fifteen through eight. Sourcel
bits twenty-three through sixteen are multiplied by Source2 bits twenty-three
through sixteen generating Result bits twenty-three through sixteen. Source1 bits
thirty-one through twenty-four are multiplied by Source2 bits thirty-one through

. - twenty-four generating Result bits thirty-one through twenty-four. Sourcel bits
thirty-nine through thirty-two are multiplied by "Soﬁfcez bits thirty-nine through
thirty-two generating Result bits thirty-nine through thirty-two. Sourcel bits
forty-seven through forty are multiplied by Source2 bits forty-seven throngh
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- 26- two, the carry frombit seven (see enphasized bits | bel ow
propagated into bit ei ght, causing data el enent two to overfl ow
(see enphasi zed overfl ow bel.ow). 00101010 01010101 0101010
11111111 1000Q63 086k 10000 © 10001111 10001000 [err] PCHROSSEHRdSE -
01010101 10101010 10000001 10000000 11110000 11001111 10001000 [err]
11010100 10101010 Overfl ow Overfl ow Overfl ow 3. 2 1 0
Tabl e 8b Table 8c illustrates the in-register representation
of packed doubl eword data addition gperation. This operation is
supported in an alternative enbodi mé of the invention.
Therefore, if the data elenents are thirty-two bits in length

(i. fe. : dgublt ﬁvvolrzil dM,@MMﬁ@W-M@?%M&SGMhMNﬁ'ty-fivethrouﬁh
per f or med, e Exec : gw%] .\ }g@,féﬁqgng@%ﬁt as shown.
Note that carries fro %i‘ g%aeven, hét 'f\miefte%’n %f_ d(t) bl'eywor d .dat a el enent
one pr opagenegting Resuly l%“s%f‘g ve ghrgugl foryreight pupced bus sixtyzpree
00101010 01010101 Ol1éhidugh Fiftldsiddre tultiphiet 6P So¢rg2 KifsigetOding REME bitd sikGafife8 00
1 0 + +

10101010 01010101 10%&6&?%00.01 10Q00000 1111Q000 11081111 }000,1000
1 Assuming ghe size of the data elements is sixteen bits, then step 1214 1s

executed. In step 1214, the following is performed. Sourcel bits fifteen through
zero are multiplied by Source2 bits fifteen through zero generating Result bits
fifteen through zero. Sourcel bits thirty-one through sixteen are multiplied by
Source2 bits thirty-one through sixteen generating Result bits thirty-one through
sixteen. Sourcel bits forty-seven through thirty-two are multiplied by Source2
bits forty-seven through thirty-two generating Result bits forty-seven through
thirty-two. Source1 bits sixty-three through forty-eight are multiplied by Source2
bits sixty-three through forty-eight generating Result bits sixty-three through
forty-eight.

In one embodiment, the multiplies of step 1212 are performed
simultaneously. However, in another embodiment, these multiplies are
performed serially. In another embodiment, some of these multiplies are
performed simultaneously and some are performed serially. This discussion also
applies to the multiplies of step 1214 as well.

At step 1220, the Result is stored in the DEST register.

Table 14 illustrates the in-register representation of packed multiply
unsigned high operation on packed word data. The first row of bits is the packed
data representation of Sourcel. The second row of bits is the data representation
of Source2. The third row of bits is the packed data representation of the Result.
The number below each data element bit is the data element number. For
example, Source1 data element two is 11111111 00000000.




= = 11010100 10101011 00000000

10000000 Overfl ow 1
0 Tabl e 8c To better

illustrate the difference between packed addition and ordinary

addition, the data fromthe above exanple is duplicated in.Table 9. _
However, in this case, ordinary addition (si xiy- f BGA/USPE/NEY3g
performed on the data. Note that the carries frombit seven, bit
fifteen, bit twenty-three, bit thirty-one, bit-thirty- ni ne and
bit forty-seven have been carried into bit eight, bit sixteen, bit twenty-
four, bit thirty-two, bit forty and bit forky-eight respectively.
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-27- 0 101010 01010301 01010101 311211111 1000Q000 01110000

10001111 10001000

~ 10000000 11110000

1 1 _101 10101030 10000001

]xiﬁﬁjti”ti'ui'i‘ﬁ) _3199?111[06606600 _n oodoodoo 00001110 00001000
M_;_;_lgply Multiply ' Mumly ' Multiply 0

0000000000000000

0000000000000001

10000000 OOO(XJOOO

00001110 10000001 |

00000000_00000000

00000000 00000000 .

_ Table 15 1llustrates the m—reglster representanon of multiply high signed
packed operation on packed word data.

01111111 10000000 { 00000000 11001011
3 2 ] I
Table 14

11111111 11111111

111:1111_'00000000_-

- 00001110 00001000

L Muliply
00000000 00000000 | -

3

11111111 00000000
2
_Muhiply.

_Multiply.

[

M!.';! )

00000000 00000001

10000000 00000000

' 00001110::10000001

—
=

00000000 00000000

ST 11111

. 100000

00000000 11001011

3

- 2

I

: : Table 15 ) :
Table 16 illustrates the in-register representanon of packed muitiply low
operation on packed word data

0

‘ llllllll llllllll

Mulgp

| 11111111 00000000

11111111 00000000

_00001110 00001000

Multiply

Muluply

Multiply

0

00000000_00000000

00000000_00000001

00001110 10000001 |

100000(11(_10000000

00000000 00000000

11111111 00000000

00000000_00000000

10000010 00001000

-3

F1

1

Table 16

0




11010100 10101011 00000000 10000001 00000001 01100001 01011111 00010000
Table 9 S| GNED/ UNSATURATE PACKED ADDI TI ON

Table 10 illustrates an exanple of a signed packed addition where the data
elenent | ength of the packed data is eight bits. Saturation is not used.
Therefore, resydénmges overfl ow and underflow. Table 10 uses @ckigdeiigodat a
t han Tabl es 8a-8c and Tabl e 9. 00101010 01010101 01010101
01111111 00000000 11110000 00001111 10001000 [err] 10101010
01010101 10101010 00000001 00000000 11110000 00001111 10001000 [err]
11010100 Overflow 11111111 Overflow 0000000Q Underflow 00011110

Under f | ow 7 6 5 4-38 3 2 1 0
Tabl e 10 Sl GNED/ SATURATE PACKED ADDI TI ON
Table 11 illustrates an exanpl e of PACK ~ ERLYAIRCUNISn where the data

t herefore, overfl ow w maxi
underflow will be cl ¢lfigeRfsin esm@qn@ﬂ?ﬂ éﬁ%s"r‘gﬁ “@‘Pg}iwg%@%e

same data as Tabl e lGnpatkudelatiaTa achieve execution in the same number of clock cycles,
paralielism is used. That is, registers are simultaneously instructed to perform the
multiply operation on the data elements. This is discussed in more detail below.

Figure 13 illustrates a circuit for performing packed multiplication
according to one embodiment of the invention. Operation control 1300 controls
the circuits performing the multiplication. Operation control 1300 processes the
control signal for the multiply operation and has the following outputs: highllow
enable 1380; bytelword enable 1381 and sign enable 1382. Highllow enable 1380
identifies whether the high or low order bits of the product are to be included in
the result. Bytelword enable 1381 identifies whether a byte packed data or word
packed data multiply operation is to be performed. Sign enable 1382 indicates
whether signed multiplication should be used.

Packed word multiplier.1301 multiplies four word data elements
simultaneously. Packed byte multiplier 1302 multiplies eight byte data elements.
Packed word multiplier 1301 and packed byte multiplier 1302 both have the
following inputs: Sourcel1[63:0] 1331, Source2[63:0] 1333, sign enable 1382,
and highllow enable 1380.

Packed word multiplier 1301 includes four 16x16 multiplier circuits: 16x16
multiplier A 1310, 16x16 multiplier B 1311, 16x16 multiplier C 1312 and 16x16
multiplier D 1313. 16x16 multiplier A 1310 has as inputs Source1[15:0] and
Source2[15:0]. 16x16 mmltiplier B 1311 has as inputs Sourcel[31:16] and
Source2[31:16]. 16x16 multiplier C 1312 has as inpnts Source1[47:32] and
Source2[47:32}. 16x16 multiplier D 1313 has as inputs Source1[63:48] and
Source2[63:48]. Each 16x16 multiplier is coupled to the sign enable 1382. Each
16x16 multiplier produces a thirty-two bit product. For each multiplier, a
multiplexor (Mx0 1350, Mx1|1351, Mx2 1352 and Mx3 1353 respectively)
receives the thirty-two bit result. Depending on the value of the highilow enable
1380, each multiplexor outputs the sixteen high order bits or the sixteen low
order bits of the product. The outputs of the four multiplexors are combined into
one sixty-four bit result. This result is optionally stored in a result register 1
1371.

el ement |ength of the Dﬁ%ﬁ?@@%ﬁhﬁ@:ﬂ&l&{@oﬁahﬁ%ﬁw‘ﬁm%ﬂﬁ édata
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el enent zero and data el enent two are clanped to the mninmumval ue, while
data el enent four and data el enent six are clanped to the nmaxi num val ue.
00101010 01010101 01010101 01111111 00000000 111110000 00001111 10001000

[err] - WOTH869%10 01010101 10101010 00000000 1111000BCTUSTHA193
10001000 [err] 11010100 011111112 11111111 01111111 00000000
10000000 00011110 10000000 7 6 5 4

3 2 1 0 Table 11
PACKED SUBTRATI ON : -39.

Packed byte'miﬂtiplier 1302 includes eight 8x8 multiplier circuits: 8x8
. - multiplier A 1320 through 8x8 multiplier H 1327. Each 8x8 multiplier has an
eight bit input from each of Source1[{63:0} 1331 and Source2[63:0] 1333. For
example 8x8 multiplier A 1320 has as inputs Source1[7:0] and Source2[7:0]
while 8x8 multiplier H 1327 has as inputs Source1[{63:56] and Source2[63:56].
Each 8x8 multiplier is coupled to the sign enable 1382. Each 8x8 multiplier
produces a sixteen bit product: For each multiplier; a multiplexor (e.g. Mx4 1360
and Mx11 1367) receives the sixteen bit result. Depending on the value of the
highllow enable 1380, each multiplexor outputs the eight high order bits or the
eight low order bits of the product. The outputé of the eight multiplexors are
‘combined into one sixty-four bit result. This result is optionally stored in a result
register 2 1372. The bytelword enable 1381 enables the partmular result reglster
depending on the size of the data element that the operation requires.
In one embodiment, the area used to realize the multiplies is reduced by
‘making circuits that can multiply both two 8x8 numbers or one 16x16 number.
That is, two 8x8 multipliers and one 16x16 multiplier are combined into one 8x8
and 16x16 multiplier. Operation control 1300 would enable the appropriate size
for the multiply. In such an embodiment, the physical area used by the
multipliers would be reduced, however, it would be difficult to execute a packed
byte multiply and a packed word multiply. In another embodiment supporting
packed doubleword multiplies, one multiplier can perform four 8x8 multiplies,
two 16x16 multiplies or one 32x32.
In one embodiment, only a packed word mult1ply opcrauon is prowded. In
this embodiment, packed byte multiplier 1302 and result register 2 1372 would
not be included. ' :

Thus, the described packed multiply instruction provides for the
. independent multiplication of each data element in Sonrcel by its respective data
element in Source 2. Of course, algorithms that require each element in Sourcel
to be multiplied by the same number can be performed by storing the same
number in each element of Source2. In addition, this multiply instruction insures



PACKED SUBTRACTI ON OPERATI ON One enbodi nent of the invention

enabl es packed subtraction operations to be performed in Execution
unit 130. That is, the invention enables each data el ement of a
second packed data to be subtracted individually fromeach data

el enent of a fiy ﬂ?B% gked data. Figure 7b ill ustrabggnRediildzod
for performng pac subtraction according to one enbodi nent of the
invention. Note that steps 710-713 are simlar to steps 701-704.

In the present enbodi ment of the invention, only eight bit and sixteen bit
data el enent | ength packed subtraction is supported However, alternative
enbodi nents can support different and/or otheﬁﬂtengths For exanple an
alternative enbodi nent could additionally support, thirty-two bit data
el ement | engt fpapiciatifiowdby redkingthe cary chains; thereby reldasipg det a el enent

| ength is eight bits e?m @.&gug

unit 130 2's conpl e m?‘t&g&? seve&%ﬁrough%ﬁ?vmz%men Fibs our?‘@a@n
parallel with this aqd Fesylting i, more 1opust cod

conpl enent s bit flfteen tmr@ught,tpnbrmgéimﬁu@owwe&smmmdtaippw&hch

}Dg{/s 88529 5 }5 11893 VO RH08898re required to perform this operation by unpacking the datg

conpl enent's, Execut i epments.iperfonmipg the sapitiptiesand shap; nacking theyyesuls fa f‘E"Fhef)ug h
bi t si xt eenpaekedprocasidg. Thuspprosdsbe! 10Rickimuhiphedifferenrdnmpd]emens of
Execution unit 130 a packed data by different multipliers in parallel using one instruction.

Typical multimedia algorithms perform a large number of multiply
operations. Thus, by reducing the number of instructions required to perform
these multiply operations, performance of these multimedia algorithms is
increased. Thus, by providing this multiply instruction in the instruction set
supported by processor 109, processor 109 can execute algorithms requiring this
functionality at a higher performance level.

. MULTIPLY-ADD/SUBTRACT

In one embodlment two muluply-add operations are performed using a
single multiply-add instruction as shown below in Table 17a and Table 17b -~
Table 17a shows a simplified representation of the disclosed multiply-add
instruction, while Table 17b shows a bit level example of the disclosed multiply-

add instruction.
Multiply-Add Sourcel, Sonrce2
Al A2 A3 A4 Sourcel
Bl B2 B3 B4 Source2
A1B1+A2B2 [ A3B3+A4B4 Resultl

Table 17a



2's conplenents bit thirty-one through bit twenty-four of Source2. In

paral | el with these 2's conpl enents, Execution unit 130 2's
conpl ements bit thirty-nine through bit thirty-two of Source2. In
parallel with these 2's conpl enents, Execution unit 130 2 s .

conpl enent s r seven through bit forty of Source2. .. '
paral | el wtﬁb{’ﬁ;é@é% s conpl enents, Execution unit 130 2' s’%’ﬁ?‘é’ﬁ%ts bi t
fifty-five through bit forty-eight of Source2. In parallel with these 2's
conpl enents, Execution unit 130 2's conplenments bit sixty-three through bit
fifty-six of Source2. At step 715a, Execution unit 130 perforns the
addi ti on of the 2's conpl enent ed bi4ts of Source2 to the bits of

- Sourcel as generally descri bed for step 705a.

Assuming data elenent length is gixteen bitsy steps 714bjand 715b arg
execut ed. Execution lnii 130 2's conplenentslhit fifteedlthrough bit Jzero

of - Sour ce2. | {ymipargdihah | viihiitdodosood mmmmmt ou'itkﬂfﬂgﬁ fj juni t

130 2's conpTENENTS DIBIL A rTy- ONE2{NT-0UGgN DI {19 urce2.
In parallel with thepe-Mutl ’% MR ot dnBaltiply 130 7' 5
conpl enents bit fort ' 000 LIOH0000E 1000 ' 0000010 Sooobo@d2. I n -
paral l el with these I ene N UnNi'y ' 130 27s
conpl enents bit sixtp=ttres—ttropytrHrt—forty—erght—of—Sgtrce2—At+—sHep
715b, Execution unit P&G“{BWWE R ngunediatei o P2 Inteimedia®’ § PeBighlvomting 4d bit s

u

of Source2 {o theulits pf Seuuee! ap gengmpd |y qescrihpg forl step
705b. Npte that steps 714 and 715 are the mft hod used i one
enbodi nent of the. . — rventor—to—stitact fow foitS = G0 a.

_for

second nunber. Howevgry_ ot her
the art and this inventi OTrshe
using 2's conplenment]arithmeticpgg
enabl es registers 20Pp_wi'th the destination agldress

destination register}l,,Jhig1;{4{1§ rﬁiﬂlﬁxoﬁﬁﬁ&ﬁ 119@15&)11?00&1505&%15@005&800 ST

regi ster of registerfg 209" 7 I

Table 1'7b

The multiply-subtract operation is the' same as the multiply-add operanon,
except that the add is replaced with a subtract. The operation of an example
multiply-subtract instruction which performs two multiply-subtract operations is
shown below in Table 12. ' }

Subtraction are kn

Multiply-Subtract Sourcel, Source2. -

Al A2 A3 . A4 Sourcel

B3 B2 . B3 B4 Sonrce2

A1B1-A2B2 _ A3B3-A4B4 Resultl
Table 12 '

In one embodlment of the invention, the SRCl rchster contains packed data
(Sourcel), the SRC2 reg:ster contains packed data (Source2) and the DEST
register will comam the result (Result) of perforrmng the multiply-add or
muluply-subtract instruction on Sourcel and Sourch In the first step of the
multiply-add or multiply-subtract instruction, Sourcel will have each data
. element independently multiplied by the respective data element of Source2 to
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Table 12 illustrates the in-register representati on of packed subtraction
operation. Assuming the data elenents are eight bits in length (byte data),
and ungyavrdgosunsat urat ed subtraction is perfornmed, tpeRussgaess on
unit 130 produces the result packed data as shown.

00101010 01010101 01010101 01111111 00000000 11110000 00001111 10001000

7 6 5 4 3 2 1 0 -

- . - - - - - - 10101010
01010101 10101010 00000001 00000000 11110000 B8001111 10001000
[err] Under f | ow 00000000 Underfl ow 01111110 00000000 00000000
00000000 00000000 genexateasetof respective interm@iiate results. 3Vhen executing the multiply3

2 1 ntennedlate results are summed bypa.u's W 12
PACKED DATA ADDI TI O\I/ S BTRACTI O\I cl rat es

|
a circuit for perforfSHER m%a@}ms%aﬁgeggﬁmmmo?ﬂxeiqﬁ# h’c“t"P Bfton
i ndi vi dual bits of pwhitaseciaing tikaookiglyrybiract insuctivhtiesedmernaddididireslts are

i nvention. Figure 8 gh B,xﬁeﬁﬁr%@ h@cﬂ l/eﬁlléﬁﬂ HAE LR fﬁgp
Adder/ subtractor 80l1la-b enall \tRD gtnf’rom@o%%gé to 3e a gt to‘,‘s‘ioapa
subtracted from Sou‘i"lé@ﬂ!“s £59%n and carry control 803 transmts to
contr ol 809a coﬂhemduveleglbaﬁmammuyahtpthanumbhilofbinsnnahe datip tlements,0n

oper ation. Thus , in the ina m:u.[été i‘%ﬁft?%&ﬁr iﬁ%ﬂm&na{ts ﬁqﬁg R@ﬁiﬁs Ill?h&dll'lon

recei ved on Source2[err]| 805a
alternative embodlment may vary the number of data elements in Sourcel,

Source 2, and the Result. For example, if Sourcel and Source 2 each have 8 data
elements, the multiply-add/subtract instructions may be implemented to produce
a Result with 4 data elements (each data element in the Result representing the
addition of two intermediate results), 2 data elements ( each data element in the
result representing the addition of four intermediate results), etc.

Figure 14 is a flow diagram illustrating a method for performing multiply-
add and multiply-subtract operations on packed data according to one
embodiment of the invention.

At step 1401, decoder 202 decodes control signal 207 received by processor
109. Thus, decoder 202 decodes: the operation code for a multiply-add or
multiply-subtract instruction.

At step 1402, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRCI 602 and SRC2 603 addresses. Registers 209
provide execution unit 130 with the packed data stored in the SRC1 602 register
(Sourcel), and the packed data stored in SRC2 603 register (Source2). That is,
registers 209 communicate the packed data to execution unit 130 via internal bus
170.

At step 1403, decoder 202 enables execution unit 130 to perform the
instraction. If the instruction is a multiply-add instruction, flow passes to step
1414, However, if the instruction is a multiply-subtract instruction, flow passes
to step 1415,

In step 1414, the following is performed. Sourcel bits fifteen through zero
are multiplied by Source2 bits fifteen through zero generating a first 32-bit
intermediate result (Intermediate Result 1). Sourcel bits thirty-one through
sixteen are multiplied by Source2 bits thirty-one through sixteen generating a




recei ved on Sourcel[err] 804a, producing a result bit transmtted on
Resul ti 806a. Clerr] 807a-b and Cjerr] 808a-b represent carry
control circuitry as is comonly found on adder/subtractors.
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-31- oﬁ}“& gont rol 802 is enabled fromoperation and carry caontrol )
803 via packey data enable 811 to control Cerr] 807b W%ﬁ’é@? For
exanple, in Table 13a, an . unsi gned packed byte addition is perforned.
| f adder/subtractor 80la adds Sourcel bit seven to Source2 bit seven,
then operation and carry control 803 wll - enable bit control 802,
[Ste(r)P]I?l ng the propagation of a carry from bi tazeven to bi t ei ght.
second 32-bit intermediate result (Intermediate Result 2). Sourcel bits forty-
seven through thirty-two are multiplied by Source2 bits forty-seven through
thirty-two generating a third 32-bit intermediate result (Intermediate Result 3).
Sourcel bits sixty-three through forty-eight are multiplied by Source2 bits sixty-
three through forty-eight generating a fourth 32-bit intermediate result |
(Intermediate Result 4). Intermediate Result 1 is added to Intermediate Result 2
generating bits thirty-one through 0 of the'Rcsuit, and Intermediate Result 3 is
added to Intermediate Result 4 generating bits slxty-thxee through thu'ty-two of
the Result. -

Step 1415 is the same as step 1414, with the exception that Intennediate
Resuit 1 and Intermediate Result 2 are subtricted to generate bits thirty-one
through 0 of the Result, Result 3 and Intermediate Result 4 are subtracted to
generate bits sixty-three through thirty-two of the Result. - :

Different embodiments may be perform the multiplies and adds/subnacts
serially, in parallel, or in some combination of serial and parallel operanons

At step 1420, the Result is stored in the DEST reglster : 5=

i

P ' =ADD/S
Inone embodnment cach of the mult1p1y-add and muluply-subtract :
instructions can occur on multiple data clcments in thc same number of clock
cycles as a single multiply on unpacked data. To achlevc execunon in the same
number of clock cycles, arallelism is uscd ‘That i 1s, registers are slmultaneously
- instructed to perform the multiply-add or muluply-subtract operations on the data
elements. This is discussed in more detail below. - |
Figure 15 illustrates a circuit for performing multiply-add and/or multiply-
subtract operations on packed data accordihg to one embodiment of the
invention. Operation control 1500 processes the control signal for the multiply-
add and mulnply-subtract instructions. Operation control 1500 outputs signals
on Enable 1580 to control Packed Multiply-Adder/Subtractor 1501.
Packed Multiply-Adder/Subtractor 1501 has the following inputs:
- : ' Source1[63:0] 1531, Source2[63:0] 1533, and Ehal}lc']580. Packed Multiply- -
Adder/Subtractor 1501 includes four 16x16 multiplier circuits: 16x16 multiplier
. A 1510, 16x16 multiplier B 1511, 16x16 multiplier C 1512 and 16x16 multiplier
D 1513. 16x16 multiplier A 1510 has as inpﬁt's Sou_fcel[lSI:O] and



Tabl e 13a However, if an unsigned packed word addition is

performed, and adder/subtractor 80la is simlarly used to add bit
seven of Sourcel to bit seven of Source2, bit control 802 propagates
the carry to bit eight. Table 13b illustrates this result. This
propagati on | owed for packed doubl eword addition permsdiass!!
as unpacked addition. [err]

Tabl e 13b Adder/subtractor 80la subtracts bit Source2i 805a from
Sourceli 804a by first formng the 2's conpl enent of Source2i 805a
by inverting Source2i 805a WO 97/ 08608

PCT/ US96/ 11893 -44-

Source2[15:0). 16x16 multiplier B 1511 has as inputs Source1{31:16] and
Source2[31:16). 16x16 multiplier C 1512 has as inputs Source1{47:32] and
Source2[47:32]. 16x16 multiplier D 1513 has as inputs Source1[63:48] and
Source2[63:48]. The 32-bit intermediate results generated by 16x16 multiplier A
1510 and 16x16 multiplier B 1511 are received by Virtual Adder/Subtractor
1550, while the 32-bit intermediate resuits generated by 16x16 multiplier C 1512
and 16x16 multiplier D 1513 are received by Virtual Adder/Subtractor 1551.

Based on whether the current instruction is a multiply-add or multiply-
subtract instruction, Virtual Adder/Subtractor 1550 and Virtual Adder/Subtractor
1551 either add or subtract their respective 32-bit inputs. The output of Virtual
Adder/Subtractor 1550 (i.e., bits thirty one through zero of the Result) and the
output of Virtual Adder/Subtractor 1551 (i.e., bits 63 through thirty two of the
Result) are combined into the 64-bit Result and communicated to Result Register
1571.

In one embodiment, Virtual Adder/Subtractor 1551 and Virtual
Adder/Subtractor 1550 are implemented in a similar fashion as Virtual
Adder/Subtractor 1108b and Virtual Adder/Subtractor 1108a (i.c., each of
Virtual Adder/Subtractor 1551 and Virtual Adder/Subtractor 1550 are composed
of four 8-bit adders with the appropriate propagation delays). However,
alternative embodiments could implement Virtual Adder/Subtractor 1551 and
Virtual Adder/Subtractor 1550 in any number of ways.

To perform the equivalent of these multiply-add or muitiply-subtract
instructions on prior art processors which operate on unpacked data, four
separate 64-bit multiply operations and two 64-bit add or subtract operations, as
well as the necessary load and store operations, would be needed. This wastes
data lines and circuitry that are nsed for the bits that are higher than bit sixteen
for Sourcel and Source 2, and higher than bit thirty two for the Result. As well,
the entire 64-bit result generated by such prior art processors may not be of nse
to the programmer. Therefore, the programmer would have to runcate each
result.



- 32- and addi ng one. Then adder/subtractor 80la adds this result

to Sourcel[err] 804a. Bit slice 2's conplenenting techniques are
wel |l known in the art, and one skilled in the art woul d understand
how t o design such a bit slice 2's conpl enenting circuit. Note that.
propagation of carries are controlled by bit control 802 and

oper ati on andVQ¥Y18698:ont r ol 803. Figure 9 il uBFFHEwAQ1g93"
circuit for perform ng packed addition and packed subtraction on

packed byte data according to one enbodi ment of the invention.

Sourcel bus 901 and Source2 bus 902 carry the information signals to the
adder/subtractors 908a-h via Sourcel[err] 9Q&a-h and Source2[err] 905a-h
respectively. Thus, adder/subtractor 908a adds/subtracts Source2 bit seven
t hrough bit zero toL
adder/subtractor ) D adas/ : _ T reen tni

bit gight to/from Sourcel bit ~ ﬂilﬂﬁﬂﬂﬂgﬂﬁﬁﬁﬁﬁﬂgh bi t elght etc.. CTRL
904a- h receives, from Qperation Control .. -+ 903, via packed control 911

control signals disa

enabl i ng/ di sabl i ng s%r%ﬁ%ﬁgnd’ %M$%&£%&%§g%%§§%n%ﬁm¥r
arithmetic. Fom example. dhe wulgplyradd Clignen ba nsed €carries
by receiving CarVYmuluphcanonloﬂf:éiﬁlﬂaimﬁﬂaefriﬂmﬁ'ﬁb nfiiplichrichEd a€dunfalaidagat i ng

it to the next rmsgfogalpermc;n%qghﬁmwm&%aémmg@mdggém n ate 14

Qperation Control operati ol e operaton and
carry control 803 deseribedderin. control 802 for 64 = bit packed dat a.
One skilled in the ar'l‘hwpw iclnding thexdescribad enudipiyradd aridy/or umdltipdy-sebiract

the illustrations dg{g, ShelinSrian géagutﬁi,hﬂw?P@%E%sf,&gtr]bQ%anyfunct

Adder / subt ract ors communi cate res via“res ® out

907a-h, of the varGMmafemla&weﬁrﬁﬁgcqoaﬂh@gww PUDASG FIOCESSPEECh |

resul t r egivhichlack titse insgtioas and then transmits the result

I nformati on onto Result bus - 909. This result information is then

stored in the integer_reg.ste Ified by the DEST 605 register
addr ess. Pﬁﬁﬁébéﬁﬁa | ogi cal. view of a circuit for

perform ng packed addition and - -packed subtraction on packet word
data according to one enbodi ment of _the. |nvent|on Her e4: packed
word operations are being perforrred. AGKED, SHIET OPER A : cargi es between

bit eight and bit sevhrbnetmlboammqftﬁ@inwmd the SRc\tmgis;ertcbnms theidata '
by " D ar | SeRsh e R iy SUC il PR e s ots O S&Stgab' °
shown as virtual Tepresentingthes ift count. d Dﬁ register wi 1 contain the result of the _
(Result). That is, Sourcel will havc each data elemcm mdependently shifted by
the shift count. Tn one embodtmcnt. Source2 is mterprcted as an unsigned 64 bit
scalar, In another embodiment, Source2 is pa.ckcd data and contains shift counts
- for each correspondmg data elemcnt m Sourcel.
1In one embodiment of the invention, both anthmenc shifts and logical shifts
“are supported. An arithmetic shift, shifts the bits of each data element down by a
specified number, and fills the high order bit of each data element with the initial
value of the sign bit. A shift count greater than seven for packed byte data,
greater than fifteen for packed word data, or greater than thmy-onc for packed
doubleword, causes the each Result data element to be filled with the initial
_ : value of the sign bit. A logical shift can operate by shlfung bits up or down. Ina
- B shift right logical, the high order bits of each data element are filled with zeroes.
A shift left logical causes the least significant bits of each data element to be
) filled with zeroes. " |




adder/subtractor 1008a, wll act together to add/subtract the first word of

packed word data Source2 (bit fifteen through bit zero) to/fromthe
first word of packed WO 97/ 08608

PCT/ US96/ 11893 ' -33- .
word data Sour gRylorigebgs fifteen through bit zero); adder/subtr perfkedHifs -and
908d, shown as virtual adder/subtractor 1008b, will act together
to add/subtract the second word of packed word data Source2 (bit
thirty-one through bit sixteen) to/fromthe second word of packed

word data Sourcel (bit thirty-one through bit si xteen), etc.
Virtual adder/subtractors 1008a-d conmuni cate ?'esult i nformation, vi a
resul t out 1007a-d (conbi ned result, outs,9Q7a-h, 907c-d, 1?&7&
and 907g-h), to virtual Inoneembodmeegqﬂtbemewepé\fin fi pgh arithmetic the 5h

result register 1010gy Kﬁﬂ’ﬁéﬁ!ﬁﬁléf?lﬁgichl operations are supposédfos pakea bires &idc- d,

910e-f and 910g- h) to a SI tee resu t to be
comuni cat ed onto Reg"lfi‘?ds er ebolfiaed E’ftg?lé‘u?‘euof these °§%§§Fp vi ew
of a circuit for perimmﬂdgmkeﬂdmmﬂmd packed subtraction
on packed doubl eword daf?ux@@@@i&’ﬂﬂﬁdﬁwﬁlu@ﬁﬁﬂ 'a'ii?dﬂiod%rperfonmn a pddRed

i nvention. Propagati carries en bi.t ven
si xt een andShsit oPgrtion &‘W?ﬁ? g ’"“ "%ﬁgﬁff"teﬁg bi t
forty and bit thirty-niAtstep 1601, decod&;mzamoﬂgsc@ng@hm@nw%rpceﬂmdﬂy m'mtpr

and bit fifty-six an eBddR efifion code for th wabian
Sont rol 903, Thus %TﬁuJWZ@% s%@&ﬁ on code for the BYproPiei

adder/ subtract or 110%@’#935&%@@42&%@6%3359 ?@g?w% ?%%%ﬁ?é%‘s%&ﬁ'ew d

of saturatefunsaturate (not necessarily needed for shift operations), signed/unsigned
(again not necessarily needed), and length of the data elements in the packed
data.

At step 1602, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1 602 and SRC2 603 addresses. Registers 209
provides execution unit 130 with the packed data stored in the SRC1 602 register
(Sourcel), and the scalar shift count stored in SRC2 603 register (Source2). That
is, registers 209 communicate the packed data to execution unit 130 via internal
bus 170.

At step 1603, decoder 202 enables execution unit 130 to perform the
appropriate packed shift operation. Deceder 202 further communicates, via
internal bus 170, the size of data elements, the type of shift operation, and the
direction of the shift (for logical shifts).

At step 1610, the size of the data element determines which step is to be
exccuted next. If the size of the data elements is eight bits (byte data), then
execution unit 130 performs step 1612. However, if the size of the data elements
in the packed data is sixteen bits (word data), then execution unit 130 performs
step 1614. In one embodiment, only eight bit and sixteen bit data element size
packed shifts are supported. However, in another embodiment, a thirty-two bit
data element size packed shift is also supported.

Assuming the size of the data elements is eight bits, then step 1612 is
executed. In step 1612, the following is performed. Sourcel bits seven through
zero are shifted by the shift count (Source2 bits sixty-three through zero)
generating Result bits seven through zero. Sourcel bits fifteen through eight are
shifted by the shift count generating Result bits fifteen through eight. Sourcel

-




packed doubl eword data Source2 (bit thirty-one through bit zero) to/from
t he first doubl eword of packed word data Sourcel (bit thirty-one
through bit zero); adder/ subtractors 908e-h, shown as virtual
adder/subtractor 1108b, act together to add/ subtract the second
doubl ewor d of (i;;%é doubl eword data Source2 (bit - sixty-three
through bit th tWwo) to/fromthe second doubl eword of pafk&Ys96/11893
doubl eword data Sourcel (bit sixty-three through bit thirty-two).

Virtual adder/subtractors 1108a-b conmucate result information, via result
out 1107a-b (conbined result outs 907a-d and 907e-h), to virtual result

registers- 1110a-b. Each virtual regmt register 1110a-b (conbi ned
result registers 910a-d ' and 910e-h) stores a thirty-two bit result
data el ement to bepgOWYLhRE RlodpRlsiks re shifted Byt dhi ;
PACKED MULTIPLY .. | By stxtoen are STHed =y 4 {uiit P Rcrpg Besult

- OPERATI ON bits twepty-thpee theonsh Sixtest Sesroed fhits thixpene tpugh feentyxfonr

regi ster contains are shifted by thelshiftzionntgederdtingRd¢s6h bitchiny-orehhrobfCAvensgi St er

contains nultipli sts thivty_ : o . .
PCT/ USO6/ 11893 efouf! Xofirce1 bits thirty m&%&ﬁﬁﬁﬁy two are shifted by the shift count, , -

(Source2), and DESHCTFEGNE Resulthits thipying;throughyhirty-tyie- 3guree] bits forpnsevenst t he
nul tiplication (Retwdghforfjhare shificd Bothe chift cointigehaaing®Restilt fhafysseedrthRh
forty. Sourcel bits fifty-five through fony-eight are shifted by the shift count
generating Result bits fifty-five through forty-eight. Sourcel bits sixty-three
through fifty-six are shifted by the shift count generating Result bits sixty-three
through fifty-six. - : :

- Assuming the size of the data elements is sixteen bits, then step 1614 is
executed. In step 1614, the following is performed. Sourcel bits fifteen through
zero are shifted by the shift count generating Result bits fifteen through zero.
Sourcel bits thirty-one through sixteen are shifted by the shift count generating
Result bits thirty-one through sixteen. Source1 bits forty-seven through thirty-
two are shifted by the shift count generating Result bits forty%cven--tﬁibugh
thirty-two. Sourcel bits sixty-three through forty-eight are shifted byithe shift
count generating Result bits sixty-three through forty-eight. - )

In one embodiment, the shifts of step 1612 are performed simuitaneously.
However, in another embodiment, these shifts are performed serially. In another
embodiment, some of these shifts are perfonned Simul_tane’ously and some are
performed serially, This discussion applies to the shifts of step 1614 as well.

At step 1620, the Result is stored in the DEST register.

Table 19 illustrates the in-register representation of byte packed shift right
arithmetic operatidn. The first row of bits is the packed data representation of
Sourcel. The second row of bits is the data representation of Source2. The third
row of bits is the packed data representation of the Result. The number below
each data element bit is the data.element number. For example, Sourcel data
element three is 10000000,.



i ndependently nmultiplied by the respective data el ement of SourceZ2.

Dependi ng on the type of the multiply, the Result will include the
hi gh order or the | ow " order bits of the product. In
one enbodi nent of the invention, the following nultiply operations are
supported: nul WddMoskesdh unsi gned packed, mnultiply high signegcyasserisesid
multiply | ow packed. Hi ghllow indicate which bits fromthe product of the
mul tiplication are to be included in the Result. This is needed because a
mul ti plication of two N bit nunmbers results in a product having 2N bits. As

each ' result data element is the sane,gize as the nultiplicand and
the multiplier's data el ements, only half of the product can be
represented by the result. High

t he righer order hits to, be
order] bits fo J‘
nlpaCk?cTrru h‘p I C

4148114, 10000000 | 6111000 1000111

output as the resulf. Low
as the result. For EXamnpl
Source 1 [7:0] by S

Resul t[7:0]. Shift dhe | nemint df sl € ngsr orshifit g 8fi€@ Of
t he highl | ow operat|on — er Vv | Di
overflow from one dpe0800000, MM L

That is, this nodif]er Al lJows=t h¢ pFogrlmter tlo $ele¢t =

0
of the product are 10 [RodoBfon | Sobkabs bR 1536506 § Boodeti [3YAdob $ 45111000
The progranmer can | . 5 Tt [pT ouugl UST I L
of packed hul ti plly operations.l For exanpl e, !t he priogra r can lse

a multiply hi gh unsi gned packed ofitableik$h and then, using the sane
Source 1 and Source2, : tr;ﬂ%&l | . .meﬁﬁgﬁﬁﬂ" ' . j
conplete (2N) pr oducts%ﬁeezorrﬂ}ufsl P tﬁéﬂ%glk I g oﬁg?gf’i?%‘%‘?.a‘%ﬁgiﬁg% g@
because, often, the PregHiopaacksdbytedats; he product are . the only

| nportant part of the product. The programmer can obtain the high order
bits of the product{w thoyt firsll havirlg to pdrform hny trmcatio@, as ip
of ten : r equired—by—eamonpackedda feT -t oY
enbodi nent of the | peA3#0101,91018104 j019H}IO: kA 1f 19060009, 4,013 0DOO,
a different value. [Thig Prlowieles thg Prlogsafgr suwi Chitae % |
have a di fferent ol ier 1 r_@e
Sour cel. ——= M

for perform ng packgd = ST ons orn
according to one enbadhifilooddosh §Boooo10 | ooorrrsh F6S0S [ooorro

4

7 6| 5 3 2

|
g

Table 20

Table 21 illustrates the in-register representation of packed shift left logical
operation on packed byte data.

00101010 § 01010101 | 01010201 § 11111111 [ 10600000 § 01110000 | 10001111 | 10001000
4 3 2 1 0
sttt Shift ° | sun > | swin Shift Shift Shift Shift

T

00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000011

— — o — m— — — —
— — — — 1 v— . — —

01010000 § 10101000 | 10161000 | 11111000 | 00000000 § 10000000 | 01111000 § 01000000
7 6 5 4 3 2 1 0

Table 21
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At step 1201, decoder 202 decodes control signal 207 received by processor
109. Thus, decoder 202 decodes: the operation code for the appropriate

mul tiply wo”ms%&eratlon SRC1 602, SRC2 603 and DEST. 605 _addresses in

registers 209" si gnedl unsi gned hi ghl I ow, and | eng?ﬁT’HF ¥H83gat a
. elements in the packed dat a. At step 1202, via i nt'ernal bus
170, decoder 202 accesses registers 209 in © regi ster file 150 given
the SRC1 602 and SRC2 603 addresses. Registers 209 provi des

execution unit 130 with the packed data stoged in the SRC1L 602 register
- (Soutcel), and the packed data stored in SRC2 603 reglster (Source2). That
IS, regi sters 209 connunlc... 2 el 0 execution unit 130

via internal bus - S decoder 202
enabkes execution uni I MEFT qﬂd’ﬂéﬁ“f W{ﬁ.@aauoncm g"ﬁﬂ’p‘?’b‘ﬁl‘lp ledlaty elaments

mul tiply operationin iﬂesndenutﬂ&iof@locﬂdwclesmmglednﬁspemmanonunpackeddﬂh.er nal-
bus 170, the size %aﬁﬁ&%&k&%ﬂﬁém@%ﬂﬁnﬂ&%m is uRdd

oper ati on. e enent

t he . si ze ta
det er mi nes whi ch sTBfs ??8“5@’%51““31‘”“"0 %WFMP ﬁtﬂft@%%ﬁmt he
data el enents is eﬂgtﬂataknltmm.byhmlmsspdirfmuredetmlbelo“execut ion unit 130

perforns step 1212. j in
t he packed data i s 5| xt n '7%1111§:;E§|§‘§ gftog eﬁ.‘;ﬁﬁm%aateﬁgcut I on; unlltwdfglo
per f or ns tgﬂa& [‘i‘t bw’é‘?ﬂ“& ithe inpention; Figwm 1 |

el ement size pac kedlustrates the umftalmw bytesslice: ghifs cireuit, byte sivectageir1799.
enbodi ment, ei ght Rty S’ﬁéislﬁh XdxB&H fdtithe HG Significant data%ie?r{éﬁmytéélfcg zﬂaﬁéfe%d

mul tiplies are suppo ﬁ

D os B o RS B Kook The TR T AP e Aty by e el

Assum ng the size oflythaee aishifauait.enents is eight bits, then step 1212 is
Shift unit; 1711 and shift umt1+1 1771 each allow eight bits from Sourcel to

be shifted by the shift count. In one embod1ment each shift umt operates like a
known eight bit shift circuit. Each shift unit has a Sourccl mput a Source2 input,
a control input, a next stage s:gnal a last stage s1gnal and a result output.
Therefore, shift unitj 1711 has Sourcelj 1731 input, Source2[63:0] 1733 input,
controlj 1701 input, next stagej 1713 signal, last stagej 1712 input, and a result
stored in result reglsterl 1751. Therefore, shift uniti+1 1771 has Sourceli+1 1732
input, Source2[63:0] 1733 input, controlj4+1 1702 input, next stagej+1 1773
signal, last stagej+1 1772 input, and a result stored in result registerj41 1752.
The Sourcel input is typically an eight bit poruon of Sourcel. The eight bits
represents the smallest type of data element, one packed byte data element.
Source2 input represents the shift count. In one embodiment, each shift unit
receives the same shift count from Source2[63:0] 1733. Operation control 1700
transmits c@nu'ol signals to enable each shift unit to perform the required shift.
The control signals are determined from the type of shift (arithmetic/logical) and
the direction of the shift. The next stage signal is received from the bit control for
that shift unit. The shift unit will shift the most sxgmficant bit out/in on the next
_ stage signal, dependmg on the direction of the shift (left/right). Similarly, each
. shift unit will shift the least sxgmﬁcant bit out/in on the last stage signal,
depending on the direction of the shift (right/left). The last stage signal being
received from the bit control unit of the previous stage. The result output




executed. In step 1212, the following is perforned. Sourcel bits seven

t hr ough zero are nultiplied by Source2 bits seven through zero
generating Result bits seven through zero. Source 1 bits fifteen
through eight are multiplied by Source2 bits fifteen through eight
generating Resydofigkeg fifteen through eight. Sourcel pPoTIUN96/11803
twenty-three through sixteen are nmultiplied by Source2 bits twenty-three

t hrough si xteen generating Result bits twenty-three through sixteen.

Sourcel bits thirty-one through twenty-four are nmultiplied by
Source2 bits thirty-one through twent 6_four generating Result bits

thirty-one through twenty-four. Sourcel bits thirty-nine through

thirty-two are nultiplied by Source2 bits thirty-nine through .

thirty-two generati rtgpreesnts the rsisals of the shift-operation on the gartioniof Sgurcelthe shiftruait1
bits forty-sg\(,ﬁ&aﬁ,{y@ég'h forty are nultiplied by Source2 bits

forty- through — o 108608 : .
baT) Dsoe) 11804 0" Bitcontrolj 1730 s Caibled from operation control 1700 via packed dgta

forty generating Reserablef 1706yBit consrolit 1720 goprrolonexystagsp L i3eanddast stageis1 J772% ve

t Er ougﬂ f _ Lor A¥suftle OF0F eﬁhﬁ)lél‘dhi_wd%h%__fﬂltiyre&ﬁﬁlﬁb m]ga_zfobﬂk?igmi feladt-signitfbant
forty ei gt - sour ce1biof Sowpsi b it gtk 17 s bt irkeq 4ehE cheth, ik
mul tiplied by SourceSouselslfgshifion paskedrnesiis pasfarmed; bigopnirel; E220 will not allow
through fifty-siX. theleast significant¥ifSfriéeh BEiff @i 2791 & be doinrthddichr®] Wilkiles 1S
st cen bits. (hen <SR canbbvihingt s DE Phihge, Lok had ydly,
mul tiplied by Sour ceperformed, tentbiteoniroli ST WiBallow ghelesst significas Hiti fronp shifs
fifteen through zer OpniPL1779 Yo Bé bSminbhicityd WRE teltidatigBnifibart 6R Bf SKift unit

mul tiplied by 1711

For example, in Table 22, a packed byte arithmetic shift right is performed.
Assume that shift unitj+] 1771 operates on data element one, and shift unitj 1711
operates on data element zero. Shift unitj+] 1771 shifts its least significant bit
out. However operation control 1700 will cause bit controlj 1720 to stop the
propagation of that bit, received from last stagej+1 1721, to next stagej 1713.
Instead, shift unitj 1711 will fill the high order bits with the sign bit, Source1[7].

7 6 5 4 3 2 1
Shift | snit | st Shifi |  Shife Shifi Shift Shift

——

"
|
I
|

.1 00001111 § 01000100 §
0

XYY 3 “ae X3
— =——

7 K 5 4 3 2 7

Table 22
However, if a packed word arithmetic shift is performed, then the least
significant bit of shift unitj+] 1771 will be communicated to the most significant
bit of shift unitj 1711. Table 23 illustrates this result. This communication would
be allowed for packed doubleword shifts as well.




Source2 bits thirty-one through sixteen generating Result bits thirty-one

t hr ough

si Xt een.

mul tiplied by Source2
generating Result bits forty-seven through

t hr ough

forty-eight.
multiplies of step 1212 are perforned
anot her enbodi ment,
anot her enbodi ment,

Sourcel bits forty-seven through thirty-tw are

bits forty-seven through thirty-two

these nultiplies are
some of these nultiplieSlare

_ thirty-two. Sourcel
bits sixty-tl ough forty-eight are nultiplied by Source2
bits siXtthﬁhggm@H%ough forty-ei ght generating Result bltsP§?§F§”¥ﬁ?ee
I'n one enbodi nent,
'sinultaneously. However, in
perfornmed serially. In

per f or med

t he
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Each shxft unit is opnonally caupledto a result regmer The resuit reglster
temporanly stores the result of the shift operation ux_ml the complete result,

Resnlt[63:0] 1760 can be transmitted to the DEST register.

N For a complete sixty-four bit packed shift circit, eight Shlft units and seven
bit control units are used. Such a circuit can also be used to perform a sluft ona '
sixty-four bit unpackcd data, thereby using the same circuit to perform the '

unpacked shift operation and the packed slnft opcranon

The described packed shift instruction causes each element of Sourcel to
be shifted by the indicated shift count. By including this instruction in the
instruction set, each element of a packed data may be shifted using a single’
instruction. In contrast, prior art general purpose processoxs that do not support
such an operation- must perform numerous instructions to unpack Sourcel,
'md1v1dually shift each unpacked data element, and then pack the results i into a

packed data format for further packed processing.

MOVE OPERATION _

The move operation transfers data to or from registers 209. In one
embodiment, SRC2 603 is the address containing the source data and DEST 605
is the address where the data is to be transferred. In this embodiment, SRC1 602
would not be used. In another embodiment, SRC1 602 is equal to DEST 605.



111111211 112711121 11111121 O0O0O00O000 11111111 00000000 00001110 00001000
3 2 1 0

Mul tiply Mul tiply Mul tiply Mul tiply

00000000 00000000 00000000 00000001 10000000 00000000 00001110

10000001 = = - . .
00000000 0000086’0 8800000 00000000 01111111 10000000 000 ’88965.11%)981011

3 2 1 0

Table 14 Table 15 illustrates the in-register representation of

mul tiply high signed packed operation on packed word dat a.

11111121 11111111 11111111 00000000 111111%% 00000000 00001110 00001000

3 2 1 0

Mul tiply Mul t i Bénythe purposes of thé/entpiaratign of the move opdvation| pdigtinction is

00000000 00000000 0&9&9%%@999&%mégmg,ob@moa@gmm%mxgg po1

00000000 11111111 fleil60 whilegmowanes bfo@aemle’ome%eééo Peiyrgmery 104

':I))' ble 15 2 %Ogil%lgatasmra ge deviice 107. f
abl e a | %ge! @#"'? tatd.on o

packed nmultiply | ow ,h«’a ?ﬁ%ﬁgﬁa&%ddﬂﬁ béﬁ{e&%

11111111 11111111 regl_smaﬂﬁlto owowsend frowmrfalitﬂlms}mw I $pgandiRggister
00001000 in registers 209. In®ne embodiment, packed data is stored in different registérs

witiply %86%*@560%9683%%*%85%&"6%58%“ ) G5 PR

00001110 10000001 move data from integer registers 201 to registers 209. For example, in processor
109, if packed data is stored in registers 209 and integer data is stored in integer
registers 201, then a move instruction can be used to move data from integer
registers 201 to registers 209, and vice versa.

In one embodiment, when a memory address is indicated for the move, the
cight bytes of data at the memory location (the memory location containing the
least significant byte) are loaded to a register in registers 209 or stored from that
register. When a register in registers 209 is indicated, the contents of that register
are moved to or loaded from a second register in registers 209. If the integer
registers 201 are sixty-four bits in length, and an integer register is specified,
then the eight bytes of data in that integer register are loaded to a register in
registers 209 or stored from that register.

In one embodiment, integers are represented as thirty-two bits. When a
move operation is performed from registers 209 to integer registers 201, then
only the low thirty-two bits of the packed data are moved to the specified integer
register. In one embodiment, the high order thirty-two bits are zeroed. Similarly,
only the low thirty-two bits of a register in registers 209 are loaded when a move
is executed from integer registers 201 to registers 209. In one embodiment,
processor 109 supports a thirty-two bit move operation between a register in
registers 209 and memory. In another embodiment, a move of only thirty-two
bits is performed on the high order thirty-two bits of packed data.




00000000 00000000 11111111 00000000 00000000 00000000 10000010

00001000 . 3 2 1
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PACKED DATA MWPP788688 C| rcul TS In one embodi menPCTASES/IB | pl y
operation can occur on nultiple data el enents in the same nunber
of clock cycles as a single multiply operation-on unpacked dat a.

To achi.eve execution in the sane nunber of clock cycles,
parallelismis used. That is, registers areginultaneously instructed to
performthe mul tiply operation on the data elenments. This is

di scussed in nore det . .Figure 13 illustrates a
circuit for perform n?@?@&%?‘(ﬂ” cat ion according to one _
enbodi nent of the mvémbnmmbﬂmembfthaxmenﬂdmthemm Gmmégisnérs:ontalnsdata t he.

the o P Cont ook 92”*'*5?“%”?%1“8“\%@%%8?%‘?. oy e upf gagoscs

fol | owi ng out put s: Te8iYeH Wihgontain the resulpgata, &b thejoperation, Thatds, perteof; 381 and
si gn enabl e 1382. Hogitblmﬂmbf&oﬁaﬁ&vﬂlbepackedmgéﬂmmgeﬂaammkdler the high

or |ow order bits of r&?idﬁ{: the result.
Byt el word enabl e 1381 | gent | ese“\?Vn er a | CotiEe I?gdgre%lwtogis 7 wor d
packed data nul ti pldfuRIpwPHE) i Ragkeg é‘f"F%‘S 8 g dhe low e bytes for

i ndi cat es winds) lo the sowroepacked Wm'ds (ordbulﬂm&ds)uﬁtd tlbebytesefd' words) of

" the Result. In one embodiment, the pack operanon converts quad packed words
into packed doublewords This operatlon can be Opnonally performed with
signed data. Further, this opetanon can be opuonally performed with saturate.
In an alternative embodxment, additional pack operatlons are included WhICh

" operates on thé hxgh order portions of each data ¢lement.

‘Figure 18 is a flow diagram musn'anng a method for performing pack
'~ operations on ‘packed data according to one embodiment of the invention.”

At step 1801, decoder 202 decodes com:rol s1gna1 207 recelved by processor
109. Thus, decoder 202 decodes: the operanon code for the appropnate ‘pack
operation; SRC1 602, SRC2 603 and DEST 605 addresses in registers 209;

' saturate/unsaturate, signed/unsi gned and length of the data elements in the
packed data. As mennoned prewously, SRCI 602 (or SRC2 603) can be used as
DEST 605.

At step 1802, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1 602 and SRC2 603 addresses. Registers 209
provides execution imit 130 with the packed data stored in the SRCI1 602 register -
(Sourcel), and the packed data stored in SRC2 603 Tegister (SourceZ) That is,

‘registers 209 communicate the packed data to execuuon unit 130 via internal bus
170. . o

Arvstep 1803, decoder 202 enables execution unit 130 to perform the
appropriate pack operation. Decoder 202 further communicates, via internal bus
170, saturate and the size of the data elements in Sourcel and Source2. Saturate

. is optionally used to maximize the value of the data in the result data element. If
the value of the data elements in Sourcel or Source2 are greater than or less tl_lan
. the range of values that the data elements of Result can represent, then the -

corresponding result data element is set to its highest or lowest value. For



Packed word nmultiplier 1301 nmultiplies four word data el enents
si mul t aneously. Packed byte nultiplier 1302 nultiplies eight byte data

el enent s. Packed word nultiplier 1301 and packed byte nultiplier
1302 both have the follow ng inputs: Sourcel[63:0] 1331,
Sour ce?2[ 63: 0] dX3psdegdn enabl e 1382, and hi ghl | ow epebiSoshish3-

Packed word nultiplier 1301 includes four 16x16 nultiplier circuits: 16x16
multiplier A 1310, 16x16 multiplier B 1311, 16x16 multiplier C 1312 and
16x16 multiplier D 1313. 16x16 nmultiplier A 1310 has as inputs
Sourcel[15: 0] and Source2[15:0]. 16x16 nmultiplier B 1311 has as

I nputs Sourcel [31:16] and Source2[3§4‘1 6]. 16x16 nultiplier C 1312
has as inputs Sourcel[47:32] and Sour ce2[ 47: 325 16x16 mul tiplier
D 1313 has as i nput sexBompie; i bign6dvalags in the word data elen@sotsiof Sopree! agl Soureediare

UL L1 GO B D 00 A ekl s i
mul ti pl exor (MO 135@‘3%‘3’5&%?13%“1@% gﬁ{&&lg?}ﬁb ewrd gctf%‘r@yal“es
recei ves the thirty-inwordiita eleaiehts.of Beyresidand$oarre Riage grahterethad 0x7HR(oh DxffHHRFOW

enabl e 13804, 88 vBLlH | | toDi t'S
or the sixteen | ow for oraérmegiﬁ'%ysm%#{% pro 3?%“% he %u%gpﬁlts 0 the
four multiplexors ar XTESAIRIEFE). nt o one sixty-four bit result.

This result is optional Aystgt 18160the sizeof the dath eleagnisieearmines which step id /.

\Igngg 6/882?22 893 executed next. If the size of the data elements is sixteen bits (packed WO 4_102
data), then execution unit 130 performs step 1812. However, if the size of the
data elements in the packed data is thirty-two bits (packed doubleword 403 data),
then execution unit 130 performs step 1814.

Assuming the size of the source data elements is sixteen bits, then step 1812
is executed. In step 1812, the following is performed. Sourcel bits seven through
zero are Result bits seven through zero. Sourcel bits twenty-three through
sixteen are Result bits fifteen through eight. Sourcel bits thirty-nine through
thirty-two are Result bits twenty-three through sixteen. Sourcel bits sixty-three
through fifty-six are Result bits thirty-one through twenty-four. Source2 bits
seven through zero are Result bits thirty-nine through thirty-two. Source2 bits
twenty-three through sixteen are Result bits forty-seven through forty. Source2
bits thirty-nine through thirty-two are Result bits fifty-five through forty-eight.
Source?2 bits sixty-three through fifty-six are Result bits thirty-one through
twenty-four. If saturate is set, then the high order bits of each word are tested to
determine whether the Result data element should be clamped.

. Assuming the size of the source data elements is thirty-two bits, then step
1814 is executed. In step 1814, the following is performed: Sourcel bits fifteen
through zero are Result bits fifteen through zero. Sourcel bits forty-seven
through thirty-two are Result bits thirty-one through sixteen. Source2 bits fifteen
through zero are Result bits forty-seven through thirty-two. Source2 bits forty-
seven through thirty-two are Result bits sixty-three through forty-eight. If
saturate is set, then the high order bits of each doubleword are tested to
determine whether the Result data element should be clamped.

In one embodiment, the packing of step 1812 is performed simultaneously.
However, in another embodiment, this packing is performed serially. In another



Packed byte nmultiplier 1302 includes eight 8x8 nmultiplier circuits: 8x8

mul tiplier A 1320 through 8x8 nmultiplier H 1327. Each 8x8 nmultiplier has an
eight bit input fromeach of Sourcel[63:0] 1331 and Source2[63:0] 1333. For
exanple 8x8 nultiplier A 1320 has as inputs Sourcel[7:0] and Source2[-7: 0]
whi | e 8x8 mjaéwlgors H 1327 has as inputs Sourcel[ 63:56] and

Sour ce2[ 635 108 Each 8x8 multiplier is coupled to tREVEFWAIA b e

1382. Each 8x8 nultiplier produces a sixteen bit product. For each
multiplier, a nultiplexor (e.g. M4 1360 - and M1l 1367) receives
the sixteen bit result. Depending on the value of the hi ghl | ow

enabl e 1380, each nultiplexor outputs the esght high order bits or the
- eight low order bits of the product. The outputs of the eight multiplexors

ar e conmbi Ngginédiintin ﬁxe%f’ﬂ{éiaaf:ﬁﬁé lstﬂe}foﬁﬁeatsk&mm};&lﬁ y tﬁo
optionally stored in_a r i.ster 1372 fﬁ rd enabl e
1381- enabl es t he pB?’fqrE‘G‘l?&ﬁmﬁ%s"m‘ﬁd‘F g?woapphes m%h 4 he size
of the data el enent thaswpmomek&mlmsnoadunﬂmDESTGOSreglster In one '

embodi ment, the .area yehi Muliils' Beinrofs pén&ﬁanbﬁa E

nmaki ng circuits th pl v baot h 8 ers_or,.one 1 nber .
That is, two 8x8 nﬁ“’t “% %M&Tﬁe%?%mﬁﬁgp W&“&F&‘%ﬁfﬂeﬁ% 37' 0 one
8x8 and 16%%8 lﬁtﬁﬁdapldmentmﬁnumeﬂ@rﬂSm&omem@wmmsdﬂm t he
appropriate size melowmdgpgbﬁmmagﬁemlﬂn fn enbodi nent, the
physi cal area used by t t| pliers wou be reduced, however, it
woul d be difficult to executeapa 01' '_ byte rrultlply ag 3 cked
word multiply. In gae e OURGE 2 ....n."L_..

I G Y [T LN

16x16 nultlplles o] oacked
word multiply operatlon . : t, pg#cked
byte nultiplier 1302 and '. not /be

i ncl uded. ADVANTAGES 0 \ JED PAHCKED AMULTI PLY

OPERATI ON | | NS | O SET
~Thus, the described packed nylti [ [ ) /he
i ndependent nul tiplication of\eac\ ; in g its*:

respective data al glor istzhns t hat

requi re each el enent in Source ¥ _ ed by the sanme
nunber can be perforned by stori%g ®r in each el enent

of Source2. In addition, this m.'.... S

- RESULT

Table 24

Table 25 illustrates the in-register representation of a pack doubleword
operation, where the subscripted Hg and Lg represent the high low order bits,

respectively, of each 32-bit data element in Sourcel and Source?2.

'SOURCE 2 ~ SOURCE1

| o RESULT
- | | Table 25
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agai nst overflows by breaking the carry chains; thereby rel easing the
programer of this responsibility, renmoving the need for instructions to

prepare wO'PgedsC Prevent overflows, and resulting in mMpeerisediisss
code. ) In contrast, prior art general purpose processors that
do not support such an instruction are required to performthis
operation by unpacking the data el enents, performng the

mul tiplies, and then packing the results for ;%rther packed
processi ng. Thus, processor 109 can nultiply dfferent data el enents of

a packed data by different nultipliers in_parallel using one instruction.
Typical nultinedia algorithms performa | RAGECRGHE of nultiply

ope ][ ations. Thusi hby re%&hﬁ:&hﬁn@ﬂ@& ixﬂénﬁmformieb@aﬁfrem?mw&nlbfpackd_

perform ese nulti eratians, perfor €10 ese I medi a

algorithns is °W§§égap%§§e%b§‘gﬂ’%5#ﬁmﬁp§%ﬁ%%

instruction in the i pefforming pack operations on packed date acesading tang cobedimenpdf, the

processor 109 can exﬁfv!dﬁtﬁ)x@*rﬂ@éik&x'ﬁ%&Bﬁﬁﬂhﬂy@f&ﬂtﬁcfagkﬂ%mﬁémmﬂaﬁéﬂ.y
i

at a hi gher performance,] evel . UBTRA!

MULTI PLY- ADD/ SUBTRACT Figares 192 and 196 iclhes 50 CBEARRA ool {990,
mul ti ply-add oper at i easult zagistgrd P52 aresultaresister 1953, eight sixtech bifiteeighyibit tpsty - add
instruction as showng{iglaR\ietits] am Rurlthitty2ib bitd!sticked!bit test saturate circuits.
Operation control 1900 receives information from the decoder 202 to enable
a pack operation. Operation control 1900 uses the saturate value to enable the
saturation tests for each of the test saturate circuits. If the size of the source
packed data is word packed data 503, then output enable 1931 is set by operation
control 1900. This enables the output of result register 1952. If the size of the
source packed data is doubleword packed data 504, then output enable 1932 is
set by operation control 1900. This enables the output of output register 1953.
Each test saturate circuit can selectively test for saturation. If a test for
saturation is disabled, then each test saturate circuit merely passes the low order
bits through to a corresponding position in a result register. If a test for saturate is
enabled, then each test saturate circuit tests the high order bits to determine if the
result should be clamped.
Test saturate 1910 through test saturate 1917 have sixteen bit inputs and
eight bit outputs. The eight bit outputs are the lower eight bits of the inputs, or
optionally, are a clamped value (0x80, Ox7F, or OxFF). Test saturate 1910
receives Sourcel bits fifteen through zero and outputs bits seven through zero for
result register 1952. Test saturate 1911 receives Sourcel bits thirty-one through
sixteen and outputs bits fifteen through eight for result register 1952, Test
saturate 1912 receives Sourcel bits forty-seven through thirty-two and outputs
bits twenty-three through sixteen for result register 1952, Test saturate 1913
receives Sourcel bits sixty-three through forty-eight and outputs bits thirty-one
through twenty-four for result register 1952. Test saturate 1914 receives Source2
bits fifteen through zero and outputs bits thirty-nine through thirty-two for result
register 1952. Test saturate 1915 receives Source2 bits thirty-one through sixteen
and outputs bits forty-seven through forty for result register 1952. Test saturate
1916 receives Source2 bits forty-seven through thirty-two and outputs bits fifty-



Tabl e 17a shows a sinplified representation of the disclosed nultiply-add
I nstruction, while Table 17b shows a bit | evel exanple of the disclosed
mul tiply- add instruction..

Mul ti pl y- Add Sourcel, Source2 : Al A2
A3 _ Sour cel Bl ... B2
B3 - “@g”"“"s Sour ce2 A1B1+A2BBCT/US96/11893
A3B3+A4B4 Resultl Tabl e
17a WO 97/ 08608 ' . -
PCT/ US96/ 11893 -41-
11111111 11111111 11111111 00000000 011100457-11000111 01110001 11000111
3 1 0
g/gl)f)i)gl)% OOOOOOOO 0000 @ n%)-e%htformiul ggllg%z (')I‘Ss&%tur&egﬂgg 0000000

_ g 9 ts s1xty-three ug 199 -etghtan outputs bits sixty ]ﬂ?rec% g?]

fifty-six for result register 1952
. Test saturate 1920 through test saturate 1923 have thirty-two bit inputs and
- sixteen bit outputs. The sixteen bit outpuits are the lower sixteen bits of the
‘inputs, or optionally, are a clamped value (0x8000, Ox7FFF, or OxFFFF). Test
saturate 1920 receives Sourcel bits thirty-one through zero and outputs bits
fifteen through zero for result register 1953. Test saturate 1921 receives Sourcel
bits sixty-three through thirty-two and outputs bit‘s"thir'ty-one through sixteen for
result register 1953, Test saturate 1922 receives Source2 bits thirty-one through
- zero and outputs bits forty-seven through thirty-two for result register 1953. Test
saturate 1923 receives Source2 bits sixty-three through thirty-two and outputs
bits sixty-three though forty-eight of result reglster 1953.
For example, in Table 26, a pack word unsigned with no saturate is
performed. Operation control 1900 will enable result register 1952 1o output
result[63:0]: 1960 . :

""" Sourcel

00001110 _ 01110000 | 00001110 00001000

3 2 ) Lo 1 " [/]

' S . Source2

- 00001110 _ 10000001 | 00001110 _ 10000001 |

3 7 - 7 0

Result

1. liooocer{i0c00002|.. [.. 1 01110000 | 00001000

76 5 4 3 7 1 0
Table 26

However, if a pack doubleword uns:gned with no saturate is performed,
operation control 1900 will enable result reglster 1953 to output result[63:0]
_ 1960 Table 27 111ustrates this result. '



[err] 32-Bit Internediate 32-Bit Internediate 32-Bit

I'nt er nedi at e 32-Bit Internedi ate Resul t 4 Resul t
3 Result 2 Result 1 [err] Add
Add 111111171 2121111111 1111111 0000000 11001000 11100011

1011100 000000 08608 Tab'f‘h‘ﬂs@smm :
The mul ti pl y-sﬁg‘t’%ct operation is the sane as the nultiply-add operation,
except that the add is replaced with a subtract. The operation of an

exanpl e mul tiply-subtract instruction which perfornms two

mul ti ply-subtract operations is shown_bel ow in Table 12.

Mul ti pl y- Subtract Sourcel, Source2 -58- Al A2

A3 Ad Sour cel Bl B2

B3 B4 Sour ce2 AlB1- A2B2

A3B3- A4B4 RestH--+ Soupel,
12 In qne_enbodi ment of the jinve

cont ai ns packed dat a (Sourcel), the ISRC2 register cont ai ns pacRed
data (Source2), and the DEST register will contain the resylt
(Result) of performuag-themidiipoly.addor = RTIR AN SY RVESETT: e2

I nstruction on Sourdel and Sourge2. In the fi,rs(mmhgpomﬁoobheooomno 16000001
mul tiply-add or multTply-subtract Tnstruction, Sourcel w1l have each data
el enent independently nmultiplied by the respective data el enment of Source2

to Result
...| 00001110 16000001 ...] 00001110 00001000
3 2 I 0
Table 27

The described pack instruction packs a predefined number of bits from
each data element in Sourcel and Source 2 to generate the Result. In this
manner, processor 109 can pack data in as little as balf the instructions required
by prior art general purpose processors. For example, generating a result which
contains four 16-bit data elements from four 32-bit data elements requires only
one instruction (as opposed to 2 instructions) as shown below:

Pack.High Sourcel,Source2

AQ, AQ Co. .Co Sourcel

Go. G B(. .Bo Source2

Ag, Co. Go. Bo, Resultl
Table 28

Typical multimedia applications pack large amounts of data. Thus, by
reducing the number of instructions required to pack this data by as much as half,
perfarmance of these multimedia applications is increased.
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generate a set of respective internediate results. Wen executing the

mul tiply- add instruction, these internmediate results are sumed _
by pairs produm ng two resultl ng data el enents that are stored as
data el ement sW8f7 Result. In contrast, when exe@GE{USYSHRB

mul ti ply-subtract instruction, these intermedi ate results are

subtracted by pairs producing two resulting data el enents that are stored
as data el ements of the Result. Al ternative

enbodi nents nmay vary the nunber of bits in igge data el enents, : I n
the internmediate results, and/or in the data elenments in the Result. In

addi tion, al t i adi may vary the nunber of data
el ements in Sourcel, %ﬁﬁh&ﬁ@w&nd the Result. For exarrpl e, If
Souree 1 and Source 2 each have 8 datd.INEACKQEERAHQHEntS t he

mul tiply-add/ subtract gi gst SH‘MP&F ok fhell ‘9

Result with 4 data el ements e Resu reppesentl ng
t he addi t | &mm&fWﬁwdﬁy e 5t msegﬁpmkedéﬂam&na%m 'Packedach
data el enent in t héytes, words, onknmetworctspmhmpmngxishafmdmothemm axf anfumptick

4SS o 1o M dbn o s e ik i o
mul tiply-subtract &HEHEHS B‘ES M‘S%S%&& ﬁé{%ﬂéﬁ!mﬁbﬁgﬂn&% operation).
enbodi nent of the i nvﬁguredw is a flow diagram ﬂlusmungtaspethemﬂ)rpetﬁmmmgu@a& decodes
control si %nal 207 oi)@xﬁﬁ’dn‘é Ap ?éke&ﬂ%%é&?&ng to one embocilﬂx%nt FikSinvatopder 202
et ohet 2 o St g secp 2002 e exkiutée sl At step 2003, decoder 202
enables execution umt 130 to perform the unpack operation. Decoder 202
communicates, via internal bus 170, the size of the data elements in Sourcel and
" Source2. . '
At step 2010, the size of the data element determines which step is to be
executed next. If the size of the data elements is eight bits (packed byte 401
data), then execution unit 130 performs step 2012 However, if the- sme ‘of the
data elements in the packed data is su:teen b1ts (packed word 402 data), then
execution umt 130 performs step 2014 However, if the size of the data elements
in the packed data is thirty-two bits (packed doubled word 503 .data), then
execution unit 130 performs step 2016.
Assuming the size of the source data elements is eight bits, then step 2012 is
executed. Ir_l'ste_p 2012, the following is performed. Sourcel bits seven through
zero are Result bits seven through zero. Source2 b_'its seven through zero are
Result bits fifteen through eight. Sourcel bits ﬁfteen through eight are Result
~ bits twenty-three through sixteen. Source2 bits fifteen through eight are Result
bits thirty-one through twenty-four. Sourcel bits twenty-three through sixteen
are Result bits thiny-nine through thirty-two. Source2 bits twenty-three through
sixteen are Result bits forty-seven through forty. Sourcel bits thirty-one through
twenty-four are Result bits fifty-five through forty-eight. Source2 bits thii'ty-one
through twenty-four are Result bits sixty-three through fifty-six.
. Assuming the size of the source data elements is sixteen bits, then step 2014
is executed. In step 2014, the following is performed. Source1 bits fifieen
- through zero are Result bits fifteen through zero. Source2 bits fifteen through
zero are Result bits thirty-one through sixteen. Sourcel bits thirty-one through

a




At step 1402, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1L 602 and SRC2 603 addresses. Registers 209
provi de execution unit 130 w.th the packed data stored in the SRC1L 602

register (Sourcel), and the packed data stored in SRC2 603 register
(Source2). Thayolo%ossos regi sters 209 comruni cate the packSsusheiises O

execution unit 130 via internal bus 170. At step 1403,
decoder 202 enables execution unit 130 to performthe i nstruction.

If the instruction is a nultiply-add instruction, flow passes to step
1414. However, if the instruction is a multipky-subtract instruction, flow
passes to step 1415. I n ep 1414, the followng is
performed. Sourcel bits fifteen through ze | ed by

Source2 bits fifteerSixtpancneResultibis furtyssexen W&“&hﬂlftg’t‘w%f%?"?£ E’“&hlﬂ)"‘mﬁ
i ntermedi ate result tﬁidngle&mdnaemaﬁswstsxﬂymmmnfmagm rty-one

t hrough si xt een are %%ﬁ@@ é S%fa%?em&x‘téﬁthx@}&é’&%?ﬁm}lh&gugh

si xteen generating a
PCT/ US96/ 11893 2016 is executed. In step 2016, the following is performed. Sourcel bits slgrty-

fsecond 32-bit '”te”’@ﬁ'ﬂ%ﬁ %?&hkl&kﬂiﬁfs'iﬁiﬁ&%@ Eoux@é&&ﬁs&h Rinks
forty-seven t hr ough troush a2r9 ayeisnd b by B Mnabladeginy 0702 ©1 18

intermediate result (| dnmmb@m@eme@amm)ﬂngofstep20121599# bi ts

si xty-three through sﬁﬁﬁﬁdm&@mnﬁlahbm&@ﬁbdaﬁn@umﬁp@kmx ed

(I't or modi ate Resul (Y- HF gTieE o aputee M s igholihl BplRel (21!
Result 2 simultaneously and some is performed serially. This discussion also applies to
the unpacking of step 2014 and step 2016.
At step 2020, the Result is stored in the DEST 605 register.
Table 29 illustrates the in-register representation of an unpack doubleword
operation (each of data elements AQ-1 and Bg-1 contain 32 bits).

SOURGE 2 SOURCE 1
By Bo A1 Ag
Bo Ap
BESULT
Table 29

Table 30 illustrates the in-register representation of an unpack word
operation {each of data elements AQ-3 and BQ-3 contain 16 bits).

SOURCE 1 SOURCE 2

RESULT



generat'i ng bits thirty-one through 0 of the Result, and Internediate Result_

31is added to Internediate Result 4 generating bits sixty-three
through thirty-two of the Result. Step 1415 is the
sane as step 1414, with the exception that Internediate Result 1 .

and I ntermedi ate Result 2 are subtracted to generate bits thirty-one
through 0 of ‘YRIBAB| t Result 3 and Intermediate Result 4 BGTASIESIhCt ed
to generate bits sixty-three through thirty-two of the Result

D fferent enbodi ments nay be performthe nmultiplies and adds/subtracts
serially, in parallel, or in some conbination of serial and parall el

oper ati ons. At step 1420, the Rgsult is stored in the DEST

register. PACKED DATA MULTI PLY- ADD/ SURTRACT

Cl RCU TS I n one enbodi nent., m ?0 the miltiply-add and

mul tiply- subt r act I nstructi.ons ca 8 on nultiple data’ elerrents
. in the sanme nunber of clock cycl es as a S|ngle mul ti ply on unpacked

data. To achieve executhabléglm]ﬁuﬁegmem_m ister repre¥biRitionlof 6h Bfgack Btk €S,

parallelismis used [

instructed to perform (?rau%f’t‘)f%aé’%'ﬁ%r O&ﬁd%@g‘g%ﬁﬁéé) operaflons on

the data - elenents. This is discussed in nore detail bel ows

Figure 15 illustrates_a circuit for SOUREEl g nmul tipl v:add andBQURCE 2
mul tiply- su il - pBsked pAdainal A<k, \
e T (A A

enbodi ment of the : ovan YA ] _ Lohl o he
control signal for the nultiply- ' dd\and nul ti pl y_£ub¥fra
instructions. Qperation control 1590 tpy s N gnals on/Enghbl e 1580
to control Packed Multiply-Adder/ Sibtract ol 150. - / Pacgked

Mul ti ply-Adder/ Subtractor 1501 has ¥ he Xol | Oy ng\i npdt s: :
Sourcel [ 63: 0] 1531, Source2[63:0] 1%33, ¥and abl 3158 Pagked ltiply-
Adder/ Subtractor 1501 includes four \16x16 mnul tN p#1 ircyfts: A6x16 '
mul tiplier A 1510, 16x16 rmulyipli¥r BAS11, A6x1e/ multfplier C 1512
and 16x16 nul tiplier D 1513. \16x16\ pdl t igA er 10 hAs as inputs

Sour cel[15: 0] and

RESULT. -t

Table 31

UNPACK CIRCUITS

Figure 21 illustrates a circuit for performing unpack operations on packed
data ac'cording 10 one embodiment of the invention. The circuit of Figure 21
includes the opetation control circuit 2100, a result register 2152, a result register
2153, and a result register 2154. S

Operation control 2100 receives information from the decoder 202 to enable
an unpack operation. If the size of the source packed data is byte packed data
502, then output enable 2132 is set by operation control 2100. This enables the
output of result register 2152. If the size of the source packed data is word
packed data 503, then output enable 2133 is set by operation control 2100. This
enables the output of output register 2153. If the size of the source packed data is
doubleword packed data 504, then output enable 2134 is set by operation control
2100. This enables the omput of output result register 2154,
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Source2[15:0]. 16x16 nmultiplier B 1511 has as inputs Sourcel[31:16] and
Source2[ 31:16]. 16x16 nmultiplier C 1512 has as inputs Sourcel [47:32] and

Source2[ 47: 32] ;ﬁ&@ mul tiplier D 1513 has as inputs Sourcel ,}%&}n@gd
Sour ce2[ 63: 48] wa]laﬁ 5 bit internmediate results generated by %%i

multiplier A 1510 and 16x16 nultiplier B 1511 are received by
Virtual Adder/ Subtractor , 1550, while the 32-bit internediate
results generated by 16x16 nultiplier C 1512 and 16x16 nultiplierD
1513 are received by Virtual Adder/ Subtractor62551. Based on
whet her the current instruction is anultiply-add or nmultiply-

subtract instruction, pdgistetda52 Bahe followinglibfils. Sodrcy] bitsisehven through

255bit I nputs. The offf"pﬁffj‘ﬁ?;iﬁ“ %@%ﬁ”ﬁg‘?éﬁﬁzﬁ SopteF Rt
bits thirty one t hr othrswgh sero ars bitsififterse Bupugh eightifor gesult register 2152+ Soygce pxts
Virtual Adder/Subtr aﬁﬁé&:ﬂ%ﬁéhél%h&mbl&'ﬁvémﬁ&rémh si:dmehtﬂ;’rrbm&élstbﬁe

Resul t) are combined fthé’o i%ltee }anr%m teé&avggﬁ%nﬁjﬁycat ﬁlﬂ%ﬂg‘ﬁtwen If(tmr

Regi st er 157
Adder / Subt ract or 155fr zasult registen 21L52. Sourcel bistwenty thige thieughySixtGmOirebits thirty-

i npl enented in a si rmlh@fm&@am%tasfaﬁreguuaegxsterzlsz soawaeu@mnmw 1108b
and Virtual Adder/ Su

Adder/ Subt ract or 155 tragtwef'?ﬁlg a‘i\ﬁ%’ m@foggﬁg?nylﬂggbesulf gtlzsgﬁ%%g?éd
of four 8-bit adder sSaurcel bith thimyprotbrough swentyfrag are; bits fifleytfiveshronglofostyaight

al ternative embodi nMegk festle i&uﬂrmﬁlseﬂkezfmfstmmb.oﬁé@%ﬁmh@%waﬂsﬁsl and

Virtual Adder/ Subtractor
perform the equival eﬂf‘yéllm"? rﬁ&yﬁl’b ”38%93&8\@%3?. ‘pl y-subtract

instructions on prior aResulsregisterddP3 hagihe folloyingdaputy fovephbireclifiess thyoughour
separate 64- blt mul tie@d»mwefiﬁémﬁmgmdmm:&akmgaszadnsarsmnmﬁfwen

oper ati ons, t
vch))uI d be needed Thl@rqﬂgg?%?mglg%l%ﬁgmygges anggﬁcﬁﬁ%ﬁﬁgpﬁlﬁ s%‘{r}‘?aelused
for the bits that arkitsithigiieane threyghsixtecyage itsforty-seven through fhm}'-tWO for result

register 2153. Source?2 bits thirty-one through sixteen are bits sixty-three though
forty-eight of result register 1953.

Result register 2154 has the following inputs. Sourcel bits thirty-one
through zero are bits thirty-one through zero for result register 2154. Source2
bits thirty-one through zero are bits sixty-three through thirty-two of result
register 2154.



for Sourcel and Source 2, and hi gher than bit thirty two for the Result. As_

wel |, the entire 64-bit result generated by such prior art
processors nmay not be of use to the progranmer. Therefore, the
programer woul d have to truncate each result. ' WO 97/ 08608.
PCT/ US96/ 11893 -45-
ADVANTAGES ‘OPVPR#86# NG THE DESCRI BED MULTI PLY- ADD OPERATI CRCT/US96/11893

I N THE | NSTRUCTI ON SET The described mnulti ply-add/ subtract

i nstructions can be used for a nunber of purposes. For exanple, the
mul tiply-add instruction can be used for the mul tiplication of
conpl ex nunbers and for the nultiplication_gfd accunulation - of

. valugs. Several algorithnms which utilize the nmultiply-add instruction are

l}lgtsgl bed mul t?;e)isflr;gﬁd&an%%’%'ﬁafggﬁy ung?cr J‘%}HWMIQWWITQ% in the

i nstruction set suPpaRienropyol? sultregister; 2133 to euput result{63:0lcan be
perforned in fewer2i60structions than prior art general purpose processors
which lack these instructions. PACKED SHI FT
Sourcel
. 00001110 01110000 | 00001110 00001000
3 2 il 1 - 0
_ Source2
| .. 100001110 00000001 | 00001110 10000001
3 ' I ' -1 0
Result
00001110 00000001 00001110 01110000 ooooulo 10000001 - 00001110 00001000
3 - 1
Thbh332

However, if an unpack doubleword is performed operatxon control 2100
will enable result register 2154 to output result[63_ 01 2160. Table 3% illustrates
this result. N '

Sourcel

...] 00001110 01000001 00001110 0001000
1 ' . _ 0

Source2
00001110 00000001 00001110 10000001
0

Result

00001110 00000001 _ 00001110 10000001 | 00001110 01000001 00001110 00001000
1 o

Table 33



PACKED SHI FT OPERATI ON I n one enbodi ment of the invention, the
SRC1 regi ster contains the data (Sourcel) to be shifted, the SRC2
regi ster contains the data (Source?2) representing the shift count,
and DEST register will contain the result of the shift (Resul t).
That is, Sourcglg }” Adeod’avVe each data el ement independently shiddrskobiyigos

t he Shlft count. I'n one embodi ment, Source2 is interpreted as an unsigned
64 bit scal ar. In another enbodi nent, Source2 is packed data and
contains shift counts for each correspondl ng data el enment in

Sour cel. - I n one enbodi ment of the invention, both arithnetic
shifts and | ogical shifts are'support@d. An arithnetic shift,
shifts the bits of each data el errent dovvn by a speC|f|ed nunber
and fills the high orderADVANTANGES OF INCIAIDING THREMESCRIBED ICK ,

val ue of the sign bit. A shift count u..a.-h, IR IGRE Y for packed byte
dat a, greater than fifteen for packed data, or greater than
thirty-one for packed doubl eword, causes the each Result data
element to be filled w Hymdmnﬁg’mhbﬂedcnbedunpackmsmwﬁenhﬂhemstmﬂ@m skt, packéd

Toht 1 ogi cal “the nigh e owﬁ’éfﬁﬁ*ts“h?* e a*lﬁgm upeion.cqn bo 3R

zer oes. Eﬂfﬂ‘} 08 of
each data el enent toAhe:.xamplcofunpaf:hhgbykewstshowmbdewmTable34a WO 97/ 08608
PCT/ US96/ 11893 - 46-
I n one enbodi nent of the invention, a shift right arithnmetic, the |ftel
ri ght
00101010 | 01010101 ] 01010101 | 13111111 | 10000000 | 01110000 | 10001111 | 106001000
7 6 5 4 3 p) 1 0
Source2
00000000 | 00000000 { 00000000 | 00000000 | 00000000 | 00000000 | GO000000 | 0ONDO000
7 6 5 4 3 2 1 0
Result
00000000 10000000 | 00000000 61110000 | 00000000 10001111 | 00000000 10001000
3 2 I 0
Table 34a

This same unpack instruction can be used for interleaving data as shown in
Table 34b. Interleaving is useful in a number of multimedia algorithms. For
examiple, interleaving is useful for transposing matrixes and interpolating pixels.



| ogical, and the shift left |ogical operations are supported for packed -
bytes and packed words. I n another enbodi nent of the invention,

t hese operations are supported for. packed doubl ewords al so.

Figure 16 is a flow diagramillustrating a nethod for perform ng a packed
shift oper atr on or&m%acked data according to one enbodi nent of the

i nvention. At step 1601, decoder 202 decodes coPEVE$9641893al 207

recei ved by processor 109. Thus, decoder 202 decodes: the operation
code for the appropriate shift Operation; SRC1 602, SRC2 603 and
DEST 605 addresses in registers 209; saturate/ unsaturate (not
necessarily needed for shift operations), siggned/ unsigned (again
- not pecessarily needed), and length of the data el ements in the packed
dat a. At step 1602, via |nternal_bus 170, decoder 202 accesses
registers 209 in register file 150 given the SRCl1 602 anﬂoﬁﬁ&& 603
- addresses. Regi st ' i Soddco® j 1 :
packed dat a store%%@@ﬁé@?&ﬁ 1 3--10&{%60 %@%ﬁ”l
scalar shift count stored in SRC2 603 register (Source2). That is,
regi sters 209 connunrcate t he packed data to execution unit 130 Bigce2
i nternal 170 o@na% ¢ 1 _ er 207JTenant &
execution unit 138 . + 11104 10001000,
operation. Decoder 202 further connunrcates via - - internal bus 170

the size of data elenents, the type of shrft operation, and the Result

direction of the FATTT (Jror _toprcal _Jnirtrs). TAC STE ;
si ze of the data biaigH|1e0eeo fouiaeoo oriaoend | apoonao | seonn [ soooooo |

next. If the size of tHe data’el enents |s &i ght bfts (bfte datd), theh
execution unit 130 perforns step 1612. i f the size of the data
el enent s in the packed data is SIX een its (word data), then
execution unit 130 peWpes bproviding this yapagk ingtryction in tmensenmrsmmrmdl y.
ei ght bit and srxtBgepmbestsmdab,q;redeesasemmBrrﬂ@eversanleandp:aﬁisadorﬁmgdrﬁmaﬁe

supported. However e} grﬁ;lé ﬁrﬁﬂh&ké’l&l‘p bi t “data
el enment size packegqsgm t r“;h%g pport -Assumi ng the si ze
of the data elenents is eight b| ts then step 1612 is executed. In

step 1612, the fol | owPQPU. 0N CRUNTEour cel bits seven thgough

zero are shrfted by the shift count(Source2 bits sixty-three-through zero)
generating Result bits seven.through zero. Sourcel bits fifteen through

ei ght are shifted by the shifPc
t hrough eight. Sourcedpae

embodiment of the invention enables populauon count operations to be
performed on packed data. That is, the invention generates a result data element
for each data element of a first packed data. Each result data element represents
the number of bits set in each corresponding data element of the first packed
- data. In one embodiment, the total number of bits set to one is counted...

Table 35a illustrates an in-register representation of a population count
operation on a packéd data. The first row of bits is the packed data
representation of a Sourcel packed data. The second row of bits is the packed
data representation of the Result packed data. The number below each data
element bit is the data element number. For example, Sourcel data element 0 is
1000111110001000,. Therefore, if the data elements are sixteen bits in:length
(word data), and a population count operation is performed, Execution unit 130

s ' ' produces the Result packed data as shown. - o

_tlng Result bits fifteen.



WD 97/ 08608
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bits twenty-three through si-xteen are shifted by the shift count generating
Resul t bits twenty-three through sixteen. Sourcel bits thirty-one

t hrough twent yefoitiessos are shifted by the shift count gepefpbdefidses
Result bits thirty-one through twenty- four. Sourcel bits
thirty-nine through thirty-two are shifted by the shift count

generating Result bits thirty-nine through thirty-two. Sourcel bits

forty-seven through forty are shifted by the shift count generating
Result forty-seven through forty. SouP®el bits fifty-five through
forty-eight are shifted by the shift count generating Result bits
fifty-five through forty-eight. g t hr ough

tthrts—sTxty=thf ee
sixteen bits, then tep 1814 is | =step 41614, the g
0 o] oo ——Zero are

v)

shifted by the shi f§0g 1 11
Sourcel bits thirtyfone through®ki xteen are 2hi f t ed by theflshift count °
generating Result bits thirty-one glabxéu??asi xteen. Sourcel bits
forty-seven through thirty- two are shitted by the shift count
generating Result bits ln@nothersmbodimentpogplation counts argperfopmed pn eighy bitddata bit s

si xty-thr eeRt hr FUQB_él&h&ﬁ(s.eTﬂﬂl%}SSUiﬁuﬁE{eﬁh@ﬂl-ﬁﬁis@r@Hséﬂtaﬁon of a popslftiti I
gener at | ng esul t ItsS sIXxty- U Ry n one
embodi ment, the shi f$&RH ’sﬁ"@%“ﬁ%ﬁ@"ﬁ% %‘%@?‘%‘é S%?%rr%fl‘%%ﬁlé’%‘ﬁ%‘ﬁ‘y.

However, in another enbodi nent, these shifts are perforned serially. In

0D0OE00RAR010000 1 0600000) £H0AGIH 1

anot her embpdi ment, sonelof thdse shifts are per f orgmed
si mul t aneously and nE_ane
y 01111111 § 61010101 § 10101010 | 10000001 | 10000000 } 11111111 | 1100111% | 00000000
[ _ Z _ £ - I = 2 _ 1 = — L R
3 2

00000111 | 60000100 § 0000010G | 00000010 § 00000001 | 00001000 | 00000110 § 00000000
7 6 4 3 2

Table 35b
In another embodiment, population counts are performed on thirty-two bit
data elements. Table 35c¢ illustrates an in-register representation of a population
count on a packed data having two, thirty-two bit, pachd data clements.

113111111 11131131 11111111 11111111 | 10000000 11110000 11001111 100010009
i —

e ———
00000000 00000000 00000000 00160000 | 00000000 00000000 00000000 00001101
I

0

Table 35¢
Population counts can also be performed on sixty-four bit integer data. That
is, the number of bits set to one, in sixty-four bits of data, is totaled. Table 354
illustrates an in-register representation of a population count on sixty-four bit
integer data.



performed serially. This discussion applies to the shifts of step 1614 as

wel | . At step 1620, the Result is stored in the DEST register. -
Table 19 illustrates the in-register representation of byte packed shift
right arithnmetic operation. The first row of bits is the packed
data representation of Sourcel. The second row of hits is the data
repr eséntati oW ¥0%9rce2. The third row of bits is m&&l@&j dat a
representation of the Result. The nunber bel ow each data el ement
bit is the data-el enent nunber. For exanple, Sourcel data el enent
three iss 10000000[ err]. WO 97/ 08608
PCT/ US96/ 11893 -67- - 48-
00101010 01010101 01010101 11111111 10000000 01110000 10001111 10001000
7 6 b 4 3 2 1 0 Shift
Shi ft Shift = LShift Shi f t _Shift Shift Shi f t Tﬂl

00 =

09008000 00000000 PORGRIFD R A PHORAIE RSP B URAEY #g, 0

- - v 0
00000101 00000101

1. .1 Q00 L0 . - . .
%abl . _196_ | 5} 00000000 60000000 ooooﬁooo omooooozoooooooo wolaooooooooooo@ 00101101

Table 35d |

Figure 22 i isa ﬂow dlagram ﬂlustratmg a method for pexformmg a
population count operation on packed data according to one embodiment of the
invention. At step 2201, responsive to reoetvmg a control signal 207, decoder -
202 decodes that control signal 207. In one embodtment, control signal 207 is . |
supplied via bus 101. In another embodtment control signal 207 is supphed by .

- cache 160. Thus, decoder 202 decodes: the operauon code for populauon count,
and SRC1 602 and DEST 605 addresses in reglsters 209. Not sthiat SRC2 603 is
not used in this present embodiment of the invention. As well, s ,
saturate/unsaturate, s1gned/uns1gned and length of the data elements inthe
packed data’ are not used in this embodtment. In the present embodiment of the
invention, only sixteen bit data element length packed addition is supported.
However, one skilled in the art would understand’ that | population counts can be
performed on packed data having elght packed byte data elements or two packed
doubleword data elements.. :

At step 2202, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1 602 address. Re_glsters 209 provides Execution
unit 130 with the packed data, Sourcel, stored in the register at this address.

_ That is, registers 209 communicate the packed data to Execution unit 130 via
internal bus 170. |

At step 2130, decoder 202 enables Execution unit 130 to perfonn a
population count operation. In an alternative embodiment, decoder 202 further

. - - communicates, via internal bus 170, the length of ‘packed data elements.

At step 2205, assuming the length of the data elements is sixteen bits, then
Execution unit 130 totals the number of bits set in bit fifteen through bit zero of
Sourcel, producing bit fifteen through bit zero of Result packed data. ln parallel




Table 20 illustrates the in-register representation of packed shift right
| ogi cal operation on packed byte data. 00101010 01010101
01010101 11111111 10000000 01110000 10001111 10001000 7
6. 5 2 1 0 Shi ft

Shi ft Shi ft Sh| ft Shi ft Shi ft Shi ft 00
PCT,
00000000 000008'&?38’8%0000 00000000 00000000 00000000 00000001 =
00000101 00001010
00001010 00011111 00010000 00001110 00010001 00010001 7
6 "5 4 3 2 0
Tabl e 20 Table 21 illustrates thé&'l n-regi ster representation

of packed shift left |ogical opeation on packced byte data.
00101010 01010101 omnmmomnug,ﬁxmum@m@mmmmmhmgmwﬁ

6 3 ource t through bit sixteen &F Resuit packePath! In
Shift  Shift sm? l%ﬁd‘?"mgb“ h&W'm P pooooooo

00000000 00000000 owéﬁ’ebwl‘bé’@m@%mt? %38'%6‘6’6‘8““6‘66%‘65’1“1 bit
= seven through bit thirty-two of Source1, producing bit fogty3¢@mGhrongii Bit 000

10101000 111111000 RB0A0R0E Red YRR el 801 RO Braion of these ol 7
6 s : By
Tabl e 21 Execution unit 130 totals bit sixty-three ugh bit -eight of Sourcel,

producing bit sixty-three through bit forty-eight of Result packed data.

At step 2206, decoder 202 enables a register in registers 209 with DEST 605
address of the destination register. Thus, the Result packed data is stored in the
register addressed by DEST 605.

Flgure 23 isa ﬂow dlagram illustratmg a mcthod for performmg a
population count operation on one data element of a packed data and generating
a single result data element for a result packed data according to one embodiment
of the invention. At step 23104, a column:sum, CSum1a, and a column carry,
CCarry 1a, are generated from Sourcel bits fifteen, fourteen, thirteen and twelve.
At step 2310b, a colurn sum, CSumlb, and a column carry, CCarry 1b, are
generated from Sourcel bits cleven, ten, nine and eight. At step 2310c, a column
sum, CSumlc, and a column carry, CCarry lc, are generated from Sourcel bits
seven, six, five and four. At step 2310d, a column sum, CSumld, and a column
carry, CCarry 1d, are generated from Sourcel bits three, two, one and zero. In
one embodiment of the invention, steps 2310a-d are performed in parallel. At
step 2320a, a column sum; CSum?2a, and a column carry, CCarry 2b, are
generated from CSumla, CCarryla, CSumlb, and CCarrylb. At step 2320b, a
column sum, CSum?2b, and & columm carry, CCarry 2b, are generated from
CSumic, CCarryl, CSumld, and CCarryld. In one embodiment of the
invention, steps 2320a-b are performed in parallel. At step 2330, a column sum,
CSum3, and a column carry, CCarry 3, are generated from CSum2a, CCarry2a,
CSum?2b, and CCarry2b. At step 2340, a Result is generated from CSum3 and
CCarry3. In one embodiment, the Result is represented in sixteen bits. In this
embodiment, as only bit four through bit zero are need to represent the maximum
number of bits set in a Sourcel, bits fifteen through five are set to zero. The
maximum number of bits for Sourcel is sixteen. This occurs when Sourcel
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PACKED DATA SHI FT ClI RCUI TS I n one enbodi ment, the shift
operation can occur on nultiple data el ements in the sane nurrber of .

clock cycles as a S|ngle shift operation on unpacked data.
achi eve execUVOI B8t he sane nunber of clock cycles, paral IP&’Tﬂ!ﬁWl@%sed
That is, registers are sinmultaneously instructed to performthe shift

operation on _ the data elenments. This is discussed in nore detail
bel ow. . Figure 17 illustrates a circuit for performng a packed
shift on individual bytes of packed éi}ata according to one

- enbodi ment of the i nvent ion. Figure 17 illustrates the use of a
g??:af ;'Ie?cgyt gxile:otc hlﬁ?r%@#i{rlla; can at aiEf q%néer#’ aBéFVé’mglqece Fach
i ncl udes a 1’§PFF$°£“ 00@9990&109 09+ ol . “The nost significant data
el ement byte slice neephus, mcalculat@!ﬂu&‘rékﬁl(ﬁat&e&ﬁieﬁisfbﬂ"ﬂ ulauon countoperanoﬁh' ft
unit[err] 1711 and Shlft @E 1499][%71 (ﬁ ﬂfg’ﬁ from Sourcel
to : be shi fPHY L ormed fam) 1 ¢

unit operates |ike echdata elementmnthﬁmadqegldatabln ommtlodmnmcmetfoufsaxﬂaemhlt ft

uni t -has a Sourcel kﬁﬂéﬁaméen%ﬁ%ﬁ&ﬁdbé%ulatedmparaﬂel a control input, a next
stage signal, a last stage signal, :and a result .output. . Ther ef or e,

shift uniti 1711 has Sourcel[err] 1731 |nput Source2[63 0] 1733 input,
control[err] 1701 input, next cfcag - I L) N @86ip 1712 i nput
and a result - . LEsltorn resu erefore, shift

unit[err] 1771 has So uai%aflrcultgorpe%mﬁgjgp AHoR £oyrs 9perplianran
i nput, controli+1 IpadRed dataltaying four vordidasd elempnts 3&Bdrding to one embocgmht,oflﬂmt

stage[err] 1772 i npybentighIFigure 28 Uhisriie®s 8&mld& cirégit'for p fr?&hﬁﬁ é oft /2.

The Sourcel | nput Icsou}a (PI C?'wn n gnne v?orggata e emeﬁ%ftal Orﬁ( d d t%our e el ght

bits p ed data acc ing to one
-embodimert of the mvenuon

Figure 24 illustrates a circuit wherem Sourcel bus 2401 carries information

signals to the popent circuits 2408a-d via SourcelN 2406a-d Thus, popent

' circuit 2408a totals the number of bits set in bit' ﬁfteen through bit zero of
Sourcel, producmg bit fifteen through bit : zero of Result. Popent circuit 2408b
‘totals the number of bits set in bit thu'ty—one through bit sixteen of Sourcel,
producmg bit thirty-one through bit sixteen of Result. Popcent circuit 2408¢
totals the number of bits set in bit forty-seven th_rough bit thirty-two of Sourcel,
producing bit forty-seven through bit thirty-iwo of Result. Popent circuit 2408d
totals the number of bits set in bit sixty-three through bt forty-eight of Sourcel,
producing bit sixty-three through bit forty-cight of Result. Enable 2404a-d
receives, from Operanon Control 2410 via control 2403, control signals
enabling popent circuits 2408a-d to perfonn population count operations, and to
place a Result on the Result Bus 2409. One skilled in the art would be able to
create such a circuit given the above descnptxon and the above descnpnon and
illustrations in Figures 1-6b and 23-25.

Popent circuits 2408a-d communicate result information of a packed

population count operation onto Result bus 2409 via result out 2407a-d. This

| 'result information is then stored in the mneger reglster spec:ﬁed by the DEST
605 reg:ster address o




represents the smallest type of data el ement, one packed byte data el ement.
Source2 input represents the shift count. In one enbodi nent, each shift

uni t recei ves the sane shift count from Source2[63:0] 1733.
Qperation control 1700 transmts control signals to enable each
shift unit to QRy¥dmeéest he required shift. The control p&rﬂﬁﬁ,ﬁsﬁe

determ ned fromthe type of shift (arithnetic/logical) and
direction of the shift. The next stage signal is_received fromthe b|t

control for that shift unit. The shift unit will shift the nost
significant bit out/in on the next stage signal, depending on the
direction of the shift (left/right). Simlarl+9- each shift unit
will shift the | east S|gn|f|cant b|t out/|n on the | ast stage S|gnal

dependi ng on the dir ex Omoumn

bei ng received %{éﬁ@#%&s 88% m‘éﬂiﬂfor‘}ierﬂ:ﬂﬁné’ﬁs&hﬂé{ﬁ)%ﬁﬂe The

result out put
PCT/ US96/ 1?8 93 operation on one, word, data element of a packed data. In particular, Higure 25

represents the resulnlu@&-atésth)o&diuddfpapﬁtaitxﬁmMatmwﬁ&vbltmafmmr ce 1 the

hi ft t t 0
Zniabl egn:‘ rom oper at |%ﬁpogg’ﬁ'? g{;ﬂafgg%n%saen&o%nﬁagg?ulﬁi& &8& ena%'fle er Ir 7
1706. Bit contr ol [ erpReratippghedibe egmplete within engclock gydle. o Reerefgrn, given {er F]

%72 h | tAssurreacfcésa{n @&agi&h@nd%fﬂﬁhk adesultirquites 4 édriain percenfugd 66ithlchck or
e ei east signj
1771 i g r esponsi bl g ‘fé"e’ ?f%gmﬁ?agoﬁgleég%SEAMO%r‘gﬁEPé‘IeD&O’HIP’f}CJ%q#ft

on packed bytes is pefans h?élﬂpelmd wgntpﬁquwzaswfaﬂwgm%wr 109 to

the [ east significanxebit apbilationi dointoperation o1 folr fiktetwbipdata elemeiis ibéred Wi t h
t he nost sigm%ﬁt bit of shift uniti 1711. However, a shift on
packed words is )

Popcnt circuit 2408a employs 4->2 carry-save adders (unless otherwise
specified, CSA will refer to a 4->2 carry-save adder). 4->2 catry-save adders, as
may be employed in the popent circuit 2408a-d, are well known in the art. A 4-
>2 carry-save adder is an adder that adds four operands, resulting in two sums.
Since the population count operation in popent circuit 2408a involves sixteen
bits, the first level includes four 4->2 carry-save adders. These four 4->2 carry-
save adders transform the sixteen one-bit operands into eight two-bit sums. The
second level transforms the eight two-bit sums into four three-bit sums, and the
third level transforms the four three-bit sums into two four-bit sums. Then a
four-bit full adder, adds the two four-bit sums to generate a final result.

Although 4->2 carry-save adders are used, an alternative embodiments could
employ 3->2 carry-save adders. Alternatively, a number of full adders could be
used; however, this configuration would not provide a result as quickly as the
embodiment shown in Figure 25.

SourcelN 15.0 24062 carries bit fifteen through bit zero of Sourcel. The
first four bits are coupled to the inputs of a 4->2 carry-save adder (CSA 2510a).
The next four bits are coupled to the inputs of CSA 2510b. The next four bits are
coupled to the inputs of CSA 2510c. The final four bits are coupled to the inputs
of CSA 2510d. Each CSA 2510a-d generates two, two-bit, outputs. The two,
two bit, outputs of CSA 2510a are coupled to two inputs of CSA 2520a. The
two, two bit, outputs of CSA 2510b are coupled to the other two inputs of CSA
2520a. The two, two bit outputs of CSA 2510c are coupled to two inputs of CSA
2520b. The two, two bit outputs of CSA 2510d are coupled to the other two



performed, then bit controli 1720 will allow the least significant bit from

shift unit[err] 1771 to be comrunicated with the nost significant
bit of shift uniti 1711. For exanple, in Table 22, a
packed byte arithnetic shift right is perforned. Assune that shift

unit[err] 1771 operates on data el enment one, and shift uniti 1711

operates on d "8688ent zero. Shift unit[err] 1771 shifts |RGFAUSIELISI3
significant bit out. However operation control 1700 will cause bit
controli 1720 to stop the propagation ef- that bit, received from

| ast st-age[err] 1721, to next stagei 1713. - Instead, shift unit[err]
1711 will fill the high order bits with the_gj.gn bit, Sourcel [7]. [err]

- Tabl @ 22 However, if a packed word arithnmetic shift is performed,

Lhen e 4 E3SE ¢ nloppe Bt €54 55508 g Eslasabl LpdBld b A b, o
23 ikl ustrates 't hi stwoethggebit, putputs 062508 precoupled tawpdnputs of CSA bﬁ?»Oathomd for.
packed doubl eword slihreé Bitsupiid of 2520b are couplédld %&&6@@0 inputs of CSA 2530.
PCT/ US96/ 1 18 93 CSA 2530 generates two, four bit, outputs,
These two four bit outputs are coupled to two inputs of a full adder (FA
2550). FA 2550 adds the two four bit inputs and communicates bit three through
bit zero of Result Out 2407a as a total of the addition of the two, four bit, inputs.
FA 2550 generates bit four of Result Out'2407a through carry out (CO 2552). In -
an alternative embodiment, a five bit full adder is used to generate bit four
through bit zero of Result Out 2407a. In either case, bit fifteen through bit five
of Result Out 2407a are tied to zero. As well, any carry inpiits to the full adder
are tied to zero. :
Although not shown in Figure 25, one skilled in the art would understand
that Result Out 2407a could be multiplexed or buffered onto Result bus 2409,
The multiplexor would be controlled by Enable 2404a. This would allow other
Execution unit circuits to write data onto Result bus 2409,

The described population count instruction calculates the number of bits set
in each of the data elements of packed data, such as Sourcel. Thus, by including
this instruction in the instruction set, a population count operation may be
performed on packed data in a single instruction. In contrast, prior art general
purpose processors must perform numerous instructions to unpack Sourcel,
perform the function individually on each unpacked data element, and then pack
the results for further packed processing. _

Thus, by providing this population count instruction in the instruction set
supported by processor 109, the performance of algonthms requiring this
functlonahty isincreased.



-51- [err] Tabl e 23

Each shift unit is optionally coupled to a result register. The result

regi ster tenporarily stores the result of the shift operation until
the conplete result, Resul t[63: 0] 1760 can be transmtted to the
DEST register. For a conplete sixty-four bit pack gstgdiiob 1303
circuit, eight sﬂl-rlt units and seven bit control units are used3
Such a circuit can also be used to performa shift on a si xty-four
bit unpacked data, thereby using the same circuit to performthe
unpacked-shift operation and the packed shift operation.

ADVANTAGES OF | NCLUDI NG THE DESCRI BED SHI FT O7RRATI ON

I N THE | NSTRUCTI ON SET The descri bed packed shift
i nstructi on causes eachmG@gl ERATIONS O be shifted by the
i ndi cated shift count By including this instruction in the

instruction set, each element of a packed data may be shifted using a
single instruction. In contrast AP Pk | pur pose
processors that do not support - St ] Ton nust perform
nuner ous instructions t@modme@bemvmomtheﬁmlwasmwtwmkeé&en
unpacked data el emenySouddtd), HRESROPFgistel Containe packed dut:D(Source2), and thpBESFd dat a

UL p%g‘fs?eqﬂ will R6itain thresult {(Result) of performing the selected logical
operation on Sourcel and Source2. For example, if the logical AND operation is
selected, Sourcel will be logically ANDed with Source 2,

In one embodiment of the invention, the following logical operations are
supported: logical AND, logical ANDN, logical OR, and logical XOR. The
logical AND, OR, and XOR operations are well known in the art. The logical
ANDN operation causes Source2 to be ANDed with the logical inversion of
Source 1. While the invention is described in relation to these logical operations,
alternative embodiments could implement other logical operations.

Figure 26 is a flow diagram illustrating a method for performing a number
of logicatl operations on packed data according to one embodiment of the
invention.

At step 2601, decoder 202 decodes control signal 207 received by processor
109. Thus, decoder 202 decodes: the operation code for the appropriate logical
operation (i.e., AND, ANDN, OR, or XOR); SRC1 602 SRCZ 603 and DEST
605 addresses in registers 209.

At step 2602, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1 602 and SRC2 603 addresses. Registers 209
provide execution unit 130 with the packed data stored in the SRC1 602 register
(Sourcel) and the packed data stored in SRC2 603 register (Source2). That is,
registers 209 communicate the packed data to execution unit 130 via internal bus
170. _

At step 2603, decoder 202 enables execution unit 130 to perform the
selected one of the packed logical operations.

At step 2610, the selected one of the packed logical operations determines
which step is to be executed next. Execution unit 130 performs step 2612 if the
logical AND operation was selected; Execution unit 130 performs step 2613 if
the logical ANDN operation was selected; Execution unit 130 performs step




MOVE OPERATI ON The nove operation transfers data to or from
regi sters 209. In one enbodi nent, SRC2 603 is the address
cont ai ning the source data and DEST 605 is the address where the

data is to be transferred. In this enbodi nent, SRCl1 602 woul d not
be used. In Q‘r,\og’her enbodi nent, SRCl 602 is equal to DEST 605.

97/ 08608 = WOJ7/08608 PCT/US96/11893
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For the purposes of the explanation of the nove operation, a distinction is

drawn between a register and a nmenory | ocation. Registers are found in

regi ster file 150 while nenory cangle, for exanple, in cache 160,

- mai n. menory 104, ROM 106, data storage devi ce 107.

The nove operation Enagg -
[ 260 Gy pg{réét register 1n reg| sc‘gérogl%gtgmpg a%cond

regi sters 209 to nenor
packed data is

register FW?%E@%M%gORWanéﬂ?%t
stored in different ragmhﬁg&e1ogxcalAmmmohhmeeIMst&pzﬁngexécﬂﬁemr

i cger regi stors. SR 201 Shotbe K GGkt nbnd Ao e nedgv’é@é@gs?fﬁt om

109, if packed dat 5“%*@&@&“%@&%3%@%%% uglzexoi s st or ed

in inrdegerf r dgéuniiny the #¥ical ANDN 6peiation was $éledied, siep 26 B3lis RRecuedd t O
t t
Vor sl & TTOM Nt 806ty 2613, Soureel 1SRl hie Houifhel P AN SO O

for the nove, the bltssmty—tln-e% ush:m on (the
menory | ocation cont aWssungng the logical OR opefadiars twasselpotetlj nqﬂmlb)ii éxected Th oaded

to a register in reghskfi Sombe i sﬁ&f{h?éé thfoBER Eéi‘@&re ORed with Source2 bits

sixty-three through zero 1o generate Result blts s1xty—three through zero.

Assmmng the logical XOR operation was selected, step 2615 is executed. In
step 2615 Source] bits sixty-three through zero are exclusive ORed with
‘Source2 bits sixty-three through zero to generatc Result bits sixty-three through
zero.

Atstep 2620 the Result is stored in the DEST regxster S

Table 36 illustrates the in-register rcprcsentauon of a logical ANDN
operation on packed data. The first row of bits is the packed data representation
of Sourcel. The second row of bits is the packed data representation of Source2.
The third row of bits is the packed data representatlon of the Result. The number
below each data element bit is the data elgment number. For example, Sourcel

fhepnghizerode seperate Resultbits ﬁétyn@m tigro

data element two is 11111111 00000000,.

1191119 41840111 | 41911111 00000000 mmn oooooooo 00001110 00001000
L. Logjcal ANDN l.ogical _ANDN Log:eal ANDN l.ogical ANDN 0
00000000 00000000 | 00000000 00000001 | 10000000 oooooooo 00001110 10000001
00000000 00000000 |- 00000000 00000001 | 00000000 00000000 | 006000000 10000001
3 2 1 0
> Table 36

While the invention is dcscnbed in relation to thc same logical operation
being performed on corresponding data elements i in Sourcel and Source2,
alternative embodiments could support instructions which allowed for the logical




register. Wien a register in registers 209 is indicated, the contents of

that register are noved to or | oaded froma second register in
regi sters 209. If the integer registers 201 are sixty-four bits in
| ength, and an integer regiSter is specified, then the eight bytes
of data in thaiwdpigkegsy register are loaded to a register in peopusesnises
regi sters 209 or stored fromthat register. In one

enbodi ment, integers are represented as thirty-two bits. Wen a
nove operation is perforned fromregisters 209 to integer registers 201,

t hen : only the lowthirty-two bits of the packed data are noved to
the specified integer regi ster. In o enbodi ment, the high order
thirty-two bits are zeroed. Sinmlarly, only the lowthirty-two

bits of a register i operamipnscefornih crresjondiigdatairinmentsiobeselected on a pers
executed fromint ege %g{lﬁgﬁrs 201 to registers 209. In one enbodi nent,
processor 109 suppor fty-two bit nove operation between a regi ster

in registers 209 and nenory. In another enbodi ment, a nove of only
thirty-two bits is perforned on the high order thirty-tmo bits of
packed dat a. WO 97/ 08608

PCT/ US96/ 11893 - 53-

PACK OPERATI ON In one enfbolident MRS EHRE hiORS Bin| S¥our &hﬁulﬁﬁfél

RETRE NI vt Y
result data (Resul t)unﬁackmgpacmmexwmnmwepmaumberofclockcyc&gurce1
and parts of Source2 m&hsgﬁsg&qked together to generate Result.

Inone enbodi ment , a” pagk oner At ol GONNEI 4 pBRGKSS) MP8ptSfons on packed
data according to one embodiment of the invention. Operation control 2700
controls the circuits performing the logical operations. Operation control 2700
processes the control signal and outputs selection signals on control lines 2780.
These selection signals communicate to Logical Operations Circuit 2701 the
selected one of the AND, ANDN, OR, and XOR operation's.

Logical Operations Circuit 2701 receives Sourcel [63:0] and Source2 [63:0]
and performs the logical operation indicated by the selection signals to generate
the Result. Logical Operations Circuit 2701 communicates Result [63:0] to
Result Register 2731.

A I RIBE A
IN THE INSTRUCTION SET

The described logical instructions perform a logical AND, a logical AND
NOT, a logical OR, and a logical OR NOT. These instructions are useful in any
application that requires logical manipulation of data. By including these
instructions in the instruction set supported by processor 109, these logical
operations may be performed on packed data in one instruction.



doubl ewords) into packed bytes (or words) by packing the | ow order bytes
(or wor ds) of the source packed words (or doubl ewords) into the
bytes (or words) of the Result. In one enbodi nent, the pack
operation converts quad packed words i nto packed doubl ewords. This .
operati-on ca lonally perfornmed with signed data. Further,
thi s operati SY{P@S%%(% optional ly performed with saturate. FPCT/US6/M{§P3,,
alternative enbodi ment, additional pack operations are included which
operates on the high order portions of each data el enent.

Figure-18 is a flow diagramillustrating a method for perform ng pack
operations on packed data according to one ggbodiment of the invention.

At step 1801, decoder 202 decodes control signal 207 received by processor

109. Thus, decoder. : operation code for the appropriate pack
operation; SRCl 60% h%kgEST 605 addresses in registers 209;
saturat e/ unsaturate, signed/ unsigned, and length of the data elenents in

t he packed data. As mantigned evi ous SRC1 602 (or SRC2 603)

can be used as DEST 605. - 1802, via internal
bus 170, decoder 202 hroeembodinggi of the mvadion] the SRCH 602 registir ebmaing ddte 150

I ven the SRC1 602 gmﬂi ﬁﬁ%e A ESSIES? ' ] I des
gxecut ion unit 130(vv| t S e %g@ggg&l %’F‘Pﬁg gﬁ%ﬁkﬁ?ﬁ]‘ég@%&i%%“é%?ﬁéer
(Source 1), and thBemé@%{“ét'é?%ég W'B’&éf"?"é@?%éﬁ*w{‘%&%em. That
is, r egi st eomsp#€ (ResultjrThatds Seurt¢lewilldave dactizlbm elemenxindegendentlyni t 130
via internal bus ared%Zﬁeemhdfamdemeﬁléofﬁur&b?ﬁc%rggé’tog@ﬁ fiifed 202

, co
enabl es execution un‘f‘}f g‘ﬁl’ to performt _ opri ate pack

operation. Decoder TPt her communi cates, via internal bus 170,
saturate and the sizelménetentbodimient ef therinmergion thStollosdrg cnpasaelatdeRhipbaiteur at e

is optionally used oA diaB fe - ; dat a
el ement. |f Sﬁ@tﬂ .\ﬁaﬁ,:m%?& heeg&'?g’%w ”1}9? |-h?g%%&g;%§§ﬁﬁkgource2.
greater {7 of QAL TOF I QREUP £ iReachat a

are greater than ofFefEEdap,prynsigned : _
el enents of Resul t painof ¢coopspending datalelementsgFor example, Sovroel B} angteater thesul t
data el ement is seSodrRed[?:0], WithiBStesf beifRéshltf7a0] U thelr&dult of the comparison
satisfies the relationship, then, in one embodiment, the corresponding data
element in Result is sét to all ones. If the result of the comparison does not
satisfy the relationship, then the corresponding data element in Result is set to all
Figure 28 is a flow diagram illustrating a method for performing packed
compare operations on packed data according to one embodiment of the
invention. ' T
At step 2801, decoder 202 decodes control signal 207 received by processor
109, Thus, decoder 202 decodes: the operation code for the appropriate compare
operation; SRC1 602, SRC2 603 and DEST 605 addresses in registers 209;
saturate/unsaturate (not necessarily needed for coﬁ;pare operations),
signedfunsigned, and length of the data elements in the packed data. As
mentioned previously, SRC1 602 (or SRC2 603) can be used as DEST 605.
At step 2802, via internal bus 170, decoder 202 accesses registers 209 in
register file 150 given the SRC1 602 and SRC2 603 addresses. Registers 209
. provides execution unit 130 with the packed data stored in the SRC1 602 register
(Sourcel), and the packed data stored in SRC2 603 register (Source2). That is,
registers 209 communicate the packed data to execution unit 130 via internal bus
- 170.

X3
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exanple, if signed values in . the word data el enents of Source 1 and Source2
are smal | er than 0x80 (or 0x8000 for doubl ewords), then the result

byte (or word) data el enents are clanped to 0x80 Wrr@?@&@@xs@?r'
doubl ewor ds) . WP g’%‘%d val ues in word data el enents of Sourcel

and Source 2 are greater than Ox7F (or OXx7FFF for doubl ewords) ,
then the result byte (or word) data elenents are clanped to OxX7F
(or OX7FFF). At step 1810 the size of the data el enent
determ nes which step is to be exectléd next. |f the size of the
data elenents is sixteen bits (packed word 402 data), then
execution unit 130 perf&r zsbs eaSde? 201 Enabiéeéxechtion didt 13026 pexforinthe

a1 oTonts 11 ol bk P 2 P o s 40

Assuning the size ofinets! busii70cthel size ofdasrelements andghsrelationship for the-pempsreep
1812 i's exq;ﬂé;aggn In step 1812, the follow ng is perforned.

Sourcel bits seven thro re.Re Q

zero. Sourcel bits tvver#%”tpr?rség’q’%?ﬁ%@‘{fﬁe&md"m&%éyﬁlgﬁsiﬁgﬁ@ ‘P%gl ts
fifteen through ei grwcecl@dnmlfmmepﬁlhﬁdyanlemmsmmlgmts(packedbytqmlrty t wo
are Result bits twe thérE&kebiticn Wt 130 pérbeihs s BB TR Howeler, Hitkd dzd dTHIRE

bite oY Soven B %S“”rg% ol é‘?%ﬁ’%{w 07, "

thirty-two. Source?2 dxectmon unit lmpeﬁmmMEQﬂ?mﬂ@ﬁmn%mW@ﬁ@im@ul t
bits forty-seven thr@,&gg;,glpdaweletggugﬁe acked comp aresmréﬁl d¢d. Holet@, inhr ough

thirty-two are Result ts fi -f| urce2
bits sixty-three thrifg q\lndé,mé} %@qﬂﬁq{&aﬂ&?’é‘;ﬁtﬁzwﬁ&kﬁmmﬁaﬁg
twenty-four. If sat W&M@Q@Wﬁﬁéﬂ% gh order blts of each Word are
tested to det %ﬁbﬂﬁxg\m@ﬁw&:ﬁ&&%&u&mﬁ&i@tBitsementswpmmﬁ be

cl anped. |

thirty-two bits, the%eéi%%tﬂ‘agp%ﬁ th ﬁ%%éi@?ﬁ&&feges@ step gg%?%%e
following i s perfor marsmmdtﬁ&@rqe?m%@ﬁmﬂmughw%mﬁwli*‘éP b’é?e
Result bits fifteen setdmtithugh 26ro. Scutte! bitd fifwdnshioogh sightavecompared to SoutcéZ ough

thirty-two are Resulfy %&m\{gh%léwgc&eﬁmgﬂgsuﬁ'%mm HiRtigh 8fhRisbirct1 f t een
bits twenty-three through sixteen are compared to Source2 bits twenty-three
through sixteen generating Result bits twenty-three through sixteen, Sourcel bits
thirty-one through twenty-four are compared to Source2 bits thirty-one through
twenty-four generating Result bits thirty-one through twenty-four. Sourcel bits
thirty-nine through thirty-two are compared to Source2 bits thirty-nine through
thirty-two generating Result bits thirty-nine through thirty-two. Sourcel bits
forty-seven through forty are compared to Source2 bits forty-seven through forty
generating Result forty-seven through forty. Sourcel bits fifty-five through forty-
eight are compared to Source? bits fifty-five through forty-eight generating
Result bits fifty-five through forty-eight. Sourcel bits sixty-three through fifty-
six are compared to Source2 bits generating Result bits sixty-three through fifty-
six.

Assuming the size of the data elements is sixteen bits, then step 2814 is
executed. In step 2814, the following is performed. Sourcel bits fifteen through
zero are compared to Source?2 bits fifteen through zero generating Result bits
fifteen through zero. Sourcel bits thirty-one through sixteen are compared to
Source2 bits thirty-one through sixteen generating Result bits thirty-one through




through zero are Result bits forty-seven through thirty-two. Source2 bits

forty- seven through thirty-two are Result bits sixty-three

through forty-eight. If saturate is set, then the high order bits
of each doubl eword are tested to det erm ne whether the Result data..
el enent shoulg’Q§ anped. I n one enbodi nment, theﬁﬁﬁgqug of
step 1812 is & d simultaneously. However, ‘i n BEF

enbodi ment, this packing is perforned serially. In anot her

97/ 08608 - PCT/U896/11893

-55- . enbodi nent, sone of the packing is perfornmed sinultaneously

and sone is performed serially. This-ghscussion also applies to the
packj ng of step 1814. At step 1820 the Result is stored in the

PEgrréSgﬁt ;te?io?\t g; sixteen, Sourcelm?k‘ Véli e’ bs Hs and Ls
represent the hi ghqﬂﬁgo’%%vﬁfﬁgg’gga?@ “W%S?@E\“P& jtlims-%‘.’me“"e%ﬁg‘l’f‘g% bi't
dat a el enent i n SouhiryiwarSbulel bitedxtyFibree ¢hroughl forty-gight &rp casparedto Source2t he
| ow order 8 bits Ofblﬁgﬁtﬂﬁ}étﬁb%%hﬂgéﬁﬁhﬁfkesuhb1tss1 ree

SOURCE 2 _ &R ToRER ey L

DH DL CH CL BH BL APFYfight ey
In one embodiment, the compares of step 2812 are performed

- simultaneously. However, in another embodiment, these compares are performed
serially. In another embodiment, some of these compares ar¢ performed
simultaneously and some are performed seri'allyi_ This discussion also applies to
the compares of step 2814 as well. S :

. Atstep 2820, the Result is stored in the DEST 605 register.
Table 37 illustrates the i in-register representation of packed compare
_ unsigned greater than operation. The first row of bits is the packed data

-representation of Sourcel. The second row of bitsis the data representation of
Source2. The third row of bits is the packed data representation of the Result.
The number below each data element bit is the data element number For
example, Sourcel data element three is 10000000,..

] 00101010 | 01010101 ] 01010101 ] 11111111 | 10000000 ] 01110000 | 10001111 | 10001000
—————

_ _ 6 S 4] 3] .2 1 0
> > > o> - - RN . > >

00000000 | 00000000 | 10000000 | 00000000 | 11110011 00000000 | 10001110 | 20001000

11111113 § 11311112 | 00000000 | 11121111 § 00000000 | 11123121 § 11211111 | 00000000
7 - S A B 3 2 1 0

Table 37
Table 38 illustrates the in-register representation of packed compare signed
greater than or equal to operation on packed byte data.



HL G FL EL DL CL BL AL
RESULT Tabl e 24 Tabl e 25
illustrates the in-register. representation of a pack doubl eword

operation, where the subscripted Hs and Ls represent the high | ow order
bits, r o Psokdege! Y. of each 32-bit data elenment in Soupepiissdifises
Sour ceZ2. ¥ SOURCE 2 SOURCE 1
DH DL CH CL BH BL AH AL [Jerr]
DL CL BL AL RESULT
Tabl e 25 WD 97/ 08608 .
PCT/ US96/ 11893 -78- - 56-
00101010 { 01010102 | 01010101 | 11111111 ] 10000000 } 01110000 ] 10001111 | 10001000
>= 7 >= 6 o= 3 o= ¢ = d 2>= >= ! >= 0
0000000 § 00000000 | 10000000 | 00000000 | 11110011 | 00000000 | 10001110 | 10001000
I < N 3 3 4
11111111 § 11111113 | 11111112 } 00000000 | 00000000 | 11111111 | 00000000 { 11111111
7 6 K] 4 3 2 ] 0
Table 38
PACKED DATA COMPARE CIRCUITS

In one embodiment, the compare operation can occur on multiple data
elements in the same number of clock cycles as a single compare operation on
unpacked data. To achieve execution in the same number of clock cycles,
parallelism is used. That is, registers are simultaneously instructed to perform the
compare operation on the data elements. This is discussed in more detail below.

Figure 29 illustrates a circuit for performing packed compare operations on
individual bytes of packed data according to one embodiment of the invention.
Figure 29 illustrates the use of a modified byte slice compare circuit, byte slice
stagei 2999. Each byte slice, except for the most significant data element byte
slice, includes a compare unit and bit control. The most significant data element
byte slice need only have a compare unit.

Compare unitj 2911 and compare unitj+1 2971 each allow eight bits from
Source1 to be compared to the corresponding eight bits from Source2. In one
embodiment, each compare unit operates like a known eight bit compare circuit.
Such a known eight bit compare circuit includes a byte slice circuit allowing the
subtraction of Source2 from Sourcel. The results of the subtraction are processed
to determine the results of the compare operation. In one embodiment, the results
of the subtraction include an overflow information. This overflow information is
tested to determine whether the result of the compare operation is true.

Each compare unit has a Sourcel input, a Source2 input, a control input, a
next stage signal, a last stage signal, and a result output. Therefore, compare unitj
2911 has Sourcel;j 2931 input, Source2; 2933 input, controlj 2901 input, next




PACK CI RCU TS I n one enbodi nent of the invention, to achieve
ef ficient execution of pack operations parallelismis used.
Figures 19a and 19b illustrate a circuit for perform ng pack
operations on packed data according to one enbodi nent of the

invention. The circuit can optionally performthe pack operation with

sat ur at i on. - WO 97/08608 The circuit of Figures 19a and 19BCRASPEHES an
operation control 1900, a result register 1952, a result register
1953, eight sixteen bit to eight bit test - saturate circuits, and

four thirty-two bit to sixteen bit test saturate circuits.
Operation control 1900 receives informationsgromthe decoder 202 to enabl e
a pack operation. Operation control 1900 uses the saturate value to enabl e

the size of the sodpg2ot8 sk i 536 Bofd ubhe Wl EOkalPERISREN SRR 1,
- out put enabl e 193129 §1M@p@p&?Wnﬂ2971has80wnhi+bl29%omt,wéﬂab| es
thekogt SUE of rSSU|2|934B@ht$£:@fn~oL$§2902| it exBitER; .quWB?xgnal lgftstafeﬁ- QoTe
packe ata is dou e put enabl e S

set by operation corﬁ\‘v%lngfg‘%ﬂiE '?’F?gén ﬁ%gfd&s‘e? Zg%ﬁput of output register
1953. Eddp Sewrselndapuy ltsamcailyrmght bis portion of $ouredly Theesightf or

saturation. If a tmrép&rsemsmesmauesﬁ%%pdawem&tcana@m&é fapPagach test
saturate circuit ne tO a.;

h
correspondi ng posi thﬂf\ﬁfﬁ c?%‘?ﬁ?‘?s?‘gmsg?ndlﬁmﬁmtbétWBPfg L i's
enabl ed, then each Qmwosaomemmmcmgmmom@hmmm smtto

| de: er mt nellgzot Pﬁ peﬂfozimthei&l%ﬁ'édcdi@hbﬂ tﬂ:@ﬁoﬁbﬁﬁ@% are determined from theT€St
saturate rou (S3 av,e S| Xt.ee n

oraht bi t out put o TiRiseSh i3 the fobire b s Bl e Rl e PR o Be B | e
i nputs, or clegpent Gigabyty or werd).The ngxkstage signal és recsigd framx the bitgoniol FF) .

Test saturate 1910 for:hatcompmeaﬁﬁlwspa&wﬁaﬂe&e&@dyédnﬁﬁ&dwrmhc&.&bp and. :
out puts bits seven tnl

ero Test
saturate 1911 rece|v=swgg'ur%’ thﬁnf’%teflﬁed? Bsed%%xample’w nth)& een
and outputs bits fiverepsrkeddasyisicompard. thq)bltmellsmﬂ@gmvéhefymmpmm
saturate 1912 recelauealeSwaeambAréﬁmi@ﬂtc;huﬁaemetwdmmp@mﬁxbtdicjaim and

out put s sixieé:ﬁﬁ%%p&%ﬁﬁ sh’ﬂi A1 e?oé:}:celnf)%&vfeﬁé&k tifCHast e

1952. Test saturate rece Its 'sixt ree through
forty-eight and outierthcogpaze unjfs will cay ?‘F‘eﬂ"’se tw°°°mP1’ﬁPB‘§dﬁa‘E‘\B§H{'§/@We for
resul t register 19%ait. TdstontinhesTartthe fobi gacked wordatatalemenes? bits

fifteen through zero aﬁ c%i&g%ﬁbc%&lﬁdtrahﬁdn}ﬁﬁlﬂgﬁ U«%}S%E}c&? i wo for

resul t | ster est satura l'yes bits
thirty-one through%f’?ﬁ% dhe compare unit per %Wam%ﬁpmgfeﬁﬁﬁhﬁmﬂﬁgh
forty for result regdestcenpabiit tolepropagited daven to the lower ord& tompareainitos

Source2 bits fortyvi@ueRa THaPi0tch Borhpars AiPwil ot M resultd dftnd ddnbphte
using the information communicated by the bit controlj 2920. If double word
packed data is nsed, then four compare units act togethér to form one thirty-two
bit long compare unit for each data element. The result output of each compare
unit represents the result of the compare operation on the portion of Sourcel and
Source2 the compare unit is-operating upon.

Bit controlj 2920 is enabled from operation control 2900 via packed data
enablej 2906. Bit controlj 2920 controls next stagej 2913 and last stagej+1 2972.
Assume, for example, compare unitj 2911 is responsible for the eight least
. - significant bits of Sourcel and Source2, and compare unitj+] 2971 is responsible
for the next eight bits of Sourcel and Source2. If a compare on packed byte data
is performed, bit controlj 2920 will not allow the result information from
compare unitj+1 2971 to be communicated with the compare unitj 2911, and vice

~
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five through forty-eight for result register 1952. Test saturate 1917
receives Sour ce2 bits si xty-three through forty-eight and out puts
bits sixty-thrgodseisoh fifty-six for result registerrpchitikdsiises
Test saturate 1920 through test saturate 1923 have thirty-two bit inputs
and si xteen bit outputs. The sixteen bit_outputs are the | ower

si xteen bits of the I nputs, or optionally, are a clanped val ue
(0x8000, "Ox7FFF, or OxFFFF). Test satg&ate 1920 recei ves Sourcel
bits thirty-one through zero and outputs bits’ fifteen through zero
for result register 1953. Test saturate 1921 receives Source

si xty-three through versa However, if-aicosenaps anpagked-werd ?MWSMWBG@H"W een

Iﬁr t tLesuIL rmoﬁmran&%ﬁﬁeml'ﬁ§ﬁ?§§%éﬁ%ﬁn f?a%t ovEFRwW) BforRifion &dni t S
irty-one throug out put s s _for Y

thirty-two for resu|?°‘?@§?g¥1&|281€!§g’°°?§&““ et 1S w'&%’f%?’iﬁ fmgﬁitu@}s? es

Source2 bits sixty-témbalinbmtoamdverfivw)igformasionfronp compare uniti+1 2971 tobe s

si xty-three though faib¥aftabd oUonpatitnly 2090) St er 1953. For

exanpl e, in Table 26, a_pack word ed no, sajurate

performed. Operation cofi¢ rregpmglgow(g'%%fq ﬁ&#@?’é&ﬁﬂ@%@ﬁ%%%lﬁ

out put r esul périBmed. Assaific that compare uniti+-] 2971 operates on data element one, and

Sour cel itj 2911 tes on data element zero. Compe @411 997101110000
00001110 00001000 SomPareuniti 2911 operates o PROaR L1

compares the most significant eight bits of a word and communicates the result
information via last stagej+1 2972. Compare unitj 2911 compares the least
significant eight bits of the word and communicates the result information via
next stagej 2913. However operation control 2900 will cause bit controlj 2920 to
stop the propagation of that result information, received from the last stagej+1
2972 and next stage; 2913, between the compare units.

.| 060001110 | 60001000
0

> > > > > > > >

-.. | 00001116 | 10001000
3 J d 3 3 J

o] - ...100000000 | 11111111 |
7 6 K] 41 3 2 1 7
. Table 39
However, if a packed word signed greater than compare is performed, then
the result of compare unitj+] 2971 will be communicated to the compare unitj
2911, and vice versa. Table 40 illustrates this result. This type of communication
would be allowed for packed doubleword compares as well.




3 | 2

L . 0
Sour ce2 00001110 10000001
00001110 10000001 3 2 .
1 " . .
Result wo”""’?"“ . 10000001 10000001 . PCT/USS6Mises
01110000 00001000 7 6 5° 4
3 2 1 0 -
Tabl e 26 _ However, if a pack doubl eword unsigned with no
saturate i s perforned, operation cgpirol 1900 will enable result
regi ster 1953 to output result[63: 0] - 1960. Table 27 illustrates
this result. ' WO 97[08q08 : A P '
PCT/ US96/ 11893 _ _ —— - 58-
Sour cel B B B 0 op1
00001110 00001000 —3 % %H?’M&Bo 1
0 . > _ > - ; .>- . > -
Sour ce2 - . . .| 00001110 10000001
\ | $ K J
3| - 2 T 7 0
Thbka40

Each compare unit is opnonally coupled to a result register. The result
register temporarily stores the result of the. compare operation until the complete
result, Result[63:0] 2960, can be transmitted to the DEST 605 register.

- For a complete sixty-four bit packed compare circuit, eight compare units
and seven bit contro! units are used. Such a circuit can also be used to perform a
compare on sixty-four bit unpacked data, thereby using the same circuit to -
perform the unpacked compare operation 'and the packed compare operation.

The described packed compare mstrucnon stores the result of cornpanng
Sourcel and Source2 as a packed mask. As previously described, conditional
branches on data are unpredictable, and thus cost processor performance because
they break the branch predlctxon algonthms However, by generating a packed
masked, this companson instraction reduces the number of required conditional
branches based on data. For example, the funcnon (1f Y>AthenX =X +B;
else X= X) may be performed on packed data as shown below in Table 41 (the
values shown in Table 41 are shown in hexadeclmal notation).



1

Resul t
00001000
0

I N THE | NSTRUCTI ON SET
a predefined nunber. of

Source 2'to generate the Result.
pack data in as little as half the instructt&nas required
pur pose processors.

art general

00001110 00000001 00001110 10000001

00001
3

bits from
Int

For e

0
110 10000001

Tabl e 27

ADVANTAGES OF MM THE DESCR BED PACK OPERATI ON

00001110
1

PCT/US96/11893

2

The described pack instruction packs

each data el ement
manner,

hi s

xanpl e,

in Sourcel and
processor 109 can
by prior

generating a result which

contains four 16-bit dat @%m{_m Scudel Bouke2 data el enments requires
only one instr pgsed Str L ORS. shown bel ow.
Pack. Hi gh Sourcel, Sour ¢e2. 1 W %&H&H—X&af Q0.
. Q0 Sour cel > Q. > €0) BO.
. BO Sour ce2 00000000 0 0000000 ($burce2=A Q0.
BO Resul tl Al 1 ?'albl e 28
Typical multimedia appiications packs arge anouynts bf data. Thus, by
reduci ng the nunber of |i nSgEEgEpEPNS riequi pedodbod Packvhdd s data by as nuch
as half, per formance o tnese nmurtrnmedr a applications is increased.
Packed AND Source3,Mask
00000005 0000000A | Source3=BQ-1
> > -
FFFFFFFF 00000000 Mask
00000005 00000000 Result
Packed Add Source4, Result
00000010 00000020 Source4=X0Q-1
> >
00000005 00000000 Result
00000015 00000020 New X(0-1 value
Table 41

As can be seen from the above example, conditional branches are no longer
required. Since a branch instruction is not required, processors that speculatively
predict branches do not have a performance decrease when using this compare
instruction to perform this and other similar operations. Thus, by providing this
compare instruction in the instruction set supported by processor 109, processor
109 can perform algorithms requiring this functionality at a higher performance
level.

EXAMPLE MULTIMEDIA ALGORITHMS

To illustrate the versatility of the disclosed instruction set, several example
multimedia algorithms are described below. In some cases, similar packed data



WD 97/ 08608

PCT/ US96/ 11893 -59-
UNPACK OPERATI ON UNPACK OPERATI ON
I n one enbodi nent, an unpack operation interleaves the | ow order packed
bytes, words. quéj,@ua)kev\ords of two source packed data to generate result

packed words, or doubl ewords. This operation PCI/USREI92d t O
herein as an unpack | ow operation. In another enbodi ment, an unpack
operation could al so i nterl eave the high-order elenents (ref erred
to as the unpack high operation). Figure 20 is a flow di agram
iI'lustrating a method for perform ng unpacls. operati ons on packed
~data.according to one enbodi nent of the invention. Step 2001

and step 2002 ar ejnepssidhEd ISeﬁﬁed Eﬁ{ﬁp de - enabl es
execution unit 130 to0 pﬁrfc')éd the uh’ acl opera ep%g 5%“? A '
comuni cates, vi 2R °t‘§?é’ genegal wnomramswrmsenmto n

Sour cel and manage daweivement, loopmg, and cohidition@Pbraithihg Halebesh bR i ?h
data el enent det eggi i ,&Q,g&gep IS to be - executed next.
size of the data elepents I.s.&ight bits (packed byte 401 data)
then execution unit ¥30 pe Multiplicationsof Complex Npmbersr . i f t he SI ze of the
data el enents in theThnﬁWMplySadallmeﬁbﬂah%e%&%ﬁﬁl &?;Hﬁ@

Si ze of

t hen exXeChifrhifs it Q'sﬁxﬁie:}i?su‘agﬁg O:Is égﬁ({ ﬁ'lpl‘a%?etﬁar lpbﬁbgn R ed
%

the data el enents
doubl ed word 503 %Péﬁx“%ﬁ(eg 11 b P r@?ﬂtccerémgpsemecfpmwmgep 2016.
Assumi ng the sizesqotignhe source data el enents is eight bits, then step 2012

S execut ed. Rdapcgﬁ,ﬁﬂ,egplgl,. he {?I lowing is perfor rred Sourcel bits
seven through zero are Resul't b S seven through zero. Source2 bits
seven through zero Apggmary Component=r] *i2+12 1] :

If this instruction is implemented to be completed every clock cycle, the
invention can multiply two complex numbers every clock cycle.

t he

‘Multiply-Add Sourcel, Source2
31 2 T1 1 | Seiircel
| @ | i | Source2
Real Component: | Imaginary Component: Result
T1r2-i1ia - r1i2+12i1 1
Table42a
As another example, Table 42b shows the instructions used to multiply
together three complex numbers.
Mubtiply-Add Sourcel, Source2 |
Tl i1 n__ | i Sourcel
12 2 2 | n» Source2
-Real Cpmppnentlz_ 1 Imagmary Componentl: Resultl
-kl rig+r2i) '



Result bits fifteen through eight. Sourcel bits fifteen through eight are
Resul t bits twenty-three through sixteen. Source2 bits fifteen

t hrough ei ght are Result bits thirty-one through twenty-four.
Source 1 bits tvventy t hree through sixteen are Result bits
thirty-nine thg ?&g&{ll rty-two. Source2 bits twenty-three thrgegisosaiges
Si xteen are Resul s forty-seven through forty. Sourcel bits thirty-one
t hr ough twenty-four are Result bits fifty-five through forty-eight.
Source2 bits thirty-one . t hrough twenty-four are Result bits
sixty-three through fifty-six. Assum ng the size of the source
data el ements is sixteen bits, then step 2084 IS executed. In step
2014, the following is perforned. Sourcel bits fifteen t hr ough
zero are Result bits fifteen thr pagkedShifcRighSoureel, Souree2f i f t een t hrough

zero are Result bit§ Thi Et é-&%&g{t?ugh 3 xt@g@@nﬁn@ghts Rty - one

t hr ough WO |
PCT/ US96/ 11893 -60- si xteen are
Result bits forty-sg¢ven through thirty-typ. -Source2 bits thirtjy-one

through sixteen ae Resttt—brts—srxty=ttree tiroug 1orty-er g

Assuning the size of_the source data eleffents is thirty-two hijts, then step
2016 is executed. Ifp step 2016, theediol | dwi ng is peff Gmagdary SqQResl2 bi t s

thirty- one t hrough zer [ §§§ l§ bits thir 3@08;1,% Ly qugh zero.
Source2 bits thirty! ég%ﬁg.. QC‘ o—af-e—Restt Bt LB a.f,\ty-three
t hrough thirty-two. I n one enbodi nent, the unpacking of step 2012
is perfornmed si nul t aneousl y. H%yggsum_ma@mher enbodi ment, this
unpacki ng i s perforged berla#%% anot ner em?dl nent , % of the
unpacki ng is perforfed Sl eou$ly and song 3P or Ceriall y.
Thi s di scussion al s¢ appli es tjoComponentt Componentl
Real Imaginary |Result2
Component] Component]
Real Imaginary Real Imaginary |Result3
Componentj | Component} | Component] | Component}

Multiply-Add Result3, Source3

Real Imaginary Real Imaginary. Result3
Component]: | Component}: | Component]: Component]:
rir2-igi2 r1i2+12i) rir-i1iz r1ig+i]
3 i3 i3 13 Source3
Real Component2 Imaginary Component) Resnlt4
Table 42b
2) | ultipl lation tions

The disclosed instructions can also be used to multiply and accumulate
values. For example, two sets of four data elements (A1.4 and B1-4) may be
multiplied and accumulated as shown below in Table 43. In one embodiment,



t he unpacki ng of step 2014 and step 2016. . At step 2020, the

Result is stored in the DEST 605 register. Table 29 illustrates
the in-register representati on of an unpack doubl eword operation
(each of dat elenents AO- 1 and BO-1 contain 32 bits). o
SOURCE 2 SOURCE 1 Bl BO Al AO [err] BO

A0 .- WO-97/08608 RESULT : “PCT/US96/11893

Tabl e 29 Table 30 illustrates the in-register representation of
an unpack .word operation (each of data el enents A0-3 and BO-3 contain
16 bits). SOURCE 1 ' SOURCE 2

B3 B2 Bl BO A3 A2 A1 A0 [err]. Bl Algs.BO AO

- RESULT WD 97/ 08608

PCT/ US96/ 11893 cagh of the i instructions shown in Table 43 is mplemented to complete each

- - clock cycle.
Mt Som, Somer
0 0 ] A1 ) A2  |Sourcel
0 o | B1_ B2 |Source2
o0 - | ABi+asm Result]
Multiply-Add Source3, Sourced
0 - 0 4 - A3 | A4 Source3
0 0 B3 By |Sourced

0 ~A3A4+B3B4  |Resul2

Unpacked Add Resultl, ResultZ

0 N A1B1+Aﬂ2 : Resultl

0 |- A3A4+BsB4 Result2

0 A1B1+AJBI+A3A4+B3B4 | Result3
~ Tabled3 - -

If the number of data elements in each set exceeds 8 and is a multiple of 4,
the multiplication and accumulation of these sets. xeqmres fewer instructions if
' - performed as shown in Table 44 below. ;



-61-

3l illustrates the in-register

Tabl e 30 Tabl e

representation of an unpack byte

operation (each of data elenents AO-7 and BO-7 contain 8 bits).

SOURCE 1 SOURCE 2 B7 B6 B5 B4 B3
B2 Bl BO A6 A5 A4 A3 A2 Al A0 [err] -
o5 a3 B2 A2™OTes D o PCTAIS6M1893
RESULT Table 31

UNPACK Cl RCUI TS Figure 21 illustrates a circuit for performng
unpack operations on packed data according to one enbodi nent of the
I nvention. The circuit of Figure 21 -86ncl udes the operation control

circuit 2100, a result

result

registe( 2152, a result register 2153, and a

regi ster 2154. Mutizly-Add Soaree, SoureDO recei ves

I nformati on fromthg decqder 202 to,gnable gn unpgck oOpgrati.on. If
the size of the souf}ee—p%ihedla@-ﬁ%e—p&éée% o A2 opcel hen
out put enable 2132 ijs_set by operation control 2100. This enabjes the

out put of result reqistepg2152jlf Bye si e<ﬂh§fmaiourcg4pack¥% ais
wor d packed , ' y operation
control 2100. This =
A1B1+A2B) A3B3+A4B4 Resuitl
Multiply-Add Source3, Sourced
As Ag A7 A8 Source3
Bs Bg B7 Bg Source4
A_555+A5B5 A7B7+AgBSg Result2
Packed Add Resultl, Result2
A1B1+A2B2 A3B3+A4B4 Resultl
A5B5+A6B6 A7B7+ASBS Result2
A1B1+A2B2+A5B5+A6B6 | A3B3+A4B4+A7B7+AgBg | Result3
Unpack High Result3, Source$
A1B1+A2B2+A5B5+A6B6 | A3B3+A4B4+A7B7+AgBg | Result3
0 0 Source$
0 A1B1+A2B2+A5B5+A6B6 | Resultd




enabl es the out put of output register 2153. If the size of the source

packed data is doubl eword packed data 504, then output enable 2134
is set by operation control 2100. This enabl es the out put of out put
result register 2154. WD 97/ 08608 .

PCT/ US96/ 1189 . - 62
Resul t “Tregi stg’P’Z’f@,‘Q’ has the follow ng i nputs. Source 1 bi tﬂ&?&%@ﬁ’r ough

zero are bits seven through zero for result register 2152. Source2 bits

seven through zero are bits fifteen through eight for result
regi ster 2152. Sourcel bits fifteen through eight are bits
twenty-three through sixteen for result regygster 2152. Source 2

bits.fifteen through eight are bits thirty-one through twenty-four
for result register 2152. Sourcelmbﬁmésmtgtyo%cg hrough si xteen are

bits thirty- f) y g Y TSt er, - 2152,
Souree2 bits twent _ﬁﬁé‘éﬁ Xstﬁlﬁﬁ 'J_, : iﬂeﬁ Bseven

through forty for rlesult register 2152. Sburcel bi t g thlr-one_

through twenty-fourf are bits girfty-fivefthrough Tofty-eirght for
result register 2152 S . F8EFeSr e bits
sixty-three through fifty-six for resul1= reqister 2152. | 2152, Resul t
regi ster 2153 has tlhe fol | ow 69 |nputs quj;gq\_ A gh
zero are bits fifteemthrougtrzero—for-Tesutt é&g?ttﬁf %%%%2 bits
fifteen through zero are bits thirty-one through sixteen for
result register 2153. Source 1 bits thirty-one through sixteen are
bits forty-seven through th| rty t%cﬁé?erJdaﬁéhM Resﬁlts regl ster 2153.
Source2 bits thirtyome—thr STXTeeT e tHmreet hough
forty-eight of resyli registe® 1953 A131+A232+A5 5+A6B6 | Resultd

0 AsBijBA?{A-'/BHAgEs_ Results

0 | TOTAL Result6

Table 44

As another example Table 45 shows the separate muluphcanon and
accumulation of sets A and B and sets Cand D where each of these sets mcludes

2 data elements.
_Multiply-Add Sourcel, Source2
A} | A | <& C2 Sourcel
B1 __B2 D1 D2 Source2
A1B1+A2B2 C1D1+CoD2 Resultl
- Table4ds
As another example, Table 46 shows the Separaté multiplication and
. Cee accumulation of sets A and B and sets Cand D, where each of these sets includes

4 data elements.



Result register 2154 has the followi ng inputs. Sourcel bits thirty-one
through zero are bits thirty-one through zero for result register 2154.

Sour ce2 bits thirty-one through zero are bits sixty-three through
thirty-two of result regi ster 2154. WD 97/ 08608
PCT/ US96/ 11893 03 -
For exanpl e, ir?vq%’b| e 32, an unpack word operation is perforne IIU596111893
Qperation control 2100 will enable result register 2153 to out put
resul t[63: 0] 2160.
Sourcel - Ce C 00001110 01110000
00001110 00001000 v 3 -88- 2
1 0
Sour ce2 . . . Multiply-Add Sourcel, Source0001110 00000001
00001110 10000001 3 2
1 0 Al A2 Ci G Sourcel
Resul t 00001170 00000001 00001110 0111000 00001110 100p0001
00001110 00001000 B1 B2 3 Dj 2 2 | Source2
1 0 —

A1B1+A2B2 C1D1+C2D2 Resultl

Multiply-Add Source3, Source4

A3 A4 C3 C4 Source3
B3 B4 D3 D4 Source4
A3B3+A4B4g C3D3+C4D4 Result2

Packed Add Resultl, Result2

A1B1+A2B2 C1D1+C2D2 Resultl
A3B3+A4B4 C3D3+C4D4 Result2

A1B1+A2B2+A3B3+A4B4 C1D1+C2D2+C3D3+C4D4 | Result6
Table 46

3) ot ct Algori

Dot product (also termed as inner product) is used in signal processing and
matrix operations. For example, dot product is used when computing the product
of matrices, digital filtering operations (such as FIR and IIR filtering), and
computing correlation sequences. Since many speech compression algorithms
(e.g., GSM, G.728, CELP, and VSELP) and Hi-Fi compression algorithms (e.g.,
MPEG and subband coding) make extensive use of digital filtering and



Tabl e 32

'PCT/ US96/ 11893

However, if an unpack doubl eword is perforned,

operation control 2100 wll enable result register 2154 to out put

result[63: 0] 2160. Table 33 illustrates this result.

Sour cel 00001110 01000001

00001110 000Q1000 1 . :

0 o .H;QWngnﬂm © PCT/US96/11893

Sour ce2 . ... 00001110 00000001

00001110 10000001 - 1

0 _

Resul t 00001110 00000001 - 0000111(3910000001 (0001110 01000001
- 00001110 00001000 ' 1

0

correlation computations, mcreasmg th-gim‘fgmﬁiﬁce of dot. producM\Qu:?e-g/ie()s8 608

the performance of these algorithms.
The dot product of two length N sequences A and B is defined as:

N-1
Result ZAI . B1
=0
Performing a dot product calculation makes extensive use of the multiply
accumulate operation where corresponding elements of each of the sequences are

multiplied together, and the results are. accumulated to form the dot product
result.

By mcludmg the move, packed add mumply-add and pack shift operations,

. the invention allows the dot product calculation : to be perfonned using packed.

data. For example if the packed data type contammg four sixteen-bit elements is
used, the dot product calculation may be performed on two sequences each -
containing four values by: o
1) accessing the four sixteen-bit values from the A sequence to generate
Sourcel using a move instruction;
2) accessing four sixteen-bit values from the B sequence to generate Source2
using a move instruction; and
3) multiplying and accumulating as previously described using a multiply-
add, packed add, and shift instructions. -
'For vectors with more than just a few elements the method shown in Table
46 is used and the final results are added together at the end. Other supporting
instructions include the packed OR and XOR instructions for initializing the
accumulator register, the packed shift instruction for shifting off unwanted
values at the final stage of computation.. Loop control operations are
accomplished using instructions already existing in the instruction set of
processor 109. '
4) 2-Dimensional Loop Filter
2-dimhensional loop filters are used in certain multimedia algorithms. For
example, the filter coefficients shown below in Table 47 may be used in video
conferencing algorithms to perform a low pass filter on pixel data.



ADVANTAGES OF | NCLUDI NG THE DESCRI BED UNPACK | NSTRUCTI ON

N THE | NSTRUCTI ON SET By including the descried unpack
instruction in the instruction set, packed data nay be either
i nterl eaved or unpacked. This unpack instruction can be used for

unpacki ng packegh é#akgsby meking all of the data elenents in SegrrRgyfbds 0S.
An exanpl e of unpacking bytes is shown bel ow in Tabl e 34a.

Sour cel 00101010 01010101 01010101 21111221121 10000000 0110000
10001111 10001000 7 6 5 4 3
2 1 0

Sour ce2 00000000 00000000 00000000 ®¥D00000 00000000 00000000
00000000 00000000 7 6 _ 5 4 3

2 1 0 :

Resul t 00000000 10000000 00000000 1k £obop 00000000 10001111
00000000 10001000 249 2

1 0 Tabl e 34a

Thi s same unpack instruction can be used f¢ri2ntefl eaving data as shown in
Tabl e 34b. Interleaving is useful in a nu r. of=Irul ti media al gorithns. For

exanple, interleaving is useful for transp lP'Q"("?atri xes and interpolating
pi xel s. To calculate the new value of a pixel at location (x, y), the following

equation is used:

Resulting Pixel = (x-1,y-1) + 2(x,y-1) + (x+1,y-1) + 2(x-1,y) + 4(x,y) + 2(x+1,y)
+
(x-1,y+1) + 2(x,y+1) + (x+1,y+1)

By including the pack, unpack, move, packed shift, and a packed add, the
invention allows a 2-dimensional loop filter to be performed using packed data.
According to one implementation of the previously described loop filter, this
loop filter is applied as two simple 1-dimensional filters -- i.., the above 2-
dimensional filter can be applied as two 121 filters. The first filter is in the
horizontal direction, while the second filter is in the vertical direction.

Table 48 shows a representation of an 8x8 block of pixel data.

lofti|l2 |l lalls]| g |7
Table 48
The following steps are performed to implement the horizontal pass of the
filter on this 8x8 block of pixel data:




WO 97/ 08608

PCT/ US96/ 11893 - 65-

Sour cel 00101010 01010101 01010101 11111111 10000000 01110000

10001111 10001000 _ 7 6 5 4

3 2. . 0 _ _

Source2 w°’6’8?f8%000 00000000 11000000 00000000 111¥STAUSISDBLO0000

10001110 10001000 7 6 5 4

3 2 1 0

Result - 111110011 10000000 00000000 01110000 10001110 10001111

10001000 10001000 - f T 916 -5 4 3

2 - 1 0 Tabl e 34b

Thus, by providing: thi n set. suppor-t ed
by processor 109, procZSésEg 4?@8 ﬁ’ge\?garlgéa}tépe angécan

al gorit hns r equi¥ hl s functionality ‘at a hi gher perfor mance

| evel . P@Pﬂlpﬂh@lh@@ghﬂ%—blt pixels into a 16-bit packed data containing

POPULATI ON COUNT foms_mt%@lmm@perwm%gﬂ |§on enabl’es

popul ation count operations to packed data. That
i's, the invention gener afCEMYlaigns;| ¢ gata el enent for each data
el ement of a first pacRediplicating Seexchl tvestithés td géreratt SO@OE2 dnd BoRLENt S

the nunber of bits set 4R RanthgaRuh p&pgi,- mg}q%ﬁfﬂtgﬁg& fy.the first

packed dat a. e .enbodl 'bits set to
one is counted. EP eﬂn %@geqth Ejlé’f‘rbé(tléé"%ﬁn SW@@H st er
representation of a poﬁlﬂeacmmg(&)mmel+2*Source2+(ﬁzmraa:3)h3ﬂp@fbnﬁn@6tﬁé<ed dat a.

The first row of bits isplibgingdakied a8a 2
. a) Sourcel = Sourcel + Source2,
b) Sourcel = Sourcel + Source2,
¢) Sourcel = Sourcel + Source3; :
7) storing the resulting packed word data as part of an 8x8 intermediate
result array; and T
8) repeating these steps until the enure 8x8 mtermedlane result array is
generated as shown in Table 49 below (e.g., IAQ represents the
intermediate result for AQ from Table 49).

€169 |
1A0|1A] |1A9|1A31A,4] 1A 5| 146144
| IBo| IB1| IB5| IB3| IB4| IB5| IBg | IB4

ICo| IC; | 1G5 | IC3| 1c4| 1C5| 14 17

g |10y | | 15 |1y |15 | X1 | T
| | Table 49 :

The following steps are performed to implement the vertical pass of the
filter on the 8x8 intermediate result array: :



representation of a Sourcel packed data. The second row of bits is the

packed data representation of the Result packed data. The nunber
bel ow each data el enent bit is the data el enent nunber. For
exanpl e, Sourcel data elenent O is 1000111110001000[err]

Therefore, if ‘g %,hg%}'g el enents are sixteen bits in length ﬁf%
data), and a popdlalton count operation is perforned, Executlon un|t

produces the Result packed data as shown.

97/ 08608 i PCT/ US96/ 11893

- 66- 01110010 0000101 11111111 11111111
01111111 11111111 10001111 10001000 -  -92- 3 2
1 0 = = =

= 1) accessu@QQﬁkﬂ@Itﬁk 00 a416 frdth theﬂﬁﬁﬁﬁdl@ﬁrﬂmﬁmﬁ@s
00000000 00001111 00000089&998&5’ amovemsmlcnonéo generate Sourcel, Source2,

3 2

Tabl e 35a and Source3 (e.g., see Table S0fapan@ampladodi ment, popul ati on
counts are perfornmed on eight bit data

el ements. Table 35b illustrates an i@l6-#gi Ster representation of a

popul ati on ' ount_on{ a dacked data havi ng ei ght
ei ght-bit packed data el ements. IAg}IA) [1A5 1A Sours dl

IBp| 1B | IBo}IB3 Source2

ICq {ICq |1C, | I1C3 [Source3
Table S0

2) generating (Sourcel + 2*Source2 + Source 3) by performing the
following packed adds:

a) Sourcel = Sourcel + Source2,
b) Sourcel = Sourcel + Source2,
¢) Sourcel = Sourcel + Source3;

3) performing a packed shift right by 4 bits on the resulting Sourcel to
generate the sum of the weights -- this is effectively dividing by 16;

4) packing the resulting Source 1 with saturation to convert the 16-bit
values back into 8-bit pixel values;

6) storing the resulting packed byte data as part of an 8x8 result array (in
regards to the example shown in Table 50, these four bytes represent
the new pixel values for Bg, B1, B2, and B3); and

7) repeating these steps until the entire 8x8 result atray is generated.

1t is worth while to note, that the top and bottom rows of the 8x8 result array
are determined using a different algorithm that is not described here so not to
obscure the invention.

Thus, by providing on processor 109 the pack, unpack, move, packed shift,
and packed add instructions, the invention provides for a significant performance
increase over prior art general processors which must perform the operations
required by such filters 1 data element at a time.

5) Motion Estimation

Motion estimation is used in several multimedia applications (e.g., video
conferencing and MPEG (high quality video playback)). In regard to video
conferencing, motion estimation is used to reduce the amount of data which must




01111111 01010101 10101010 10000001 10000000 11111111 11001111 00000000

[err] 00000111 00000100 00000100 00000100 -
000000001 00001000 00000110 00000000 . 7

6 5 4 ' 3 2 1 0 BN
Tabl e 35b _ | n .anot her enbodi nent, popul ation
counts-are peMO¥YIRW8on thirty-two bit . - PCT/US96/118831t a

el enents. Table 35c illustrates an in-register representation of a

popul ati on count en a packed data havi ng two,

thirty-two bit, packed data el enents.
11111121 11111111 11111111 11111111 .93:0000000 11110000 11001111

10001000 1

0

00000000 ooooooobeﬁmd’e%’iémﬁ'éls NMSBG%B“@B(YGE’GH@"BBSHQG% 00001101
1 : video frames into fixed size vide@blocks. For each block in Framel, it is

Tabl e 35¢ determined whetther there is a block cod?ﬁﬂméﬁfshﬂibrﬁﬁ&g}&ﬂfa?&zahﬁo be
performed on SIXtyF‘i .t inte er ? fﬁl

i s, the nunmber Y 21 S GoF Framez, that bogk can be desgribed yyith a metionot o) eq.
Tabl e 35d vector reference into Framel. 'Ihus,lranhsttthat wansmittingall efiths dats

presentation of aripRRsRE HAPbLIGEL! %lﬁh&ﬁdﬁ%&e&?hﬁeﬂ'@b ‘transmitted to the receiving

::g%-/e %256?1?2393 terminal. examp?e, 1? a block in Framel is similar to and at the same screen
coordinates as a block in Frame2, only a motion vector of 0 need to sent for that
block. However, if a .block in Framel is similar to, but at different screen
coordinates than, a block in Frame2, only a motion vector indicating the new
location of that block need be sent. According to.one implementation, to
determine if a block A in Framel is similar to.a b_loc_k B in Frame2, the sum of
the absolute differences between the pixel values is determined. The lower the
summation, the more similar block A is to block B (i.e., if the summation is 0
block A is identical to block B). - '

By including the move, unpack, packed add, packed subtract with saturate,
and logical operations, the-invention allows motion estimation to be performed
using packed data. For example, if two 16x16 blocks of video are repreéented by
two arrays of 8-bit pixel values stored as packed data; the absolute difference: of

- the plxel values in these blocks may be calculated by:
1) accessing eight 8-bit values from block A to generate Sourcel using a
move mstructlon, -
2) accessing eight 8-bit values from block B to generate Source2 using a
move instruction; .
3) performing a packed subtract with saturate to subtract Sourcel from
Source2 generating Source 3 -- By subtracting with saturate, Source 3
will contain only the positive results of this subtraction (i.e., the negative
results will be zeroed); = - E
4) performing a packed subtract with saturate to subtract M_ from
Sourcel generating Source 4 -- By subtracting with saturate, Source 4
2 will contain only the positive results of this subtraction (i.e., the negative
| results will be zeroed); |



-67- 1111171171 1111171171 111111171 11111111 10000000 11110000

11001111 10001000 = 00000000 00000000 00000000 00100000 00000000
00000000 00000000 00101101 - Tabl e
35d A METHOD OF PERFORM NG A POPULATI ON COUNT
Figure 22 is a l.agramillustrating a nmethod for perform

popul ati on couﬁ%5%@%9§tion on packed data according to one eﬂ%@%ﬁﬁ%%9”3f

t he i nvention. At step 2201, responsive to receiving a control
signal 207, decoder 202 decodes that control signal 207. In one
enbodi nent, control signal 207 is supplied via bus 101. In another
enbodi nent, control signal 207 is supplied ¢ cache 160. Thus,
decoder 202 decodes: the operation code for popul ation count, and

SRC1 602 and DEST 603)3etforsinga patked@R Sperstion 08 Gowive3 end SwmircedMEProdhict i s

not used in this prese g%od' 9);. ' Xﬁﬁg' n F,?I
saturate/unsaturate, sinéone u‘his’?g’%té : %@fﬁ%ﬂ;\g % ’?ﬂ@éea atﬂerfseﬂrlrcénts I n
t he packed dat aﬁ%?@%“%@@“ﬁchl e SpueeBodi ment. I n the present
enbodi ment of the Ay @ithé SBps Wil the I6x166CKS hiveditba pRicesgalt | engt h

6) ifly
packed addition is,su ted. . ver idl.ed in the art woul d
under st and t hat poﬁ?%glﬁ(&)‘r"gggﬁﬁf’%d%%ﬁa%%% Snpacl?eﬁgrélr%]lfl gfbﬁle%mo%%%n&tgd dat a
havi ng ei ght packeaflay/fos 16-bitpredision; and then sunypedesingpacked adds.  doubl ewor d
data el enents. Thus, By protidihgaProceysor 109 ¥heved) ahpadkd Spadiddd adg,gﬁe&ar 202
accesses registers I.n regi.ster fil 50 given th 1 602
address. Regi sterssfé’%gct g’\ﬁaﬁl&m’&gi‘%ﬁ%ﬁl’m{m&t&cﬂ?ﬁ%ftloﬁmv\?fefﬁmtahe packed
data, Sourcel, st osigeificant performapgesinaeasgovenrior a genesal purpose procesimwhick |
registers 209 comMmipiitgeifems the additiberandtheatisOlutedaffdtnceSof it notidh estinfition
I nternal bus 170. %wlationonedat@telcg}cgpat%% decoder 202 enabl es Execution
a

unit 130 to perfor
Discrete Cosign Transf

Discrete Cosine Transform (DCT) is a well known function used in many
signal processing algorithms. Video and image compression algorithms, in
particular, make extensive use of this transform.

In image and video compression algorithms, DCT is used to transform a
block of pixels from the spatial representation to the frequency representation. In
the frequency representation, the picture information is divided into frequency
components, some of which are more important than others. The compression
algorithm selectively quantizes or discards the frequency components that do not
adversely affect the reconstructed picture contents. In this manner, compression
is achieved.

There are many implementations of the DCT, the most popular being some
kind of fast transform method modeled based on the Fast Fourier Transform
(FFT) computation flow. In the fast transform, an order N transform is broken
down to a combination of order N/2 transforms and the result recombined. This
decomposition can be carried out until the smallest order 2 transform is reached.
This elementary 2 transform kernel is often referred to as the butterfly operation.
The butterfly operation is expressed as follows:

X =a¥*x + b*y

Y =c¥*x - d*y
where 2, b, ¢ and d are termed the coefficients, x and y are the input data, and X
and Y are the transform output.




popul ati on count operation. In an alternative enbodi nent, decoder 202

further communi cates, via internal bus 170, the I ength of packed
data el enents. At step 2205, assuming the length of the data
elements is sixteen bits, then Execution unit 130 totals the nunber ,
of bits set in bit flfteen t hrough bit zero of Sour cel, producing

bit fifteen tWO8UMEit zero of Result packed data. |n paraPCEUSI6NI893 WD
97/ 08608

PCT/ US96/ 11893 - 68-

with this totaling, Execution unit 130 adds totals thirty-one through bit
si xteen of Sourcel, :producing bit _g¢firty-one through bit sixteen of
Resul.t packed data. | n parallel with the generation of these
totals, Execution ul tals bit.f even .thr h bit
thirty-two of Source mﬁ giﬂﬁ ‘Er?“l“é?f‘ftéﬁ%swéﬁ“‘ﬁ‘?ﬁﬁb %leg
thirty-two of Resqunupadm Wﬂbaﬁfaﬂmlpmﬁmg@ed@ddmamﬂmf t hese
total s, EfsBéwing adnkkd t 130totals bi.t -si xty-three through bit

forty-eight of Sour Dit sixt ree throu h bit.
forty-eight of Resul 8?&‘3%!“1?&?’5\18'%% aﬂ'gs SCIRpE é g ‘B'a%ﬁl 202
enabl es a regi st €pes’Fab M@#)@WE@WQW@ES‘IP%@S’ISWCHMS, address of the

destinati ogdr eqgi sée%) gbhdtitin tSaarcE 8¢ dhowh 3 Tale SRbelows- N{,‘gm%gst,‘ﬂ-oéema
regi ster addresse y “éﬂp/g ERFORM NG A
POPULATLON COUNT ON ‘R%[ER/EW of bu @"gﬁrg 23 is a flow
di agram i | | ustrat i nd Peremrrga maltipbeaddipsmusonusing Sourcelpawpw?dn count
operation on one dat ageh@ﬁemen&um(sea'rmasﬂaaawﬁnd generatl ng

x { vy | x  Y Sourcet

a | b | ¢ |+-d |Source2

as x+b -y |eex- d -y _[Source3

~ Table51
In some smlatlons, the coefﬁcnents of the butterﬂy operatlon are 1. For these
cases, the butterﬂy operation degenerates into just adds and subtracts that may be
performed using the packed add and packed subtract instructions.

An IEEE document specxﬁes the accuracy with which i inverse DCT should
be performed for video conferencing. (See, IEEE C1rcu1ts and Systems Society,
IEEE Standard Specifications for the Implementauons of 8x8 Inverse Discrete
Cosine Transform," IEEE Std. 1180-1990 IEEE Inc, 345 East 47th St., NY, NY

10017, USA, March 18, 1991) .The Tequired accuracy is met by the disclosed
multiply-add i mstrucuon bccause it uses 16-b1t inputs to generate 32-bit outputs.

‘Thus, by prov1dmg on processor 109 the move, mulnply-add and packed
shift operations, the invention provxdes for a mgmﬁcant performance increase
over prior.art general purpose processors which must perform the additions and
the multiplications of the DCT calculation one data element at a time.




a single result data elenent for a result packed data according to one
enmbodi ment of the invention. At step 2310a, a colum sum CSunl a,
and a columm carry, CCarry la, are generated from Sourcel bits
fifteen, fourteen, thirteen and twel ve. At step 2310b, a col umm
sum CSunib, agghdyegdsurm carry, CCarry 1b, are gener aCEAIsHe/r18y3
Sourcel bits eleven, ten, nine and eight. At step 2310c, a colum

sum CSumic, and a colum carry, CCarry 1c, are generated from Sourcel bits
seven, six, five and four. ‘At step 2310d, a colum sum CSum d, and a
colum carry, CCarry 1d, are genera from Sourcel bits three,
two, one and zero. In one enbodi nent” of the invention, steps 23

| Ca-d are performed in parallel. At , a colum sum
CSunRa, and a colum carry, CCarry £25R8ge ==gerrer at ed from CSunmila,
CCarryla, CSumilb, andv@%rthe'ﬁ;benuehhaﬁbqenmﬁbadmwhxcheachofmhedxffﬁMm

CoarryL, Coumid, iR AP chlisd dhBRley g‘;ﬁfﬁwﬁb" -ﬁﬁmn

steps 2320a-b are [seP snch%%%m%@ﬁw‘g
CSunB, and a col U%xﬁﬁﬁlé,}&n oh&anhbodirent Aecfollowing atrewitry isasedcI)n@singl€Car r y2a

CSunkb, and CCarry2b,,

CCarry3. In one enfodl °h°?&§$%ﬁt%é2‘saq?5%§%%%gsen %ga{,%ﬁéi&?gn
this enbodpmere,@émheg}mq PRASALIQNE 23 A FTIHTtEY Uity P £
represent the maxi ihpack, and packed shifiperations; B}:asmdummuxmﬁpenfmamhelpwlsdf i fteen

through five are Set%ﬁigﬁ&&m yg,ev\%1 txony%ﬁmﬂ%ﬁﬁ?%n&;ﬁ%tﬁé’r

Sourcel i s sixteen occur urc 08608
PCT/ US96/ 11893 population count operauon - 69-

The terms corresponding and respective are used herein to refer to the
predetermined relationship between the data elements stored in two or more
packed data. In one embodiment, this relationship is based on the bit positions of
the data elements in the packed data. For example, data element O (e.g., stored in
bit positions 0-7 in packed byte format) of a first packed data corresponds to data
elements O (e.g., stored in bit positions 0-7 in packed byte format) of a second
packed data. However, this relationship may differ in alternative embodiments.
For example, corresponding data elements in the first and second packed data
may be of different sizes. As another example, rather than the least significant
data element of a first packed data corresponding to the least significant data
element of a second packed data (and so on), the data cle_mcnts in the first and
second packed data may coxfrcspond to each other in some other order. As
anather example, rather than having a 1 to 1 correspondence of data elements in
the first and second packed data, the data elements may correspond at a different
ratio (e.g., the first packed data may have one or more data elements which
correspond to two or more different data elements in a second packed data).

While the invention has been described in terms of several embodiments,
those skilled in the art will recognize that the invention is not limited to the
embodiments described. The method and apparatus of the invention can be
practiced with modification and alteration within the spirit and scope of the
appended claims. The description is thus to be regarded as illustrative instead of
limiting on the invention.




equals 1111111111111111[err] The—Resutt—woul d be sixteen and woul d be

represent ed by 0000000000010000 Thus, to calculate four ~
result data el enments for iﬂ\ *“tt operatlon oh a '
sixty-four bit packed dat sO i gur €23 woul d be performed for -

each data eI t he packed data In one enbodiment., .the four 5| xt een
bi t e data el enents woul d be cal cul-ated i n pa’r’ﬁ”’ 11893
A CIRCU T FOR PERFCRM NG A POPULATI ON COUNT L Fi gure 24

illustrates a circuit for perform ng a popul ati on count operation on
packed-data having four word data el enents according to one enbodi nent of

t he invention. Figure 25°i|lustré#7es a detailed circuit for
perform ng a popul ation . count operation on one word data el enent
of a packed data accordi ng to ane : - enbodi nent of the invention.
Figure 24 illustrates a circuit wherein Sourcel bus 2401 carries

i nf or mation THECEAIMSI| s to the popcnt circuits 2408a-d via

Sourcel [err] 24064 is diapag j@opcnt ' ~ circuit 2408a totals the nunber
of bits set in bit.fifteen through bit zero of . . - . Sourcel, producing

bit fifteen through bit zero of Result. Popcnt circuit 2408b
total s the nunbem. of m::csnpntersystetmmmprismgty one through bit sixteen of

Sour cel , - prodtlg%cggopingluaﬂ?grﬁyﬂ%&hmugh bit sixteen of Result.
Popcnt ci rcuit- 2408c er..ef bits 316t in bit

t
forty-seven through biatsq‘fﬁcraf?cf’@e‘g‘f" 8@?‘398“?”‘“‘“35“”“1 Beluci ng bit
forty-seven through bit thapao}(-mmcmﬂnmngonPﬁp&tpackeddmandﬂsb@&tﬂ

totals the nunbempagieddhiaSsafiPfirsi phckiididatl cohthtr ateawm:abaém&ﬁaﬁ 3 € ght of

DU ot 22 b il A L e 0 11

control 2403, comlemsint midgpfahxh data element, eaglbf W(gﬁqst#mnlemcmmdtsec&d%a dto

per f orm popul atlaam%taaﬁmaaaaaamangaﬁ@smdfomhdataahasacanm& on the
Result Bus 2409. %ﬁ ski |l l.ed | n Create

such a circuit gi bith S PIRS F‘f‘bﬁp\éﬁm&?d" %8?5’6%58‘8’&8‘&?’5?% on and

i |lustrations insfdgegond data Gmnidsﬂéfkﬂlzg data element, and said fogpt data glement tos
2408a-d COMUNI C 3 4 Bhind!packed fdaia iMicsstnsdio récepngsih pack msnucuoﬁQpU' at ion

Covi P ot v AR S MG, 1, e
DEST 60 gifqh@plgdé}a snir} foyrth packed data oontammg at Jeast a fifth data: element

and a sixth data element, said fifth packed data conta:nmg atleasta seventh data

‘element correspondmg to sa1d ﬁfth data element and a ezghth data element

'correspondmg to said sixth data element, each of sa:d ﬁfth data element, said

sxxth data element, said seventh data element and smd etghth data element

mcludmg a set of bits, said processor generating a smth packed data containing at

least said fifth data element from said fourth packed data and said seventh data

element from said fifth packed data i in response to recemng sa:d unpack

_mstrucnon, '

a packed add mstructxon, said processor separately adding
together i in parallel co:respondmg data elements of saJd fourth packed data and
sa1d fifth packed data in response to receiving said packed add i mstrucnon,

a packed subtract instruction, said processor separately
'subtractmg in parallel correspondmg data elements of said fourth packed data

- - and said fifth packed data in response to recelvmg saxd packed subtract
instruction;

. a packed shift instruction, said processor separately shifting in
parallel at least said first data element by an indicated count and said second data

i i
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A CIRCU T FOR LAl TON COUNT ON ONE DATA ELEMENT
Figure 25 illustrates a detaifled circuit for performng a popul ation count
operation on o%gw data el enment of a packed data. |n partgcdkaigos

Fi gure 25 ITTustrates a portion of popcnt circuit 2408a. To achi eve
t he maxi num performance for applications, enploying a popul ation
count operation, the operation should be conplete within one clock
cycle. Therefore, given that accessing a register and storing a
result requires a certain percentage of the®ock cycle, the
circuit of Fi gure 24 conpletes its operation within approxinmately 80%

of one clock peri odhnﬂntb}rmnxdmatedhnmtiﬂmsmmmmsmm%r ocessor
109 to exeqbga%c@mogmll ation count operation on four si xteen bit
data el enents in one cl ock cycle, opcnt circuit 2408a
enpl oys 4->2 carry-save adde%ﬁ%%%@%@mﬂpmsmw i ed, CSA
will refer to a 4-2381:19 nd:ﬂgaﬁaehmemsfmmaﬁiﬁbaﬂhpamddata

may be enpl oyed in | ]gg,s grt. A
4- >2 car g‘g@gﬂﬁ%ﬁ&fi@&g{:\c a‘ﬁgga)%n@%d%ﬁi%nour op eran

resulting in two smltapackedmaska%bﬁtsmsﬁ@pmv&m%w'emww

popcnt circuit 240&6@&%%@&&&1@&sfdi&patkedmaskcomahuﬁgatiedseafnstnhsl&dmbnt

i ncl udes four 4->2 oG Ers%oﬁﬁ%‘is@éigﬁ ea&ﬁélﬁ%&sa i éreﬁ&m%ﬁé&’nuqxberofbxts save

adders transform t K& €en oper an suns. The
second | evel transmmtwdéﬁ@maskﬁbnﬁmm@&?@gw compaingsid &ftfs |

and the t ldafaGtldnfenein saidroatiDpaiked duta foraid setuntteddnd élemenirrn saidl Gfthwo

e e e

sums to generate a-*final save
adders are used, aﬁOHIP?@quS&@héﬁbéhmH‘@‘émpw eddatatosaldelg th data
element in said fifth packed data.

-70-

2. The computer system of claim 1, said storage area further having stored
therein a packed multiply instruction, said processor separately multiplying

together in parallel corresponding data elements of said fourth packed data and
said fifth packed data in response to receiving said packed muitiply instruction.

3. The computer system of claim 1, said storage area further having stored
therein a packed multiply-add instruction, said processor multiplying together
said first data element and said third data element to generate a first intermediate
result, multiplying together said second data element and said fourth data
element to generate a second intermediate result, and adding together said first
intermediate result and said second intermediate result to generate a ninth data
clement in a final result in response to receiving said packed multiply-add
instruction.

4, The computer system of claim 2, wherein said first data element, said
second data element, said third data element, and said fourth data element each
include a predetermined number of bits, and wherein said ninth data element
includes two times said predetexmined number of bits.
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enpl oy 3->2 carry-save adders. Alternatively, a nunber of full adders coul d

ey e T2 " SR, 2% 7o ee 2 e

Sourcel[err]06a carries bit* fiftéen*thtough bit zero of Sourcel. The

first four bi o emesggoupl ed to the inputs of a 4->2 carry-say %F%S 1

2510a) . The next four bits are coupled to the inputs o Eg 10b
The next four bits are coupled to the inputs of CSA 2510c. The
final four bits are coupled to the inputs of CSA 2510d. Each CSA
2510a-d generates two, two-bit, outputs. The two, two bit, outputs
of CSA 2510a are coupled to two inputs of @8A 2520a. The two, two
bit, outputs of CSA 2510b are coupled to the other two i nputs of CSA

2520a. The two, tWo bi Thocsmputer spdterfCtfclaim 1,Gaidastoragecanl farthdértaving storgdut S Of
CSA 25200 trellie?a bi1adofGobits insBbithl SaibrobeiRordihitinitin GRHRL by © t N°

ot her” two
PCT/ US96/ 11893  many bits in said first data element are set to a predetermined value and how 71

irﬂput s of CSA 252 ¢iany biasin s@&e&ﬁaﬂﬁmble@mmkﬁioha&@prelﬁhgﬁﬁné&%m&m put S-f
e upled to two inputs o
CSA 2530. The tm%&fa&&?&&wﬁﬁ#?ﬁ&%@ out%ggqtgﬁ%?"g%g% are coupled to the

ot her two inputs of CSA 2530. CSA 2530 generates two, four bit,
out put s. 6.  Thecompued sfsiii of SlainDl)ispidistordecrea@uithe? Ravifg bidRed| nput S
of a full adder ( : 2550). FA 2550 adds the two four bit inputs and

communi cates bit threée thrﬁ%ig bhit zero of Result Qut 2407a as a
total of the addition of thfistRecked]ggicyiinstruction,said processor logically ANDing
together in parallel corresponding data elements from said fourth packed data

and said fifth packed data in response to receiving said first packed logical
instruction;

a second packed logical instruction, said processor logically
ANDing in paralle] data elements from said fourth packed data with the logical
inversion of corresponding data elements from said fifth packed data in response
to receiving said second packed logical instruction;

a third packed logical instruction, said processor logically ORing
together in paraliel corresponding data elements from said fourth packed data
and said fifth packed data in response to receiving said third packed logical
instruction; and

a fourth packed logical instruction, said processor logically
exclusive ORing together in parallel corresponding data elements from said
fourth packed data and said fifth packed data in response to receiving said fourth
packed logical instruction.

7. The computer system of Claim 1, wherein said shifting is arithmetic.
8. The computer system of Claim 1, wherein said shifting is logical.

9. The computer system of Claim 1, wherein said shifting is in a rightward
. direction.

10.  The computer system of Claim 1, wherein said shifting is in a leftward

direction,
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FA 2550 generates bit four of Result Qut 2407a through carry out (CO 2552).
I'n l m”mr",mﬂﬂl‘”ﬂ enbodi ment, a five bit full adder is used to
generate . ‘through bit zero of Result Qut 2407a. In either

case, bit fifteen hrdugh bit five of Result Qut 2407a are tied to

zero. As wel | ,‘F,ary ry inputs to the full adder argl,a.' ero.
Al t hough not O\An/oi&?]}ﬁFi gure 25, one skilled in the art woul ur{gg’(é}sysl %%d
that Result Qut 2407a could be multiplexed or buffered onto Result bus

24009. The nul tipl exor woul d be controlled by Enable 2404a. This
woul d al’l ow ot her Execution unit circuits to wite data onto Result
bus 24009. ADVANTAGES OF | NCLUDI NGIO®E DESCRI BED POPULATI ON COUNT
OPERATI ON | N THE NSTRUCTI ON SET

The descri bed popul ation count instruction cal cul ates the nunber of bits

set I n eagh of .the data el ene . Of d uch Sourcel.
Thus, by includi ngq 'Ithe COPRIfter Sy ﬁg?rogﬁq‘"g’r}’%géﬁe”@%dﬁgeﬁ%géﬁa}&a
popul ati on count &pranddawelement, aid third data elememt.andseid fonridelaclernent gadhn g

singl e instructi ofncthde £eddicdmined AimBér oFibits.gener al pur pose
processors mnust perform nunmerous instructions to unpack Sourcel,
performthe function individually on each unpacked data el enent, and then
pack t he r@sul e temputersystem of &daimd 1pwhereisspid gortion includes balf of Thus,

by providing this shgpédRichRited fbtiberiofBitd, UCtiOn in the instruction set
supported by processor 109, the performance of algorithnms requiring this

functionality is increased. WO 97/ 08608
PCT/ US96/ 11893 13.  The computer system of Claim 1, wherein said fifth data element, said

sixth data element, said seventh data element, and said eighth data element each
include said predetermined number of bits.

14. A method for manipulating a first packed data and a second packed data,
said first packed data containing at least a first data element and a second data
clement, said second packed data containing at least a third data element
corresponding to said first data element and a fourth data element corresponding
to said second data element, each of said first data element, said second data
element, said third data element and said fourth data element each containing a
set of bits, said method comprising the computer implemented steps of:

receiving an instruction;

determining if said instruction is one of a pack instruction, an unpack
instruction, a packed add instruction, a packed subtract instruction, a packed shift
instruction, and a packed compare instruction;

if said instruction is said pack instruction, then packing a portion of each
of said first data element, said second data element, said third data element, and
said fourth data element to form a third packed data;

if said instruction is said unpack instruction, generating a fourth packed
data containing at least said first data element from said first packed data and
said third data clement from said second packed data;

if said tnstruction is said packed add instruction, separately adding
together in parallel corresponding data elements of said first packed data and said
second packed data;
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-72- JJMHH OPERATI ONS
LOG CAL '#\u' ’ I n one enbodi ment of the invention, the

SRC1 regisfer®contains packed data (Sourcel), the SRC2 register
cont ai ns packed data (Source2), and the DEST register will contain
the result (Ragabinssey’f perform ng the sel ected | ogical PCTRRSGARSON ON
Sourcel and Source2. For exanple, if the logical AND operation is

sel ected, Sourcel will be logically ANDed with Source 2. - In
one enbodi nent of the invention, the following |ogical operations are
supported: |ogical AND, |ogical ANDN, |ogical OR and |ogical XOR The

| ogi cal AND, OR, and XOR operations are welfl«nown in the art. The | ogical
ANDN operation causes Source2 to'be ANDed with the | ogical inversion of
Source 1. Wil e the i nifaidiostructondis said pheked subtracd iastiuotion, sepateele | 0gi cal
operations, subtPlchifg A3atarie] &i?k&i%ﬂﬁg%‘é&kﬁeﬂts'oﬁii&ﬁ%?a&w%a bl cal

oper ati ons. I's a Tlow diagramillustrating a nethod

. Fiqu 26
for performng a ﬁﬁ‘ﬂﬁ%ﬁoﬂdpﬂ&‘asa%’f | ogi cal operations on packed data
accordi ng to one enbodifissidtinsfuctidreis said packed shiftdstriuction, separately shifting ifAt st ep
2601, decoder 202 ;40008 faGiQRdtR dala@idlen’ihll shidGEEMHAHall)eldM r
109. Thus, decoder? 02 decodes: the operation code foFl t he %ggi%gri ate
| ogi cal ofsicalsdsoup and  AND ANDN, OR, or XOR): SRCL 602, SRC2 603
and DEST 605 aifcaidisstmciion is sajd pscked c@O@are instruction, separatelt st ep 2602,

via internal bus } deand (4 AR &d&%@ﬁ&frﬁm?sgﬁﬁ:&paﬁcedda
register file 150 giLven the, SRC1 602 and, SRC2 603 aqddresses. Regi s%aers 209
provi de executi onag‘#uf’ac’é]iwqﬁﬁedc%éam@&‘ﬂé?H‘%ﬁa@géﬂansélﬁé“@ml 602
register  @Eemvating b a aevdlt bipacked arlesk] salidtpacied ataskicomaifingat BB a fiegi St er
(Source2). That I Soask element anl §3bcoh8 it lomEn T iRy (I8 pRAGKSSRER' @ 10

execution unit 13 t bus A ) ep 2603,
decoder 202 enabl 8¥mbsrsf bits.Sach bit in saiddiryt gnask elemeny indjgating said resultof ect ed one
of the packed | ogcemparingauaidifirardata element in said first ptkeditdam 12 6 thidddatas el ect ed
execut od mext - ExgeienRlonlBfiogd paked Al 3ol B sgid soon st BRmELEP |5 O 7F
AND oper ation was RiaEpg E‘B‘?m@klé ‘ Wﬁﬂ%ﬁ%‘ﬁ%%&@*‘?&

data to said fourth data element in said second packed data.

15.  The method of claim 14, wherein:

said step of determining further includes determining if said instruction is
a packed multiply instruction; and

said method further including the step of: _

if said instruction is said packed multiply instruction, separately
multiplying together in parallel corresponding data elements of said first packed
data and said second packed data.

16.  The method of claim 14, wherein:
said step of determining further includes determining if said instruction is
a packed inultiply-add instruction; and
said method further including the steps of:
if said instruction is said packed multiply-add instruction, performing the
. steps of:
multiplying together said first data element and said third data
element to generate a first intermediate result,
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%eg;?ggggmllmm,m& n””"] was sel ected; Execution unit 130 perforns step

PCT/ US96/ 11893 -73-
2614 if the logical OR operation was sel ected and Execution unit 130
per forns 2615 if the | ogical XOR operation was % Ell
Assunming the logical AND operation was sel ected, step 2612 is execu c13

step 2612, Sourcel bits sixty-three through zero are ANDed with Source2

bits . sixty-three through zero to generate Result bits sixty-three
t hr ough zero. Assum ng the Iogocal ANDN oper ati on was
sel ected, step 2613 is executed. %t ep 2613, Sourcel bits

si xty-three through zero are ANDNed with Source2 bits sixty-three
t hrough zero to generate Renml@l)bﬁgﬁgahertsmdtsmddmlaﬁm@htaﬂrsmdfourthdata

Assum ng the | ogi ﬂ,l“ﬁ‘ﬁ eﬁiﬁﬁe 2614 is executed. In
step 2614, Source% %@E?Wﬁ]rou Z€ro’ %’Fﬂé ORed with Source2 bits
si xty-three through zero toa%!metpa& ther g WW%W&W@dMQgh zero.

Assunming the | ogi gibrm¥@ReBSIGD igRerata s fifth de@lehihent InCfind®adsult.s executed. In
step 2615, Sourcel bits sixty-three through zero are exclusive ORed with

Source2 bits sixty-three through zero to generate Result bits sixty-three
t hr ough 2%r 0. The method of claim m,u@p@glse@z@mt@wmemwdw@%hm

the DEST regi st er element, said third dataleddthent, 30d sdid fstirthataaseldnhient earhicOftaintr

representat | on of pedkARERL nGMf i, sod wAREH 2hdr U O 656G b ol

first row of bits representa
said fifth data element each contam two times sa:d predetenmned number of bits.

18. The method of claim 14, wherein:

said step of determining further includes determining if said instruction is
a population count instruction; and

said method further including the step of:

if said instruction is said population count instruction, determining in
parallel how many bits in said first data element are set to a predetermined value
and how many bits in said second data element are set to said predetermined
value.

19.  The method of claim 14, wherein:

said step of determining further includes determining if said instruction is
one of a plurality of packed logical instructions; and

said method further including the step of:

if said instruction is a first of said plurality of packed logical instructions,
then logically ANDing together in parallel corresponding data elements from
said first packed data and said second packed data;

if said instruction is a second of said plurality of packed logical
instructions, logically ANDing together in parallel data elements from said first
packed data with the logical inversion of corresponding data elements from said
second packed data;

if said instruction is a third of said plurality of packed logical
instructions, logically ORing together in parallel corresponding data elements
from said first packed data and said seccond packed data; and
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%; Sourzcel ”ﬂmnmmr,%lff bi ]ESbI S the pﬁcked gagadrepresent ation of f
urce2. ow of bits is the packed data representation o
J ] p p

the Result. *The bel ow each data elenent bit is the data

el enent nunber. For exarrpl e, . Sourcel data elementtwo is 11111111
00000000[ er r ] .wo 97108608 11111111 11111111 11111111 OOOOWJSQEF}]%;:}llll
00000000 00001110 00001000 3 2
1 0 Logi cal ANDN Logi cal ANDN

Logi cal ANDN Logi cal ANDN 00000000 00000000 00000000

00000001 10000000 OOOOOOOO 00001110 10000001 = =
= 00000000 0003000 00000000 00000001

00000600 00000000 00000000 1000001 3

_2|_ bl 36 ‘;fg}siaTd instruction is a fourthOof said ﬁégé, ty of packed logi Ical t h
abl e G “} bﬁ'ﬂ inre o e
same | ogi cal oper at | O e fy%a?{‘gigl’ er %‘? pggﬂ?é’?%?ﬂ?‘h

el enents in Sourcéf%&?%f‘%ﬁmi’acm ta ang said segond packedsdati. nent s couI d
support instructions which allowed for the |ogical WO 97/ 08608

PCT/ US96/ 11893
operation perforrre onT(}:loP(r’m o tﬁlaogg{%méﬂé%msflgsﬁgogé?m on a per
shifting is pexformed as one of an arithmetic shift and a logical shift.

21.  The computer system of Claim 14, wherein said step of separately
shifting is performed such that both said first data element and said second data
element are shifted in one of a rightward direction and a leftword direction.

22, The method of claim 16, wherein said first data element, said second data
element, said third data element, and said fourth data element each contain a

predetermined number of bits.

23.  The method of claim 22, wherein said portion contains half of said
predetermined number of bits.

24.  The method of claim 14, wherein said step of determining is performed
by a decoder.
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(Ca:: E&P%Sbai[!ﬂ%{ﬂ!g'!y”m”I,ﬂe enbodi nent, the dessfic}ggg Pé;ﬁczlogogélr_at I ons

can occur ata el ements in the same nunber of clock
‘cycles as a single |ogical operatlon on unpacked data. To achieve
execution int R nunber of clock cycles paral | epqp 1463€d.
Figure 27 illustrates a circuit for performWﬁ | ogi cal operations on packed
data according to one enbodi nent of the AMENRER CIAIMS Oper ation control 2700
controls the circujts performn the | og |cal operations. Operation control

2700 pr ocekbraseiyadeby dhe p:er egilO0p L 1s Nayem 18%( HaP&) son
control |ines 2780. origing}, £l @g@ﬂ a&f SE’&m%%%t 'i?@gLogl cal
Qperations Circuit 2701 the ther é % &8¢ ge St H3ES2ND, ANDN, OR, and

XOR oper ati ons. Logi cal q)er ations Circuit 2701 receives
Sourcel [63:0] and urceza E,ﬁ,’é . and performs the |ogical
operation indicated by the ectio

als to erate t he
Result. Logical Operati onsaWFW"?Fg Hﬂ@%ﬁé‘%@éﬂ? ta apdia gacond,packed
Result Regi ster 273&&mspmﬁvelymchdmgaW@EﬁdﬁekWpﬂﬁﬂ@bﬁE&

LOG CAL OPERATI ONS W%%@&s
SET EH %scmgg%dll otga'l cai |nstruct ons pertorma T ogi

AND, a | ogical ANDdataelement igithe segond plywalisy ofdata elameents; | ogi cal OR NOT. These
instructions are useful i nadeoyderconfiguredapddcodedn instruttiat; requi res | ogi cal

ot Fucti on ‘set Sﬁéﬁor?éd'%ﬁsceéﬁﬂ%& 1 o, i At

operations may be [SeriigofLg sigpl %Q?FP"BWPH%PP‘&%MSBH?“W certain
corresponding data elements of the first and second plurality of data elements into the
storage area as a plurality of result data elements in a third packed data;

a secand circuit, coupled to the storage area and the decoder, the second circuit
configured to simultanecusly copy, in response to a pack instruction, a part of each data
element in the first and second plurality of data elements into the storage area as a plurality
of result data elements in a third packed data;

a third circuit, coupled to the storage area and the decoder, the third circuit
configured to simultaneously multiply, in response to a multiply instruction, each data
element of the first plurality of data elements with a corresponding data element of the
second plurality of data elements to generate a plurality of result data elements in a third
packed data, wherein each result data element includes only high order bits or low order
bits; :

a fourth circuit, coupled to the storage area and the decoder, the fourth circuit
configured to simultaneously add, in response to an add instruction, each data element of
the first plurality of data elersents with a corresponding data element of the second
plurality of data elements to generate a plurality of result data elements in a third packed
data;

a fifth circuit, coupled to the storage area and the decoder, the fifth circuit
configured to simultaneously subtract, in response to a subtract instruction, each data
element of the first plurality of data elements from a corresponding data element of the
second plurality of data elements to generate a plurality of result data elements in a third
packed data;

a sixth circuit, coupled to the storage area and the decoder, the sixth circuit
configured to simultaneously compare each data element in the first packed data against a
corresponding data element in the second packed data, and the sixth circuit further
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PACKED COVPARE" PACKED COVPARE OPERATI ON
In one enbodi ment of the invention, the SRCl 602 regi ster cont ai ns data
(Sourcel) to kwoonspes €d, the SRC2 603 register contains thegda ﬁﬁbgceZ)
to be conpared against, and DEST 605 register wll cont aln

result of the conpar e (Result) tgdhat is, Sourcel will have each
data el enent independently conpar ed by the each data el enent of
Sour ce2, according to an indicated rel ati onshi p. In
one enbodi nent of the invention, the foll ow ng conpare rel ati onships are
supported: equal; signed greater than; signed greater than or equal

e attonshi p i's teﬁ'ﬁ%‘ﬁ S ey LS St PRt ol o ‘%Efgf“ v
ins si)]

el enents. For exan§fF@ WSP?“‘BF&@RM eachmask

with ]the reﬁult Pepimh@aﬁﬁﬁﬂ?hﬁingdﬁer@ﬁsﬁp@ﬁéﬁnﬂﬂéd%&@%ﬁ& 31

satisfies the re lm? re ata

element in Result Is se &f%néé%%%ﬁﬂgs%o&%o@ggggﬁq@%‘rﬁﬁ Bf‘rgéf'ggtﬂﬁ’%does

not satisfy the A&VERDSHEHS poupleddn therstoragsrareanipd theidnepden the seventent

id_n Resul tl : s set tdircaitlconfigured A gured to indéh@&ily shift, mresponsetanlu&liﬁs%ug&ﬂ Sach dataOW
iagramillustrati conpare

operations on packég%n%at aihaéﬁg%ﬁ’@‘?”r‘t@@“g%%“%&%?mﬁm COBRt ¢ he

I nventi on. At step 2801, decoder 202 decodes control signal

207 received by processor 109. Thus, decoder 202 decodes: the

operation code for2g.he apWhoprobedso? of CIHRADS further comprisfige’ ation;, SRCL 602,
SRC2 603 and DEST 605 addresgﬁa in, I’co%l ﬁaer&ezog

circuit, storage area and the decoder, the eighth circuit
configured to simultaneously muttiply, in response to a multiply-add instruction, each data
element of the first plurality of data elements with a corresponding data element of the
second plurality of data elements to generate a plurality of intermediate result data
elements, and simuitaneously adding adjacent intermediate result data elements to generate

a plurality of result data elements in a third packed data.

27. The processor of Claim 25, further comprising a ninth circuit, coupled to the
storage area and the decoder, the ninth circuit configured to simultaneously generate, in
response to a population count instruction, a result packed data having at least a first and
second result data element, the first result data element representing a total number bits set
in a first data element of the first plurality of data elements, and the second result data
element representing a total number bits set in a second data element of the first plurality of
data elements.

28. The processor of Claim 25, further comprising:

a tenth circuit, coupled to the storage area and the decoder, the tenth circuit
configured to simultaneousty logicalty AND, in response to a logical AND instruction,
cach data element of the first plurality of data clement with a corresponding data element
from the second plurality of data elements to generate a plurality of result data elements in
a third packed data;

an eleventh circuit, coupled to the storage area and the decoder, the eleventh
circuit configured to simultaneously logically AND, in response to a second logical AND
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‘sat ur at e/unsaturate not necessari | y needed for conpare operations),

si gned/ umummmwwng th of the data elenments in the packed data. As
nmentione 1 602 (or SRC2 603) can be used as DEST 605.

At step 28027 viainternal” bus 170, decoder 202 accesses registers 209 in

register file yJaQsesesen the SRCL 602 and SRC2 603 addresses. pegbssaigds 209
provi des execution unit 130 with the packed data stored in the SRCL 602

regi ster (Sourcel), and the packqg data stored in SRC2 603

regi ster (Source2). That is, regi ?ers 209 comuni cate t he packed
data to ‘execution unit 130 via internal bus 170. WO

97/ 08608 .

PCT/ US96/ 11893 - 76-

At step 2§03 d?g%@%ﬁﬁﬁb&rﬁ?%&é&haenﬁd ﬂddfztlﬂe@ﬁsf tiplurs) Bmaiaélaaemt s with a
appropri ate packed co eratio coder ur comuni ca es via
i nternal bus 170, Pﬂ’é%?‘ii“ﬁ)‘g‘%ei@éc f’%‘%ﬂ’t d’? Pt‘?”g’( Re
conpare ophndhyoﬁesultdamelementsinaﬁrd;mdpdﬂﬁﬁ;o t he size of t he data
el enent determ nes which sf 'ﬁ'@m %Eu& t | Febui
of the data elenents is ejght E)’It gpag ég %fézltaﬁ&ﬂié gsetaaﬁﬁ g
execution unit 130 CPRAguERd R sigulianes inrp@Otgqqéog]ogg:ab@ngucuon,eac
data el enents in thatapbnieﬁtbfdietf&stlfﬂinﬂity(bﬁhmdﬂtmmt(\pﬂckmirumnmngﬂﬂtadmx&htofﬂle

t hen exec Hﬂihhv Jt%?ta ﬁ%ﬁh Md&g‘g@ﬂ{
only eight bit andlswog&p C)It tgﬁglag t&s‘?ze packe corrpares

are support ed. Howdaged datg; an anot her enbodinent, a thirty-two bit
data el enent size packed mmmammmpledwmeswmgeareaandthedecoder,thethmeemh

circuit coupled to simultaneously logically OR, in response to a second logical OR
instruction, an inversion of each data element of the first plurality of data elements with a
corresponding data element of the second phurality of data elements to generate a plurality-
of result data elements in a third packed data.

29, The processor of Claim 25, wherein the seventh circuit is further
configured fill, in each data element, a shift count number of bits with zeros.

30. The processor of Claim 25, wherein the seventh circuit is further
configured to fill, in each data element, a shift count number of bits with a sign bit
for the respective data element.

31. The processor of Claim 25, wherein the first cirenit is further
configured to simultaneously copy half of the data elements in the first plurality of
data elements and half of the data elements of the second plurality of data elements.

32, The processor of claim 31, wherein the corresponding data elements
copied from the first and second plurality of data elements are copied into the
storage area adjacent to each other as the plurality of result data elements.

33) The processor of Claim 32, wherein the first plurality of data elements
are copied in the same order as the first plurality of data elements appear in the first
packed data.
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‘support ed (paﬂfﬂfiwug, ”ﬂ!ﬁgmmS) Assumi ng the size of the
dat a el enent then step 2812 is executed. In step
2812, the following is perforrred Sourcel bits seven through zero

are conpared to Source2 bits seven through zero generating Result bits
seven through werenssapur cel bits fifteen through eight are cosggusdnises

Sour ce2 bits fifteen through eight generating Result bits fifteen
t hrough ei ght. Sourcel bits twenty-three through sixteen are
conpared to Source2 ‘bits twenty-three t hrough si xteen generating
Result bits twenty-three through sixteen. Sourcel bits thirty-one

t hrough twenty-four are conpared to Source2 bits thirty-one through
twenty-four generating Result bits thirty-one through tvventy four Sour cel

bits thir ni ne ?ﬁgbjg?rt | 35\ h&kk tﬁﬂgﬂ% &2 bits
thirty-nine throug 5 'ﬂ-.Qrp J}t(a%}ﬁ eherat | esuF& bi {as t N rt ni ne
through thirty- tmwm%we@gsqsm%mwuw the,Jow ord %’ \Pisk 0% the Bigh r?f%P’fti/Oare

conpared to SourCe%adhda&elm&ﬁnmﬁ:h&wogdlpﬁmhty)ofdataelementsgenerat| ng
Result forty-seven through forty. Sourcel bits fifty-five thr_ough forty-

ei ght are conpared to Source2 bits fifty-five through forty-eight
generating 35Resul tTheprosessorafclaim 34, wharein he pens ef thefishpluralityofc e 1

bits sixty- tthele tEﬁﬁ%&hxeﬁtb%}éﬁpmdmmmemﬁp?d?amwmoﬁswrame bits
generating Result S oug ifty- Si X

Assum ng the size 3#“’%1% arg%:g g{a f%n é IS sixteen bits, then step 2814 is
executed. In step 2814, the followi ng is perforned. Sourcel bits fifteen

through zggp are mwésﬁ&df%aﬁﬁ%cﬁﬂu&hﬁ&ﬁat&éﬁﬁ@ﬁfsbwro

generating Result bit

fteen. thr urcel bits
thirty-one through® @’tt’é%fndagreéer% r%B‘fPH“QH%"‘FP“a%% |sfr§°%1f’ﬁsy one
t hrough si xt een getherfirstiand seend pl mﬁdmmntememn&ugkstandsecondpm
97/ 08608 data.
PCT/ US96/ 11893

37 The processor of Claim 25, wherein the first and second plurality of

data elements each include two data clements, each data element representing
thirty-two bits.

38) The processor of Claim 25, wherein the first and second plurality of
data elements each include four data elements, each data elerment representing
sixteen bits.

39) The processor of Claim 25, wherein the first and second plurality of
data elements each include cight data elements, each data element representing
eight bits.

40) A processor comprising:

a first storage area configured to contain a first packed data having a first
plurality of data elements;

a second storage area configured to contain a second packed data having a
second plurality of data elements, each data element of the second plurality of data
elements corresponding to a different data element of the first plurality of data elements;

. a decoder configured to decode an instruction, the instruction indicating a first
- address corresponding to the first storage ared, a second address corresponding to the
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-77- C”nm el bits forty-seven through thirty-two are
conpared t !m;m mﬁibl ts forty-seven through thirty-two generating

Result bits "for‘tyisewe thirty-two. Sourcel bits

sixty-three through forty-eight are conpared to Source2 bits

si xty-three tRy@yshhebdr t Y- €i ght generating Result bits sixty-4 ﬁ@ﬁ%@ugh
forty-eight. I n one enbodi nent, the conpares of step ar

per f or med si mul t aneously. However, in another enbodinent, these
conpares are perforned seriallygg I n anot her enbodi nent, sone of

t hese conpares are perforned si mul t aneously and sone are perforned
serially. This discussion also applies to the conpares of step 2814
as well. At step 2820 the Result is stored in the DEST 605

register. ﬁﬁlage MBS H‘“W%%aa
of packed conpare ne gr ter t pan %era |%§ row of
bits is the packedORFRRtgntobe Z‘ﬂf‘é? data elemgmtsisecond r ow
of bits is the data repreadinmtairduis)caipled to the stordgeareasihd théi@ecolds] tle fitddciatuit

bits is the packed The nunber
bel ow each data el oNne 1?(?&&?2 Hﬁ cf?tqrépée?&errent nuk%nkmsu'ycuon, certain Corresponding

exanpl e, Sourcel déaaclewenipdiom the frst and secopd e dpta elements into the thigl SarageGirea
01010101 01010101 dﬂﬂ&&dﬁﬂnﬁ@&ﬁﬂﬁﬁ@l&ﬂ&@ﬂ@&uﬁ@ﬂ&&&&ﬂm 10001000
Z 6 5 asé}:ond c:rcuxt, goupledtothe s%rage "“%ﬂ‘éd%%"%ﬁbﬁ%ﬁ“ﬂ >

10000000 oooooooo M@e@@@mv%@@wmmmlqmmmapmofmhdm
11111111 11111111 elOQERGOMBO fisi dnkllskdond ﬁﬁ%@é&ﬁé&hﬁwﬂé&ﬂ%&%@ww

7 6 ?S“J%H

Tabl e 37 é'ndi’l"ﬁhgéga‘alclkuns‘?ra eguid d‘?%’gl ster representation of
packed conpare signed a third cifewih ceypled g thegytorageaas ansl the decatlerothe chirdrirckie d
byte data. configured to multiply in parallel, in response to a multiply instruction, each data element

of the first plurality of data elements with a different corresponding data element of the
second plurality of data elements to generate a third plurality of data elements in a third
packed data, wherein each data element of the third plmahty of data elements includes only
high order bits or low order bits;

a fourth circuit, coupled to the storage areas and the decoder, the fourth circuit
configured to add in parallel, in response to an add instruction, each data element of the
first plurality of data elements with a different corresponding data elements of the second
plurality of data elements to generate a third plurality of data elements in a third packed
data: :

a fifth circuit, coupled to the storage areas and the decoder, the fifth circuit
configured to subtract in parallel, in response to a subtract instruction, each data element
of the first plurality of data element from a different corresponding data element of the
second plurality of data elements to generate a third plurality of data clements in a third
packed data;

a sixth circuit, coupled to the storage area and the decoder, the sixth circuit
configured to compare in parallel, in response to a compare instruction, each data element
in the first packed data against a different corresponding data element in the second packed
data, and the sixth circuit further configured to generate a packed mask having a plurality
of mask elements, each mask element in the plurality of mask elements representing a
corresponding comparison generated by the sixth circuit comparing in parallel each data
element in the first packed data against a different corresponding data element in the
second packed data, each mask element in the plurality of mask elements including a
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00101010 01010101 01010101 11111111 10000000 01110000 10001111 10001000
7 6 5 4 3 1 0

>= >= WO 97/08608>= >= >= >= >= 2 PCTUSHEIGE000
00000000 10000000 00000000 11110011 00000000 10001110 10001000

11111111 11111111 11111111 00000000 0O0GEXHO00 11111111 00000000 11111111
7 6 5 4 3 2 1 0

Tabl e 38 PACKED DATA COVPARE CI RCU TS

I n one enbodi nent, the conpare operation can occur on nultiple data

el enents in the sanme nunber of clock cycles as a single conpare operation

on | unpackeq;hﬂa ofﬁ%aﬁ‘h‘ihﬁ em%stﬁ&@e&te&xﬁeth%ﬁ@waw |

cycles, par se a isters eoys y

instructed to perf(YSi‘PF on whether WM BW?%@?’M

This is discussed i n nore meeventh direhisycoupled to the storage areas and the decoder, theseventh
circait confipured to independently shift, in response to a shift instruction, each data
element of the first plurality of data elements by a shift count.

41) The processor of Claim 40 further comprising:

an eighth circuit, coupled to the storage areas and the decoder, the eighth
circuit configured to multiply in parallel, in response to a multiply-add instruction, each
data element of the first plurality of data elements with a different corresponding data
element of the second plurality of data elements to generate a third plurality of data
clements, and adding, in parallel, adjacent data elements in the third plurality of data
elements to generate a fourth plurality of data elements in a third packed data.

42) | The processor of Claim 41, further comprising a ninth circuit, coupled to the
storage areas and the decoder, the ninth circuit configured to generate in parallel, in
response to a population count instruction, a result packed data having at least a first and
second result data element, the first result data element representing a total number bits set
in a first data element of the first plurality of data elements, and the second resuit data
element representing a total number bits set in a second data element of the first plurality of
data elements.

43) The processor of Claim 42, further comprising:

a tenth circuit, coupled to the storage areas and the decoder, the tenth circuit
configured to logically AND in parallel, in response to a logical AND instraction, each
data element of the first plurality of data elements with a different corresponding data
clement from the second plurality of data elements to generate a third plurality of data
elements in a third packed data;

an eleventh circuit, coupled to the storage areas and the decoder, the eleventh
circuit configured to logically AND in parallel, in response to a second logical AND
instruction, an inversion of each data element of the first plurality of data elements with a
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Figure 29 ”"]m II‘CUIt for perform ng packed conpare operations on
i ndi vi dual M'W%B data according to one enbodi nent of the
invention. * 9 illustrates the use of a nodified byte slice
conpare circuit, byte slice stage[err] 2999. Each byte slice,

except for thewm“sg gnificant data el enent byte sl i fcSyudoliissies a
conpare unit and bit control. The nost significant data el enent

byte slice need only have a conpare unit. Conpare unit[err]
2911 and conpare uniti+1 2971 each allow eight bits from Sour ce |
to be conpared to the corresponding ei ght!*its from Source2. In one

enbodi nent, each conpare unit operates |like a known eight bit conpare

circuit. Such a known ei ght bi t conpare circit includes a byte
slice circuit allo el. The
results of the subtracilon a?e p ocesse Ehe!;% agf“faglr%yréﬂ%aﬁi tglgfrgeme
of the conpare ope|a daty| t s of the

beErSCE'OS Itncl ude an ?XW%WO&&&I@ éthBrt]he e%ﬂ%?éﬁoﬁéﬂ@ie'tt@&ﬂhs
este O dgetermn [ [ e,.lres ar e I I.S rye
Each conpare unit ﬁ:gé‘:’ﬁ 1?%%:0‘{(} g@ﬁ‘ﬁ %Bﬁ?%)%{%&ﬁf&&mq"ﬂﬁlﬂ“ eagh

next stage signal, d&apmﬂtﬂfﬁgéi@ Womfalemmmmﬁpnmcoﬁemﬂmgdam

conpare uni t[err] element of 1R 3dcont PRty 6l cinidhus3d Soheiabithird BRI of 0o
i nput, controli 29gl]e tQ%’ntatlﬂ&' §l 1 data: and WD 97/ 08608
PCT/ US96/ 11893 18; an - 79-

st agﬂ err] 2?13[ Si g,‘::ul, I Mmm@ummmmmmgemmmmwm
result register[er hE
Sourcelferr] 2932 |En uttco g‘ijtroé%i err ﬁﬂ&ﬁxn gg r{giyj%bﬁé (§$ysp'?&xon,

2902 input, next sf® ‘F“’fﬂ‘&@‘t ts“'Vlthadlffel'ent
omrcspo:ﬁmg data elcment of the second plmahty of data elements to generate a third

plurality of data elements in a third packed data.

44) The processor of Claim 40, wherein the seventh circuit is further
configured to logically shift in parallel, in response to 2 logical shift instruction,
cach data element of the first plurality of data elements, wherein a shift count
number of bits in each data element is filled with zeros.

45) The processor of Claim 40, wherein the seventh circuit is further
configured to independently perform an arithmetic shift in parallel, in response to a
arithmetic shift instruction, on each data element of the first plurality of data
elements, wherein a shift count number of bits in each data element is filled with a
sign bit for the respective data element.

46) The processor of Claim 40, wherein the first circuit is further
configured to copy in parallel, in response to the unpack instruction, half of the
data elements in the first plurality of data elements and half the data elements of the
second plurality of data elements.

47) The processor of claim 46, wherein corresponding data elements
copied from the first and second plurality of data elements, by the first circuit are
placed adjacent to each other, into the third storage area as the third plurality of
data elements.
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“i nput, an m“ﬁmnllﬁﬂﬂjﬁﬂp nresult register[err] 2952. The
Sour celf er ally an eight bit portion of Sourcel. The eight
.bits represents t'he "sml | est type of data el ement, one packed byte 401 data
el enent. Source2 input is the corresponding eight bit portion of Source2.

Operati on con{ugdmeg@®0 transmits control signals to enable e‘a@f}ume
signals are

unit to performthe required conpare. The control

determ ned fromthe rel atlonshllﬁ) for the conpare (e.g. signed
greater than) and the size of the data el enent (e.g. byte or
word). The next stage signal is received fromthe bit control for
that conpare unit. Conpare units are effectively conbined by the bit

cont rol units when a larger than byte size data el enent is used.
For exanpl e, when

control unit betwee the ’tmer corrggreg%ﬁ%q ma&h%%ﬁg"@gggﬁ%%onpare
unit will cause t helements qop azeeopied irsp the third packed datadndlen bi t

conpare unit. Si mgaamlmmeﬂﬁmmwmmbemw&mmmmm
fourth conpare units will cause these two conpare units to act as one

conpar e unit. This continues for the four packed word data
el ement s. 49) D&mmm%memﬂmmehmdm he

val ues of Sourcel gpitd, er\mm&hmue%ﬁ{iﬂwﬁ:&%
conpare by all ow ng r@s éagg h| e order conpare unit to be
propagat ed down t %Wbare unit or Vi ce versa.
That is, each conpare unit will provide the results of the conpare

usi ng the informatign COW&?O@@M@ R HerefPRE &tbfc%a?&m gubl e word
packed data is useccil)p,ﬁht n, four conpar.e E‘F"'}’S act(’% %&i‘g"{g{to orm one
thirty-two ?’tﬂi’b‘ﬁ"é’ﬁ 6 1oL o bisafeachdsg esul t
out put of each comlmmtmtheﬁrstandumondphpalmdnhaddmnmesult of the conpare
operation on the portion of Sourcel and Source2 the corrpare uni t

i s operating upon. |t | [.err] 2920 is abl ed from
operation control 3900 V|mﬂg‘t€§‘mg€‘lhm"l@ P‘fgg'@ control i

2920 controls nextelsnagenﬂ@@ltﬁphmhty aﬁdat@dmiseby]hexabﬁdcxrcun are placelissune,

for exanple, conp iﬁtheﬁx% ity SR g f Or the eight | east
significant bits of Sour cel Source2 and conpare unit[err] 2971 is
responsi bl e for the next eight bits of Sourcel and Source2. If a
conpare on packed $te da’flmpmcessorofclitm&:lewhmmhbpdmisbopahﬁ'omltheﬂ@ﬂﬁdvm’ |

not allow the res%nh? P& A cen®ils are 5 R daflih theddhd tO be-
comuni cated with the Lompare uni ti %urzlﬂ} elcmentsappearmtheﬁrstand

second packed data.

53) The processor of Claim 40, wherein the first and second plurality of
data elements each include two data elements, each data element representing

thirty-two bits.

54) The processor of Claim 40, wherein the first and second plurality of
data elements each include four data elements, each data element representing
sixteen bits.

55) The processor of Claim 40, wherein the first and second plurality of

data elements each include eight data elements, each data element representing
eight bits.
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versa. However, if a conpare on packed words i b| t 'pER
control ferr] 2920 will allow the resul AR,
&Verflow) infernation from corrpare uni ""m‘,‘ﬁ c%'f"@ﬁ*?%
conpare unit[errPGH resul t WOREP WFFELECTUAL PROPERE Vo)
informati o a 2L O :

|t or et | RS ALIIS b R b e SV S, oom
si gned gmmmmmt@n?s pens Denmiinal Rblcifve Nt corrpmﬁ"m%ﬂs
unit[erjr] @0GE700CY38] B52,ar5500%36m el emam one.  and orrpar | [
2911 oper at es on data el enent_zero. AL isTpptopal Prpifeatisp Date: Bai) %0393]@?

%%&QWVG@W t lh et raﬁs h'lLkLly, Sokoloff,
are ot 4 Bafolish, 78 Scbil. 1280 WISHirEBoulbvre, Los

t he nosit_si ant, eight_bits o [
| nf or o}t PEECHRo Aggpetiondptes | ﬁsv%%“"’
| eastw (zz)rntemmmiglmant ei gitbisosandrotine woresksrfeh WA cat es t he
result finformation via next stagefjerr] 2913. However operation

control} & p&gggtgﬁcause bit control[err] % Dediglated States: AL%MORTtﬂe(Um , model). AU
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(54) Title: A SET OF INSTRUCTIONS FOR OPERATING ON PACKED DATA
(57) Abstract
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An apparatus for including in & processor a set of instructions

! 1
that support operations on packed data required by typical multimedia ——— : o ROM Dus Siraes 1
applications. In one embodiment, the invention mcludes a processor Devicy; : n 106 L :
having a storage area (150), a decoder (165), and a plurality of circuits M £ dl O |
(130). The plurality of circuits provide for the execution of a number : min Bus ;
of instructions to manipulate packed data, In this embodiment, these oo 15— ot ¢
instructions include pack, unpack, packed multiply, packed add, packed t t
subtract, packed compare, and packed shift. pv—- ; i
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Tabl e 39 However, if a packed word signed greater than conpare

I s perforned, then the result of conpare unit[err] 2971 wll be
conmuni cated to the conpare unit[err] 2911, and vice versa. Table
40 illustrates this result. This type of conmuni cation woul d be
al l oned for pa¥&eW08EBUDL|I eword conpares as wel | . WO PETRROEHRS9s
PCT/ US96/ 11893 -81-
- - o 000011 1000
3 2 1 :LP /) 8(8 0> >
> ' > - -
00001110 10000001 [err] - - -
00000600 0000000 s 3 2 1
0 TabTe™20~ — — = = Eath Tompare
unit is optionally coupled t% result register. The result l
Display I Nﬁgzy ROM D%gﬁﬁ?“ i
Device : 104 106 107 I
I
N+ S S TR
Input 1) Bus I
Device 122 101 i
!
| |
Cursor I
Control ' |
123 l
Cache |
| 160 I
Hard Co I
Devicepy | I
124 ; |
} Decoder I
Sound i 165 l
Recording and |
Playback |
Device !
125 I N
| Execution Unit |
I / 130 l
Packed Instruction Set 140 |
. |
Ddeeo i l
igitizing k Operati
Device I Unpackpg;er:nﬁon Register | |
126 Packed Add Operation File I
| { [|Packed Subtract Operation Internal Bus
Packed Multiply Operation 170 }
I' | |{Packed Shift Operation ]
l Packed Compare Operation
Multiply-Add/Subtract Operations |
| | {{Population Count Operation 150
Logical Operations |
| (AND, ANDN, OR, XOR) |
. I
i
! |
I Processor 109 I
i
}
. } _ _ Computer System100 i
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register temporarily stores the result of the conpare operation until the
conpl ete result, Result[63:0] 2960, can be transmtted to the DEST
605 register. For a conplete sixty-four bit packed conpare .
circuit, eight conpare units and seven bit control units are used.
Such a circuit woeesdeso be used to performa conpare oi;bﬁhgg‘xié],gur
bit unpacked data, thereby using the sanme circuit to performthe
unpacked conpare operation and the packed conpare operation.

ADVANTAGES OF | NCLUDI NG DESCRI BED PACKED COVPARE OPERATI ON

I N THE I NSTRUCTI ON SET Thezﬁggcribed packed conpare

instruction stores the result of conparing Sourcel and Source2 as a
packed nmask. As previously described, conditional branches on data
are unpredi ctable, and thus cost processor perfornmance because t hey

break_the branch prediction algorithnms. However, by generating a packed
masked, this conparison instruction reduces the nunber of required

condi ti onal branches based on data. For exanple, the function (if Y
> Athen X = X + B; else X = X) may be perforned on packed data as
shown below in Table 41 (the val ues shown in Table 41 are shown in
hexadeci mal notation). WO 97/ 086QRegister File
PCT/ US96/ 11893 . 180 . g2-
Conpare. Greater Than Sourcel, Spurc 3305‘93'3 00000001
00000000 Sour cel=Y0-1 ] Rg 2124 '
Ry 2124
] Ho 2120 Integer
. Regmfs
. 201
' Figure 2
{ Ry 212h ——
[ M— structio
=
ister
i
Status
Registers
208

Receive and goecode Instruction:
1

!

Access Register File or Memory
302

v

Enable Execution Unit with

Operation Figure 3

. 303

v

Store Result In Register or

Memory
304




> > 00000000 00000001 Sour ce2=Ao-i =

FFFFFFFF 00000000 Mask Packed AND

Sour ce3, Mask 00000005 0000000A Sour ce3=B0-1
FFFFFFFF 00000000 Mask = 00000005 :
00000000 W@ 87408608 Packed Add Sour ce4, Regthisosises
00000010 00000020 Sour ce4=X0-1 00000005
00000000 Resul t 00000015 . 00000020 New XO- 1
val ue Table 41 As can be seen fromthe
above exanple, conditional branches are ngsggnger required. Since a

branch instruction is not required, processors that speculatively
predi et branches do not have a performance decrease when using this conpare
instruction to performthis and other simlar operations. Thus, by

providing this conpare instruction in the instruction set supported by
processor 109, processor 109 can performalgorithns requiring this
functionality at a higher performance | evel . EXAMPLE MULTI MEDI A
ALGORI THVS To illustrate the versatility of the disclosed
I nstruction set, sgveral exanple
63. 5655 4847 4033 3231 2423 1615 87 0
Byle7| Byte6] Byte5{ Byte4! Byte3| Byte2| Byte1 Byte 0
Packed Byte 401
4847 . 3231 1615 0
F Word 3 Wod2 | Words Wordo |
Packed Word 402
3 1 0
DoublsWord 1 DoubleWord 0
Packed DoubleWord 403

Figure 4

63 5655 4847 4039 3231 2423 1815 8 7 0
w»humtumunabmbuuakwbum>ww:u» Bbbb bbb |bbby bbb {bbbb bbbb

Unsigned Packed Byte In-register Representation 510

63 5655 4847 4039 3231 242 1615 87 0
lsbbbhbbb l;bbbbbb ,sbbbbbbb ]sbbbubbb sbbb bbbb ] sbbb bbb bbb bbbb Isbhbhbbb

Signed Packed Byte In-register Representation 511

Figure 5a



mul timedia al gorithms are described bel ow. In some cases, simlar packed
dat a WO 97/ 08608

PCT/ US96/ 11893 - 83-
i nstructions could be used to performcertain steps in these algorithnms. A

nunber of stepWOO#OR#ME i ng t he use of general purpose processaFCTEPEAILOS |1 ONS

to manage data novenent, |ooping, and conditional branching have been
omtted in the foll owi ng exanpl es. 1) Mul tiplication
of Conpl ex Nunbers The di sclosed multiply-add instruction can be
used to multiply two conpl ex nunber sgypgga single instruction as shown
in Table 42a. The nultiplication of two conpl ex nunber (e.g., rl1 il
and r2 i2) is performed according to the follow ng equati on:
Real Conponent=rl [err] r2 - il [err] i2 | magi nary Conponent = r1l
[err] 12 +r2 [err] il If this instruction is inplenented to be
conpl éted every clock cycle, the I nvention can nultiply two conpl ex
nunbers every cl ock cycle. Mul ti ply-Add
Sourcel, Source2 ril I 2 ril
1 Sour cel
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0
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3
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r2 -i2 i 2 r2 Sour ce2

Real Conponent: | magi nary Commponent : Resul t

rir2-i1li?2 rlii2+r2il 1

Tabl e 42a As anot her exanpl e, Table 42b shows the instructions
used to multi Pvp97/08608 oget her t hree conpl ex nunbers. PCT/US96/11893

Mul tiply-Add Sourcel, Source2 ri 11 ri

i1 Sour cel r2 -2 i 2 r2

Sour ce2 Real Conponent 1: | magi nary Conponent 1:

Resul t1- rir2-ili2 5/30 rili2+r2il

WD 97/ 08608 PCT/ US96/ 11893
-84- -

SRC2 603
(DEST 605)

0

DEST ,
05

32 0

Figure 6b

(DEST 605)

\\95
N
Figure 6a
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602 60316101611
2 1615

S
612

OP 601, SZ 610, T611, 5612 SRC1 602

2625
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Packed Shift Ri ght Sourcel, Source2 Real Conponent1

| magi nary Conponent 1 Resultl 16
Real | magi nary Resul t 2

Conponent 1 Conponent 1 _ Pack
Resul t 2, Resul w8 97/8608 Real PCT/US96/11893

| magi nary Resul t 2 Conponent 1

Conponent 1 Real | magi nary
Resul t 2 Conponent 1 i Conponent 1

Real ' | magi nary Real | mgghgary Resul t 3

Conponent 1 Conponent 1 Conponent 1 Conponent 1

Mul ti pl y-Add Result3, Source3 Real | magi nary Rea
| magi nary Resul t 3 Conmponent 1: Conponent 1: Conponent 1

Conponent 1: rir2-i1li2 rili 2+r2i 1 rir2-i1li2 rili 2+r2i 1

r3 - -i3 I3 r3 Sour ce3

Real Conponent 2 | magi nary Conponent 2 Resul t 4

Tabl e 42b

Decode Control Signal
701
4
Access Register ;{ge. SRC1 & SRC2
L4
Enable Execution Unit with 2 Packed Add Operation
(Size, Sign, HighlLow)
703
8 bi i
bits Size? 16bits
704
Resuit[7:0] = Source1[7:0}
add to Source2{7:0)
Resultf15:8) = Source1[15:8)
addto Source2[15:8]

Result[23:16] = Source1[23:1 Resul{15:0] = Source1[15:0]
addtogowceﬂzaﬁlzsl & addto Source2(15:}
Result[31:24] = Source1[31:24, Resultf31:16} = Sourcet [31:18)
addbSoume2[31:2[4} ] add 1o Source2]31:16)
Resull{39:32] = Source1[38: Resulli47:32] = Source1{47:32)
addtoSourceZ[SQ:32]32] add to Source2]47.52)
Resul47:40] = Source147:40 Resul{63:48] = Source1[63:4g]
add fo Source2[47:4[0} ] add to Source2(63:46}

Resull/55:48) = Source1[55:48] o
add to Source2[55:48]
. Resull(§3:56] = Source1[63:56]
add to Source2{63:56)
705a

- | |
4

Store Result in DEST Register
220

Figure 7a




2) Mul tiply Accurul ation Operations The di scl osed

I nstructions can al so be used to nultiply and accunul ate val ues. For
exanple, two sets of four data elenments (Al-4 and Bl-4) may be

mul tiplied and accunul ated as shown below in Table 43. In one enbodi nent,

WO 97/ 08608  woO 97/08608 PCHYRR6é11k69 3

- 85- each of the instructions shown in Table 43 is inplenented to
conpl ete each cl ock cycl e. Mul ti ply-Add

Sour cel, Source?2 0 o - Al A2

Sour cel - 0 0 7/30 Bl B2

Sour ce2 0 AlBl1 + A2B2 Resultl

Mul ti pl y- Add Source3, Source4d

q .

Decode Control Signal
0

Access Register ;I:e SRC1& SRCZ |

v

Enable Execution Unit with a Packed SubtractOperati
{Size, Sig%z HighiLow) o

Result{15:0] = 2's Complement
Resuit}7:0} = 2 Compi Source2[? 59
U}=2s nt
Hi::sesunr1_s:a}=zu:cornm:r':.':m Souced1oy Resul[31:15] = 2s Complement
R u}iﬂZG.Js] = 2"3 Complement soumzzs:w] Source2(31:16}
gﬁ?ﬂ&%f‘"’.‘ Complement Sourcei31:24] A
} =2's Complement Source2[38:32] esult/47:32) = 2's Complement
2?;'5}&%433} =25 Complement Source2ie7:40] Sourca2(47:32]
Resul![ssfse] =2 mm m Resul[63:48) = 2's Complement
714a Sour;:i{fs:-ta}
I 4
Resulf7:0) = Source1[7:0] add fo Source2[7:0] Resut{15:0] = Source1(15:0]
Resut(15:8] = Source1[15:8] addto Source2{15:5] add to Source2(15:0]
Result23:16] = Source1{23:16] add to Source2(23:16] Soss S
Resul31:24] = Source1{31:26] add to Source2(31:24] Source2(31:16]
Resiui3e:32] = Source1{39:32) add o Source2[39:32] m’;‘;ﬁ‘}ﬂ?’%&; o
Resull47:40) = Source1[47:40) add to Source2(47:40) Source2{47.32)
Result[55:48) = Source1[55:46] add to Source2[55:48] sw?:;”[lggi::fg: ™
Resull53:56) = Source 1(63:56] add o Source2(83:56) Source2[65:48]
Ea Ti%
Store Result in DEST Register

Figure 7b



0 0 A3 A4 Sour ce3 0

0 B3 B4 Sourced = -0

A3A4 + B3B4 Resul t 2 Unpacked Add Result1,
Resul t 2 0 AlB1+A2B2 Resul tl
0 WO 97/08608A3 A4+B3B4 Resul t 2 PCTIUS96/118&
AlB1+A2B2+A3A4+B3B4 Result3 Tabl e 43

I f the nunber of data elements in each set exceeds 8 and is a nmultiple of
4, the nmultiplication and accunul ation of these sets requires fewer

I nstructions if performed as shown i§/§6b| e 44 bel ow. WO

97/ 08608 PCT/ US96/ 11893

-86- -~

o

803
Operation and Canry Control
809b~"]
Control;, 4 C%f}‘%%:/\
L ~—B11
cml! Packed Data
OUT',H Enable
804b
Sourcet;, 4 gb%r%e?i
&iﬁ 2;,1 éo rcezl
808a
Cour;
801b — 801a a
802
Bit
Addet/Subtractor Control Adder/Sublractor
807b
* c|Ni+1
806b~_~ 8ora
Resul, ggﬁsﬁni CiN;

~ Figure 8



Ml tiply-Add Sourcel, Source2 Al A2 A3

Ad Sour cel Bl B2 B3 B4
Source2 AlB1+A2B2 A3B3+A4B4 Resul tl

Mul ti pl y- Add Source3, Sourced A5 A6 A7

A8 Sour c &80 97/08608 B5 B6 B7 PCT/USO11893
Source4 = A5B5+A6B6 A7B7+A8BS8 Resul t 2
Packed Add Resultl, Result?2 Al1B1+A2B2 A3B3+A4B4
Resul t1 A5B5+A6B6 A7B7+ASBS8 Resul t 2
A1B1+A2B2+A5B5+A6B6 A383+A4B4+A7B7+A8B§5 gesuItS

Unpack Hi gh Result3, Sourceb AlB1+ % +A5B5+A6B6

A3B3+A4B4+A7B7+A8B8 Result3
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= 0 TOTAL Resul t 6

Tabl e 44 As anot her exanple, Table 45 shows the separate
multiplication and accurrul ation of sets A and B and sets C and D,
where each of these sets includes 2 data el ements. ' :

Mul ti ply- Add SWGS488608 Sour ce?2 Al A2 PCT/USYeA 1893

C2 Sourcel Bl B2 D1 D2
Sour ce2 AlBl1+A2B2 . ClD1+C2D2

Result1 Tabl e 45 As anot her

exanpl e, Table 46 shows the separate nmult{gJ3gati on and accunul ati on
of sets A and B and sets C and D, where each of these sets includes 4
data el enents. WO 97/ 08608

PCT/ US96/ 11893
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- 88- Mul ti pl y- Add Sourcel, Source2 Al

A2 Cl C2 Sour cel Bl B2
.D1 D2 Sour e2 AlBl1+A2B2

C1D1+C2D2 Resul t1 Mul ti ply-Add

Sour ce3, Sour (¥Q57/08608 A3 A4 C3 PCT/US96/11843
Sour ce3 B3 B4 D3 >4 -
Sourced = A3B3+A4B4 C3D3+CAD4 Resul t 2
Packed Add Resultl, Result?2 A1B1+A2B2

C1D1+C2D2 Resul t 1 1 B3+A4B4

C3D3+C4D4 Resul t 2 Al1BI1+ 2+A3B3+A4B4
C1D1+€2D2+C3D3+CAD4  Result6 - Tabl e 46
3) Dot Product Al gorithns Dot product (also termed as inner
product) is used in signal processing and matri x operations. For

exa Te, dot product is used when conputing the product
nmp p nmp g p

Decode Control Signal
1201

' 'Aem_“‘aegis:'—j_srgls, SRC1 & SRCZ |

L 2

Enable Execution Unit with a Packed Mutti eration
{Sizs, Sigl%iighlmw) Py O

Resulif7:0} = Source1[7:0)
multiply by Source2{7:}
Result{15:6} = Source 1[15:8]
multiply by Source2{15:8)
Result[23:16} = Source1[22:16] Resul{15:0] = Sourcetf15:0}
muttiply by Source2[23:1 6] muttiply by Source2[1 5:0]
Result{31:24] = Source1[31:24 Resultf31:16) = Source1|31 :16]
Aliph b S m[sgfw} muaitiply by Source2[31:16]
Result{39:32] = Source1{39: Result[47:32} = Source147.32)
muliply by Sourcealag:sgz] muliply by Source2{47:32]
Resulj47:40) = Source1[47:40] Result{63:48) = Source1[63:48]
muliply by Source2[47:40] muttiply by Source2}63:48)
Result[SS:dB} = Source1[55:48] 1214
muttiply by Source2{55:48]
Resuu[_63:56] = Source 1[63:56]
. mustiply by Source2]63:56)
1212
. L
L 4
Store Result in DEST Register
220

Figure 12



of matrices, digital filtering operations (such as FIR and IR filtering),

and conputing correlati on sequences. Since many speech conpression
algorithns (e.g., GSM G 728, CELP, and VSELP) and Hi -Fi conpression
al gorithns (eg., MPEG and subband codi ng) make extensive use of digital
filtering and WO9708608 \\O 97/ 08608 PCT/US96/11893
PCT/ US96/ 11893 - 89-
correl ation conputations, increasing the performance of dot product
I ncreases . the performance of these al gorithns. The dot
product of two | ength N sequences A and Biggggefined as:
Result = [err] Perform ng a dot product cal cul ati on makes
extensive use of the nultiply accumrul at e operation where
correspondi ng el enments of each of the sequences are mul tiplied
together, and the results are accunulated to formthe dot produgey
result. By including the nove, packed add, nultiply-aeqes and pack
shift operations, the_invention all ows the dot product caI&yI ation to
be perforned using packed e
s e o |
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data. For exanple if the packed data type containing four sixteen-bit

el enments is used, the dot product cal culation nay be perfornmed on two
sequences each cont ai ni ng four val ues by: 1) accessing the
four sixteen-bit values fromthe A sequence to generate _

Sour cel usi ng WO mese08 Nstructi on; 2) accessing four pEpee&iiab t -
val ues fromthe B sequence to generate Source2 using a nove

i nstruction; and 3) nmultiplying and accunul ating as previously
described using a nultiply- add, packed add, and shift

i nstructions. For vectors with than just a few el enents the
met hod shown in Table 46 i s used ar????ﬁe final results are added
toget ker at the end. OQther supporting i nstructions include the packed
OR and XOR instructions for initializing the accunul ator register,
the packed shift instruction for shifting off unwanted val ues at the
final stage of conputation. Loop control operations are acconpl i shed
using instructions already existing in the instruction set of

processor 109. 4) 2-Di mensi onal Loop Filter

2-dinensional loop filters are used-n-cartain nmultinmedia algorithnms. For
exanple, the filter coefficients s ow in Table 47 may be used in

vi deo conferencing al gorithnms~teo—performa | ow pass filter on pixel
dat a. WD 97/ 08608
PCT/ US96/ 11893 Decodefigg;mwignal -90- 121

Access Register Fils, SRC1 & SRC2 |
1402

‘

Enable Execution Unit with the
Instruction
1403 *

Muttiply-Add ultiply-Subtract

Resultf31:0) < {Source1[15:0] R 0)=
St | | SRy
Source23ig] O oeatmtp by
Result_163:32] = (Source1[4? :
?éumply by S'ource2[47:[32]):3+2] Rmsgg?;oﬁsr:euggg;})@]
ource1{B3:48} muliply by {Source1[63:48] muttply by |
Source2{63:48)) Source2{63:48])
1414 1415

i Store Result In DEST |
1420

‘ (=)  Figure 14




Tabl e 47 To cal cul ate

242 121
the new val ue of a pixel at location (x, y), the follow ng _equation is
used: Resulting Pixel = (x-1,y-1) + 2(xy-1) + (x+1,y-1) + 2(x-1,y) +
4(x,y) + 2(x+1ﬁy + :
(x-1,y+1) + 2(WPOTP8608(x+1y+1) By including the pack, pewess¢nigmve,
packed shift, and a packed add, the i nvention allows a 2-dinensional
|l oop filter to be performed using packed data. According to one
i npl enentation of the previously described loop filter, this | oop
filter is applied as two sinple l-dinensizgag?filters -- 1.e., the above 2-
di nensional filter can be applied as two 1l tilters. The first filter is
in the hori zontal direction, while the second filter is in the vertical
direction. Tabl e 48 shows a representation of an 8x8 bl ock of pixel
dat a. , A0 A1 A2 A3 A A5 A6 A7
BO Bl B2 B3 B4 B5 B6 B7 O C1 2 G <4
S G C7 Jerr] 2 10 11 12 13 14 I5 16 17
Tabl e 48 The followi ng step&x are perfornmed to inplenent the
hori zontal pass of the filter gh this 8x8 bl ock of pixel data:
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1) accessing eight 8-bit pixel values as packed data using a nove

i nstruction; 2) unpacking the eight 8-bit pixels into a 16- bi t
packed data cOMOAav/oRsoR) fo bit pixels (SoUsSSusbin

mai ntai n accuracy during géé%hulations; * *@3
duplicating Sourcel two times to generate Source2 and Sources3;

4) perform ng an unpacked shift right Ay=t6-its on Sourcel;
| eft |oy St&t bijt s on Source 3;
ot-ee3) by perform ng the

5) perform ng an unpacked shift
6) generating (Source 1 + 2*Source2 +

foll owi ng packed adds: ax-Saurcel = Sourcel + Source2,

b) Sourcel = Sourcel + Sourcep, D°°°"°°°“"°'S*9"a' c) Sourcel = Sourcel +
Sour ce3; 7) stort d wor d data as part of
an 8x8 internediate resul W array; and 8)
repeating these steps until thécessRegsteBRi8, SATH & ijate result array is
generated as shown in Table bel ow (e1@8p2 | A0 repriesents the

internediate result for AO from Table 4

Enable Execution Unit with Packed Shift Operation
(Size, Type of Shift, and Direction of Shift)
1603

Result{7:0] = Source1{7:0)
shift by Source2{63:0]

Result[15:8] = Source1{15:8]
shift by Source2{63:0]

Result{23:16] = Source1{23:16]
shift by Source2[63:0]

Result]31:24] = Source1[31:24)
shift by Source2]63:0]

Result{39:32] = Source1]39:3®)
shift by Source2([63:0]

Resuli{15:0] = Source1[15: 0]
shift by Source2[63:0]

Resull[81:16] = Source1{31 :16]
shift by Source2[63:0}

Result[47:32] = Source1[47: 32}
shift by Source2[63:0]

Result{47:40] = Source1[47:40] Resull{63:48] = Source1[63:48)

shift by Source2{63:0} shift by Source2{63:0]
Result{55:48] = Source1[55:48) 1814

shift by Source2[63:0]
Result]63:56] = Source1[63:56]

shift by Source2[63:0)

1812
Store Result in DEST
16820
Figure 16
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A0 1AL 1A2 IA3 A4 IAS5 | A6 | A7 IBO 1B1 1B2 I B3
B4 1B5 1B6 | B7 ICO ICLIC ICBICAIC 1C6 IC7
Jerr] 1o 12 112 113 114 1'I5 116

117 Tabl e 49 The follow ng
steps are per {WOPEE8®® i npl enent the vertical pass of the PCTd9k21goH N
the 8x8 internediate result array: WO 97/ 08608

PCT/ US96/ 11893 ) -92-
1) accessing a 4x4 block of data fromthe internediate result array as

packed data using a nove instruction to gepgpte Source 1, Source2,
and Source3 (e.g, see Table 50 for an exanple);

*

see
uy

1712 e

Control;
1701

Resuit[63:0]
1760

Smmh
17,31

Shift Unit;
1711
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Resuk Ragisterf
1751

Figure 17
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< 16 -> A0 1AL |A2 | A3 Sourcel

IBO IB1 1B2 IB3 Source2 ICO ICl I
1 C3 Source3 Tabl e 50

2) generating (Sourcel + 2*Source2 + Source 3) by performng the

fol | owi ng pack¥e svesses a) Sourcel = Sourcel pCEAGSHES 3

b) Sourcel = Sourcel + SourceZ2, c) Sourcel = Sourcel +
Sour ce3; 3) performng a packed shift right by 4 bits on the
resulting Sourcel to generate the sumof the weights --
this is’'effectively dividing by 16; 18/30 4) packing the resulting
Source 1 with saturation to convert the 16-bit val ues back
into 8-bit pixel values; 6) storing the resulting packed byte
data as part of an 8x8 result array (in regards to the
exanpl e shown in Table 50, these four bytes represent t he

new pi xel values for BO, Bl, B2, ang—B3»—and 7) repeating
these steps until the entire 8x8 reray i s generated It is
worth while to note, that the top andgottfomrows of the 8x8 result array

are determ ned using a differf€ B ecods Chnrol b s not described here so
not to obscure the invegntion. 101 Thus, by providing on
processor 109 the pack, unpack, nove, cked shiit, and packed add
i nstructions, the invention ir GArtesheDatelabSRCA &BROZ i cant per f or mance
increase over prior art genetal proced®rs whichjnust performthe

oper ati ons requi r ed=dysuch filtWrs 1 data elenent at a tine.

5) Motion Estimationf Enable Exscution U OBbopbrhtgiRt ifon 1S used in several
mul timedi a applications (eg., Vi (e Satuation, Siged)l €r encijng and MPEG (hi gh
qual ity video playback)).{1n regard t 8%i deo gonf erenci ng, notion
estimation is used to reducethe—amotri—oeF—data—whi~dh nust

Doubleword

Result{7:0] = Source1{7:0
or Saturate
Resul15:8} = Source1[23:16}
or Saturate .
Result[23:16] = Source1[89:32] Result[15:0) = Source1{15:0]
or Saturate or Saturate
Resuif31:24] = Source1(48:55) Result[31:16] = Source1[47:32]
or Saturate or Salurate
Resultf39:32) = Source2[7:0} Resultf47:32] = Source2[15:0}
or Salurate or Saturate
Result[47:40} = Source2(23:16 Resull[63:48] = Source2[47.32)
or Saturate 28:16] or Saturate
Resull{55:48] = Source2[39:32) 1814
or Saturate
Result[63:56] = Source2[63:56)
or Saturate
1812
» L l
4
Store Result at DEST
- 180

Figure 18
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be transmtted between terminals. Mdtion estimation works by dividing the
video franmes into fixed size video bl ocks. For each block in Franel, it is
det er mi ned wheWRS?MB@&re is a bl ock containing a simlar i nageCT/OsIe/eB2.

| f such a block is contained in Frane2, that bl ock can be descri bed
with a notion vector reference into Framel. Thus, rather than
transmtting all of the data representing that block, only a notion
vector need be transmtted to the receivifg/3g termnal. For exanple, if
a block in Franel is simlar to and at the sane screen coordi nates as
a bloek in Frane2, only a notion vector of 0 need to sent for that

bl ock. However, if a block in Frame 1 is simlar to, but at different

screen coordi nates than, a block in Frane2, only a notion vector

i ndi cating the new | ocati on of that bl ock need be sent. According to
one inplenmentation, to determine if a block Ain Fra is simlar to
a block Bin Frame2, the s t he absolute differen bet ween t he
pi xel values is determ ned. JThe | ower the sunmat i on, nmore simlar
block Ais to blocksB (i. f the summation is O, blgeck Ais
identical to block ) By including the nove, unp , packed add,
packed subtract w tlg sat and | ogi cal operations,=he invention
al l ows notion esti ion Qr f or ned usi ng packed a. For

exanple, if two 16x1g bl ocks

of 8-bit pixel valueZ sto

_of V\deo are represented sems [ WO arrays
patked data, the absqigtle dbl&er ence of

t he pi xel values in BHEGCKs may\be cal cul at ed by® 1)
accessi ng ei ght 8-bi & vallfie§ T A to generate pour.cel using a
nove i nstruction; T
0
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'2) accessing eight 8-bit values fromblock B to generate Source2 using a
nove i nstruction; 3) perform ng a packed subtract with saturate to
Subtract Sourcel from Source2 generating Source 3 -- By
subtracting with saturate, Source 3 will contain only the

posi tive resuwosomBsdshi s subtraction (i.e., the negative
results will be zeroed); 4) perform ng a packed subtract vm?gﬁ

saturate to subtract Source2 from Sourcel generatl ng Source
4-- By subtracting with saturate, Source 4 will contain only
the positive results of this subtraction éi ., the negative

results will be zeroed); V\D97/8é%§

PCT/ Us96/ 11893 -94-
5) perform ng a packed OR operation on Source3 and Source4 to produce

Source5 -- By performing this OR operation, Source5 contains the

absol ute val ue of Sourcel and SourceZ2; 6) repeating these steps

until the 16x16 bl ocks have been processed. The resulting 8-bit

absol ute val ues are unpacked into 16-bit data elenments to al l ow for

16-bit precision, and then sumred using packed adds. Thus, by

provi di ng on processor 109 nove, unpack, packed add, packe subtract
[ for a

with saturate, and |ogical operations, the invention provi
significant performance increase over prior art general purpose processors
whi ch must performthe additions and the absol ute di ffq,ances of the

notion estimation
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‘cal cul ation one data elenent at a tinme. 6) Di screte Cosign
Transform Di screte Cosine Transform (DCT) is a well known
function used in many signal processing algorithms. Video and i mge
conpression algorithms, in particul ar, make extensive use of this
transform WwO097/08668n | nage and vi deo conpression al gori t hnierib¥eé/ iges Used
to transform-a bl ock of pixels fromthe spatial representation to the
frequency representation. In the frequency representation, the picture
information is divided into frequency conponents, some of which are
nore inportant than others. The conpr essiogg al gorithm sel ectively
quantizes or discards the frequency conp ,rﬁg that do not adversely
affect the reconstructed picture contents. In this nmanner, conpression

i s achi eved. There are " pl ement ati ons of the DCT, the nost
popul ar bei ng sone ki nd of f§ sform net hod nodel ed based on the
Fast Fourier Transform ation flow. In the fast transform
an order Ntransformis bro onbi nati on of order N 2
transforns and the result deconposition can be
carried out until the small® mis reached. Thi s

el ementary 2 transform ker gt 3 TESF g to as the butterfly

operati on. The butterffly operat%n is exprljessed as foll ows:

X a*x + b*y Y = ¢c*x - d*y

where a, b, ¢ and d are tgnage% t he COETTICI ents, x] and y are the input
data, and X and Y ection g ?"HP%PW WO 97/ 08608

PCT/ US96/ 11893

Resul[7:0
S 761
Resuli{15:8) = l
Source2]7:0] Resulf15:0) =
Rgg"" [23[161 . Source1{15:0}
urce1[15:8} Result]31:16) = Resul[31:0] =
“525122;[?’; Source2[15:0] Source1[31}'0]
58 Resultf47:32 Resull[53:32] =
Resul{30:32} - Source1[31: ;sy Source231:0]
Source1[23:16] Result{53:48] = 2016
Resul47:40) = Source21st: e}
Source2]23:15)] 2014
Result[55:48] =
Sourcnéllsrsgﬁ
Result{b3:5
Sourcez[a‘lsid}
2012
L
Store Result at DEST
220

Figure 20



- 95- By including the nove, nultiply-add, and packed shift

operations, the i nvention allows the DCT cal culation to be perforned
.usi ng packed data in the fol | owi ng manner: 1) accessing the
two 16-bit values representing x and y to generate Sourcel (see Table
51 bel ow) usi MOPHBEove and unpacki nstructi ons; 2) POINUSPGI1RSN)
Source2 as shown in Table 51 below -- Note that Source2 may be
reused over a nunber of butterfly operations; and 3) performng a
mul tiply-add instruction using Sourcel and Source2 to generate
the Result (see Table 51 bel ow). 22/30 X y

X Y Sour cel a b C

-d + Source2 alerr]x+bf[err]y

cl[err]x-d[err]y Source3 Tabl e 51
In so situations, the coefficients of the butterfly operation are 1. For

t hese cases, the butterfly operation degenerates into just adds and
subtracts that may be¥ performed using the packed add and packed
subtract instructions? An | EEESdocunent speg fies the accuracy

w th which inverse DCigyhoul d be pgrfornmed for vjdeo conferencing.
(See, IEEE Circuits arl=sSystens Society, §__ _ I EHE Standard

Speci fications for the=npl enent ati ons otg 8x&llgverjse |Di screte Cosi ne
Transform™ | EEE Std.. &No- 1990, | EEE l gc. i st{ 47t h St., NY, NY

10017, USA, March 18,EI§91). The requi rgd apcyragy t by the disclosed
mul tiply-add instruction because it use"§'I‘6-36,i t&ing to generate 32-bit

out put s. Thus, by providing of prpé¢ssor {109\t he nove,
mul ti pl y-add, and packed shigt regerat+ong, the i ""'rcl,tion provi des for
a significant performance increasef;’. ovgr grior arft\@ge&neral purpose
processors which nust performt he%’d‘:ﬁﬂi ons jand thm“'rrul tiplications
of the DCT cal cul ati on one data el@E&neny at g tifme.
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ALTERNATI VE EMBODI MENTS Whi l e the invention has been descri bed
in which each of the different operations have separate circuitry,
alternative enWOSR¥88 s coul d be i npl ement ed such that wEFbA1g93
circuitry is shared by different operations. For exanpl e, in one
enbodi rent the following circuitry is used: 1) a single arithnetic

logic unit (ALU) to performthe packed add, packed subtract, packed
conpare, and packed | ogi cal operations; 2gm@gircuitry unit to performthe
pack, unpack, and packed shift operations; 3) a circuitry unit to
perform the packed mul tiply and nultiply-add operations; and 4) a
circuitry unit to performthe Pyl ati on count operation.

The terns correspondi ng and respe t?@g are used herein to refer to the
predeterm ned rel ati onship between the data el enents stored in two or nore
packed data. In one enbodlnent thisjrelationship is based on the bit

positions of t he dat, he packed data. For exanple, data
element O (e.g., stored in ‘tpﬁﬂmﬂlons 0-7 in packed byte format)
of a first packed data cor! , el enents 0 (e.g., stored
in bit positions 0-7 in packed byte orrrat) of a second packed dat a.
However, this relationshi prrey—gi-ite—in_a native enbodi nents. For
exanpl e, correspondi ng datfa el ene %ﬁuj" i first and second packed data

may be of different sizes. = rather than the | east
significant data el enent of a¢irst packed data corresponding to the

| east significant dat
9 %nable Execution Unit with 2 Population Count Operation
(Size, Sign, HighlLow)

l

aesunns O}=Total Number of Bits
in Source1[15:0} set to one

Resultf31:16]=Total Number of Bits
in Source1{31:16] set o one

Result[47:82)=Total Number of Bits
in Sourca1[47:32] set to one

Resuit[63:48]=Total Number of Bits
in Source1[63:48) set to one
205

Store Result in DEST Register
26
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el ement of a second packed data (and so on), the data elenents in the first
and second packed data nmay correspond to each other in sone other
order. As anot her exanple, rather than having a 1 to 1 correspondence
of data elenents in the first and second packed data, the data

el ements may cATMHP8I at a different ratio (e.g., thepethsdsnpssked
data may have one or nore data el enents which correspond to two or
more different data elements in a second packed data). VWil e the
i nvention has been described in terns of several enbodi ent s, t hose
skilled in the art will recognize that thg ention is not limted to the
enbodi nents descri bed. The net hod and appara us of the invention can be
practi*ced with nodification and alteration within the spirit and scope of

t he appended cl ains. The description is thus to be regarded as
illustrative instead of limting on the invention.
-97- 25. A processor conpri sing: a storage area

configured to contain a first packed data and a second packed data
respectively including a first plurality of data elenents and a second
plurality of data el enments, wherein each data elenment in the first
plurality of data el enments corresponds to a data elenent in the second
plurality of data el enents; a decoder configured to decode an
i nstruction; a first circuit, coupled to the storage area and
t he decoder, the first circuit conflgured to sinmultaneously copy, in
response to an unpack instruction, €

v i

j

Generate CSum1a, Generate C
gguz:g;la from: CCany1b frcsagzmb gg?:;wm?: cfrgrlr‘zm fe Geg?rr:ﬁ ?riumd
S 5 Sourcet 4y, Sourcets, Source1s, Soumrce12
o 14 Source1 1, Sourcelg, | | Sourcet 6 Sourcets, | {Sourcet .
souroei 13. and and Source1g and Sourcet e
reel 1o Source1,4 0
2310a 23106 2310¢c 2310d
L . | L J
ggnerate CSumza, Generate CSu*mZb
CSumta, GOy, Coamyge T CSume
CSumib C;(s':armb CSumr1yd c'CCarryw
20a 2320b
L |
Generate CSum3 and CCany3 from:
CSum2a, CCarryza CSumz2b, and
Gmme
2330

Resulty o = Add CSum3 + CCarry3
Resultys.5=0

. 2340
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correspondi ng data elenents of the first and second plurality of data

el enments into the storage area as a plurality of result data elenents in a
third packed data; a second circuit, coupled to the storage
area and the decoder, the second circuit configured to sinmultaneously copy,
in response t oWO A8608i nstruction, a part of each data el emenpet: éag%ﬂ |rst
and second plurality of data elenents into the storage area as urality
of result data elenments in a third packed dat a; a thlrd
circuit, coupled to the storage area and the decoder, the third circuit
configured to sinultaneously multiply, in @onse toa mltiply
instruction, each data el enent of the flrs pfurality of data elenents with
a correspondi ng data el enment of the second plurality of data e nts to
generate a plurality of result data elenents in a third packed8gsit a,

wher ei,n each resul {T data ergnment includes only high order bits @ | ow order

bits; . fourth circuit, coupled to the storage ared® and the
decoder, the fourth circuit % SO1® ijn response
to an add instruct|on, each §r irg pluraligy of data
el ements with a cof respondlr Bcond plurallity of data
el ements to generateaplurq : & =2 Mts in a third packed
dat a; a fifth ci [ ‘ ‘ and t he
decoder, the fifth{circuit t, in
response to a subtpact iﬁg_ rst
plurality of data jel enent8™ dat §¥el enent of the second
plurality of data fel enments f{ of result dhta el enents
in a third packed |dat a; i ircuit, stoupled tp the storage
area and the decoder, the s hcircuif c 1L pousl y
conpare each datajel e t ip ghe first |pagBed gatg br r espondi ng
data elenent in the se@nd pagked data) ahd tﬁﬁgsgui further
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-98- configured to generate a packed nmask having a plurality of mask

el enents, each mask el enent representing a correspondi ng conparison, and
each nmask el enment includes a plurality of bits all having either a first
predet erm ned val ue or a second predeterm ned val ue based on whet her the
correspondi ng COAPA%n was TRUE or FALSE; and a PRNARbE11893
circuit, coupled to the storage area and the decoder, the seventh circuit
conflgured to i ndependently shift, in response to a shi ft instruction, each
data el enment of the first plurallty of data elements by a shift count.

26. The processor of Caim25 further 6%3§N|5|ng an eighth
circuit, coupled to the storage area and t ecoder, the eighth circuit
configured to sinultaneously multiply, in response to a nultiply-add
instruction, each data elenent of the first plurality of data elenments with

a cornespondlng data el enent of the seco plurality of data elenents to
generate a plurality of internediate res data el enents, and
si mul t aneousl y addi ng_adjaeen |nterned|és ®esult data el enents to
generate a pIuralltyéB &Sult data el engd It S i & a thi igTpa ed dat a. 27.
The processor of Cd ‘ f leer conprl I NgLA i nt |r¢y t, coupled to
the storage area a tf - he ni i h uit nfl d to
si mul t aneously gener & L2 gion nstructlon a
result packed data havj %? econ res data elenent
the first result d&a g2 & ot al rrtber set in a
first data el enment of data e grgg ﬁ@nd t he second
result data el ement rgpresenting] ber bift 81 s bcond dat a
el enent of the first glurality of -f:'~L processor
of Claim 25, further conpr|5|ng t pntl Upl ed to the
storage area and the dec t he t
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configured to sinmultaneously logically AND, in response to a |ogical AND
instruction, each data elenment of the first plurality of data elenment with
a corresponding data el enent fromthe second plurality of data elenents to
generate a plurality of result data elenents in a third packed dat a;

an el eventh ci WQ9%08608oupl ed to the storage area and the decogetwséditsss

el eventh circuit configured to sinultaneously logically AND, in response to
a second | ogi cal AND )

-99- instruction, an inversion of 2Rfoeach el enent of the first plurality
of data elenments with a corresponding data elenent fromthe second
plurality of data elenents to generate a plurality of result data el enents

in a third packed dat a; V\ﬁlafth circuit, coupled to the
ft¥*irfuit configured to

storage area and the decoder,
si mul ganeously logically OR Ioglcal OR instruction, each
data el enent of the first pl; s—\i th a correspondi ng
data el enent of the second p to generate a
plurality of result data elefents in a #APtd packed ddta; and a
thirteenth circuit, coupled to the storage area and the decoder, the
thirteenth circuit coupled to sinultaneogsly logically OR in response to a

second logical ORinstructio ta el enent of the
b nf\€ceqs Repister K, SBSHA8ACg |dat a el ement of the

first plurality of data elen g@
second plurality of data elekents to geRB¥&te 3 plurallity

Enable Execution Unit with the selected one of
the AND, ANDN, OR, and XOR logical
2603

AND
Logical Operation OR

ANDN XOR l

S T Result[63:0] =
ource1[63:0} -
AND with Source1[63:0}
. OR
Source2(63:0] | Result]63:0] = gesult{GB.O! = Source2[63:0]
[Not (Source1]63:0]) °“'°;1 [63:0]
2612 AND Source2[63:0] SOwOC;?[sa_o] 2615
2613 2614

: '

Store Result in DEST
2620 )
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of result data elenments in a third packed data. 29. The processor

of Claim25, wherein the seventh circuit is further configured fill, in
each data element, a shift count nunber of bits with zeros. 30. The
processor of Cla|n125 wherein the seventh circuit is further configured to
fill, in each Hﬁ?ﬁm@ﬂﬁnent a shift count nunber of bits w t hperesgnisst
for the respective data elenent 31. The processor of Caim25, wherein
the first circuit is further configured to sinultaneously copy half of the
data elements in the first plurality of data el enents and hal f of the data
el ements of the second plurality of data ? ﬂﬂ?nts The processor
of claim31l, wherein the correspondi ng data enent s copled fromthe first
and second plurality of data elenents are copied into the storage area

adj acent to each other as the plurality of result data el enents. 33)

The pnocessor of Caim32, wherein the first plurality of data el enents are
copied in the sane order as the first plurality of data el enents appear in

the first packed data.
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-100- 34) The processor of Caim25, wherein the part of each data

el enment copied by the second circuit is either the |ow order bits or the
high order bits of each data elenent in the first and second plurality of
data el enents. 35) The processor of claim 34, wherein the parts of
the first plur¥YPP08688 data el enents are copied -into the thir@gchagkpdssiat a
adj acent to each other as the plurality of result data el enents. 36)

The processor of claim35, wherein the parts of the first and second
plurality of data elements are copied into the third packed data in the
sane order as the first and second pIuraI?EMsef data el enents appear in the
first and second packed dat a. 37) e processor of Claim25, wherein
the first and second plurality of data el enments each include two data

el enents, each data el enent representing thirty-two bits. 38) The
procegsor of Claim 25, wherein the first and second plurality of data

el enents each include four data elewents, each data el enment representing

si xteen bits. 39) The process( t J aim25, wherein the first and
second plurality of data el ements eagmTncl ude eight data el ements, each

data el enent representing €rght mw&w
200t

L 4
Access Register File, SHCT & SRC2
20

. 2

Enable Execution Unit with a Compare
Operation (Size, %are Relaﬁo":sahip)

Byte
y Size? Word
2810
Resull[7:0] = Source1[7:0]
compare with Source2[7:0]
Resullf15:8) = Source1{15;
compare with Sourcesz:a
Resuﬂ{?&’ﬁh&urcﬂ%ans Resul{15:0}= Source1{15:0]
compare with Source2[23:16; compare with Source2{15:0]
Resuli31:24) = Source1[31:24} Rasul(31:16) = Source1[31:16)
compars with Source2[31:24] compare with Source2{31:16]
Resultf39:32) = Source1/39:32 Resullf47:32] = Source1{47:3
oomparasmz‘]m Soume2{{39:32]’ compare wi{h Souroa2[4?:322}]
ResuN{47:40) = Source1{47:4 Resulf63:48) = Source1{63:48}
compare with Sourc32[!17:40 compare with Source2(53:48]
Resuli[55:48] = Source1]55:48) : 2814
compare with Source2[55:48]
Resultf53:56] = Source1[63:
compare with Souroez[slsa?'ssas]}
2812
. v
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a

40) A processor conpri sing: a first storage area configured
fo contain a first packed data having a first plurality of data el enents;

a second storage area configured to contain a second packed data having a
second plurality of data elenents, each data el enent of the second.
plurality of dW@%¥8Ments corresponding to a different data eaiRBEn@bs t he
first plurality of data el enents; a decoder configured to decode
an instruction, the instruction indicating a first address corresponding to
the first storage area, a second address corresponding to the

-101- second storage area, a destinationaggggess corresponding to a third
storage area, and an operation to be perforned on at |east the first

plurality of data el enents; a first circuit, coupled to the
storage areas and the decoder, the first circuit configured to copy in
paral lyel, in response to an unpack instruction, certain correspondi ng data

el ements fromthe first and second plurality of;data elenents into the
third storage area &N third plurality of data elements in a third packed

dat a; condl ciircuit, coupled tg the storage areas and the
decoder, the second clircuit gonfigured to c’c.)rgg‘(,n parallel, in response to
a pack instruction, parit of each dagq. el emefitgin the first and second
plurality of data el nt{s ipto the tgliﬁd stogage area as a *
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third plurality of data elenents in a third packed dat a,;
third CII’CUIt cou led to the storage areas and the- dgbd_g) er %'E/ha
circuit g tlply in parallel, in responsapgju pllys }J
i nstruct errent of the first plurality el 2rieMAR wogh
a di fferent correspondl ng data el enent of the second plurality of data

el ements to generate a third plurality of data elenents in a third packed
data, wherein each data elenent of the third plurality of data el enents

i ncludes only high order bits or |ow order bits; a fourth
circuit, coupled to the storage areas angythe decoder, the fourth circuit
configured to add in parallel, in response to an add instruction, each data

el enent of the first pl urality of data elenments with a different
correspondi ng xgat a eI% [? ﬁsﬁgcond plurality of data elenents to
generate a third plurality o enents_in_a third packed data;
afifth circuit, coupﬂéﬁ%mﬂ’gﬁ 1 centainsa firstipacked dase aatba secpndpacked h

circuit confi qwaqd \feu{m:main Iarruw@ulglofdma eleRRARAS 2 |S:oRd BURAI O dgta

i nstruction, each el enent of plurality, of data elenent from.
a different cé‘i1 }S%W FIR & éﬂfépm,smmdﬁc ED d&n&lgp;qti,cqucsm:oa
el ements to g@aare@drﬁenanimeg&oﬁd lixﬂilit)ttsffdhiaélﬁhansl enents in a third packed

dat a; a sixth.c 0 to t torage area and the
decoder, the sixth ci??c I Hfgwg%&?%ﬁ M%ﬂ'@%oﬁ parallel, in response
to a conpare |nstructa&rﬁtcmhcmqielthﬂmmgt;mammcdszodpladieeﬁtstdéncait

Tagai nst a di f %ﬁﬂe& %&E d dat a,
~and the sixth §*|ir t furtﬁﬁ@{r}g!éagfg%{nﬁ‘eﬁgﬁmgenere{%g&aﬁ ac Q mask havi ng a
plurality of SeErRsPendingdag clemeas afphndinst @ﬁlémonrirphtr#@ypf cmpiewn@ﬁmﬁm

el ements repr@ﬁﬁﬁc'a&’&ﬁa@ﬁrﬁ&%@@?&%ﬁﬂﬁaﬁ@%ﬁiﬂﬂ ERddedatdy the sixth

ctreutcomartny iy el cechdola fL sl on e LU SE pecked ol
each mask el eronfigured tdnémpltam:eﬁsly yopyf inresponsd wEPECk instrattiog, 8 gard of each data
element in the first and second plurality of data elements into the storage area as & plurality
of result data elements in a third packed data;

a third circuit, coupled to the storage area and the decoder, the third circuit
configured to simultaneously rriultiply, in response to a multiply instruction, each data
element of the first plurality of data elements with a corresponding data element of the
second plurality of data elements to generate a plurality of result data elements in a third
packed data, wherein each result data element includes only high order bits or low order
bits;

I'

a fourth circuit, coupled to the storage area and the decoder, the fourth circuit
configured to simultaneously add, in response to an add instruction, each data element of
the first plurality of data elements with a corresponding data element of the second
pluraliiy of data elements to generate a plurality of result data elements in a third packed
data; '

a fifth circuit, coupled to the storage area and the decoder, the fifth circuit
configured to simultancously subtract, in response to a subtract instruction, each data
element of the first plurality of data elements from a corresponding data element of the
second plurality of data elements to generate a plurality of result data elements in a third
packed data;

a sixth circuit, coupled to the storage area and the decoder, the sixth circuit
configured to simultaneously compare each data element in the first packed data against a
corresponding data element in the second packed data, and the sixth circuit further
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-102- plmatir%-y—o*f"bﬂ—S"aTT havi ng either a first predet erm ned val ue or a

second prede ] based on whet her the correspondi ng conpari son

was TRUE oﬂ!ﬁﬂﬁ!\mmemm an seventh cir, a,t oupled to the

storage ar L ceder, the seventh ci rcuiﬁc Jh}§99réd/£;l 8 ?ez'e
h a'e nt

I ndependently shift, in response to a shift instruction, eac

of the first plurality of data elenents by a shift | 1) he
IRBAZUS 2R 190gT

processor of C aim40 further conprising: an ei
coupled to the storage areas and the decoder, the eighth circuit configured
to multiply in parallel, in response to a nultiply-add instruction; each

data elenent of the first plurality of data elenents with a different
correspondi ng data el enent of the secone®8lurality of data elenents to
generate a third plurality of data el enents, and adding, in parallel,

adj acent dat acenfiyied o geflerbtd@ pabltdddndsk Wading tphailisadf thatk €18MBAS, dabh gR8lEr at e
a fourth plurali ata elenents.in a third The

t f ked dat a. 42
processor of Iﬁﬁeﬁﬁ rogfes?qugﬁé:?rrgwqxpg F?@p%f’sﬁf“rﬁﬁ%é‘?} ‘6‘6%5“8%}1};5?%‘6“% t he
st or age ar easphurality bfbitkeatlddeing cither afinst predetermined vahuefar gsemaid peedgeermainade i n

[1el, i | ati ' | { ked
it & havi ng oy S5 SAE chifbuft? Bt BreeGnGily thempiiigin s TR & FRESE plif” €
result data el ement ragsventbrireyiy couitled Withmstotsge afspand therderoyier, the seyenthat a
el enent of t hgirkiit ARl ildkpieAlRl hife i FEPORe (R ShitihBscaeEom otk t dat a

el enent representin Lotal nunber "bits sef in.a second data el enent of
the first pl ufsmep * ed%?fgl“@h@h%f?f{aﬁdcmﬁﬁgyagm?‘fﬁ@tprocessor of Caim 42,

. further conpri sing: atenth circuit, coupled to the storage
areas and the decoder, the tenth circuit configured to logically AND in

parallel, in 5gsponserlQ, 8dsqdof Claim' 43 fulthdr cofipriily: 2ch
an eighth circuit, coupled to the storage area and the decoder, the eighth circuit
configured to simnitaneously multiply, in response to a multiply-add instruction, each data
element of the first plurality of data elements with a corresponding data element of the
second plurality of data elements to generate a plurality of intermediate result data
elements, and simultaneously adding adjacent intermediate result data elements to generate
a plurality of resuit data elements in a third packed data.

27. The processor of Claim 25, further comprising a ninth circuit, coupled to the
storage area and the decoder, the ninth circuit configured to simultaneously generate, in
response to a population count instruction, a result packed data having at least a first and
second result data element, the first result data element representing a total number bits set
in a first data element of the first plurality of data elements, and the second result data
element representing a total number bits set in a second data element of the first plurality of
data elements. |

28. The processor of Claim 25, further comprising:

a tenth circuit, coupled to the storage area arid the decoder, the tenth circuit
configured to simultaneously logically AND, in résponsc to a logical AND instruction,
each data element of the first plurality of data element with a corresponding data element
from the second plurality of data elements to generate a plurality of result data elements in
a third packed data;

an eleventh circuit, coupled to the storage area and the decoder, the eleventh
circuit configured to simultaneously logically AND, in response to a second logical AND

AMENDED SHEET



data elenent—of the first plurality of data elenents with a different

cor r espondi ng the second plurality of data elenents to
generate a thllmﬂﬁlumummmmg]ata elenments in a third packed dat a;

an el eventh cir«ulct, tcompl®ed *to the storage areas a er, the

el eventh circuit conf [ gured to logically AND in par %Zﬂgg '}tq g
second | ogical AND instruction, an inversion of each m
first plurality of data elenments with a

-103- different corresponding data elenent fromthe second plurality of
data el ements to generate a third plurality of data elenents in a third

packed dat a; atwelfth circuit, coupled to the storage areas
and the decoder, the twelfth circuit conflguredto logically OR in
parallel, in response to a logical OR ir#-ruction, each data el ement of the

first plurality of data elenments with a different correspondi ng data
el ement of t hénssractor] apinvesion of thd eadh elrnehesfithé first plugdioesofadaca elethénts drith a

Pt et v SBPPShERE Bl leeh bl BRSKFHl L s dabicmenss 0 geverae
thirteenth ci pbuality obresiledats cleinoptsima thrd@Rcked data;al 1 el , in response to a
o 2L, o oo DR iR Tty e 8 O BBl
el'ement of t heonfiguardiomplanceyshiiogisally O, inesnanse © 4jegicrlPR instruefiqny cach
plurality of dafa@ineniBNhe firs? pRurdlity bElddtR€lk@entd Mih-a corresponding data element of the
second plurality of data elements to generate a plurality of result data elements in a third
packed data; and
a thirteenth circuit, coupled to the storage area and the decoder, the thirteenth
circuit coupled to simultaneously logically OR, in response to a second logical OR
instruction, an inversion of each data element of the first plurality of data elements with a
corresponding data element of the second plurality of data elements to generate a plurality
of result data elements in a third packed data. :

29. The processor of Claim 25, wherein the seventh circuit is further
configured fill, in each data element, a shift count number of bits with zeros.

30. The processor of Claim 25, wherein the seventh circuit is further
configured to fill, in each data element, a shift count number of bits with a sign bit
for the respective data element.

31, The processor of Claim 25, wherein the first circuit is further
configured to simultaneously copy half of the data elements in the first plurality of
data elements and half of the data elements of the second plurality of data elements.

32. The processor of claim 31, wherein the corresponding data elements
copied from the first and second plurality of data elements are copied into the
storage area adjacent to each other as the plurality of result data elements.

33) The processor of Claim 32, wherein the first plurality of data elements
are copied in the same order as the first plurality of data elements appear in the first
packed data. '



44) The pr processor ~of daim 40, wherein the seventh circuit is further
configured to Jm,m parallel, in response to a logical shift
i nstruction, ),m! {”Ff the first plurality of data el enents,

wherein a Shlft *colint *nutbes bits in each data el enent |s fllled W|th

zer o0s. 45) The processor of C aim 40, V\/ner @r{
Is further configured to independently performan ar IB
parallel, in response to a arithnmetic shift instruct thSSB

el enent of the first plurality of data el enents, mhereln a Shlft count
nunber of bits in each data elenment is filled with a sign bit for the
respective data el enent. 46) The processor of Caim40, wherein the
first circuit is further configured to co in parallel, in response to the
unpack instruction, half of the data elem@hts in the first plurality of
data elenents and half the data el enments of the second plurality of data

el ements. 47) 34) Thes processe 90 Cladi 25| ewhefeihtGhe pireoféach da ekapandi ng data

The Thrat o r oot et e BER SRASRCION ofad il He RN Brot B, "L oY age

area as the t heac dataslethéntyn it fissiand sdcembpluglity of data eiements

35) The processor of claim 34, wherein the parts of the first plurality of
data elements are copied into the third packed data adjacent to each other as the
plurality of result data elements.

36) The processor of claim 35, wherein the parts of the first and second
plurality of data elements are copied into the third packed data in the same order as
the first and second plurality of data elements appear in the first and second packed
data.

37 The processor of Claim 25, wherein the first and second plurality of
data elements each include two data elements, each data element representing
thirty-two bits.

38) The processor of Claim 25, wherein the first and second plurality of
data elements each include four data elements, each data element representing
sixteen bits.

39) - The processor of Claim 25, wherein the first and second plurality of
data elements each include eight data elements, each data element representing
eight bits.

40) A processor comprising:

a first storage area configured to contain a first packed data having a first
plurality of data elements;

a second storage area configured to contain a second packed data having a
second plurality of data elements, each data element of the second plurality of data
elements corresponding to a different data element of the first plurality of data elements;

a decoder configured to decode an instruction, the instruction indicating a first
address corresponding to the first storage area, a second address corresponding to the
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and second pl data qlqn;emﬁ from the first and second plurality of data elements into the third storage area
as a third plurality of data elements in a third packed data;

a second circuit, coupled to the storage areas and the decoder, the second
circuit configured to copy in parallel, in response to a pack instruction, a part of each data
element in the first and second plurality of data elements into the third storage areaasa
third plurality of data elements in a third packed data;

a third circuit, coupled to the storage areas and the decoder, the third circuit
configured to multiply in parallel, in response to a multiply instruction, each data element
of the first plurality of data elements with a different corresponding data element of the
second plurality of data elements to generate a third plurality of data elements in a third
packed data, wherein each data element of the third plurality of data elements includes only
high order bits or low order bits;

a fourth circuit, coupled to the storage areas and the decoder, the fourth circuit
configured to add in parallel, in response to an add instruction, each data element of the
first plurality of data elements with a different corresponding data elements of the second
plurality of data elements to generate a third plurality of data elements in a third packed
data;

a fifth circuit, coupled to the storage areas and the decoder, the fifth circuit
configured to subtract in parallel, in response to a subtract instruction, each data element
of the first plurality of data element from a different corresponding data element of the
second plurality of data elements to generate a third plurality of data elements in a third
packed data;

a sixth circuit, coupled to the storage area and the decoder, the sixth circuit
configured to compare in parallel, in response to a compare instruction, each data element
in the first packed data against a different corresponding data element in the second packed
data, and the sixth circuit further configured to generate a packed mask having a plurality
of mask elements, each mask element in the plurality of mask elements representing a
corresponding comparison generated by the sixth circuit comparing in parallel each data
element in the first packed data against a different comresponding data element in the
second packed data, each mask element in the plurality of mask elements including a
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plurality of bits all having either a first predetermined value or a second predetermined
value based on whether the corresponding comparison was TRUE or FALSE; and

an seventh circuit, coupled to the storage areas and the decoder, the seventh
circuit configured to independently shift, in response to a shift instruction, each data
element of the first plurality of data elements by a shift count.

41) The processor of Claim 40 further comprising:
an eighth circuit, coupled to the storage areas and the decoder, the cighth
circuit configured to muitiply in parallel, in response to a multiply-add instruction, each
data element of the first plurality of data elements with a different corresponding data
element of the second plurality of data elements to generate a third plurality of data
" elements, and adding, in parallel, adjacent data elements in the third plurality of data
elements to generate a fourth plurality of data elements in a third packed data.

42) The processor of Claim 41, further comprising a ninth circuit, coupled to the
storage areas and the decoder, the ninth circuit configured to generate in parallel, in
response to a population count instruction, a result packed data having at least a first and
second result data element, the first result data element representing a total number bits set
in a first data element of the first plurality of data elements, and the second result data
element representing a total number bits set in 2 second data element of the first plurality of
data elements.

43) The processor of Claim 42, further comprising:

a tenth circuit, coupled to the storage areas and the decoder, the tenth circuit
configured to logically AND in parallel, in response to a logical AND instruction, each
data element of the first plurality of data elements with a different corresponding data
element from the second plurality of data elements to generate a third plurality of data
elements in a third packed data;

an eleventh circuit, coupled to the storage areas and the decoder, the eleventh
circuit configured to logically AND in parallel, in response to a second logical AND
instruction, an inversion of each data element of the first plurality of data elements with a

AMENNEDR curry



.
e

L PENLS 27w

IPEA/US 2 7 MaR 1995

-103-

different corresponding data element from the second plurality of data elements to generate
a third plurality of data elements in a third packed data;

a twelfth circuit, coupled to the storage areas and the decoder, the twelfth
circuit configured to logically OR in parallel, in response to a logical OR instruction, each
data element of the first plurality of data elements with a different corresponding data
element of the second plurality of data elements to generate a third plurality of data
elements in a third packed data; and

a thirteenth circuit, coupled to the storage areas and the decoder, the thirteenth
circuit coupled to logically OR in parallel, in response to a second logical OR instruction,
an inversion of each data element of the first plurality of data elements with a different
corresponding data element of the second plurality of data elements to generate a third
plurality of data elements in a third packed data.

44) The processor of Claim 40, wherein the seventh circuit is further
_configured to logically shift in parallel, in response to a logical shift instruction,
each data element of the first plurality of data elements, wherein a shift count
number of bits in each data element is filled with zeros.

45) The processor of Claim 40, wherein the seventh circuit is further
configured to independently perform an arithmetic shift in parallel, in response to a
arithmetic shift instruction, on each data element of the first plurality of data
clements, wherein a shift count number of bits in each data element is filled with a
sign bit for the respective data element.

46) The processor of Claim 40, wherein the first circuit is further
configured to copy in parallel, in response to the unpack instruction, half of the
data elements in the first plurality of data elements and half the data elements of the
second plurality of data elements.

47) The processor of claim 46, wherein corresponding data elements
copied from the first and second plurality of data elements, by the first circuit are
placed adjacent to each other, into the third storage area as the third plurality of
data elements.

AMENDED SHEET



- -
X

L

PCT/US 96711893
IPEA/US 27 MAR 1996

-104-

48) The processor of Claim 47, wherein each of the first plurality of data
elements copied, by the first circuit, are copied into the third packed data in the
same order as the first plurality of data elements appear in the first packed data.

49) The processor of Claim 40, wherein the part of each data element
copied, by the second circuit, is half of the bits in each data element in the first and
second plurality of data elements.

50) The processor of Claim 49, wherein the part of each data element
copied, by the second circuit, is either the low or the high order bits of each data
element in the first and second plurality of data elements.

51) The processor of Claim 50, wherein the parts copied from data
elements in the first plurality of data elements, by the second circuit, are placed
adjacent in the third plurality of data elements.

52) The processor of claim 51, wherein the parts copied from the first and
second plurality of data elements are copied into the third packed data in the same
order as the first and second plurality of data elements appear in the first and
second packed data.

53 ©  The processor of Claim 40, wherein the first and second plurality of
data elements each include two data elements, each data element representing
thirty-two bits.

54) The processor of Claim 40, wherein the first and second plurality of
data elements each include four data elements, each data element representing
sixteen bits.

55) The processor of Claim 40, wherein the first and second plurality of

data elements each include eight data elements, each data element representing
eight bits. -
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