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BACKGROUND OF THE INVENTION

D INVENTION
In particular, the invention relates to the field of computer systems. More
specifically, the invention relates to the area of packed data operations.

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 example, 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 audio manipulation)
require the manipulation of large amounts of data which may be represented in a
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), processors may provide packed
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PCT/ US96/ | 2799 darta types in parallel. For example, a packed add insmuction adds together
corresponding data elements from a first packed data and a second packed data.
Thus, if a multimedia algorithm requires a loop containing five operations that
must be performed on a large number of data elements, it is desirable to pack the
data and perform these operations in parallel using packed data instructions. In
this manner, these processors can more efficiently process multimedia
applications.

However, if the loop of operations contains an operation that cannot be
performed by the processor on packed data (i.e., the processor lacks the
appropriate instruction), the data will have to be unpacked to perform the
operation. For example, if the multimedia algorithm requires an add operation
and the previously described packed add instruction is not available, the
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 in a computer system a set of packed data instructions that provide
all the required operations for typical muitimedia algorithms. However, due to
the limited die area on today's general purpose microprocessors, the number of
instructions which may be added is limited. Therefore, it is desirable to invent
instructions that provide both versatility (i.e. instructions which may be used in a
wide variety of multimedia algorithms) and the greatest performance advantage.

One technique for providing operations for use in multimedia algorithms
is to couple a separate digital signaling processor (DSP) to an existing general
purpose processor (e.g., The Intel® 486 manufactured by Intel Corporation of
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One limitation of this instruction is its limited efficiency -~ i.e., it only
operates on 2 values and an accumulation value. For example, to multiply and
accumulate two sets of 2 values requires the following 2 instructions performed
serially: 1) multiply accumulate the first value from the first set, the first value
from the second set, and an accumulation value of z¢ro to generate an
intermediate accumulation value; 2) multiply accumulate the second value from
the first set, the second value from the second set, and the intermediate
accumulation value to generate the result.

Another DSP includes a multiply accumulate instruction that operates on
two sets of two values and an accumulation value (See "Digital Signal Processor
with Parallel Multipliers”, patent number 4,771,470 - referred to herein as the
“Ando et al." reference). An example of the multiply accumulate instruction for
this DSP is shown below in Table 2, where the instruction is performed on the
data values A1, A2, B1 and B2 accessed as Sourcel-4, respectively.
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Santa Clara, CA). The general purpose proceﬁs@g ﬁl | ocates jobs that can be
performed using packed data (e.g., video pr € ng) to the DSP.

One such DSP includes a multiply accumul ate instruction that adds to an
accurnul ation value the results Goureel ti pl yi ng together two \Soure3. (see

Kawakam , Yuichi, et al., F Si qu e-Chip Digital Signal [Pr oggssor for

Multiply Accuomluate
Source2 ety Actum Source4
(——D0urces
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= Resultl
A1 + Bj 4+Ay « Bz + Accumulation Value

Using this technique, two sets of 2 values are multiplied and then added to an
accumulation value in one instruction.

This multiply accumulate instruction has limited versatility because it
always adds to the accumulation value. As a resuit, it is difficult to use the
instruction for operations other than muitiply accumulate. For example, the
multiplication of complex numbers is commonly used in multimedia
applications. The multiplication of two complex number (e.g., r] ij and r2 i2) is
performed according to the following equation:

Real Component=r} *12 -1 * 12

Imaginary Component =7} «i2 +r2 * i}

This DSP cannot perform the function of muitiptying together two complex
. numbers using one multiply accumulate instruction.

The limitations of this multiply accumulate instruction can be more
clearly seen when the result of such a calculation is needed in a subsequent
multiplication operation rather than an accumulation. For example, if the real
component were calculated using the DSP, the accumulation value would need to
be initialized to zero in order to correctly compute the result. Then the
accumulation value would again need to be initialized to zero in order to
calculate the imaginary component. To perform another complex multiplication
on the resulting complex number and a third complex number (e.g., 13, i3), the
resulting complex number must be rescaled and stored into the acceptable
memory format and the accumulation value must again be initialized to zero.
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Alerr] Sour cel

Sour ce2 A [err]B[err]+Accumul ati on Val ue
Resul t 1 One limtation of this instructionis its [imted
efficiency -- i.e., it only operates onr52 val ues and an accunul ati on
val ue. For exanple, to multiply and accurul ate two sets of 2 val ues
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Tabl e 2, where the i N&ighrer beexpleitedds imitedtg agmalljgamber by the cost of the
interconnection, and the fact that this interconnection is not decoupled from the
instruction.

" The Ando, et al. reference aiso describes that an alternative to this
expensive interconnection is to introduce a delay for each subsequent pair of data
to be multiplied. This solution diminishes any performance advantages to those
provided by the solution previously shown in Table 1.

Furthermore, the notion of multi-ported memory or of pipelined accesses
to memory entails the use of multiple addresses. This explicit use of one address
per datum, clearly demonstrates that the critical notion of packed data is not
employed in this technique.

MMARY OF I JON

A processor having a first and second storage having a first and second
packed data, respectively. Each packed data includes a first, second, third, and
fourth data element.
A multiply-add circuit is coupled to the first and second storage areas. The
multiply-add circuit includes a first, second, third, and fourth multiplier, wherein
each of the multipliers receives a corresponding set of said data elements. The
multiply-add circuit further includes a first adder coupled to the first and second
multipliers, and second adder coupled to the third and fourth multipliers. A third
storage area is coupled to the adders. The third storage area includes a first and
second field for saving output of the first and second adders, respectively, as first
and second data elements of a third packed data,
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Table 2 Sour cel .

Sour ce3 Alerr] 59%

Mul tiply Accum ugtoe”m‘m Sour ce2 PCT/ 99

Sour ce4 Blerr]

B2

Resul t Alerr]. Blerr] + A2 . B2 + Accunul ati on Val ue
D N OF DRAWIN
Figure 1 illustrates an computer system having one embodiment of the

invention.

Figure 2 illustrates a register file of the processor according to one
embodiment of the invention.

Figure 3 is a flow diagram illustrating the general steps used by the
processor to manipulate data according to one embodiment of the invention,

Figure 4 illustrates packed data-types according to one embodiment of
the invention.

Figure 5a illustrates in-register packed data representations according to
one embodiment of the invention.

Figure 5b illustrates in-register packed data representations according to
one embodiment of the invention.

Figure 5c illustrates in-register packed data representations according to
one embodiment of the invention.

Figure 6a illustrates a control signal format for indicating the use of
packed data according to one embodiment of the invention.

Figure 6b illustrates a second control signal format for indicating the use
of packed data according to one embodiment of the invention.

Figure 7 is a flow diagram illustrating steps for performing a multiply-
add operation on packed data according to one embodiment of the invention.

Figure 8 illustrates a circuit for performing multiply-add operations on
packed data according to one embodiment of the invention.

Figures 9a - 9e illustrate a Wallace Tree performing the partial product
summation and reduction for one embodiment of the present invention.

Figures 10a - 10af illustrate one embodiment of a circuit implementing
the Wallace Tree of figures 9a - 9e for one embodiment of the present invention.

Figure 11 illustrates a circuit for performing multiply-add operations on
packed data according to one embodiment of the invention.

ESCRIPTION

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
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exanpl e, the mul tiplication of conplex nunbers is commonly used in
mul ti nmedi a applications. The nmultiplication of two conpl ex nunber
(e.g., r[err] i[err] and r[err] i2) is performed according to the
foll ow ng equati on: Real Conponent = rf[err] . r2 - if[err] *
i 2 | magi nary Conponent =rl . i&-+r2 . i[err] Thi s

DSP cannot performthe function of nultiplying together two conpl ex
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subsequent mul tiplication operation rather t han an accunul ati on. For
exanple, if the real conmponent wer ﬂ&ﬁi ed using the DSP, the
accunul ati on val ue would need to zed to zero in order to
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t he resulting conple st be rescaled and stored into the
accept abl e menory format defiges hwbficldwibinani nwnben Forexample, bijai n be
initialized to zero. six through bit zero of the byte 001110102 {shown in

base two) represent the subfield 1110102. The 'Y’
following a binary number indicates base 2. Therefore,
10002 equals 810, while F]¢ equals 1510.

Rx: is a register. A register is any device capable of storing
and providing data. Further functionality of a register
is described below. A register is not necessarily,
included on the same die or in the same package as the -
Processor..

SRCt1, SRC2, and DEST:
identify storage areas (e.g., memory addresses,
registers, etc.)

Sourcel-i and Resultl-i:
represent data.
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packed data is not enpl oyed in this techni que.
Table 3a
Multiply-Add Sourcel, Source2
A1 A2 A3 A4 Sourcel
B1 B2 B3 B4 Source2
A1B1+A2B2 A3B3+A4B4 Resultl
Table 3b
11111111 11311111 | 11311111 60000000 | 01110003 11000111 } 01110001 1300011]
Multiply Multiply Multiply Multiply
00000000 00000000 { 00000000 00000001 { 10000000 00000000 | 00000100 00000000
3 ¢ J J
32-Bit 32-Bit 32-Bit 32-Bit
Intermediate Intermediate Intermediate Intermediate
Result 4 Result 3 Result 2 Result 1

~—

Add

~—

Add

11111111 11111111

11111111 60000000

110010600 11100011

10011100 00000000

I

¢




SUMMARY OF THE | NVENTI ON A processor having a first and

second storage having a first and second packed data, respectively.
Each packed data includes a first, second, third, and fourth data
el enent . A multiply-add circuit is coupled to the first and second
storage areasyg&#fssio mul tiply-add circuit includes a fpEftsosAseend,
third, and fourth multiplier, wherein each of the nmultipliers

receives a correspondi ng set of said data el enents. The
mul tiply-add circuit further includes a first adder coupled to the first

and second mul tipliers, and second adder coupled to the third and
fourth multipliers. Athird storage ®ea is coupled to the adders.
The third storage area includes a first and second field for saving

output of the first and Bmesabédsackitedembodimpand theinyltipksaddiopstation multipliesand
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BRI EF DESCRI PTI ON deur3Ebitintermegdiage results. These 32-bit intermediate results are summed

by pairs producing two 32-bit results that are packed into their respective
elements of a packed result. As further described later, alternative embodiment
may vary the number of bits in the data elements, intermediate results, and
results. In addition, alternative embodiment may vary the number of data
elements used, the number of intermediate results generated, and the number of
data elements in the resulting packed data.

MPUTER 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 communicating 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 1ype 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
instructions by processor 109. Computer system 100 also includes a read only
memory (ROM) 106, and/or other static storage device, coupled to bus 101 for
storing static information and instructions for processor 109. Data storage device
107 is coupled to bus 101 for storing information and instructions.

Figure 1 also illustrates that processor 109 includes an execution unit
130, a multiply-add unit 145, a register file 150, a cache 160, a decoder 165, and
an internal bus 170. Of course, processor 109 contains additional circuitry which
is not necessary to understanding the invention.

Execution unit 130 is used for executing instructions received by
processor 109. In addition to recognizing instructions typically implemented in
general purpose processors, execution unit 130 recognizes instructions 142 in
packed instruction set 140 for performing operations on packed data formats.
Packed instruction set 140 includes instructions for supporting multiply-add
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of the invention. information, including data. Execution unit 130 is urther coupled to cache 160
and decoder 165, Cache 160 is used to cache data and/or control signals from,
for example, main memory 104. Decoder 165 is used for decoding instructions
received by processor 109 into control signals andfor microcode eniry points. In
response to these control signals and/or microcode entry points, execution unit
130 performs the appropriate operations. For example, if an add instruction is
received, decoder 165 causes execution unit 130 to perform the required
addition. Decoder 165 may be implemented using 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 if/then 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
processing is considered to be within the scope of the invention.

Figure 1 additionally shows a data storage device 107, such as a magnetic
disk or optical disk, and its corresponding disk drive, can be coupled to computer
system 100. 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 a flat panel display. An alphanumeric input device 122,
including alphanumeric 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
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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., y), 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.

Another device which may be coupled to bus 101 is a hard copy device
124 which may be used for printing instructions, data, or other information on a
medium such as paper, film, or similar types of media. Additionally, computer
system 100 can be coupled to a device for sound recording, and/or playback 125,
such as an audio digitizer coupled to a microphone for recording information.
Further, the device may include a speaker which is coupled to a digital to analog
(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 used by existing
processors (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
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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,

I ncl uded on the sane die or in the sane packageli;s t he

processor. . SRC err], SRC2, and DEST:

i dentify storage areasdaeand packedhinta; In threpshodisnent shown in Figure 2, the register file

[ ggir s ts ers. dgt c. ) 150 igglades }rg%gg%ég&é}s-im?ﬁgisﬁf‘sszeb} .J.tit‘ils' registers 208, and

PCT/ US96/ 12799 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
208, and instruction pointer register 211 are all coupled to intemal bus 170. Any
additional registers would also be coupled to internal bus 170.

In one embodiment, the registers 209 are used for both packed data and
floating point data. In one such embodiment, the processor 109, at any given
tirne, must treat the registers 209 as being either stack referenced floating point
registers or non-stack referenced packed data registers. In this embodiment, a
mechanism is included to allow the processor 109 to switch between operating
on registers 209 as stack referenced floating point registers and non-stack
referenced packed data registers. In another such 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 implemented to contain more
or less sets of registers. For example, an alternative embodiment may include a
separate set of floating point registers for storing floating point data. As another
example, an alternative embodiment may including a first set of registers, 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 sets of registers (e.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 one 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, RQ 212a through R7 212h. R1 2123, R2 212b and R3
212c are examples of individual registers in registers 209. Thirty-two bits of a



- 8- OVERVI EW Thi s
application describes an apparatus in a processor performng

mul ti pl y-add operations on packed data. In one enbodi nent, two multiply-add
operations are perforned using a single nmultiply-add instruction as shown

bel ow | Nwipdessrga and Table 3b -- Table 3a shows a si nppdiign2799
representation of the di scl osed nultiply-add operation, while Table
3b shows a bit |evel exanple of t he di sclosed multiply-add

oper ati on. Tabl e 3a

Mul ti ply-Add Source 1, Source2 Al A2

A3 A4 Sour cel -13- B[err] B2

B3 B4 Sour ce2 Alerr] B[err] +A2B2
A3B3+A4B4 relgiseon fift tegisters 209 can be moved into an integer register in integer registefabl e
3b 11113631 Shetebl 14 dandlsh o o 0090090 Bl b o Qb bits of

01110001 11000111 L. . . ]
. 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.

Figure 3 is a flow diagram illustrating the general steps are used by the
processor to manipulate data according to one embodiment of the invention.
That is, Figure 3 illustrates the steps followed by processor 109 while performing
an operation on packed data, performing an operation on unpacked data, or
performing some other operation. For example, such operations include a load
operation to load a register in register file 150 with data from cache 160, main
memory 104, read only memory (ROM) 106, or data storage device 107.

At step 301, the decoder 165 receives a control signal from either the
cache 160 or bus 101. Decoder 165 decodes the control signal to determine the
operations to be performed.

At step 302, Decoder 165 accesses the register file 150, or a location in
memory. Registers in the register file 150, or memory locations in the memory,
are accessed depending on the register address specified in the control signal. For
example, for an operation on packed data, the control signal can include SRC1,
SRC2 and DEST register addresses. SRC1 is 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 ideatifies a second register in registers 209. For simplicity of the
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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 the control signal.

DATA AND STORAGE FORMATS

Figure 4 illustrates packed data-types according to one embodiment of
the invention. Three packed data formats are illustrated; packed byte 401,
packed word 402, and packed doubleword 403. Packed byte, in one embodiment
of the invention, is sixty-four bits long containing eight data elements. Each data
element is one byte long. Generally, a data element is an individual piece of data
that is stored in a single register (or memory location) with other data elements
of the same length. In one embodiment of the invention, the number of data
elements stored in a register is sixty-four bits divided by the length in bits of a
data element.

Packed word 402 is sixty-four bits long and contains four word 402 data
elements. Each word 402 data element contains sixteen 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.

Figure 5a through 5c illustrate the in-register packed data storage
representation according to one embodiment of the invention. Unsigned packed
byte in-register representation 510 illustrates the storage of an unsigned packed
byte 401 in one of the registers RQ 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 through bit sixteen for byte two,
bit thirty-one through bit twenty-four for byte three, 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 sixty-three through bit fifty-six
for byte seven. Thus, all available bits are used in the register. This storage
arrangement increases the storage efficiency of the 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



-9- Thus, the described enbodi nent of the multiple-add
operation nultiplies toget her corresponding 16-bit data el enents of
Sourcel and Source2 generating four 32-bit internediate results.
These 32-bit internediate results are sumed by pairs producing two

32-bit results tgalbyddsfo Packed into their respective elpBhRRY a
packed result. As further described later, alternative enbodi nent 6?129;9

may vary the nunber of bits in the data elenents, internediate results, and
results. In addition, alternative enbodi nent may vary the nunber of data

el ements used, the nunber of internediate results generated, and the nunber
of data elenents in the resulting packdd- dat a.

COVMPUTER SYSTEM Figure 1 illustrates an exenplary conputer
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coupl ed with bus 101 for pPadgmedipaeked wani ineneBister represensaiiog 513 gipstrates how
R B i e
?ncl udes a random Mgﬁ‘%@@%‘ %%ﬂﬁ?@’gem%o?c%?rﬁéﬁi?ﬁg% T %F%’ebit
device (referred to athimgpne through bit skxtsan egntain she infoompriondor datielemars word ene,
i B 8 ri R/g i In m;rg ;m mrat i 2 84aaﬁ fdrf}srrégvbtﬁﬁ{fdl}ﬁg bit ?xiﬁf‘—m contain tl@i%%ﬂgm byrodagér)a&ﬁéﬁ r
variabl es or ot %er i ntaJ gfér)rtg& %’f’ gﬁ isﬁydgﬁﬁ%rg Hgl?jﬁ* Focﬁla <188 ConP8 ghr%?;°MXﬁ°" for
i nstructions by proce8%elemgnr ward iser: Signed packed woul iairegisterreprestatatian SEhis
%0 b 100 o (e e Bttt tfacstpt gt tons i
tp?ocg:sor 109. Data sf%?éag glblgg\f/?%gtwogd haq; Qje’%ﬁi‘ lg{s?’eggéﬁ'll)dg%R o bus 101 for
storing information and i ngnsignedpacked doubleword in-register repregemtation Hidshows how
i[lustrates that procggstts d03%drd thd'dRiblcdorECIRE slemerts. DYubleword zero is stored in
bit thirty-one through bit zero of the register. Doubleword one is stored in bit
sixty-three throngh bit thirty-two of the register. Signed packed doubleword in-
register representation 515 is similar to unsigned packed doubleword in-register
representation 514. Note that the necessary 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, R() 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.

NT. IGNAL FORMATS

The following describes one embodiment of the 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 165 may
receive the control signal from bus 101. In another embodiment, decoder 165 can
also receive such control signals from cache 160.



130, a nultiply-add unit 145, a register file 150, a cache 160, a decoder
165, and an internal bus 170. O course, processor 109 contains
additional circuitry which i s not necessary to understanding the
i nventi on. Execution unit 130 is used for executing

I nstructions recgj.\. processor 109. In addition to ng
I nstructions t_ypﬁ}gzﬂgﬁﬁyml enented in general purpose gﬁ@e&g&ggﬁs’

execution unit 130 recogni zes instructions 142 in packed

i nstruction set 140 for perform ng operations on packed data formats.
Packed instruction set 140 includes instructions for supporting
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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, SRC2 603,
bit nineteen through bit fourteen, contains the address of a register in registers
209. This second source register 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 will store the
result packed data, Result, of the packed data operation.

Control bits SZ 610, bit twelve and bit thirteen, indicates the length of the
data elements in the first and second packed data source registers. If SZ 610
equals 012, then the packed data is formatted as packed byte 401. If SZ 610
equals 102, then the packed data is formatted as packed word 402. SZ 610
equaling 002 or 112 is reserved, however, in another embodiment, one of these
values could be used to indicate packed doubleword 403.

Control bit T 611, bit eleven, indicates whether the operation is to be
carried out with saturate mode. If T 611 equals one, then a saturating operation is
performed. If T 611 equals zero, then a non-saturating 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 performed.

Figure 6b illustrates a second control signal 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 611, 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 a SRC1
602 address, then bits three through five also correspond to DEST 605. In an
alternate embodiment, where there is a SRC2 603 address, then bits zero through
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E ?’gg kg];ﬂ lus e; | nput gﬁleaﬁ:eWhere t é ?e%lt of an operatxon, vhth satupdte enaglego ove?ﬂows or
underflows the range of the data, the result will be clamped. Clamping means
senting the result to a maximum or minimum value should a result exceed the
range’s maximum or minimum value. In the case of underflow, saturation clamps
the result to the lowest value in the range and in the case of overflow, to the
highest value. The allowable range for each data format is shown in Table 4.

Table 4
Data Format{ Minimum Value Maximum Value
Unsigned Byte 0 255
Signed Byte -128 127
Unsigned Word 0 65535
Signed Word -32768 32767
Unsigned Doubleword 0 2641
Signed Doubleword -263 263.1

As mentioned above, T 611 indicates whether saturating operations are
being performed. Therefore, using the unsigned byte data format, if an
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MULTIPLY-ADD OPERATION

In one embodiment of the invention, the SRCI register contains packed
data (Sourcel), the SRC2 register contains packed data (Source2), and the DEST
register will contain the result (Result) 'of performing the multiply-add operation
on Sourcel and Source2. In the first step of the multiply-add operation, Sourcel
will have each data element independently multiplied by the respective data
element of Source2 to generate a set of respective intermediate results. These
intermediate results are summed by pairs to generate the Result for the multiply-
add operation.

In one embodiment of the invention, the multiply-add operation operates
on signed packed data and truncate the results to avoid any overflows. In
addition, the operation operates on packed word data and the Result is a packed
double word. However, alternative embodiments could support the operation for
other packed data types.

Figure 7 is a flow diagram illustrating the steps for performing multiply-
add operations on packed data according to one embodiment of the invention.

At step 701, decoder 165 decodes the controi signal received by
processor 109. Thus, decoder 165 decodes: the operation code for a multiply-add
operation.

At step 702, via internal bus 170, decoder 165 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 703, decoder 165 enables the multiply-add unit 145 of the
execution unit 130 to perform the instruction. In step 714, the following is
performed. Sourcel bits fifteen through zero are multiplied by Source2 bits



a LAN). Conputer system 100 would then be a conputer subsystem of a
conputer network. Conputer system 100 optionally includes video digitizing
device 126. Video digitizing device 126 can be used to capture video images
t hat can be transmitted to others on the conputer network.
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Intermediate Result 1 is added to Intermediate Resuit 2 generating Resuit bits
thirty-one through 0, and Intermediate Result 3 is added to Intermediate Result 4
generating Result bits sixty-three through thirty-two.

Different embodiments may perform the multiplies and adds serially, in
parallel, or in some combination of serial and parallel operations.

At step 720, the Result is stored in the DEST register.

poi nt

PACKED DATA MULTIPLY-ADD CIRCUIT

In one embodiment, the multiply-add operations can execute on multiple
data elements in the same number of clock cycles as a single multiply 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
multiply-add operations on the data elements.

In summary, Figure 8 illustrates a circuit for performing multiply-add
operations on packed data according to one embodirment of the invention.
Operation control 800 processes the control signal for the multiply-add
instructions. Operation control 800 outputs signals on Enable 880 to control
Packed multiply-adder 801.

Packed multiply-adder 801 has the following inputs: Source1{63:0] 831.
Source2[63:0) 833, and Enable 880. Packed multiply-adder 801 includes four
16x16 multiplier circuits: 16x16 multiplier A 810, 16x16 mulsiplier B 811,
16x16 multiplier C 812 and 16x16 multiplier D 813. 16x16 multiplier A 810 has
as inputs Source1{15:0} and Source2{15:0]. 16x16 multiplier B 811 has as inputs
Sourcel{31:16] and Sonrce2{31:16]. 16x16 multiplier C 812 has as inputs
Source1{47:32] and Source2[47:32]. 16x16 multiplier D 813 has as inputs
Source1[63:48] and Source2[63:48]. The 32-bit intermediate results generated by



WD 97/ 08610

PCT/ US96/ 12799 -12-
data, and packed data. In the enbodi nent shown in Figure 2, the register
file 150 includes integer registers 201, registers 209, status
registers 208, aRgyoy i nstruction pointer register 211.

regi sters 208 ing??:atmgﬂtohe st atus of processor 109. Iiﬁ@ﬁlmg
poi nter register 21 1 stores the address of the next i nstruction

to be executed. Integer registers 201, registers 209, status registers
208, and instruction pointer register 211 are all coupled to internal bus
170. Any additional registers would a2 be coupled to internal
bus 170. I n one enbodi nent, the registers 209 are used for

bot h packed data and 16x16mulnphbmmmﬂad0mxm6nﬁaipﬁernG]Dﬁermbdbyrhddér
t he processor 109, at =T re%f@&'wg{hf“ﬁ&é g.?%ﬁn%?edbvlgﬁkﬁ)nﬁg &gtf&% 209

as being either stack re
non- st ack referenced p’eﬁl‘ﬁéﬁmhﬂ’llﬂm%:f&?mvcﬂhyaﬁﬂcs 8%abodi nent, a

mechani smis included to almwehssmimmslm@ﬂkﬁr& Mbs@%ﬁm&. The

oper at i ng on e ced nt
registers and non-stack k3 “r““”%gz} é’f% ﬁﬁ%ﬁ%ﬂ% °¥g‘§%§f@gs@%

anot her such enbodi merfutpit pbadder®Hd Sbor bits @3 through 32°f thm@csglt}mmn@Mmgothe
operate on registers Wmanesanan&é@ﬁkmﬁ@&@mmadmémﬂsm poi nt

and packed data registers angt her no
t hese same registers nay bénu e 1-:c-xx8pc}fﬁgeapﬂ$rgagpnc{ﬁﬁ§r§§mscomposedofa
O course, alternative2ebibasidemwith the appropriatd propagation delpys oHownvesi alternative

or less sets of regi steemdmlr‘eafwemmbﬁmcamaértsgnaadadaerssmﬁdhmmbﬁwways

I ncl ude a separate ) SEQL q

floating point data. As ang%ﬁ ngthee ““’ﬂ%‘éﬁg mul?glgla?epr?g |{?3 lnﬁé heht

may including a first %@PS%PYOF%Q@F@Féed gg@fpference to Talflg)} reguises ong instruction 10
control /status i nfor maeohic aRifuRiGEGEORTandTburGhulfiflg acdultiufate Mawlttiempabl e

gr a?it ?; ' n? h ; nteger, f ll‘é%h&gg Ba%'ea&i\falgﬂ%f B¢ Jﬁﬁfﬁp@% 'indﬁ%ct?onr@}n%%e &'Eor art
DSP processor described with reference to Table 2 requires one instruction to
zero the accumulation value and 2-accumulate instructions.

In one embodiment of the multiply-add unit 145 of the present invention,
each 16-bit multiplier used for the packed multiplication operations in the
present invention is implemented using a 2-bit Booth algorithm. The main
purpose of Booth algorithm in multipliers is 1o reduce the number of partial
products to be summed. Fewer partial products consequently reduces the
hardware and the area requirement for the multiplier. Table 5 below describes a
common 16-bit muitiplication process where 16 partial products are generated.
Each partial product is shifted to the left by one bit and contains either all 0"
terms or the exact replica of the multiplicand, depending on whether the
respective bit of the multiplieris a "1" or a "0". A 32-bit result is generated by
summing all 16 partial preducts slice by slice.




regi sters of an enbodi nment should not be limted in nmeaning to a particul ar
type of circuit. Rather, a register of an enbodi nent need only be .
capabl e of storing and providing data, and performnm ng the functions
descri bed herein. The various sets of registers (e.g., the
i nteger regi st ey odekse t NE registers 209) may be i npl 5

i nclude different nunbers of registers and/or to different size
regi sters. For exanple, in one enbodinent, the integer registers

201 are inplemented to store thirty-two bits, while the registers 209 are
i npl enented to store eighty bits (all eighty bits are used for storing

fl oati ng point data, while only sixty=2lour are used for packed
data). In addition, registers 209 contains eight registers, Rerr]
212a through Rlerr] 212h. R err] 212a, R2 23@%?’ R3 212c are
exanpl es of individual registers in registers . Thirty-two bits of a
WD 97/ 08610
PCT/ US96/ 12799 XXXXXXXXXXXXXXxx - 16bit
register in registers 209 can be noved into an integer register i&Wer
regi sters 201. Simlarly, a value in an integer register can be
moved into thirty-two bits of a r eg¥ S%eF XX Kk 3t%¥ & ©209. 164t
anot her enbodi nent, the integer registers 201 each multiplier
XXXXXXXXXXXXXXXX pp0
XXXXXXXXXRAXXXERX ppl
XKXXXXXXXXXXKXXKKX pp2
XXXXXXXXXXXXXXXX W3
XXEXEXXXRXXXXXRXXX ppd
XXXXXXXXXXXXXXXX ppo
XXXXAXRXXKXXXXRXKXXX pp6
AAXAXAXXXAXELXAXXXX pp7
XXXXXXXXXXXXXXXX pp8
EEXXXRXXRBRXAXRXXXXX mg
XXXXXXXXXXXXXXXX pp10
AAXXXXXXXXXEXXXXX pplil
KXXXEXXXXXXXXXXX ppl2
XEXXXXXXXXEXXRXREXX ppi3
XXXXXXXXXXXXXXXX ppl4
XEXXEXXAXXXXAXXXXX ppls
XXXZXXXX . . . . ¢ XXXXX XX 32-bitresult

On the other hand, the 2-bit Booth multiplier shown below in table 6
operates differently. In this case there are a total of 8 partial products and each
partial product is 17 bits long. Every partial product has its own Booth encoder
which dictates what the contents of the respective partial product. In alternative
embodiments, other Booth encoder schemes could be used to select partial
products.

A typical 2-bit Booth encoder has five outputs, which are for zero, plus 1,
plus 2, minus 1, and minus 2 operations. Its truth table is given below in Table
6.



contain 64 bits, and 64 bits of data may be noved between the integer
register 201 and the registers 209. Figure 3 is a
flow diagramillustrating the general steps are used by the

processor to mani pul ate data according to one enbodi nent of the i nvention.

That is, Figure (1) rates the steps followed by processor

perform ng a’d#('g%ér ation on packed data, perform ng an opera |onﬁ909n
unpacked data, or perform ng some other operation. For exanple. such
operations include a | oad operation to load a register in register
file 150 with data from cache 160, main menory 104, read only nenory
(ROM 106, or data storage device 107. -22- At step 301, the
decoder 165 receives a control signal fromeither the cache 160 or

bus 101. Decoder 165 decodes the control sigralple@ determ ne the
operations to be perforned @t step 302, Decoder 165 accesses
the register file 150, or BQYERF B +t¥+Yk-1  enpry. Registers in the
register file 150, or nenory locations in the nenory, are accessed
dependi ng on the registgg, pddre specified jigobhg control signal. For
exanpl e, for an oper n incl ude
SRC1, SRC2 and DEST regi ®er addOessds. &RCI 70t H&) addr ess of the
first source regigter. SRE2 is the address ofplufe ®gcond source
register. In some cases, pt he S ad resg IS ﬁgggg@ as not all
operations require two source addresses.” |f t address is not
required for an operatiof, then bnly thd SRE1 addresBlusk (M2) used. DEST
is the address of the degtinatiom register erg themimsplgMyata is

stored. In one enbodi nent,, SRCI ©or SRC2 li s &l so used W SRC1, SRC2
and DEST are descri bed refull? inrelati ntg) Flgure ﬁd Fi gure 6b.
The data stored id the cofrespon® nglregilst erinusl {(MBrred to as
Source 1, Source2, and 1 Repul t regpectivepy. Esgdh qf)these data is
sixty-four bits in |ength. In anot her enbodi rent of the
invention, any one, or all, of SRCl, and DEST, can define

menory location in the addﬁé§§t§mm@m§"rﬁy ykplayk gy} yk-1 are the %@E@M?PIFDQ“S
For exanpl e, SRCL nay ih d&0érding orddrensipyifibacat Toble 7 BelowW) frther describesi®formbd4,

whi | e SRC2 1 dent i i €5 i, {85 bl BloSiailglo WIS ercBalr Shihs, 201 and



DEST identifies a second register in registers 209. For sinplicity of the
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description herein, the invention will be described in relation to.
accessing the woporpsspcdi ster file 150. However, these accessgs; )1%6;)
made to nenory |nsteac} At step 303, executlon unt t IS
enabl ed to performthe operation on the accessed data. At step 304,
the result is stored back into register file 150 according to
requi renents of the control signal. DATA
AND STORAGE FORVATS Figure 4 #33ustrates packed data-types
according to one enbodi nent of the invention. Three packed data
formats are illustrated; packed byte 401, Tgble?? Packed word 402, and
packed doubl eword 403. Packed byte, in one enbodi nent of the
I nvention, is sixty-four bits |ong containing eight data el enents. Each
data - el enent is one byte |ong. Generally,nqm%&,asﬂgenent is an
i ndi vi dual piece of data -
IF ZERO=] then o{ojotojojofojofolojoqojo|cjoyoto
n=0
16-bit multiplicand
IF PLUS1=1 then Olxixixix|x]xixixix|xixixixix{z|x
n=0
16-bit multiplicand left shifted by 1
IF PLUS2=1 then xi{x|x[zix{xjx|2|zxig)|2{x]=z|x2}{x]|x]0
n=0
16-bit multiplicand complemented
IF MINUSI=1 then IRARRREHERERBEHBEREEE
n=1
16-bit muitiplicand complemented and shifted left by 1
IFMINUS 2=1then  |%i%[E||RIEIFIEIZ[EIZ]Z]FZE]E]E]L

Instead of sign extending the partial products, a sign generate method is
used to reduce the number of Catry Same Address (CSA’s) needed for partial
product reduction. Table 8 shows the sign generate method. The complement of



that is stored in a single register (or nenory |location) with other data

el enent s of the sane length. In one enbodi nent of the invention,

t he nunber of data el ement's stored in a register is sixty-four bits
divided by the length in bits of a data el enent.

Packed word 402 ] I -four bits long and contains four word '
el ements. Each V\g?’(ﬁ)ﬁ@ydata el ement contains sixteen bits of In %rsgrrgl%?gn.

Packed doubl eword 403 is sixty-four bits Iong and contains two
doubl eword 403 data el ements. Each doubl eword 403 data el ement contains
thirty-two bits of information. Fi gure 5a through 5c
illustrate the in-register packed data storage representation
according to one enbodi nent of the invention. Unsigned packed byt e
i n-regi ster represent ¢hkisigh bt bPa partialiroduceis ptependet o the partil produgh STwment bits
acked byte 4 ' I r ke 212a t hrough R7
IC2)12h. | nf or mat i o% for%%ﬁp%&ﬁéﬁgféﬁggégﬁgé%%ﬂiit's stored i ngbit seven
through bit zero for byte zero, bit fifteen “through bit eight for
Labled pyte two, bi t

byte one, bit twenty-three through bit sixte
thirty-one through bit twenty-four for byte three, bit thirty-nine through

bi t thirty-tvmwﬁn&%, bi t forty-sw §t forty for
bit fifty- rve through bit forty-eight fo yte six and

byte five,

bit sixty-three through bit fifty-six for byte seven.” Thus, all
avai l abl e bits are us®tSt 81 pdrdéalpegiuster. Thi s storage 1 S1 partiglpyedusnt
increases the storagejefficiency of the processor. As well, with eight

data el enents accesse ne .qperati,on can now be perfo d on ei ght ,data
el ements si mul taneousg%/sé)@’ SPdsiked byte in-regi steﬁ g?@f)‘?‘ég@ﬂg‘fﬂ?on 511
partial product 3 1 §3 partial product 3

Tabie 9 below shows the 16-bit multiplication process used in one
embodiment of the present invention using the 2-bit Booth encoder and the sign

generate method to generate 8 partial products.
Table 9

X XXX XX XXX X X XX x x x<@—16bit multiplicand

X X XX XX XXXXZXXEZE X X xwll—16bimuitiplier

1 Multiplicand Generated by multiplier bit

7 N/ \

1x 2 X X X 2 X X X X £ X X X % ;1:4—Booth {k=0):z,pl.mil,m2

I X 2 2 X X %X %X ¥ X XX XXX :ﬁ‘———BOOth(k:Z):z,pl.ml,mz
IX X X X %X X X X X X XX % XX ﬁ‘———-——-—-——Booﬁx(kﬂ):z,pl,mIan
Booth (k=6):z,p1,m1,m2
Booth (k=8):z,pl.ml,.m2
Booth (k=10):z,pl,ml,m:
Booth (k=12):z,p1,ml,m-
Booth (k=14):z,p1 . m1.m:

ixxxxxxxxxxxxxxx:‘

lxxxxxxxxxxxxxxxﬁ“

lxxxxxxxxxxxxxxx:!cld

lxxxxxxxxxxxxxxxﬁ<

Ix x x Xx X X X 2 X % x % % 5 % Xdfp—
n

X XXX XX XX XX XXXXXZXXKXKXEXXXRXXEXEXRX X X x-f—32-bitresult
In one embodiment, each Booth encoder contains 3 adjacent multiplier

bits (y0 is the least significant bit and y15 is the most significant bit of the
multiplier bits). The form of the partial product is defined by 17 selectors and a
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illustrates the storage of a signed packed byte 401. Note that the eighth
bit of every byte data elenment is the sign indicator.

Unsi gned packedwiysfigdid)- r €9i ster representation 512 il ustrat gg-1Haw

word three through word zero are stored in one register of regi sters 23899
Bit fifteen through bit zero contain the data el enent information
for word zero, bit thirty-one through bit sixteen contain the

I nformation for data el enent word one, bit forty-seven through bit
thirty-two contain the information for data elEnent word two and
bit sixty-three through bit forty-eight contain the information for

data el ement word t hwegete ciitwinetingutedeod paticolat Booth gncotien. Thedarditsbfgheon 513

| t
e e (E T S B e AR S
si gn #ndicator. operation). Thes@ﬁ@?‘bﬂgﬂ’tf)m%mlaém#d’fpﬁ”?’éﬁ

representation 514 sidwssioh e, commonly refegedfotisa Walfcstres.e t wo doubl evvord

data el enents. Doubl eworcb% emréx%gﬁ%s#’ga‘é C}Fct%pthgﬁgletsgxlrlmtﬁox?&epa%OUQh

bit zero of the register

si xty-three through Wpductsheging. ThpyWellacelinse isapaderant of 1)l gddass pndchadfrdders.

douE| 3“? db: n- . Figure £94-9¢ Blistfadthe Wailladd treRpefdBnih g the Xxhiaat ﬁfutnSIt %ned
acke oubl eword i e a e
Ir[:ecessary sign bit []sskﬂ%u%{'%"4?9&&835?{(?“%6&’335#1&?{\{o(%nhe é\‘g SBPREr d dat a

el ement . implemested by epedrrf dhefous; | Gobit mpltiphiergiin the maplimg-add ynib M3y s ed
for both packed dat aAs illustrated, 8 partihll fraducBGrd@nded @86 partikiprodics, epesd ment  of

the invention, the i;ﬁﬂiay bx%ld@éts, then to 3 partial products, and then finally to 2 partial products.

More specifically, as illustrated in Figures 9a-9e, the subscript numbers
in each row represent bits of a partial product (age15, 3515, 214 - ag), Each row
represents a separate partial product. Negh - negg represent the +1 partof a 2's
complement, for each partial product. As a result, if a certain Booth encoded bit
of the multiplier is negative, that corresponding partial product’s *“neg” bit is 1,
set forth in the next row.

In addition, as further illustrated in Figures 9a-9¢, S <position><adder
number> represents the sum portion of a carry-save adder. <adder number>
indicates to which row of adders sum belongs. Adders are numbered from top to
bottom of Figures 9a-9¢. <position> indicates which bit position (0...31) this
adder operates. For example, S42 is the sum of a carry-save adder 2 that
corresporids to bit position 4.

C <position><level> represents the carry portion of a carry-save adder.
<level> indicates the respective row of adders for the carry. <position> indicates
which bit position (0...31) this adder operates. A carry-save adder can be a full
adder, or a half-adder. A full adder adds 3 bits together. A half-adder adds 2
bits.

Figures 9a-9¢ further illustrate implementation of the Sign-Generate

. method as previously described. As illustrated, the Sign-Generate method
creates a *1 on bit position 16 in row above the first partial product row. In the
last partial product row, if the most significant Booth encoding number is
negative, a 1 is created in a row below because the partial product is 2°s
complemented. This process would typically require 10 rows instead of 8. The



progranm ng processor 109 may be required to track whether an addressed
register, R err] 212a for exanple, is storing packed data or floating point

data. In an alternative enbodi nent, processor 109 could track the
type of data stored in i ndi vidual registers of registers 209. This
alternative enbogqj oul d t hen generate errors if, f ,
a packed additi o%%’t%i on were attenpted on floating %ﬁ%ﬁ.
CONTROL SI GNAL FORNMATS The foll ow ng describes one

enbodi mrent of the control signal formats used by processor 109 to
mani pul ate packed data. In one enbodi ment of the I nvention, control
signals are represented as thirty-two bits. Dec2er 165 nmay receive

the control signal frombus 101. In another enbodiment, decoder 165 can
al so receive such contméfe réwdfahRiplicAich Gas; R niée hardware is needR03¢dued thkQartial

PCT/ US96/ 12799 products into 2 numbers on which a carry-propagate adder can add. - 16-

Binary multiplication, however, is performed through addition. When
two numbers are added, the order of the numbers is irrelevant. The result is the
same regardless of which number is the first number. This principle is used
throughout the Wallace tree to reduce the number of carry-save’s needed.
Specifically, in one embodiment, the 1 in bit position 16 of the first row in
Figure 9a is moved down to bit position 16 in the last row of Figure 9, which
also contains negh. As a result, less hardware is needed to do the reduction
because fewer rows are used.

Figure 9b illustrates the result of the first level of reduction. The boxes
indicate which bits are operated on by carry-save adders. A number of bits are
moved around to fit everything in 6 rows. For example, bit dse15 is moved to
the first row. csel5 is moved to a fifth row. A bit, however, should only be
moved up or down in the same bit position. From Figure 9b to Figure 9¢, the
number of rows is reduced to 4. From Figure 9¢ to Figure 9¢, the number of
rows is reduced to 3. Finally, one more row of carry-save adders reduces the
number of rows to 2, as shown in Figure 9e.

Fipures 10a - 10f illustrate one embodiment of a circuit, comprised of full
adders and half adders, implementing the Wallace tree diagram illustrated in
Figures 9a-9e.

Figure 11 illustrates one embodiment of a block diagram of the unit.
There are 2 identical 16-bit multipliers illustrated. The multipliers could perform
the multiply-add operation on either the 0-31 bit or the 32-63 bits. An additional
2 16-bit multipliers would also be provided, very similar in structure to the
multipliers illustrated, to complete the multiply-add unit 145. As illustrated,
each multiplier accomplishes a 16-bit multiplication resulting in 2 partial
products in 1.5 clock cycles. In the next half clock cycle, which is the low phase
of the 34th clock, the 4 partial products generated by multipliers 1110 and 1120
are summed again by a 4:2 CSA 1130. The control signal 1150 selects either the
partial product of the multiplier 1110 or the partial product generated at the
output of the 4:2 CSA 1130 (Sumres and coutres). The selected data is latched
along with the partial products of multiplier 1120. At the high phase of the 35th
clock, CPA 1140 generates a 32-bit result by adding the resultant partial



Figure 6a illustrates a control signal format for indicating the use of
packed data according to one enbodi nent 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 exanple,
packed addition SRC1 602, bit twenty-five throu

provi des the sompc%ﬁ’?sé&i ster address of a register in regl S eir‘)g9
209. This source register contains the first packed data, Sour cel
to be used in the execution of the control signal. Simlarly, SRC2 603,

bit nineteen through bit fourteen, contains the address of a register in

registers 209. This second source regigter contains the packed
data, Source2, to be used during execution of the operation. DEST
605, bit five throug brs 2 hfinal ﬂ-hﬁbr{iﬁ ofthe32-bxt%ﬁ}ﬁxs?&@6xﬁ§§sh&§ bﬁahﬁﬁl ster
in registers 209. Th| est, %er g& tb & at the § 0&
packed data, Result, ‘K'?é‘&ep% Q‘CGEJIE?‘ ?%“wnmﬂ ack at the °WP<§B

bits SZ 610, bit tvveltlweBSﬂnclodhdyclehl rteen, indicates the length of the

data elenents in the firs ) XS 1 3z
610 equal s 012 eﬁﬁt % t gkﬁﬂ 19%}&1:519‘1’ 5:8”}&&1 plgtlgigdmé y%'

401. 1f SZ 610 31@1316)2 ert"ﬁéﬁm{eﬁ Ba@ké‘g{’&a‘ela’sl ﬁ% ¥EF ®d as
packed word 402. SZ Gaﬂplcte 1tstaskc®ﬂ'ylahiemg vdpipeddatd siveairsis inemdnceddo thedmmuer |

i n anot her enbodi nent
I ndi cat e packed doub Itﬂ@ﬁqﬁ%g&ﬁ:@%ﬁn 145 are bu%b@ﬁﬁ%rﬁr%fﬁ%ﬁ%ﬁa&mww

el even, indicates whéaRisidaRortidoer ation is to be carried out with
saturate node. If T 611 eBualtouphahe ddueis anaikibleia diciimgitogfemittldbat the

performed. I T 611 B 505, ui0Rh oy VAR LS AL I BARKITHORTS, the

per f or med. erat|on descr
Control bit S 612, b F‘t“tf‘evgﬁa“qﬂﬁm&?%%t%sﬁét he tt?ﬁ‘"a‘"gl‘-"& hg'g Pﬁ&?e‘é%?% the yajid g
612 equal s omraq stabiledataos thg madtipljvendinpos flos tengtothrdday Elem8nis 3ad

equal s zero, then an ot latched b mﬁegqq aRef19bi R é\, rAQh i ,m dataon
Fi gure 6b illustrated aasceeco cont rgf S|gna1 rraegpfor In |e mc 1 H use

of packed data accor Shefulfiplics MPuts PERRISHE HiTowEh tb%@PP‘rﬁPg?ﬁ"Gﬂ‘
corresponds with the1g65@r FI75iand g ddtclizp ©9 dactes n b8 andcid82. i beﬂhslp’mﬁthhe data

"Pentium Pr 068 $5A mufIAMler ¥nd-iBHipRcAB PR are pRMfalayAPh&rddi 28 i &bh

Corporation, Literature
other. In 33, the data go through the bit selector array and a set of full adders,
which forms the first part of the Wallace tree and becomes valid before the setup
time for latches 1180 and 1182. The number of partial products at this point is
reduced from 8 to 4. In 34H, the data goes through another set of full adders
which constitute the remainder of the Wallace tree and become valid and stable
at the end of 34H before getting latched by latches 1184 and 1186.

As previously explained, during 34L the data goes through 4:2
compressor 1130 (two full adders in series) and a 2-1 mux 1135 for the final
partial product selection. The data becomes valid at the end of 34L before
getting latched by latch 1190, During 35H, the two partial products at the latch
1190 output are finally reduced to one sum vector. This sum vector gets
portioned and latched by a mux-latch boundary, latch 1195, outside of unit 145.
In 35L, the data is available for write-back operation.

As previously described, the previous multiply accumulate instructions
always add the resuits of their multiplications to an accumulation value. This
accumulation value becomes a bottleneck for performing operations other than
multiplying and accumulating (e.g., the accumulation value must be cleared each
time a new set of operations is required which do not require the previous



Sales, P.O Box 7641, M. prospect, |IL, 60056-7641. Note that OP 601, SZ

610, T 611, and S 612 are all conbined into one large field. For
sonme control signals, bits three through five are SRC[err] 602. In
one enbodi ment, where there is a SRC1 602 address, then bits three
t hrough five al pond to DEST 605. In an altern

enbodi nment mhe?gogﬂgﬁgﬁis a SRC2 603 address, then bits zero roﬁﬁﬁ””’
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two al so correspond to DEST 605. For other control signals, |ike a packed
shift i mredi ate operation, bits three tMrough five represent an
extension to the opcode field. In one enbodinment, this extension

al lows a programer taccamalhfistevaiue). This accumutation vdlee alsd beeomes dbdrienedioifit r ol
e &t o val ue fol | SRR bk HinginB 8BFro e pertom R R Ehmuh .
nore detail in the "Penti Jarenmsethsdisclosad myltiply=ad speratinpgoes ngtigamy, faswandx F,
pages F-1 through F- 3an dBtirfulaiintratud! Aid@Resulithése Miskaetitns BB@dsi&d8 uselifiaswider
gener al for mat, oty QPR1goRMinR! T adatichCSeaft pipdlFAHY oin bOuleS % Sdnive
regi ster by nenory,
comparable throughput. To illustrate the versatility of the multiply-add
instruction, several example multimedia algorithms are described below. Some
of these multimedia algorithms use additional packed data instructions. The
operation of these additional packed data instructions are shown in relation to the
described algorithms. For a further description of these packed data instructions,
see "A Set of Instructions for Operating on Packed Data,” filed on
» serial number . Of course, other packed data instructions
could be used. In addition, a number of steps requiring the use of general
purpose processor instructions to manage data movement, looping, and
conditional branching have been omitted in the following examples.




regi ster by register, register by inmmediate, register to nenory addressing.
Al so, I n one enbodi nent, this general format can support integer

regi ster to register, and register to integer register addressing.
DESCRI PTI ON OF SATURATE/ UNSATURATE As mentioned previously, T
611 indi cates whgphepsepper ations optionally saturate. Wﬁrﬁm@ﬁ'm
result of an operation, with saturate enabl ed, overflows or

underfl ows the range of the data, the result will be clanped. C anping
means setting the result to a maxi mum or m ni num val ue should a
result exceed the range' s maxi mum or mni num value. In the case of
underfl ow, saturation clanps the resul t-280 the | owest value in the
range and in the case of overflow, to the hlghest val ue. The

al | onabl e range for each dita fMuaheg S '

Tabl e 4 The chclos l@ %d‘ﬁ&ud&x&b&gﬁrﬂe\@édﬁ% ol R

Val ue
Si gned Byte - 12gcomplex numbers m a singje instruction as shown in Table 10a. UnsPrgvieesiy\or d
0

65535described, the multiplication of two cordplgnaambiri(elg., r1 i1 and 2y HBis

32767 H&? gcc%i'rpét%\%)églla m'g a?ion 2[err]-1

Si gned Doubl eword o, As nenti oned
above, T 611 indicates wh F?ép"g’af’%ﬁ“éfi’hg%‘r}ét’éllons are bei ng

performed. Therefore, usinbnagimnuOshponent opt-zdapaiformat, if an
If this instruction is implemented to be completed every clock cycle, the
invention can multiply two complex numbers every clock cycle.

Table 10a

Multiply-Add Sourcel, Source2

1 i2 r1 i1 Sourcel

12 -i2 i2 n” Source2

Real Component: Imaginary Component: Result
r1-i1i2 r1i2+n2i] 1

As another example, Table 10b shows the instructions used to multiply
together three complex numbers. :

Multiply-Add Sourcel, Source2

1 i1 1] i1 Sourcel
12 -i2 i2 L Source2
Real Componentj: Imaginary Componentj: Result]

rir2-ijiz r1i2+n2i}
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operation's result = 258 and saturation was enabled, then the result would
be cl anped to 255 before being stored into the operation S
destination regiwh%%mse10 Simlarly, if an operation's resgtbrysesndng99
and processor 109 used SI gned word data format with saturation
enabl ed, then the result would be clanped to -32768 bef ore bei ng
stored into the operation's destination register.
MULTI PLY- ADD OPERATI ON I n one enbodi mrent of the invention,
the SRC1l regi ster contains packed dat a3Q'SourceI) the SRC2 register
contai ns packed data (Source2), and the DEST. regl ster will contain
the result (Result) of g ; R : on
Sour cel and Source2. I it
Sour cel W | ha :lked by the
respective data =y pm?n'r of ler ce2. 10 genpj aie a QF\T ni espective
i nternmedi ate results. TFhese intermegj ate results are su d by
pairs to generate the [RESUTT TOr the nurtipry- add oper ayi on.
I n one enbodi nent of t ' oR—t-he—milTiply.add g | ber at es
Real Imaginary {Result2
Component] Componenti
Table 10b
Pack Result2, Result2
Real Imaginary | Result2
Component] Component]
Real Imaginary | Result2
Component Componenti
Real Imaginary Real Imaginary | Result3
Component] | Component] | Component] | Component]
Multiply-Add Result3, Source3
Real Imaginary Real Imaginary | Result3
Componenti: | Component]: { Componentt: | Component]:
-1z | ryig+ii rir2-i1i2 r]iz+mnii
13 -i3 i3 r3 Source3
Real Component? Imaginary Component2 Result4

2) tiply Accu ion i



on signed packed data and truncate the results to avoid any overflows. In
addition, the operation operates on packed word data and the Result is a
packed doubl e word. However, alternative enbodi nents coul d support

t he operation for ot her packed data types. Figure 7
is a flow diagr ' trating the steps for performng nmul tipls

add operations y\b?zﬁ@g@d data according to one enbodi nent of tkérlluﬁ!\’/sélﬁ SF’on.
At step 701, decoder 165 decodes the control signal received by

processor 109. Thus, decoder 165 decodes: the operation code for a

mul tiply-add oper ati on. At step 702, via internal bus
170, decoder 165 accesses registers 209 in -31- register file 150 given
the SR 602 and SRC2 603 addresses. Registers 209 provi de execution

l(Jgi t l301\)Ni th fj htehpacked dﬁie@is‘éfo@%&ﬁulﬁﬂ]ytdaﬁ in3bRGbtidh9 2an £ 5d18Ed to multiply an$ t
ource 1), an e p. [ %Bé:g a
IS, regi sters ggtﬁgggn{%%c%alt%é%g%d’ea %ac e%]'ggt;{ogle %ﬁ é%%‘&??ﬁo{igun% ?1'1‘20
via internal bus may bepmultiplied and accumulatedras showp below in dekledbr Ini® enabl es

the multiply-add uni tepdsbairfént,ledéh of the instrRKi6eshb@A in'Tatle 8 BAmpRnitatedas M t he
instruction. In step 714, the ffliéovvl ng i s performed. Sourcel bits
fifteen through zero cé’?’gﬂ%ﬁcf'ﬁ"f’ 83'%%7 Source2 bits WO 97/ 08610
PCT/ US96/ 12799

Table 11

Multiply-Add Sourcel, Source2

0 0 A1l A Sourcel
0 0 B B2 Source2
0 A1B1+A2B2 Resultl

Muhiply-Add Source3, Sourced
0 0 A3 Ag Source3

0 0 B3 B4 Source4

0 A3A4+B3Bs Result2
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result (Internediate

sixteen are nultiplied
generating a second 32-
2). Sourcel bits
Source2 bits for

FhbaR°

fifteen through zero generating a first 32-bit
bits thirty-one through

Result 1). Sourc
by Source2 bits

bit internediate resu
ven through thirty-

through thirty-two

i nter

el
thirty-one through

| t

two are

generating a third

Sour cel

nedi at e

si Xt een

(Int er msdi ate Result

o ek

bit internediate result (Internediate Result 3). bits sixty-three
t hr ough forty-eight are multiplied by Source2 bits sixty-three

t hrough forty-eight generating a fourth 32-bit internediate result
(I'ntermedi ate Result 4). Internedi ate R82ult | is added to
Internmedi ate Result 2 generating Result bits thirty-one through 0,

and Internediate Result 3 is added taUuspakledredl RéselitR@sili2 4

enerating Result bits [STXty-Ttnreg tnrough fynirt

x o d I ja;—x-pir—(-er-ci-he é?tiﬁ,tlﬁ!ﬁesyﬂbmﬁltﬂé?Lwﬂu )R,‘es‘flﬂ.
nbi nati on of serial and parall el operatiorns

D fferent enbodi nents

parallel, or in sone c .

At step 720, the Result] is storedgin the DE3T regqi [ia

PACKED DATA MULTI PLY- Alfe—e+-Red) o' PRI et Regii2

mul tiply-add operationg_can _execute on nultfple data elepggnts in the
same nunber of clock cycles as a @ingle multji pB1®A2B2+A3A4+BYBACH Rdsi@t a.

To achi eve execution in TNe sanme nunmper o1 ClockK Cycl €5, arallelism
is used. That is, registers are sinmultaneously instructed to performthe

mul ti pl y-add operati ons onlftlieauibenofalatralements in each set exceeds 8 and is agouwltiple pf

Figure 8 illustrates g i ffaltiplicddeh aﬂ@ﬁ&%maﬂ& Whéb& ety refifles fewer instructions if

operations on packed data a cordl n odi nent of the invention.
PRl EtomAd LT I Epeiey.

e

Operation control 800 gnal for the nultiply-add
Table 12
Multiply-Add Sourcel, Source2
A1 A2 A3 A4 Sourcel
B B2 B3 B4 Source2
A1B1+A2B2 A3B3+A4B4 Result]
Multiply-Add Source3, Sourced
As Ag A7 Ag Source3
Bs Bg By Bg Sourced
AsB5+A6B6 A7B7+AgBg Result2




I nstructions. Operation control 800 outputs signals on Enable 880 to
control Packed mul ti pl y-adder 801. Packed

mul ti pl y-adder 801 has the follow ng inputs: Sourcel[63:01 831.

Source2[ 63: 0) 833. and Enabl e 880. Packed nultiply-adder 801 includes four
16x16 mul ti plierygi idS: 16x16 nultiplier A 810, 16x16 nulti gl 1,
16x16 nmul tipli erw%%io;nd 16x1 6 multiplier D 813. 16x16 nulti %ﬁg{sﬁzﬁo
has as inputs Sourcel[15:0] and Source2[15:0]. 16x16 nultiplier B
811 has as inputs Sourcel [ 31: 16] and Source2[ 31:16]. 16x16
multiplier C 812 has as inputs Sour cel [47: 32] and Source2[47:32].
16x16 nmultiplier D 813 has as inputs Sedk-cel [63:48] and

Source2[ 63:48]. The 32-bit internediate results generated by WO
97/ 08610 Packed Add Resultl, Result2

PCT/ US96/ 12799

16x16 multiplier A 810 %P2 o -B—Bi—t—‘i?r%guéé‘gé-ved—ml{ésg‘gér
1350, - while thp_32-bit internediate results geperated by}16x16

mul tiplier C 812 and A{Bd+agmgl tiplipr D 818;By«agpgcei ved| Rysugigder
851.

-

A1B1+A2B2+A5B5+A6B6 | A3B3+A4B4+A7B7+AgBg | Result3

Unpack High Result3, Source5
A1B1+A2B2+A5B5+A¢Bs A3B3+A4B4+A7B7+A8Bg | Result3

0 0 Source5
0 A1B1+A2B2+A5B5+A6B6 | Result4
Unpack Low Result3, Source5

A1B1+A2B2+As5B5+A¢B6 | A3B3+A4B4+A7B7+AgBg§ | Result3

0 0 Source5

0 A3B3+A4B4+A7B7+A8Bg8 | Result5

Packed Add Resuhi4, Result5
0 A1B1+A2B2+A5Bs+AgBg | Resultd

0 A3B3+A4B4+A7B7+AgBg | Results

0

0 TOTAL Resulté




The adder 850 and adder 851 add their respective 32-bit inputs. The
out put of adder 850 (i.e., Result bits 31 through zero of the Result) and

t he out put of adder 851 (i.e., bits 63 through 32 of the Result)
are conbined into the 64-bit Result and comuni cated to Result

Regi ster 871. I n one enbodi ment, each of adder der
850 i s conposed gv 95-1”08““ 32-bit adder with the appropriat eggﬂ-@%g%g I"on
del ays. However, alternative enbodi ments coul d i npl enent adder 851
and adder 850 in any nunber of ways. Perform ng the

equi valent of this multiply-add instruction using the prior art DSP

processor described with reference to Table | 84quires one instruction to
zero the accurul ation value and four nultiply accunul ate instructions.

Pe{for mng t ngequi val ent Aﬁa&d&egcﬁwﬁﬂlé,mw]ggdhémhf b&p%&'attﬁmﬂﬁblﬁkﬁﬁb@mdori or
ar rocessor SCr W r rencesto requir.es one
instruction to P i&%&uga%?ﬁg%%%cﬁmﬂtlgﬁcgﬁ%vgfﬁaw&e 935@85%?%?& ifichudes

i nstructions. 2 data elements. one enbodi ment of the nultiply-add unit 145
of the present invention, each 16-bit multiplier used for the
packed nultiplication operations in the . lFrQ‘rsesent invention is

i npl emented using a 2-bit Booth algorithm ‘F&b *n pur pose of
Booth algorithmin multipliers is to reduce the nunber of parti al

products to be sunmed. Fewer partial MHEdNCAS SoR&2ISKRmi2Y reduces the
har dware and the area requrrﬁgmam TOor _The T TPl er— [rant &, 5 De gw
descri bes a con ; MM B‘&F"tli al

products are generated. Each partial product is shifted o the |eft
by one bit and containd eitger alj "0O'g tprne of theg.exact j ca
of the multiplicand, dérp'en'd'i'jrg-m'r-wheH%I ttre L [capcc‘ﬁ ve g?:{ﬁ&%) t he
multiplier is a"1" orffl,a 0", A32-bit res&lt is generated by

sunming all 16 partial JproduchsBs+asm by slijce. CiD1+C2D2 Resultl

As another example, Table 14 shows the separate multiplication and
accumulation of sets A and B and sets C and D, where each of these sets includes
4 data elements.

Table 14
Multiply-Add Sourcel, Source2
A1 A2 Ci C2 Sourcel
B1 B2 Dj D2 Source2

1l

A1B1+A2B2 C1D1+CoD2 Resultl
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Table 5 XXXX XXX XXXXXXXXX

16- bi t

mul tiplicand  wo 9708610 XXXXXXXX XXX X o huso6/12799

16-bi t .

mul tiplier XXXXXXXXXXXXXXXX

pp0 XXXXXXXXXXXXXXXX

ppl XXXXXXXXXXXXXXXX XXX

XXX XXXXXXXXXXXXX pp3 -35-

XX XXX XX XXX XXX XXX pp4

XX XXX XXX XX XXX XXX Multiply-A8d Source3, Sourced

XXXXXXXXXXXXXXX A3 Ad pp6c3 C4 Source3
B3 B4 D3 Dy Sourced

A3B3+A4B4 C3D3+C4D4 Result2

Packed Add Resultl. Result2
A1B1+A2B) C1D1+C2D2 Resultl

A3B3+A4B4 C3D3+C4Dy Result2

A1B1+A2B2+A3B3+A4B4 | C1D1+C2D2+C3D3+C4D4 | Resulté

3) Dot Product Algorithms

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 correlation computations, increasing the performance of dot product
increases the performance of these algorithms.

The dot product of two length N sequences A and B is defined as:

N-1
Result =Z Ai « Bi
i=0
Performing a dot product calculation makes extensive use of the multiply
accumulate operation where corresponding elements of each of the sequences are



XXXXXXXXXXXXXX X pp7

XXXXXXXXXXXXXXXXX pp8

XXXXXXXXXXXXXXXXX pp9

XXX XXXXXXXXXXXXX ppl0 XXX
XXXXXXXXXXXXXX 12

XXXXXXXXXXXXXX XA O 08610 PP ppl 3 PCT/US36/12799
XXXXXXXXXXXXXXXX ppl 4 X X
X X X X X XXX XX XX X X ppls

XXXXXXX . XXXXXXXX 32-bit result

On the other hand, the 2-bit Booth mul tiplier-3hown belowin table 6
oper at es differently In this case there are a total of 8 partial products

and each par t immkltiplieddogethet, and thelbésults are accuniulatedyto fant thetioypradicct has
Its own Booth encoder whi ch dictates what the contents of the
respective parti al prrgsd'uct In alternative enbodi nents, other Booth

encoder schemes coul d be (bedotpsodyet caloulagion cande performed ysing dhrmultiply-add
A typical 2-bit Boot hnmsmerpohawe&eme%maaa wﬂaecbhnarnmgfmrsmemmpl us 1,

-Fl)-lagisez m nu561 and e?émcn is llS%Retfl &I %pésductcaféufaﬁo may r&re@hﬁ/% bel ow i n

sequences each containing four values by:
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) performing 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 9 is used and the final resuits 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) Discrete Cosign Transform Algorithms

Discrete Cosine Transform (DCT) is 2 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 quantifies 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
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Table 6 BOOTH = -2yk + yk + yk -1 yk+1 YK
yk-1 BOOTH 0 0 0 0 zero (2

0 0 1 pl usl (P1) 0

N L v f'{j‘éf“‘ (F2) s J . Pcr/usssﬂmgs
pl us2 (M) 1 0 0 -2 m nus2 (M)

1 0 1 -1 m nusl (ML) 1 1

0 -1 m nusl (M) 1 1 1 0
zero (2 As set forth in Tabl e3® yk+l, yk and yk-1 are the
adj acent multiplier bits i n descendi ng order of significance. Table

7 bel ow, further desgsombiaed. Thif @écomPbsition can be clrtiedatttundl thp smallisst 6rder 2
according to the Boo{r&s%]ﬁ:qgf‘eract%ﬁ.t Rﬂfs%lemenmy 2 transform kemel 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 3, b, ¢ and d are termed the coefficients, x and y are the input data, and X
and Y are the transform output.
The multiply-add allows the DCT calculation to be performed using
packed data in the following manner:
1) accessing the two 16-bit values representing x and y to generate
Sourcel (see Table 10 below) using the move and unpack instructions;
2) generating Source2 as shown in Table 10 below -- Note that Source2
may be reused over a number of butterfly operations; and
3) performing a multiply-add instruction using Sourcel and Source2 10
generate the Result (see Table 15 below).

Table 15
X y X Yy Sourcet
a b c -d Source?2

asx+be+y lcex-d -y }Source3

In some situations, the coefficients of the butterfly operation 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 specifies the accuracy with which inverse DCT
should be performed for video conferencing. (See, IEEE Circuits and Systems
Society, “IEEE Standard Specifications for the Implementations of 8x8 Inverse
Discrete Cosine Transform,” IEEE Std. 1180-1990, IEEE Inc. 345 East 47th St.,
NY, NY 10017, USA, March 18, 1991). The required accuracy is met by the
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Table 7 17-bit zero string
| F ZER O =1 then 0000000 OOOOOO0O o00O
16-bit multiplicgpfh, | FPLUS1=I t hen 0 X X X X X Xperisfemired X
X X X X 708610 16-bit multi pmanwg?t
shifted by 1 | F PLUS2=I then X X X X X XXX XXX XXX X X
0

-38-

disclosed multiply-add instruction because it uses 16-bit inputs to generate 32-bit
outputs.

In this manner, the described multiply-add instruction can be used to
improve the performance of a number of different algorithms, including
algorithms that require the multiplication of complex numbers, algorithms that
require transforms, and algorithms that require multiply accumulate operations.
As a result, this multiply-add instruction can be used in a general purpose
processor to improve the performance of a greater number algorithms than the
described previous instructions.

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.
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n=1 16-bit nmultiplicand conpl em‘enté
shifted left by 1 | F M NUS2=I then X X X X X xx x
X X X X X wdonissto I nstead of sign extendi %Th}ggs,ﬂ%tlal
products, a sign generate nethod is used to reduce the nunber
Carry Same Address (CSA' s) needed for parti al pr oduct reductlon.
Tabl e 8 shows the sign generate nethod. The conpl enent of WO
97/ 08610
PCT/ US96/ 12799 -39-

CLAIMS

‘What is claimed is:

1. A processor comprising:

a first and second storage areas having a first and second packed data,
respectively, each packed data having a first, second, third, and fourth data
element;

a multiply-add circuit coupled to said first and second storage areas, said
multiply-add circuit having a first, second, third, and fourth multiplier, each said
multiplier receiving a corresponding set of said data elements;

said multiply-add circuit further including a first adder coupled to said
first multiplier and second multiplier, and a second adder coupled to said third
multiplier and fourth multiplier; and

a third storage area coupled to said adders, said third storage area having
a first and second field for saving outputs of said first and second adders,
respectively, as first and second data elements of a third packed data.

2. The processor of Claim 1, wherein each multiplier performs at least a 16~
bit multiplication resulting in two partial products.

3. The processor of Claim 2, further comprising:

a first Carry Save Adder (CSA) coupled to said first and second
multipliers, said first CSA receiving two partial products generated by said first
multiplier and receiving two partial products generated by said second multiplier,
said first CSA generating a single set of two partial products; and

a second Carry Save Adder (CSA) coupled to said third and fourth
multipliers, said second CSA receiving two partial products generated by said
third multiplier and receiving two partial products generated by said fourth
multiplier, said second CSA generating a single set of two partial products.

4. The processor of Claim 3, wherein said multipliers each includes a means
for selecting eight partial products and each said multiplier includes four levels
of CSA’s.

This Sheet Has Been R laced
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oroduct. Two one bi (s ar6 Lhen prepended Lo the conp ;ﬂmmummwnnlll

sign bit. Table 8

Si gn- ext ensi on et hod Si gn- gener at e net hod

1 S1 S1 al product 1 ot i al
pr oduct ?ﬂoﬁﬁ%b S2 S2 partial product 2 P&nﬁ;ﬁﬁ%l S2
partial product 2 partial product 3 1 S3
partial product 3 Tabl e 9 bel ow shows the 16-bit

mul tiplication process used in one enbodi nent of the present

i nvention using the 2-bit Booth encoder and t#€- sign gener ate net hod
to generate 8 partial products.

Table 9 o 5‘ The processor of Claim 4, wher¥in)tach of suidfour Jevels of CEA%s X X X
; i6xb;t ergl ;I gl_ Hg?gﬂ‘}d‘}ﬁﬁ?ﬂ eﬂf:l? g}iuluphm'mcludeaﬁrst level reducing sdid clgﬁtﬁ%nalx X X X
Mul tiplicand productSrsix partial poodunts) # seporiddevebieducing said six partia) products

IX X X X X X X X X Xy fohr fartfal profucts, 8RRd Reviikeilcing 18k pittialBroducts to three
partial products, and a fourth level reducing said three partial products to two
partial products.

6. The processor of Claim 5, wherein said first adder is coupled to said first
CSA and said first adder generates a summation of said two partial products
generated by said first CSA; and

said second adder is coupled to said second CSA and said second adder
generates a summation of said two partial products generated by said second
CSA.

7. The processor of Claim 2, wherein each said multiplier implements a 2-
bit Booth encoding to select a set of eight partial products.

8. The processor of Claim 7, wherein each said multiplier implements a sign
generate method to replace sign extending of said partial products.

9. The processor of Claim 8, wherein each said multiplier relocates an extra
bit generated by the sign generation method to a corresponding vacant bit
position in a separate partial product row.

10. A processor comprising:
a first storage area having stored therein a first packed data containing at
least an Al, an A2, an A3, and an A4 element;
a second storage area having stored therein a second packed data
containing at least a B1, a B2, a B3, and a B4 element;
a multiply circuit including
a first maltiplier coupled to said first storage area to receive said
Al and coupled to said second storage area to receive said B1;
a second multiplier coupled to said first storage area to receive
said A2 and coupled to said second storage are to receive said B2; '
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ooz g

n IXx X X X X X X X X X XX X X

<--Boot h(k=4):z, pl, pl,n2 _

n WO 9708820 X X XX XXX XX XX X XX X <------- Boot hPC'rlU896/12799

(k=6):z,pl,m, n? X X X X X X X X X X X X X X X X

Boot h(k=8):zpl,n , nk n

IX X X X X X X X X X X X X X X

Boot h(k=I10):zpl,m , n2 I X X X X XX X XX X XX X X X X <-,

Booh(k=2):z,pl,m, n2 ~41- nIx x X X XX

X XXX X X X XX Boot h

(k=14):z,pl, M, n2 a third multiplier coupled to said fifSt storage areXto0redeive siidX X

X X X X X X X X X X . X <-32-hitr . I n

one enbodi nent, each%&%ﬁ&gﬁegé%éarﬁggﬁ?%ﬁﬂég%”%fo%%e%‘%ss%ﬂt%’pI ier .

bits (yOis the least signifi ddrurtivimultigher opupled to saiddirsorarags ages toireceine sidt

of the nul ti pl Agan®tdupled td BiSd 526 Rbrafd\FrePRirbdeie saidBlict i s defined

lF)%T} ZJSSE} ig;ggs and a a érl\ls% a%gér%%%lgd to said first multiplier and said second
multiplier;

a second adder coupled to said third multiplier and said fourth
multiplier; and
a third storage area coupled to said first adder and said second adder, said
third storage area having at least a first field and a second field, said first field for
saving the output of said first adder as a first data element of a third packed data,
said second field for saving the output of said second adder as a second data
element of said third packed data.

11.  The processor of Claim 10, wherein each multiplier performs at least a
16-bit multiplication resulting in 2 partial products.

12.  The processor of Claim 11, further comprising:

a first Carry Save Adder (CSA) coupled to said first and second
multipliers, said first CSA receiving two partial products generated by said first
multiplier and receiving two partial products generated by said second multiplier,
said first CSA generating a single set of two partial products; and

a second Carry Save Adder (CSA) coupled to said third and fourth
multipliers, said second CSA receiving two partial products generated by said
third multiplier and receiving two partial products generated by said fourth
multiplier, said second CSA generating a single set of two partial products.

13.  The processor of Claim 12, wherein said multipliers each includes a
means for selecting eight partial products and each said multiplier includes four
levels of CSA’s.

14.  The processor of Claim 13, wherein each of said four levels of CSA's
inciuded in each multiplier include a first level reducing said eight partial
products to six partial products, a second level reducing said six partial products

- This Sheet Has Been Re'ilaced
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- 25- negate circuit connected to a particular Booth e

data bits of the sel ectors contain 2 adjacent nmultipli gmm mI"“ﬂHm””m
conpliments and Vcc (for zero operation). The selected outputs thens =
go through a nmaze of partial product reduction tree, conmonly
referred to as e tree. Once the parti al péﬂg%& re
all selected theng\ﬁ]ea%{s\oumratl on of partial products begi ns. h?a’g@

Wal |l ace tree is made out of full adders and hal f adders. Fi gures

9a-9e illustrate the Wallace tree performng the partial product

summat i on and reduction for one enbodi ment of the present invention, as

i npl emented by each of the four 16-bit nmulti4diers in the multiply-add unit
145. As illustrated, 8 partial products are reduced to 6 parti al
products, then to 4tofourpart1ap?rbﬂlio?d | a fiddena fedudiiefout parBalpasducsito pareaduct s,

and then finally to 0 Bﬁﬁ iwcally, as
illustrated in Fi g rgs aﬁ%g?os‘ﬁ%éﬁ‘ﬂ ‘ﬁ?f’“‘ﬂ?ﬁft?é" tpree p%qm?p ?gattgﬁ‘g?

represent bits of apapmlprcdhc@roduct (ase 15, as 15, aferr] - 3[err]). Each
row represents a separate partial product. Negh - nega represent the

+1 part of a 2's onpl enent for £3 h _par | .product esul t,
if a certain Booth leincocilg’ﬁ ssor of Clai ﬁgreﬁmﬂ & tlagflcr%c%@&g?? é t hat
correspondi ng part i famst @szbamtsaicbﬁrsmlgergsnmucsagummanon of sajé twg partisl progugtse

next row. gcnmwh%yaggﬁ}gtgsA asg furt her illustrated in Figur es
9a-9e, S<positi on><adder

: ent s r
carry-save adder. <adder®i4SFioaf §d&r s °°uplfxﬁ 2 tsg%onf’t(g%na";é i 0\?\‘/%03? Qd&’ er s
sum bel ongs. Adder sgﬁamtcnammnqu@ﬂﬂltwpmal products gEWfrt@#rb)o#ald:?egmde

Q9a-9e. <position> igglicates which bit position (O. .31) this adder
operates. For exanple, S42 is the sumof a carry-save adder 2 that
corresponds to bit posr tion 4. C <position><|l evel > represents

the carry portion off.a Ehepyocssorofddainy 1], wherein each said multiplier implementing a
2-bit Booth encoding to sclect a set of eight partial products.

17.  The processor of Claim 16, wherein each said multiplier implements a
sign generate method to replace sign extending of said partial products.

18.  The processor of Claim 17, wherein each said multiplier relocates an
extra bit generated by the sign generation method to a corresponding vacant bit
position in a separate partial product row.
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<l evel > indicates the respective row of adders for the carry. <position>

I ndi cat es which bit position (0....31) this adder operates. A
carry-save adder can be a full adder, or a half-adder. A full adder
adds 3 bits together. A half-adder adds 2 bits.
Figures 9a-9e fugidWsdih! Ustrate inplenentation of the Si gn-Ger},%fﬁ}
nmet hod as previously described. As illustrated, the Sign-Generat r?éf’%%?
creates a '1 on bit position 16 in row abo;l(ee_}% first partial product row.
In the | ast partial product row, if K st significant Booth
encodi ng nunber is negative, a 1 is created in a row bel ow because
the partial product is 2's conpl enented. This process would typically
require 10 rows instead of 8. The_ _. _ _ W097/08610 _ . _ _ — . _— _
PCT/ US96/ 12799 r - 26-
nore rows a nultiplication has, tlhe nore _hardware is needed e _the
parti al prfod ; nijo 2 num a y- gr opBgtat Storagedr
can ade. %;e%?gBiﬁ bt hové&&{, ils per Deviced
through addition. jwhen 191 o dded, t}é forgler of tidF
nunbers i s irrel evant= Thcresnt' istn@ ' {} G
Input | Bus
Device ]
122 | 101
| g
Cursor !
Control |
123 | Cache
‘ 160
Hard Copy ]
Device
124 ] Decoder
| 165
Sound '
Recording and | Execution Unit
Playback P 130
Device, '
123 l Packed Instruction Set 140 Register
] File
' Muitiply-Add Instruction 142
Video I Internal Bus
Digitizing | 170
Device 150
126 l Multiply-Add Unit
I 145
I
| Processor 109
|
|
Computer System100
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sane regardl ess of which nunber is the first nunber. This principle is used
t hroughout the Wallace tree to reduce the nunber of carry-save's needed.
Specifically, in one enbodinent, the 1 in bit position 16 of the first row
in Figure 9a is noved down to bit position 16 in the |last row of
Figure 9, which al so contains negh. As a result, |ess IS
needed to do the“?%ﬁﬂ%??on because fewer rows are used;é&ﬂﬁa%&ﬂg
Figure 9b illustrates the result of the first |evel of reduction. The boxes
i ndi cate which bits are operated on by caZr&ZQave adders. A nunber of bits
are noved around to fit everything in 6 rows. For exanple, bit
dse[err] is noved to the first row cse[err] is noved to a fifth
row. A bit, however, should only be noved up or down in the sane
bit position. FromFigure 9b to Figure 9c, the nunber of rows is
reduced to 4. FromFigure 9c to Figure 9e, the nunber of rows is
reduced to 3. Finally, one nore row of carry-save adders reduces the

nunber, of rows to 2, as shown in Figure 9e. Figures 10a -

| Of illustrate one enbodinent of a circuit, conprised of ful

adders and half adders, inplenmenting the Wallace tree diagramillustrated
in Fi gures 9a-9e. Figure 11 illustrates one
enbodi nent of a bl ock diagramof the unit. Th?re}%®§ 2 identica
16-bit nultipliers illustrated. The multipliers b m t he
mul ti ply-add operation on either the 0-31 bit gl’&hélﬁ -63 bits. An

addi ti onal 2 16-bit nﬁ]tlpTlerF% kér@l so be provifed, very
simlar in structure to the Eg |gggersilletrated to conplete

the multiply-add unit 145. Asjil, each nulfiplier

acconplishes a 16-bit multiplifcajiRpy 2ting in 2 partial

products in 1.5 clock cycles. In_gﬁglﬁE¥F=1alf clock cycle,{which is the
pok] 2t

| ow phase of the 34thjcl partial productstgenerated by

mul tipliers 1110 and 1120 re pe~agat-—oyqa 4: 2] CSA 1130. The
control signal 1150 selects ejth c Inmgéfra prodpuct of the
multiplier 1110 or the partial pJoduot gena#g Sfé Stlne out put of
the 4:2 CSA 1130 (Sunres and ¢ou - 5 J‘data i s}l atched
along with the partial products pf mfitipl|p . Al the high phase of
t he 35th .
R7 212h
63mmeeeeev 0 Instrpctlon
Pointer
Register
211
Status
Registers
208

FIG. 2
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cl ock, CPA 1140 generates a 32-bit result by adding the resultant partial
WD 97/ 08610

PCT/ US96/ 12799 -27-
products. The final partitioning of the 32-bit sumis acconplished by a
mux- | a ide of the fub and the selected data i i ack
at the Iowphastgﬁ%?ﬂﬂhﬁ the 35th clock cycle. %%%.éﬂﬁﬁg?

enbodi ment, the nultiply-add unit 145 opgifﬁgs with a 3 latency-1

t hroughput rule. Qtherw se stated, the u 45 requires 3 clock cycles to
conplete its task every tinme an unpiped data streamis introduced to the

i nput s. Al the inputs of the unit 145 are buffered, which offers
very snmall capacitance to t he outside world. Even
though the data is available at the inputs of unit 145 at the

begi nni ng of 321, the data may not be valid until 33H begins. Therefore,

t he multiplication is assuned to start at the begi nning of 33H.
During 33H the valid and stable data on the nultiplicand inputs

flow t hrough the delay el ements and
' Start j

Receive and Decode Instruction

301
Access Register File or Memory

302
v

Enable Execution Unit with
Operation

303
v
Store Result In Register or
Memory
304
. FIG. 3
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get latched by latches 1160 and 1170, respectively. At the sane tine, the
data on the multiplier inputs propagate through the input buffers
and the Booth encoders 1165 an 1175 and get | atched by | atches 1180
and 1182. At this point, the data on both multiplier and

mul tiplicand pa oberfectly synchronized with each n
331, the data ggﬂ? rough the bit selector array and a set of fucrl%ég%zgrgés
which fornms the first part of the Wallace gzpsgand becormes valid before the

setup time for latches 1180 and 11 he nunber of parti al
products at this point is reduced from8 to 4. In 34H, the data
goes through another set of full adders whi ch constitute the
remai nder of the Wallace tree and becone valid and stable at the

end of 34H before getting |latched by |atches 1184 and 1186.
As previously explained, during 34L the data goes through 4:2
conpressor 1130 (two full adders in series) and a 2-1 nux 1135 for the

final. partial product selection. The data becones valid at the end
of 34L before getting latched by latch 1190. During 35H, the two
partial products at the latch 1190 output are finally reduced to
one sumvector. This sumvector gets portioned and | atched by a
nmux- | at ch boundary, |atch 1195, outside of unit 145. In 35L, the
data is available for wite-back operation. As previously
described, the previous nultiply accunul ate instructions al ways add

the results of their multiplications to an accunul ati on value. This
accunul ati on value hecanes a hott|eneck.for performng-—operati-eonrs—other

t han muliti pl yi ng. and accunul ating (e. th cu ion val ue
must be cl eared |eac ¥ 3655 14847 1 ég3énprzﬂ%§n<n3é?gpqui d_whi fh
do not require the PBgMiPIBye 6 | Byte 5 Bytc 4| Byte3 | Byte2| Byte1| Byte O
Packed Byte 401
63 48 47 3231 1615 0
Word 3 Word 2 Word1 ‘Word O
Packed Word 402
63 3231 0
DoubleWord 1 DoubleWord 0
Packed DoubleWord 403

FIG. 4

SUBSTITUTE SHEET (RULE 26)



WD 97/ 08610
PCT/ US96/ 12799 - 28-
accurrul ati on value). This accunul ati on val ue al so becones a bottleneck if

operations, such as rounding, need to be perforned before accunul ati on.
In contrast, theygdmedpsed multiply-add operation does not cargy s?&ﬂ@&gd

an accumul ation value. As a result, these instructions are easier o usSe in
a w der vari ety of algorithns. Inéggaition, sof tware pipelining can
be used to achi eve conpar abl e thr §Ut. To illustrate the
versatility of the nultiply-add i nstruction, several exanple
mul timedia algorithnms are descri bed bel ow. Sone of these nmultinedi a
al gorithnms use additional packed data instructions. The operation of

t hese_addi ti onal packed data instructions are shown in relation to the
described algorithnms. For a further description of these packed data

i nstructions, see "A Set—of lnstructions for Operating on Packed
Data,: filed on _ _ o rial n - . O course,
ot her packed data instructions fdqoul d be psgeg. In addition, a nunber
of steps requiring the use of deneral®R puf Bose processor instructions
to manage data novenent, |oopirg, amndd copd tional branching have
been omtted in the follow ng exanp]qg. ~ a
©! g @l n
8 2
o A
: g
p1 i 2w
O 0 \le)
ok ~ 4
a 0
0
2 2
I Qf @
< —
SR &8s
al|g a|wn
a1z ol - ©
Q18 alg w
Ll ais
~[ Q10 — 218
Are1E S8 o
~2lg = 3|lg| =
a als.
A | als LL
]
812 _|3]%
o 2 |- o] A1 L
ol 2120 ] G B
Ol O] & S L%
gl <o | ¥
[ Az
a8 Q'E
gl Ale
~ § = 815
=18 a2
< 3|0 SI213
0|« L | g
8 168, -Qg
4% 215
HERE S A
Viaolg ot o | sd
AR g |s
n L
2 £
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WO 97/ 08610 PCT/ US96/ 12799
- 29- 1) Mul tiplication of Conplex Nunbers
The disclosed multiply-add instruction can be used to nultiply two

conpl ex nunbers in a single instruction as shown in Table | 0Oa. As
previously Wi pi bed, the multiplication of two conpl expcniddgizroo
(e.qg., rferr] i[err] and r[err] i[err]) is performed according to
the foll ow ng equati on: Real 2%g£onent =r[err] . r2 -
iferr] . i2 Hmmnmy(bmm&ét—r[ar].i2-+r2.i[mr]
If this instruction is inplenented to be conpl eted every clock cycle, the
I nvention can nmultiply two conpl ex nunbers every cl ock cycle.

Tabl e | Oa Mul ti pl y- Add Sourcel, Source2
ri ) 2 ri i Sour cel
r2 -i[err] . i[err] r2 Sour ce?2
o ok °1 3
OE g 9 ]
3 B
3 ks,
3 S
o
3 3
e
K] o
: 3 3
wy M o e
o O ] K|
[o8]
gle el o
G |6 S92
™ lo ,D::
~ o8 2
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c o lw o =
3 n S| o T {0
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gg 318 | © 3 | 1215
— .—;.UL_ x
-— B —l nl e [ ) QQ ™
™ b - o~
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Real Conponent: | magi nary Conponent: Resul t
rlerr]rerr]-iferr]i[err] rlerr]if[err]+r[err]i] 1
As anot her exanple, Table | G shows the instructions used to nultiply

t oget her three conpl ex nunbers.

Mul tiply-Add Sour CEP9I7086M8r ce2 rierr] icaRishe/12799

ri i [err] Sour cel rierr]

-iferr] i 2 rierr] éiytgser Real
Conponent | : | magi nary Conponent 1: Res I

rlerr]rerr]i[err]if[err] rlerr]if[err]+r2i[err] WO
97/ 08610 PCT/ US96/ 12799
-30-

)
-} N o
o o
o) O @[
a Egg
LR o / ~
ol - 83
=2 N7
o - wy
] ke % =8
™ oNaa o0 T Q
o~ S / ©
— ey o3 .
Sé o / e O
g | & » W
of | W =
| el i O
0 s
7! N
, .
O i
N8 % S
N/
a3
- O
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Packed Shift Ri ght Sourcel, Source2 Real Conponent|

| magi nary Conponent 1 Resul t | 16
Real | magi nary Resul t 2

Conponent 1 Conponent 1

Tabl e | 0b WO 97/08610 Pack Result?2, Result?2

Real | magi nary  Resul t 2 PCT/US96/12799
Conmponent | Conponent 1 I Real

| magi nary Resul t 2 Oo$rp/02‘%ntl

Conponent | Real | magi nar Real

| magi nary Resul t 3 Conponent 1 OReF Conponent |

Conponent 1

Decode Control Signal
701

v

Access Register File, SRC1 &
SRC2

702
v

Enable Execntion Unit with the
Decoded Instruction

303

Multiply-Add l

Result[31:0) = (Source1[15:0]
multiply by Source2[15:0))+
(Sourcel[31:16) multiply by

Source2[31:16])

Result{63:32] = (Source1[47:32]
multiply by Source2[47:32])+
{Sourcel[63:48) multiply by
Source2(63:48])

114

i

Store Result in DEST
120

FIG. 7
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Mul tiply-Add Result3, Source3 Real | magi nary Real

| magi nary Resul t 3 Conponent[err]: Conponent[err]:
Conponent[err]: Conponent[err]: rir2-iferr]iferr] rlii2+r2i |
rir2-iferr]i?2 rlerr]li[err]+r[err]i[err] r3 : -3
i 3 i"99"’L"6gburce3 Real Conponent 2 PCTAIS96/12799

| magi nary Conponent 2 Resul t 4 2) Mul tiply Accurul ati on
Qper ati ons WO 97/ 08610 9/29

PCT/ US96/ 12799 - 31-

The di sclosed nmultiply-add instructions can also be used to nmultiply and

PACKED MU%.‘I;IPLY—ADDER
0

<
© 8 P =Y
';z'a.al\_.. &
VAR O
—1 o
- a3 \ s,
3 G =
o, v L ')
EaaflE clatee :
:a hand— % » y:$
& TLZ N\ E
o \ | =
e A 5
=_ | * o .8 \" 2
85 ZEE PP &
& s %vj \
= \
o B 3
E 54 —XV»
h--—"‘g
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FIG. 8
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800
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Sm:mé?nzm

in Table 6

two sets of four data elements (A 1-4 and
i nstructions shown

each of the

For exanpl e,
may be multiplied and accunul ated as shown below in Table 11.
conpl ete each cl ock cycle.

enbodi nent ,

accunul at e val ues.

B1- 4)
i mpl enented to

In one
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Blerr] B2 Blerr] B4 Sour ce2

Al err] Bl +A2B2 A3B3+A4B4 Resul t
Mul ti pl y- Add Source3, Source4d Alerr] A6
Alerr] A8 Sour ce3 B5 B6
B7 Bfo 9708610 SOurce 4 ASB[ er 1 | péEBSv612799
A7B7+A8B8 Resul t 2 WO 97/ 08610
PCT/ US96/ 12799 12729
ap nega a1 0
| CPA CPA
FIG. 10A FIG. 10B
an bg negb ag by C21
Cor<—  |S21 C31<— S31
CPA CPA
FIG. 10C FIG. 10D

ag bo Cg C3q nege

gy < |74

Cho < S42
Y Y
CPA
FIG. 10E
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- 33- Packed Add Resultl, Result?2

Alerr]Blerr]+Alerr] B2 A3B3+A4B4 Resul t
A5B5+A6B6 A7B7+A8B| err] Resul t 2

Alerr]Blerr]+Al err] B2+A[ err] B5+A6B6 A3B3+A4B4+A7B7+A8B8 Result3 .
Unpack H gh ReswWwoO37088mur ce5 Al err] Bl err] +A2B2+A[ er r pERtNRES 199
A3B3+A4B4+A7B7+A8B8 Result3 0
Sour ceb5 0 Al B[ err] +A2B2+A5B5+A6B6
Resul t 4 UHE%%EQLOMIFESU|t3, Sourcef[err]
Al B[ err] +A2B2+A[ er r | B5+A6B6 A3B3+A4B4+A7B7+AgB[err] Result3

0 0 Sour ce5

a5 by €1 C41 Cyg2

051 < 851
Cgo < Ss52
Y Y
CPA
FIG. 10F

ag bg €p dpgpegd C51 Cs2

C62 s
Ce1< Sg1 < 62

Cgy < Sg3

CPA

FIG. 10G
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0 A3B3+A4B4+A7B7+A8B[ err] Result5
Packed Add Result4, Resultb 0

Al B[ err] +A2B2+Al err] B5+Alerr] B6 Result4 -0

A3B3+A4B4+A7B7+A[err]Blerr] Result5 0

TOTAL 97/08638u| t 6 WD 97/ 08610 '

PCT/ US96/ 12799 PCT/U596/12799
14729

a7 bs 3 6g1dy cgy cpy

‘371(--J S71
°72<—' S72

C73 < +S73 !
CPA
FIG. 10H

ag b
8 %6 C4 d g C71Cyp nege Cyg

Cc
cg1<-  |sgr 31 |82

Cg3 < Sg3
Cgq < 84
A 4
CPA
FIG. 10]
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As anot her exanple, Table 13 shows the separate multiplication and
accumul ati on of sets A and B and sets C and D, where each of these sets
i ncl udes 2 data el enents.

Table 13 Mul ti pl y- Add Sourcel, Source2

Al A2WO0 97/08610 Clerr] C2 Sour cel

Blerr] B2 Derr] D2 Sourcggmjs"’l””
Alerr] B[err] +A2B2 C[err]D[err]é+CZD[err] Resul tl
As anot her exanpl e, Table 14 shows the sepé A& nul t ] plication and

accunul ation of sets A and B and sets C and D, where each of these sets
i ncl udes 4 data el enents.

Table 14 Mul ti pl y- Add Sourcel, Source2
Alerr]- Alerr] aa b- cderrtds e c o CanS0gLGel
Blerr] B2 e 77 err] 3 =1 88% 82 83SouB e2

Al err] Bl +A2B2 , Cl D] ery] +¢2D2 Resul t
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Mul ti pl y- Add Source3, Source4d A3 Alerr]

derr] 4 Sour ce3 B3 B4

D3 DAo 9708610 Sour ce4 A3B3+A4

C3D3+C4D4 Resul t 2 B%“mﬁ%‘é?é’a
Add Resultl. Result?2 Al fér]zg err] +A2B2

Clerr] D +C2D[ err] Result[err] /
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A3B3+A4B4 G0 err]+CAD err] Resul t 2

Alerr]Blerr] +A2B2+A3B3+A4B[ err ] Cerr] Derr] +C2D2+C3D3+C4D4 Result6
3) Dot Product Al gorithns Dot product (also terned as

i nner product) is_used in signal processing and matri x operations.
For exanpl e, dot ﬁT%EWRﬁ”is used when conputing the pr odectusser12799

matrices, digital filtering operations (such as FIR and IIR filtering),
and conputing correl ati on sequences. Sincelﬂyggspeech conpr essi on
algorithms (e.g., GSM G 728, CELP, and VSéL ) and Hi -Fi conpression

al gorithns (e.g., MPEG and subband codi ng) nmake extensive use of digital
filtering and correlation conputations, increasing the performance of dot

pr oduct i ncreases the perfornmance of these al gorithns.
The dot” product of two I ength N sequences A and B is defined as:
N1 Result =[err] A * Bi
i =0 . Perform ng a dot product cal cul ati on makes extensive use
of the multiply accurul at e operati on where correspondi ng el enents of
each of the sequences are g
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mul tiplied together, and the results are accunmulated to formthe dot

pr oduct result. The dot product cal cul ation can be
performed using twesmagioi pl y- add instruction. For exanple if the
packed data type containing four sixteen-bit el enents | BCHR§1279Ne
dot product cal culation rmay be performed on two sequences each
cont ai ni ng four val ues by: 1) 4&A£2Sing the four sixteen-bit
val ues fromthe A sequence to generate Sourcel using a nove
i nstruction; 2) accessing four sixteen-bit values fromthe B
sequence to generate Source2 using a nove instruction; and
3) perftormng nultiplying and accunul ating as previously described using a
mul tiply-add, packed add, and shift instructions. For
vectors with nore than just a few el enents the nethod shown in Tabl e
9 is used and the final resufs are added together at the end. Q her
supporting instructions incl gte—the—packed—CGR—andt—XER—Tmstructiohs for
initializing the accunul at or®r egi ster, the packed shift instruction for

shifting off unwant edyyal ues at the final stage of con;Qut atgon. Loop
control operations are S acconpl i shed using instructi onseal r e&y
existing in the instruction set—ef —pr-aees5s5er—109- e
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4) Di screte Cosign Transform Al gorithns Di screte Cosine

Transform (DCT) is a well known function used in many si gnal
processing algorithnms. Video and i mage conpression algorithnms, in
particul ar, make extensive use of this transform I n i mage

and video conprggupgsal gorithms, DCT is used to transforma popmeoerle§Ck
of pixels fromthe spatial representation to the frequency representation

In t he frequency representation,dhnaggicture information is divided
into frequency conmponents, some ch are nore inportant than
ot hers. The conpression al gorithm sel ectively quantifies or discards
the frequency conponents that do not adversely affect the
reconstructed picture contents. In this manner, conpression is
achi eved. There are many inplenentations of the DCT, the
nost popul ar bei ng sone kind of fast transform nethod nodel ed based
on the Fast Fourier Transform (FFT) conputation flow. In the fast
transform an order N tragsform i's broken down to a conbination of
order N2 transforns and E@e resul t WD 97/ 08610 >
PCT/ US96/ 12799 o -37-
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reconbi ned. This deconposition can be carried out until the smallest order

2 transformis reached. This elenentary 2 transformkernel is often
referred to as the butterfly operation. The butterfly operation is
expressed as foll ows: X = alerr]x
+ b*y WO 97/08610 Y = ¢c*x - d*y re
a, b, c and d are terned the coefficients, x and y are the inpugadgfgwléﬂd
X and Y are the transform output. - The nmul ti pl y-add
allows the DCT cal culation to be perfor msg%2ﬁg packed data in the
fol |l owi ng manner: 1) accessing the two 16-bit val ues
representing x and y to generate Sourcel (see Table 10 bel ow) using
t he nove and unpack instructions; 2) generating Source2 as
shown irn Table 10 bel ow -- Note that Source2 may be reused over a
nunber of butterfly operations; and 3) performng a

mul tiply-add instruction using Source 1 and Source2 to generate the
Result “(see Table 15 bel ow). Tabl e
15 in X \i X Y Sggrce[err]

a b C - TsSourcelerr] a .
X +b.y c X -d. Y %ource[err] In sone situations,<the

coefficients of the butterf8y operation are 1. For these i~ cases, the
butterfly operation degene‘g'at es into just adds and subtract® th# nay be
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perfornmed using the packed add and packed subtract instructions.

An | EEE docunent specifies the accuracy with which inverse DCT shoul d
be perforned for video conferencing. (See, IEEE Circuits and Systens

Soci ety, "IEEE Standard Specifications for the Inplenentations of 8x8

| nver se Di swH9gsstgPsi ne Transform ™ | EEE Std. 1180-1990, LEERLNAC.,
345 East 47th St., NY, NY 10017, USA, March 18, 1991). The reqU|rea
accuracy is nmet by the WO 97/ 086

A Y ]2(% /29 - 38-

PCT/ US96/ 12799
di scl osed nultiply-add instruction because it uses 16-bit inputs to
generate 32-bit out put s. In this manner, the
described nultiply-add instruction can be used to i nprove the
perfornmance of a nunmber of different algorithns, including

algorithns that require the multiplication of conplex nunbers, algorithns
t hat require transfornms, and algorithns that require nultiply
accumnul*at e operati ons. As a result, this multiply-add instruction
can be used in a general pquose processor to inprove the

performance of a greater n2fbeL—aLgeLLLhns—Lhan_Lhe >
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descri bed previous instructions. Wil e the invention has
been described in terns of several enbodi nents, those skilled in the
art will recognize that the invention is not limted to the

enbodi ments descri bed. The nethod and apparatus of the invention can be

practiced w t lwoogdséjpcati on and alteration within the spiri tpaggs%;%; of
ed a

t he appended clains. The description is thus to be regar
illustrative instead of limting e invention

- 39 - CLAI NS 2(5'/55

REPLACEMENT SHEET VWhat is claimed is : 1 1. In a conputer system

havi ng stored therein a first packed data and a secondpacked 2 data each
containing initial data elenents, each of said initial data elenents in
said first 3 packed data having a corresponding initial data elenent in
sai d second packed data, a 4 nmethod for performng nultiply add operations
in response to a single instruction, said 5 nmet hod conpri sing the steps
of : *
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6 mul tiplying together said corresponding initial data el enents

°196"‘|

c _
192 s

in said first packed 7 data and sai d second packed data
to generate corresponding internediate 8 data el enent s,
said internedi ate data el enments being divided into a nunber 9 _
of sets; 10 woonesgignerating a plurality of result data el & sma
first of said plurality of result data 11 el SEAES12799
representing the sumof said internediate ées |t data elenents in a 12
first of said nunber of sets, a second of 284i plurality of result data
el ements 13 representing the sumof said internediate
result data elenments in a second of 14 sai d nunber of
sets; and 15 conpl eti ng execution of said single instruction
wi t hout sunming said plurality of 16 result data
el enent s. 1 2. The nethod of claim1, further includes the steps
of: 2 storing said plurality of result data elenents as a third
packed' data for use as an 3 operand to anot her
i nstruction. N~
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1 3. The met hod of claim1, further includes the steps of: 2
accessing said first and second packed data froma register; and 3
witing said plurality of result data el enments over said first packed data
insaid 4 regi ster. -40- 1 4. The
met hod of cl aivw dypsgdaer ei n each of said plurality of result lq:[alllg%‘% 99

el ements provides a higher precision than said initial dataele e 1
5. The nethod of claim4, wherein ea%g/)é said plurality of result data
2 el enents contains two tinmes as many<0i‘t Oas said initial data el ements.
1 6. A processor conprising: 2 a register file to respectively
store in separate registers a first and second 3 packed data each
containing initial data elenents, each of said initial data 4 el enents in
said first packed data corresponding to a different initial data 5

el ement in said second packed dat a;

>
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6 a decoder to decode an instruction that specifies said first and

second 7 packed data as operands; and 8 a first circuit coupled
to said register file and said decoder, said first 9 circuit in response
to the instruction to, 10 simul taneously multiply together

sai d correspondiwgormisio al data 11 elenents in said first a”dréﬁﬁﬂﬂﬂzmy
packed data to generate corresponding 12 internedi ate data el enents, said
i nternedi ate data el enents being paired hg,%gz 3 a plurality of sets, 14
arithnmetically conbine the internediate | ements in each 15 of said
plurality of sets to generate a plurality of result data el enents wherein
16 each of said plurality of result data el enents provides a hi gher
precision than 17 said initial data el enents, and wherein a first and
second of said plurality af 1 r ulé datagfle s rezpeq;iveby r et esent
the addition of said intersd® at3® "1 ~38la A%nedt 204~ 2037204 5205 c06
of said plurality of sets, and 1- | 20
storeas a result of executiHrgt-hedsingl e ing n sgid ppurality a1
of result data elenments in ¢ne registef of sgqid regijsterf file asja thijrd
packed 22 dat a. 1 7. The piocessopn oft.claimis, vherej n epch off said
plurality of result datg 2 | en ﬂrepré’éé’nts tﬁeﬁcitidn of | t he
i nternedi ate data el eneri2$ a3 ferent<one ¢feHAild plural fty of
sets.
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1 8. The processor of claim®6, wherein each of said plurality of result
data 2 el ements provides a higher precision than said initial data

el enent s. 1 9. (Once Anended) The processor of claim®6, wherein each
of said 2 plurallty of result data elenents contains two tinmes as many
bits as said QI? data el enents. 1 10. The proggg ,§§kf?ﬁgclalm
6, wherein sal |rst CIrCUIt operates with 2 saturation.

processor of claim®6, wherein said flrighfb§CUIt i ncludes: 2

second circuit coupled to said decoder esponsive to said 3
instruction, said second circuit including, 4 a plurality of
multipliers, each of said plurality of nultipliers 5 coupled to receive a
different one of said plurality of pairs of initial data 6 el enents, 7

a plurality of arithmetic units, each of said plurality of arithnetic 8
units coupled to two of said pIurallt EPU ﬁ Q%lera SFEIH two of said
9 arithnetic units are adder st saﬁd 1 222 €223 C224
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-42 - 10 athird circuit, coupled to said plurality of arithnetic
units, to cause 11 said third packed data to be stored in said register
file for use as an operand by 12 anot her instruction. 1 12. The
processor of Claim1l, wherein each nultiplier perforns at |east a 16-bit 2
mul tiplicationwe@eidséiong in two partial products. 1 13.  pdBhesekASEESSOr
of Caim12, further conprising: 2 a first Carry Save Adder (CSA)
coupled to a first and second of said sz}f élity of nmultipliers, said
first CSA receiving two partial product % nerated by said first

mul tiplier and receiving two partial products generated 5 by said second
multiplier, said first CSA generating a single set of two partial 6
products; and 7 a second Carry Save Adder (CSA) coupled to a third
and fourth of said 8 pI urality of multipliers, said second CSA receiVing
two partial products 9 generated by said third multiplier and receiving two
partial products 10 gener ated by sai dgf;[(‘)urth multiplier, said second CSA
generating a single set of 11 t t régugt € 1€ The
processor of Claim 12, wherein sai J@‘?rfs 17 Qﬁg 242d zgr]?g fourth
multipliers 2 each i ncI udes a neans r sel ect| ng ei ght pprtial products
and each said nultiplier includes B Tour feveljs of €SA's.
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1 15. The processor of C aim 14, wherein each of said four |evels of
CSA's include a 2 first level reducing said eight partial products to six
partial products, a second |evel 3 reducing said six partial products to
four partial products, a third level reducing four partial

-43 - 4 producwo smsélpr ee partial products. and a fourth |ev j

said three partial products to 5 two partial products. 1 1§kfﬁﬂﬁﬁ?ﬁ§
processor of C aim 15, wherein a first cﬂ%ézi adders is coupled to 2 said
first CSA and said first adder generates tion of said two partial 3
products generated by said first CSA; and 4 a second of said adders
is coupled to said second CSA and said second 5 adder generates a summati on
of said two partial products generated by said 6 second CSA 1 17. The
processor of Claim 12, wherein each said nmultiplier inplenments a 2-bit
Booth 2 encoding to select a set of eight partial products. 1 18. The

processor of Claim 17, \M‘géisnha h sz‘?ﬁi E?G?r plier inplenments a sign

generate 2 method to replatévsi ghvext said partial products.
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1 19. The processor of C aim 18, wherein each said nultiplier relocates
an 2 extra bit generated by the sign generation nethod to a correspondi ng
vacant 3 bit position in a separate partial product row. 1 20. (Once
Amended) An apparatus for use in a conputer system 2 conprising: 3

a storage area hawbwggsigred therein a first packed data and a 4
packed data each containing initial data el enents, each of sai diﬁ@%ﬁlmg’

data 5 elenents in said first packed data fél\;l @g a corresponding initial

data elenent 6 in said second packed dat a; 2 -44 - 4 r

a circuit, coupled toxsdl d storage areag operatrng Th rgsponse to: si gmal ,
o

8 said circuit conprighg: 9 £ a first neans for nul tepl y
together said corresponding inital 10 —data elepents i said firsE pdcked
data amnd said second packedjdata t@ generate t correppondi prg——rtednedi at e
data el enents, sai d— neegy af\e d®R-a el ements 12 DT ¢H o jiMtoa
nunber'of sets; 13 NS a“second means f@r <yBner¥y plurdlity
of result data el ehent s, © o © =
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14 a first of said plurality of result data el enents reprﬂmummnmjmmm
ofy said 15 internediate data elenments jnh a first of said

second of said 16 - plurality of resulf Hafa el ements representing*t ht stim”*
of said internediate 17 result data elenments in a second of said nunber of

sets,; ?:E%Fég a third neans for storing said plurality of

resul t elenents as 19 a third packed dat -1
21. Her2RRaLdtys.eaf 1§ @ m 20, wherein said ?ﬁggkﬂ%mmﬁgfﬁﬁm d 2
second—pa-c-ke%—gat-a—eatﬁ'—cvnt ain at least four initial data el enents, and 3
wher eitn dach df asangurusysem ofvingstaed detedi afist plokadtatt wal 4 sucendpdkad e dat a
4 el enents. 1 22 The apparatus of claim 20, wherein the sunmng is
per f ok medlawienth condaning idtiad data elemen@3ach offfaed mpjahdag elsmedts ol R0, wherein
said internediate data elenents 2 and said result data el enents contain

t wi ce3as paskegd dsiahaving ageirasponding initial data epmentimsaidsecond packed data, a -
45 - 1 24. In a data P_r ocessi ng systemthat executes a program of

i nst r dct ifgHBod o pedforsung wultply add operations in response to a single instruction, satd

5 method comprising the steps of:

6 multiplying together said corresponding initial data elements in said first packed

7 data and said second packed data to generate corresponding intermediate

8 data elements, sdid intermediate data elements being divided into a number

9 of sets;
10 generating a plurality of result data elements, a first of said plurality of result data
i1 elements representing the sum of said intermediate result data elements in a
12 first of said number of sets, a second of said plurality of result data eléments
13 representing the sum of said intermediate result data elements in a second of
14 said number of sets; and
15 completing execution of said single instruction without summing said plurality of
16 result data elements. -

1 2. The method of claim 1, further includes the steps of:

2 storing said plurality of result data elements as a third packed data for use as an
3 operand to another instruction.

1 3. The method of claim 1, further includes the steps of:

2 accessing said first and second packed data from a register; and

3 writing said plurality of result data elements over said first packed data in said
4 register.
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2 mul tiplying I onprising the steps of: = 3 A
PACENL LI L B gy S I
as packed data, a first subset of 6 sai d ei ght

dat aiel efrent STHEeERbA Bf hm' BRVRERM 3ht0BS sAH SREMIST of RBult data
conponents of a first conplex nunber, a second subset of said eight 8

dat azel edfemnents podwideng higher procisientthah gkl piitiepdht0élehltans.9

conponents of a second conpl ex nunber, wherein each 10

representation of said conponents either represents the positive or 11
negative of said conponent; and 12 B2) generating a
resullti iy confiremeathod of cladpy dseheiemy eatie op saiduplurality df3result data

said first and second conpl ex nunbers using said first and second 14
subs@t s.elements wtalnsm@ngmso@ wang|tatsraospid iniadidata elementsand a third
data el enent of said first subset

b

6. A processor comprising:

28]

a register file to respectively store in separate registers a first and second
3 packed data each containing initial data elements, each of said initial data

4 elements in said first. packed data corresponding to a different initial data

5 element in said second packed data;

6 a decoder to decode an instruction that specifies said first and second

7  packed data as operands; and

8 a first circuit coupled to said register file and said decoder, said first

9  circuit in response to the instruction to,
10 simultaneously multiply together said corresponding initial data
11 elements in said first and second packed data to generate corresponding
12 intermediate data elements, said intermediate data elements being paired into
13 a plurality of sets,

14 arithmetically combine the intermediate data elements in each
15 of said plurality of sets to generate a plurality of result data elements ,wherein
16 each of said plurality of result data elements provides a higher precision than
17  said initial data elements, and wherein a first and second of said plurality of
18 result data elements respectively represent the addition of said intermediate

19 data elements in a first and second of said plurality of sets, and
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2 each repr Iulve of the real conponent of said first

conpl ex nunbeﬂmm\m“ Mmﬂ ond and a‘%fourth dat a eI errent of said first
subset each represents t hé podsitive of € 4 i ME i d
first conplex numnber. 1 26. The met hod- of cI aim 25 ere N?ISJ.&EZ&
and 7 fourth data &bf‘é@@% rebul? ¥ AxSEGHW thelsi g?éjﬂﬁfiucﬁaﬁ%gfc?ﬁhﬁ%ﬁ s the

positive of the real conponent of sai %econ a second

dat aiel esferRbulfdAdidbiesens o‘iiébz%gistéxe&f £85Ik 10503 Hhizgi ?&ai@eﬁe | magi nary
4 conponent of said second conpl ex nunber, an ata el enent of

sai tk2secdatd. subset 5 represents the p05|t|ve of the i maginary conponent
of said second conplex nunber. 6 1 27. The nmet hod of claim 26,
said step of generating conprising the steps of:

T 7 The processor of claim 6, wherein each of said plurality of result data
2 elements represents the addition of the intermediate data elements in a

3  different one of said plurality of sets.

1 8 The processor of claim 6, wherein each of said plurality of result data

[0

elements provides a higher precision than said initial data elements.

1 S (Once Amended) The processor of claim 6, wherein each of said
2 plurality of result data elements contains two times as many bits as said initial

3 data elements.

1 10.  The processor of claim 6, wherein said first circuit operates with

2  saturation.

1 11, The processor of claim 6, wherein said first circuit includes:

2 a second circuit coupled to said decoder and responsive to said

3  instruction, said second circuit including,

4 a plurality of multipliers, each of said plurality of multipliers

5 coupled to receive a different one of said plurality of pairs of initial data

6 elements,

7 a plurality of arithmetic units, each of said plurality of arithmetic
8  units coupled to two of said plurality of multipliers, wherein two of said

9 arithmetic units are adders, and
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second subsetxt1a generpat®e a first internediate
result; 5 b) mul ti plying said second data el enment of

sai dofirst sabbétd biycsiai @bupbed to said plurality of arithmetic usieégaodadsd a el enent
of said second subset to generate a second 7

i nt &t nedaisk thirdpatked dgta to be stored in said registpr file frtdisegssai epdrand by
intermediate result to said second internmediate result 9
to generapgheminstaattiarnponent of said resulting conpl ex nunber; 10

d) multiplying said third data el enent of said first subset by said
third 11 data el enent of said second subset to
generate_a third internedi ate resylt; 13

e) I mifi pIWrPﬁO‘?éﬁoaommﬁi-d’éheael’éF@ﬁﬁﬁmﬂfe@ﬁ‘ff@mS@F?Ps@dﬁs‘%!'t by said 14
fourth data el enent of said sec nd subset to generate a fourth 15
i nt ef me U HRIGIEQR, fesulting i twpgartial products. f) adding said third

internediate result to said fourth internedi ate result

1 13.  The processor of Claim 12, further comprising:

(28]

a first Carry Save Adder (CSA) coupled to a first and second of said
3  plurality of multipliers, said first CSA receiving two partial products
4 generated by said first multiplier and receiving two partial products generated
5 by said second multiplier, said first CSA generating a single set of two partial
6 products; and
7 a second Carry Save Adder (CSA) coupled to a third and fourth of said
8  plurality of multipliers, said second CSA receiving two partial products
9 generated by said third multiplier and receiving two partial products
10  generated by said fourth multiplier, said second CSA generating a single set of
11 two partial products.

1 14.  The processor of Claim 12, wherein said first, second, third, and fourth multipliers
2 each includes a means for selecting eight partial products and each said multiplier includes

3  fourlevels of CSA’s.

t 15. The processor of Claim 14, wherein each of said four levels of CSA's include a
2 first level reducing said eight partial products to six partial products, a second level

3  reducing said six partial products to four partial products, a third level reducing four partial




- t1<7asult| o coml o ‘“ |||||||Hﬂmﬁﬂ erate t he imagi nary conponent of said

t hod 019 cl gpm @!ll twLer emn shose of sai é3e| ght KE?EAQ%MEWE;S@EI ng
Sald 2 first conplex number are stored in a first packed data item
whi | & t hoedua toshded paitighgrodiatsaand foueth dsvehdedudifpsatd dipdei pagiad produgeeond

conpl ex nunber are stored in a second packed data item 1 29 The

met héd afvogiaatiahpgetfucsai d step of generating further conprising the step of:
2 witing said resulting conplex nunber as a third
packed data |tem said third packed data

el amnt &4 as E»%%qe?%ﬁé@@% ¥ harein & rstasaidagiingg i coupled o
2 said first CSA and said first adder generates a summation of said two partial
3  products generated by said first CSA; and
4 a second of said adders is coupled to said second CSA and said second
5 adder generates a summation of said two partial products generated by said

6 second CSA.

1 17.  The processor of Claim 12, wherein each said multiplier implements a 2-bit Booth

2 encoding to select a set of eight partial products.

1 18.  The processor of Claim 17, wherein each said multiplier implements a sign generate

2 method to replace sign extending of said partial products.

1 19.  The processor of Claim 18, wherein each said multiplier relocates an
2 extra bit generated by the sign generation method to a corresponding vacant

3  bit position in a separate partial product row.

1 20. (Once Amended) An apparatus for use in a computer system

2 comprising:

3 a storage area having stored therein a first packed data and a second

4 packed data each containing initial data elements, each of said initial data

5 elements in said first packed data having a corresponding initial data element

6 insaid second packed data;
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" ]l l \Iu ﬂHﬂllrbH” 4 c?rrplonentzgof sai d_resul ting conpl ex _
nunber . od of cl,aim 29, nents in
said first armgg!ln!upaskej 2 d_at4§ i tens %ﬁ?zm&ﬂﬁmﬁ§ﬁﬁﬁa
wherein said data elenments in said third packed data 3 item each contain
2N bits.  lacii®hit, codpledretsaniisiotagd aied) SPeratinitinaesporigeriosd signkfe st eps
of: 2 - O generati ng a tourth packeg data item based on said

t hi rél psaikedrdsdt aompeising:3 said fourth packed data item
having a first and second pair of data elenents, 4 each of
sai d?first pair ot first meansfonmultipbyiogdngetiprishid reakspungioganitiadf 5
said resulting conplex nunber, and each of said second pair of data 6

el efent Satecgiemeats imspiefirst peckiedadata codpsid secosd packedidasalte grneadepl ex 7
nunber . 1 3.2. . The methqd of claim24 further_ conprising the step of:
11 corresponding intermediate data elements, said intermediate data elements

12 being divided into a number of sets;

13 a second means for genérating a plurality of result data elements,
14 a first of said plurality of result data elements representing the sum of said

15  intermediate data elements in a first of said number of sets, a second of said

16  plurality of result data elements representing the sum of said intermediate

17  result data elements in a second of said number of sets; and

18 a third means for storing said plurality of result data elements as

19  athird packed data in said storage area.

1 21.  The apparatus of claim 20, wherein said first packed data and said

[

second packed data each contain at least four initial data elements, and

3  wherein each of said number of sets contain at least two intermediate data

4 elements.

1 22. The apparatus of claim 20, wherein the summing is performed with

)

saturation.

1 23. The apparatus of claim 20, wherein said intermediate data elements

o

and said result data elements contain twice as many bits as said initial data

3 elements.
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) | reslo )rmlew I ll l e real a‘;nd |rrag:|2n?-_£y conponents of said
resutlngcorrpa | m '“ r1u er to
el ements of an accurrul ati®n packed d E EA@EMEN‘F@F@E{
The et hod of cl aim 24, wherein_sai d step of respectively addi n?
perfdrmed-inlng amr%@%m&sxsmamqmu@ rybgamyiatecions, a method fgg. A
net hod for T’EUltI ply |lng a% accunul ati ng val ues, said nmethod conprising the
2 &t efRulplyng complex numberscompasiag the steps aff i rst singl e nul ti pl y- add
instruction identif a.first and second 4 packed

oper Ands resp‘gctl\fg‘%/ &0 Ry SIHYOB enent s AQ, Al, A2, A3 and BO

gEEL@gENESg 8 %_)'EET in response to said first instruction:
5 Bl) reading eight data elements stored as packed data, a first subset of
6 said eight data elements including two representations of each of the
7 components of a first complex number, a second subset of said eight
8 data elements including two representations of each of the
9 components of a second complex number, wherein each
10 téptesentntion of said components either represents the positive or
11 negative of said component; and
12 B2)  generating a resulting complex number representing the product of
13 said first and second complex numbers using said first and second
14 subsets.

1 25. The method of claim 24, wherein a first and a third data element of said first subset
2 each represents the positive of the real component of said first complex number, and a
3  second and a fourth data element of said first subset each represents the positive of the

4  itmaginary component of said first complex number.

1 26. The method of claim 25, wherein a first and a fourth data element of said second

2 subset each represents the positive of the real component of said second complex number,
3  asecond data element of said second subset represents the negative of the imaginary

4  component of said second complex number, and a third data element of said second subset

5  represents the positive of the imaginary component of said second complex number.
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- 48 - 1. BZ B3, generating a third packed data
. having firs HL _ _
represent| ni“!‘!\“@m!%)muﬁlléB *1) and 75‘6 REM@EMEB@%%%% 8
adding said third packed data to an accunul ati on val ue. The
metthod2Df  cThe metBdd nhelaigi 26, said dtep iof g&nemmvsmnpnsinglmeatwlsefrents |n said
third 2 packed data contain two tines as many bits as said data el enents
inZaid first and seconliplydng saphipiseditogementdf said figst s@Bet by sahbfinvet hod of
claim 34, wherein said step of adding said third packed data to an 2
acGumul ation val ue i néftaelesentphsaid sgsendsubsetdo generate a firgt figragpighse to a
second single nmulti pl%{:ﬁaldd Instruction identifying a fourth and fifth 4
packed operands respe®f#tely having data elenents €0, O, C2, C3 and DO,

b) multiplying said second data element of said first subset by said

(9]

6 - second data element of said second subset to generate a second
7 intermediate result;
3 c) adding said first intermediate result to said sccond intermediate result
9 to generate the real component of said resulting complex number;
10 d) tﬁuitiplying said third data element of said first subset by said third
11 data element of said second subset to generate a third intermediate
12 tesult;
13 e) multiplying said fourth data element of said first subset by said
14 fourth data element of said second subsat to generate a fourth
15 intermediate result; and
16 £) adding said third intermediate result to said fourth intermediate result
17 to generate the imaginary component of said resuiting complex
18 number.

1 28. The method of claim 24, wherein those of said eight data elements representing said
2 first complex number are stored in a first packed data item, while those of said eight data

3  elements representing said second complex number are stored in a second packed data item.

1 29.  The method of claim 24, said step of generating further comprising the step of:
2 writing said resulting complex number as a third packed data item,

3 said third packed data itern having a first and second data
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5 . . llllﬁﬂnum“"ﬁmmeneralt| ng ? si xth p_?pke'ld dat a havi tn_g first
.and ‘second da : elemrents re ively representing
D o e et 1 ace) REPDACEMENT e 9

addyng said second data el e@ing biREHRH} Hplefink Qe bxd ihn d data. 1
37. The net hod of cl ai m 34, Wneréjian sg’; d s%gggg%?’ead%i ng said third.packed

datg to an 2 accunul ati m@mgahéms oMaldeedidd@mplédihudiber. 3 - addi ng
the result of said step of adding said first data el enents and said step of
4 addi ng said second data el enents. 1 38. The net hod

of claim34, wherein said step of adding said third packed data to an 2
accurul 3 i onTheahetkod ofbdlaicke®, wherest sajalsdatd ¢lements in said first and second Packed

2

data items each contain N bits, and wherein said data elements in said third packed data

3  item each contain 2N bits.

1 31.  The method of claim 29, further comprising the steps of:

2 C) generating a fourth packed data item based on said third packed data item,

3 said fouﬁh packed data item having a [irst and second pair of data elements,
4 each of said first pair of data elements representing the real component of

5 §aid resulting complex number, and each of said second pair of data

6 elements representing the imaginary component of said resulting cormplex

7 number.

1 32.  The method of claim 24 further comprising the step of:

2 respectively adding the real and imaginary components of said resulting complex
3 number to a first and second data elements of an accumulation packed data
4 item.

1 33.  The method of claim 24, wherein said step of respectively adding is performed in

2 response to another single instruction.

1  34. A method for multiplying and accumulating values, said method comprising the

2 steps of:
3 in response 1o a first single multiply-add instruction identifying a first and second
4 packed operands respectively having data elements A0, Al, A2, A3 and BO,
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operands respectt velythatti ny dat a "ef@rent s CDR(E[PLME(ME’;MQ’@H

D1, D2, D3, generating a sixth packed data having first and second data 6

el ement s r espects v 82y BB arheati i (hrd(fabkddQat( Kdviddliirsitidd second data
(C2*D2)+(C3*D3); 8 generating a sevent h packed data having first

and second dat a eldnemEntspecibeheepicvekiy (A0*BO0}+(Al*Bl)and  Storing the result
of adding said first and second data elenents fromsaid 10

th7rd and fifth (d3tRDHARBI); 11 unpacki ng sai d seventh packed
data to generate an eighth packed data that has said 12

seond dat &d@néﬁ@ﬁﬁhltﬁpaswaﬁwwmammmmhm stored at a location in
said 13 ei ght h packed data corresponding to said first data
element in said seventh 14 packed data; and 15

ddi ng .dat a..el enen i seven and, ei ght h packed data at
; eggon d?fﬁlg dt osf mmsja w ere?n sal gbsagquﬁnggnd datapelemems in satd third
2 packed data contain two times as many bits as said data elements in said first and second

3 packed operands.

1 36. The method of claim 34, wherein said step of adding said third packed data to an

2 accumulation value includes the steps of:

3 in response to a second single multiply-add instruction identifying a fourth and fifth
4 packed operands respectively having data elements C0, C1, C2, C3 and DO,
5 D1, D2, D3, generating a sixth packed data having first and second data

6 elements respectively representing (CO*D0)+(C1*D1) and

7 (C2*D2)+(C3*D3);

8 adding said first data elements from said third and sixth packed data; and

9 adding said second data elements from said third and sixth packed data.

1 37. The method of claim 34, wherein said step of adding said third packed data to an
2 accumulation value includes the step of:
3 adding the result of said step of adding said first data elements and said step of

4 adding said second data elements.

1 38.  The method of claim 34, wherein said step of adding said third packed data to an

2 accumulation value includes the steps of:
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in response to a second single multiply-add instruction identifying a fourth and fifth

packed operands respectively having data elements C0, C1, C2, C3 and DO,
D1.D2, D3, generating a sixth packed data having {irst and second data
elements respectively representing (CO*D0)+(C1*D1) and
(C2*D2)yC3*D3);

generatiﬁg a seventh packed data having first and second data elements respectively
storing the result of adding said first and second data elements from said
third and fifth packed data;

unpacking said seventh packed data to generate an eighth packed data that has said
second dﬁta element of said seventh packed data stored at a location in said
eighth packed data corresponding to said first data element in said seventh
packed data; and

adding data elements in said seventh and eighth packed data at corresponding

locations.
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(57) Abstract

A processor having a first and second storage having a first and second packed data, respectively. Each packed data includes a fisst,
second, third, and fourth data element. A multiply-add circuit is coupled to the first and second storage areas. The multiply-add circuit
includes a first (810), second (811), third (812), and fourth multiplier (813), wherein each of the multipliers receives a corresponding set of
said data elements. The multiply-add circuit further includes a first adder (850) coupled to the first and second multiplisrs (810, 811), and
second adder (851} coupled to the third and fourth multipliers (812, 813). A third storage area (871) is coupled to the adders (850, 851).
The third storage area {871) includes a first and second field for saving output of the first and second adders (850, 851), respectively, as
first and second data elements of a third packed data,




