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A SYSTEM FOR SIGNAL PROCESSING USING MULTIPLY-ADD 

OPERATIONS 

BACKGROUND 

1. Field of the Invention 

The invention relates to the field of computer systems. More 

specifically, the invention relates to the area of systems which execute 

packed data operations. 

2. Background Information 

ln 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), 20/30 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 ihese multimedia applications requires one or more 

algorithms, each requiring a number of operations. For example, an 

algorithm may require an add, compare and shift operation. 
To improve efficiency of multimedia applications (as well as other 

applications that have the same characteristics), prior art processors 

provide packed data formats. A packed data format is one in which the 

bits typicafly used to represent a single value are broken into a number of 

fixed sized data elements, each of which represents a separate value. 

For example, a 64-bit register may be broken into two 32·bit elements. 
each of which represents a separate 32-bit value. In addition, these prior 
art processors provide instructions for separately manipulating each 

etement in these packed data types in parallel. For example, a packed 
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element in these packed data types in parallel. For exampte, a packed 
add instruction 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. Therefore, it is desirable to incorporate in a computer 
system a set of packed data instructions that provide all the required 
operations for typical multimedia algorithms. However, due to the limited 
die area on today's 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 prior art technique for providing operations for use in multimedia 
algorithms is to couple a separate digital signal processor (DSP) to an 
existing general purpose processor (e.g .• The tntel® 486 manufactured 
by tntel Corporation of Santa Ctara, CA). Another prior art solution uses 
dedicated video and/or audio processors. In either instance, the general 
purpose processor allocates jobs that can be performed (e.g., video 
processing) to the DSP or special purpose processor. Many DSP's, 
however, have lacked packed data format support. 

One prior art DSP includes a multiply-accumulate instruction that 
adds to an accumulator the results of multiplying together two values. 
(see Kawakami, Yuichi, et al., "A Single-Chip Digital Signal Processor for 
Voiceband Applications", IEEE International Solid-State Circuits 
Conference, 1980, pp. 4041). An example of the multiply-accumulate 
operation tor this DSP is shown below in Table 1, where the instruction is 
performed on the data values A1 and B1 accessed as Source1 and 
Source2, respectively. 
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Table 1 

M If I A ccumuate U IPIV· s 1 s ource , ource 2 

A1 Source1 

81 Source2 

= 

A 181 +Accumulator Result1 

One limitation of this prior art instruction is its limited efficiency •• i.e., 
it only operates on 2 values and an accumulator. For example. 10 

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 accumulator 
of zero to generate an intermediate accumulator; 2) multiply-accumulate 

the second value from the first set. the second value from the second set, 
and the intermediate accumulator to generate the result. 

Another prior art DSP includes a multiply-accumulate instruction that 
operates on two sets of two values and an accumutator. See, Digital 
Signal Processor with Parallel Multipliers. United States Patent No. 
4,n1 ,470, September 13, 1988 to Ando et al. (referred to herein as 

"Ando et al."). 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 Sources 1-4, respectively. 

Table 2 

Source I Source3 

Multiply Accumluate 
Source2 Source4 

= Resuhl 
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Using this prior art technique, two sets of 2 values stored in four separate 
source{s) (e.g., RAM or ROM memory locations) are multiplied and then 
added to an accumulator in one instruction. 

One shortcoming of this prior art DSP is that the multiplication and 
accumulation of two sets of values in this manner using this 
implementation is difficult 10 be performed in a processor which is 
backward compatible with and supports existing instruction sets. 
Because the performance of these operations requires the access of four 
source values stored in four source(s) {registers and/or memory 
locations), an instruction specifying this operation must be capable of 
specifying tour separate source operands. The addition of such an 
instruction or set of instructions to an existing processor architecture, 
such as the ln1el Architecture processor {IA™. as defined by lntel 
Corporation of 8anta Clara, California; see Microprocessors, Intel Data 
Books volume 1 and volume 2, 1992 and 1993. available from Intel of 
Santa Clara, California), is difficult because of compatibility concerns with 
prior versions of the family of processors. It may prevent such a new 
processor supporting more than two operands from being backward 
compatible with the existing versions of software capable of being 
executed on prior versions of these processors. 

This multiply-accumulate instruction also has limited versatility 
because it always adds 10 the accumulator. As a result, it is difficult to 
use the instruction for operations other than those that multiply­
accumutate. For example, the multiplication of complex numbers is 
commonly used in multimedia applications. The multiplication of two 
complex number (e.g., r1 i1 and r2 i2) is performed according to the 
following equation: 

Real Component= r1 .,2 - i1 • i2 
Imaginary Component = r1 • i2 + r2 • i 1 

This prior art DSP cannot perform the function of multiplying together two 
complex numbers using one multiply-accumulate instruction. 

This limitation of a multiply-accumulate instruction can be more 
c!early 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 cafculated using this prior art DSP, 



W097/l38ll PCT/US96120603 

·5-

the accumulator would need to be initialized to zero in order to correctly 
compute the result. Then the accumulator 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., r3, i3), the resulting complex number 

must be rescaled and stored into the acceptable memory format and the 

accumulator must again be initialized to zero. Then, the complex 
multiplication can be performed as described above. In each of these 

operations the ALU, which is devoted to the accumulator. is superfluous 
hardware and extra instructions are needed to re-initiallze this 
accumulator. These extra instructions for re-initialization would otherwise 

have been unnecessary. 

SUMMARY 

A computer system which includes a multimedia input device 

which generates an audio or video input signal and a processor coupled 
to the multimedia input device. The system further includes a storage 

device coupled to the processor and having stored therein a signal 

processing routine for mutiplying and accumulating input values 
representative of the audio or video input signal. The signal processing 
routine, when executed by the processor, causes the processor to 

perform several steps. These steps include performing a packed multiply 
add on a first set of values packed into a first source and a second set of 

values packed into a second source each representing input signals to 

generate a packed intermediate result. The packed intermediate result is 
added to an accumulator to generate a packed accumulated result in the 
accumulator. These steps may be iterated with the first set of values and 

portions of the second set of values to the accumulator to generate the 
packed accumulated result. Susequentiy thereto, the packed 

accumulated result in the accumulator is unpacked into a first result and a 

second result and the first result and the second result are added 
together to generate an accumulated result. 

In one embodiment, the signal processing routine may cause the 
performance of a dot-product of the first set of values and the second set 
of values representinq the input signals. In other embodiments, this may 



-----·------------ ------··-------. 

W097/2382l PCT/US96/20603 

·6-

include part of an autocorrelation or digital filter (e.g. a finite impulse 
response (FIR] fitter). In the latter case, the first set of values and the 

second set of values comprise complex values which each include a real 
and an imaginary portion representing the input signals. 

The multimedia input device may include a video camera. a video 

digitizer coupled to the video camera, an audio input device andlor audio 
digitizer coupled to the audio input device for the compression of video 
data, and/or audio data, such as speech. 

Another embodiment of a computer system is atso disclosed. The 
computer system includes a multimedia input device which generates an 
audio or video input signal and a processor coupled to the muttimedia 
;nput device. The system further includes a storage device coupled to the 

processor and having stored therein a signal processing routine for 
mutiplying and accumulating input values representative of the audio or 
video input signal. The signal processing routine. when executed by the 
processor, causes the processor to perform several s1eps. These steps 
include performing a packed multiply add on a first set of values packed 
into a first source and a second set of values packed into a second 
source each representing input signats to generate an intermediate result. 
The intermediate result is then added to an accumulator to generate an 
accumulated result in the accumulator. This method may also be 

iteratively performed with portions of the first set of values and second set 
of values to generate the packed accumulated result in the accumulator. 

BR1EF DESCRIPTION OF THE DRAWfNGS 

The invention is Illustrated by way of example. and not limitation. in 
the figures. like references indicate similar elements. 

Figure 1 illustrates an exemplary computer system according to 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. 
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Figure 4 illustrates packed data-types according to one embodiment 

of the invention. 
Figure Sa illustrates in-register packed data representations 

according to one embodiment of the invention. 
Figure Sb 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 signat 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 a method for performing 

multiply-add operations 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 9-11 illustrate a first embodiment of a method for multiplying 

and accumulating two sets of four data elements. 
Figures 12-14 illustrate a second embodiment of a method for 

multiplying and accumulating two sets of four data elements. 

Figures 15-18 illustrate methods of multiplying and accumulating two 
sets of four elements or greater, especially those that have eight 

members in each set or greater, wherein each set is a multiple of four. 
Figures 19-21 c illustrate methods of multiplying and accumulating 

more than two sets of elements. 
Figure 22 illustrates system configuration(s) and a method which 

includes circuitry using the multiply-accumulate operations described 
herein. 

Figures 23a and 23b illustrate a method for performing M 

autocorrelation lags of a vector of length N representing input signal(s). 
Figure 24 illustrates a method for performing a comptex FIR digital 

filter on input signals. 

Figure 25 iUustrates a method for performing a dot product of two 16-
bit vectors of length N. 
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PETAILED DESCRIPTION 

Jn the following description. numerous specific details are set forth to 

provide a thorough understanding of the invention. However. it is 

understood that the invention may be practiced without these specific 

details. In other instances, well-known circuits, structures and techniques 

have not been shown in detail in order not to obscure the invention. 

Deflnjtjons 

To provide a foundation for understanding the description of the 

embodiments of the invention, the following definitions are provided. 

Bit X through Bit Y: 

de1ines a subfield of binary number. For example, bit six through 

bit zero of the byte 001110102 (shown in base two} represent the 

subfield 1110102. This is also known as a "little endian" 

convention. The •2• following a binary number indicates base 2. 

Therefore, 10002 equals 810. while F15 equals 1510. 

Ax: 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. 

SRC1, SRC2, and DEST: 

identify storage areas (e.g., memory addresses, registers, etc.) 

Source1-i and Resutt1-i: 

represent data. 

Overvjew 

This application describes a method and apparatus tor Including in a 

processor instructions for performing multiply-add operations on packed 

data ln one embodiment. two multiply-add operations are performed 

using a single multiply-add instruction as shown below in Table 3a and 
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Table 3b. Table 3a shows a simplified representation of the disclosed 

multiply-add instruction, while Table 3b shows a bit level example of the 
disclosed multiply-add instruction. 

Table 3a 

M It' I Add S U IPIY- ource1, 

A1 A2 A3 

B1 B2 83 

= 

s 2 ource 

A4 

84 

Source 
1 

Source 
2 

A1B1+A2B2 A3B3+A4B4 Result 

1 

Table 3b 

11111111 11111111 01110001 01110001 

11111111 00000000 11000111 11000111 
3 

Multiolv 
2 1 

Moltiolv MultiDlv Multiply 

00000000 00000000 10000000 00000100 

00000000 00000001 00000000 00000000 
0 0 0 0 

0 

32-Bit intermediate 32-Bit Intermediate 32-Bit Intermediate 32-Bit Intermediate 

Result4 Results Result 2 Result t 

Add Add 

11111111 11111111 11001000 10011100 

11111111 00000000 11100011 00000000 
1 0 
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Thus, the described embodiment of 1he multiple-add instruction 

multiplies together four corresponding 16-bit data elements of Source1 

and Source2 generating two 32-bit intermediate 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. Similar 
formats are used for source operands and results (powers of 2) with no 

loss in precision and without the use of an odd size accumulator (e.g., a 
24-bit accumulator for 16-bit sources}. 

As will be further described below, alternative embodiments 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. A multiply-subtract 
operation may be the same as the multiply-add operation, except the 

adds are replaced with subtracts. The operation of an example multipty­
subtract instruction is shown below in Table 4. 

TabJe4 

U lPIV- u ract Mlfl Sbt s 1 s ource • ource 

A1 A2 A3 

81 82 83 

::; 

A1B1-A2B2 A3B3-A484 

2 

A4 

84 

Source 
1 

Source 

2 

Result 
1 

Of course, alternative embodiments may implement variations of 

these instructions. For example, alternative embodiments may include an 

instruction which performs at least one multiply-add operation or at least 

one multiply-subtract operation. As another example, alternative 
embodiments may include an instruction which performs at teast one 

multiply-add operation in combination with at least one multiply-subtract 
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operation. As another example, alternative embodiments may include an 

instruction which perform multiply-add operation(s) and/or multiply­

subtract operation(s) in combination with some other operation. 

Comouter System 
Figure 1 lllustrates 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 RlSC type architecture. 

Computer system 100 further includes a random access memory (RAM) 

or other dynamic storage device (referred to as main memory 104), 

coupled to bus 101 for storing information and instructions to be executed 

by processor 109. For example, it may be used 10 store a 
muJtiply/accumutate routine 114 which is accessed by processor 109 

during system runtime to perform multiply/accumulate operations on data, 

such as signals digitized by video digitizing device 126 received from 

camera 128. It may also be used for processing input audio signals 

received by microphone 129 into recording device 125, or output signals 

to speaker 127 via playback device 125. This routine may further be 

used for processing signals transmitted and/or received by a 

communication device 129 (e.g., a modem}. 

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 register tile 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. 
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Execution unit 130 is used 1or executing instructions received by 

processor 109- In addition to recognizing instructions typicafly 

implemented in general purpose processors. execution unit 130 
recognizes packed instructions for performing operations on packed data 

formats. The packed instruction set includes instructions for supporting 
multiply-add operations. In addition, the packed instruction set may also 

include instructions for supporting a pack operation, an unpack operation, 
a packed add operation. a packed multiply operation, a packed shift 
operation, a packed compare operation, a population count operation, 
and a set of packed logical operations (including packed AND, packed 
ANDNOT, packed OR, and packed XOR) as described in "A Set of 
Instructions for Operating on Packed Data," filed on August 31, 1995, 

serial number 08/521,360. 
Execution unit 130 is coupled to register file 150 by internal bus 170. 

Register file 150 represents a storage area on processor 109 1or storing 

information, including data. It is understood that one aspect of the 

invention is the described instruction set for operating on packed data. 
According to this aspect of the invention, the storage area used for 
storing the packed data ls not critical. However, one embodiment of the 
register file 150 is tater described with reference to Figure 2. Execution 
unit 130 is 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 and/or microcode entry 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; if a subtract instruction is received. decoder 165 causes 
execution unft 130 to perform the required subtraction; etc. 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 o1 an instruction does not require a serial processing of these 
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if/then statements. Rather. any mechanism for logically performing this 
if/then processing is considered to be within the scope of the invention. 

Execution unit 130 includes a plurality of execution units in one 
embodiment of the present invention. For example, the execution unit 

130 may include an integer execution unit 145 for executing integer 

instructions. ln addition, execution unit 130 may include a floating point 
execution unit 146 for the execution of floating point instruction. 
Execution unit 130 of processor 109 further includes a packed data 
execution unit 140 which executes packed data instructions. The packed 
data execution unit 140 includes a plurality of execution circuits for 
executing packed data instructions which include, but are not limited to. 
multiply-add execution circuit 141 and the packed-add execution circuit 

142. Other packed data instruction execution units may be present as 
the implementation requires. 

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 oi user input device is cursor control 123, such as a mouse, 
a trackball, a pen. a touch screen, or cursor direction keys for 
communicating direction information and command selections to 
processor 109, and for controlling cursor movement on display device 
121 . This input device typically has two degrees of freedom in two axes, 
a first axis (e.g., x) and a second axis (e.g., y}, which atlows 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 tor sound 
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recording, and/or playback 125, such as an audio digitizer coupled to a 

microphone 129 for recording information or a speaker and 

accompanying amplifier 127 for playing back audio information. 

Also, computer system 100 can be a terminal in a computer network 
(e.g •• a LAN). Computer system 1 oo would then be a computer 
subsystem of a computer network. System 1 oo may include a 

communication device 129 for communicating with other computers, such 

as a modem or network adapter. Computer system 100 optionally 
includes video digitizing device 126. Video digitizing device 126 can be 

used to capture video images provided by a video camera 128 that can 

be stored or transmitted to other computer systems. 
In one embodiment, the processor 109 additionally supports an 

instruction set which is compatible with the lntel architecture instruction 
set used by existing processors (e.g., the Pentium® processor) 

manufactured by Intel Corporation of Santa Clara, California. Thus, in 

one embodiment, processor 109 supports all the operations supported in 

the Intel Architecture (IA™} processor. As a result, processor 109 can 

support existing Intel Architecture operations in addition to the operations 
provided by implementations of the invention. While the invention is 

described as being incorporated into an Intel Architecture based 
instruction set, alternative embodiments could incorporate the invention 

into other instruction sets. For example, the invention could be 
incorporated into a 64-bit processor using a new instruction set. 

Figure 2 illustrates the register file of the processor according to one 
embodiment of the invention. The register file 150 is used for storing 

information, including control/status information, integer data, floating 
point data, and packed data. In the embodiment shown in Figure 2, the 
register file 150 includes integer regis1ers 201, registers 209, status 

registers 208, and instruction pointer register 211. Status registers 208 

indicate the status of processor 109. Instruction pointer register 211 
stores the address of the next instruction to be executed. Integer 
registers 201, registers 209, status registers 208, and instruction pointer 
register 211 are all coupled to internal bus 170. Any additional registers 

would also be coupled to internal bus 170. 
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In one embodiment, the registers 209 are used for both packed data 

and floating point data. In this embodiment, the processor 109, at any 

given time, must treat the registers 209 as being either stack referenced 

floating point registers or non-stack referenced packed data registers. 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 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 ior 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/S1atus 

information, and a second set of registers, each capable of S1oring 

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 ot an embodiment need only 

be capable of S1oring 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 examplet in one 
embodiment, the integer registers 201 are implemented to store thirty~two 

bitst whUe the registers 209 are implemented to store eighty bits (atl 

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. 
Ro 212a through R7 212h, R1 212a, R2 212b and R3 212c are examples 

of individual registers in registers 209. Thirty-two bits of a register in 

registers 209 can be moved into an integer register in integer registers 

201. Similarly, a value in an integer register can be moved into thirty-two 
bits of a register in registers 209. In another embodiment, the integer 
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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 Ulustrates the steps followed by processor 

109 while performing an operation on packed data, performing an 

opera1ion 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, or read 

only memory (ROM) 106. 

At step 301, the decoder 165 receives a control signat 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 SRC 1 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 Source1, 

Source2, and Result respectively. Each of these data is sixty-four bits in 

length. 
In another embodiment of the invention, any one, or atl, of SRC1, 

SRC2 and DEST. can define a memory location in the addressable 

memory space of processor 109. For example, SRC1 may identify a 

memory location in main memory 104, while SRC2 identifies a first 

register in integer registers 201 and DEST identifies a second register in 

registers 209. For simplicity of the description herein, the invention will 
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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 
efements. Each data element is one byte long. 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. 
Of course, this is extendible to any width which is addressabfe as a single 

source operand. The number of data elements capable of being packed 
is the total source operand size divided by the width of each data 
element. 

In this embodiment, 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 
doubJeword 403 data elements. Each doubleword 403 data element 
contains thirty-two bits of information. 

Figure Sa through 5c illustrate the in-register packed data storage 
representation according to one embodiment of the invention. Unsigned 
packed byte in-register representation 51 O illustrates the storage of an 
unsigned packed byte 401 in one of the registers Ro 212a through A7 

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 tor byte four, 
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bit forty-seven through bit tony 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 illustrates the storage of a signed packed byte 401. Note that the 

eighth bit of every byte data element is the sign indicator. 
Unsigned packed word in-register representation 512 illustrates how 

word three through word zero are stored in one register of registers 209. 
Bit fifteen through bit zero contain the data element information for word 

zero. bit thirty-one through bit sixteen contain the information for data 
element word one. bit forty-seven through bit thirty-two contain the 
information for data element word two and bit sixty-three through bit forty­
eight contain the iniormation for data element word three. Signed packed 
word in-register representation 513 is similar to the unsigned packed 
word in-register representation 512. Note that the sixteenth bit of each 

word data element is 1he sign indicator. 
Unsigned packed doubleword in-register representation 514 shows 

how registers 209 store two doubleword data elements. Doubleword zero 
is stored in bit thirty-one through bit zero of the register. Doubteword one 
is stored in bit sixty-three through bit thirty-two of the register. Signed 
packed doubteword 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, Ro 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. 
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Control Sjgnal Formats 
The following describes one embodiment ot 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. 

Figure 6a illustrates a control signal format for indicating the use of 
packed data according to one embodiment of the invention. Operation 
field OP 601, bit thirty-one through bit twenty-six, provides information 

about the operation to be performed by processor 109; for example. 

packed addition, packed subtraction, etc .. SRC1 602, bit twenty-five 

through twenty. provides the source register address of a register in 

registers 209. This source register contains the first packed data, 

Source1. 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 execu1ion 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 61 o equals 012, then the packed data is formatted as packed byte 
401. If SZ 61 O equals 102, then the packed data is formatted as packed 
word 402. SZ 61 O equaling 002 or 112 is reserved, however, in another 

embodiment, one of these values could be used to indicate packed 

doubteword 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. ff S 612 equals 

zero, then an unsigned operation is performed. 
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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 
Corpora1ion, Literature Sales, P.O. Box 7641, Mt. Prospect, IL, 60056-
7641. Note that OP 601, SZ 610, T 611, and S 612 are au combined into 
one large field. For some control signals, bits three through five are 
SRC1 602. ln one embodiment, where there is a SRC1 602 address, 
then bits three through five also correspond to DEST 605. ln an alternate 
embodiment, where there is a SAC2 603 address, then bits zero through 
two also correspond to DEST 605. For other control signals, like a 

packed shift immediate operation, bits three through five represent an 
extension to the opcode field. In one embodiment, this extension allows 
a programmer to include an immediate value with the control signal. such 
as a shitt count value. In one embodiment. the immediate value to\lows 
the control signal. This is described in more detail in the "Pentium 
Processor Family User's Manual," in appendix F, pages F-1 through F-3. 
Bits zero through two represent SRC2 603. This general format allows 

register to register, memory to register, register by memory, register by 
register, register by immediate, register to memory addressing. Also, in 
one embodiment. this general format can support integer register to 

register, and register to integer register addressing. 

Description of SaturatelUnsaturate 

As mentioned previously, T 611 indicates whether operations 
optionally saturate. Where the result of an operation, with saturate 
enabled, overflows or underflows the range of the data, the result will be 
clamped. Clamping means setting the result to a maximum or minimum 
value should a result exceed the range's maximum or minimum value. f n 

the case of underflow, saturation clamps the result to the lowest value in 

1he range and in the case of overflow, to the highest value. The allowable 
range for each data format is shown in Table 5. 
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Table 5 

Data Format Minimum Value Maximum Value 

Unsioned Bvte 0 255 
Signed Byte -128 127 

Unsigned Word 0 65535 
Signed Word -32768 32767 

Unsigned Doubleword 0 264.1 

Signed Ooubleword -263 263.1 

As mentioned above, T 611 indicates whether saturating operations 

are being performed. Therefore, using the unsigned byte data format, if 

an operation's result = 258 and saturation was enabled, then the result 
would be clamped to 255 before being stored into the operation's 

destination register: Similarly, if an operation1s result= -32999 and 
processor 109 used signed word data format with saturation enabled, 
then the result would be clamped to -32768 before being stored into the 

operation's destination register. 

Mu!tipl~-Add Operatjon<s} 

Jn one embodiment of the invention, the SRC1 register contains 

packed data (Source1), the SRC2 register contains packed data 

(Source2), and the DEST register will contain the resul1 (Result) of 
performing the multiply-add instruction on Source 1 and Source2. In the 
first step of the execution of the multiply-add instruction, Source1 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 instruction. In contrast, these intermediate results are 

subtracted by pairs to generate the Result for the multiply-subtract 

instruction. 
In one embodiment of the invention. the multiply-add instructions 

operate on signed packed data and truncate the results to avoid any 
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overflows. In addition. these instructions operate on packed word data 
and the Result is a packed double word. However, alternative 
embodiments could support these instructions for other packed data 
types. 

Using the mechanism which will now be described, implemented 
embodiments of the present invention which implement the multiply-add 

operation accept as an input a packed word such as 402 shown in figure 
4 and generate as an output a packed doubleword such as 403 shown in 
figure 4. That is, there are four input source operands, and two output 
result operands. Because the input and output data are packed, only two 
sources need to be specified in the invoking instruction. Thus, in contrast 
to prior art operations which require specification of four input operands 
and a single output operand (typically, the accumulator as in prior art 
multiply-accumulate operations), implemented embodiments of the 
present invention only require the specification of two source operands. 
This is due to the packing of multiple sources in single operands as 
shown in the formats of figure 4. Note that other packed operands may 
also be used, according to implementation. 

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

At step 701, decoder 165 decodes the control signal received by 

processor 109. Thus, decoder 165 decodes the operation code for a 
multiply-add instruction 

At step 702, via internal bus 170, decoder 165 accesses registers 
209 in register file 150 given the SRC1 602 and SAC2 603 addresses. 
Registers 209 provide execution unit 130 with the packed data stored in 
the SAC1 602 register (Source1 ). and the packed data stored in SAC2 
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 execution unit 130 to perform the 
instruction. If the instruction is a multiply-add instruction, flow passes to 
step 714. 

In step 714. the fol\owing is performed. Source1 bits fifteen through 
zero are multiplied by Source2 bits fifteen through zero generating a first 
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32-bit intermediate result (intermediate resutt 1 }. Source1 bits thirty-one 

through sixteen are multiplied by Source2 bits thirty-one through sixteen 

generating a second 32-bit intermediate result (intermediate result 2). 

Source1 bits forty-seven through thirty-two are multiplied by Source2 bits 

forty-seven through thirty-two generating a third 32-bit intermediate result 

(intermediate result 3). Source1 bits sixty-three through forty-eight are 

multiplied by Source2 bits sixty-three through forty-eight generating a 

fourth 32-bit intermediate result (intermediate result 4). Intermediate 

result 1 is added to intermediate result 2 generating Result 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. 

Packed Pata Multiply-Adel Circuits 

In one embodiment, the multiply-add instructions can execute on 

multiple data elements in the same number of clock cyctes 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. 

This is discussed in more detail below. 

Figure 8 illustrates a circuit tor performing multiply-add operations on 

packed data according to one embodiment of the invention. Operation 

control 800 processes the control signal for the multiply-add instructions. 

Operation control BOO outputs signals on Enable 880 to control Packed 

multiply-adder. 

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 81 o, 16x16 

multiplier 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 Source1 (31 :16) and Source2(31 :16]. 

16x16 multiplier C 812 has as inputs Source1 [47:32] and Source2[47:32]. 
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16x16 multiplier D 813 has as inputs Source1(63:48] and Source2(63:48). 

The 32-bit intermediate results generated by 16x16 multiplier A 81 o and 
16x16 multiplier B 811 a~ received by adder 1350, while the 32-bit 
intermediate results generated by 16x16 multiplier C 812 and 16x16 

multiplier D 813 are received by adder 851. 

Based on whether the current instruction is a multiply/add instruction, 

adder 850 and adder 851 add their respective 32-bit inputs. The output 

of adder 850 (i.e., Result bits 31 through zero of the Result) and the 
output of adder 851 (i.e., bits 63 through 32 of the Result} are combined 
into the 64-bit Result and communicated to Result Register 871 . 

In one embodiment, each of adder 651 and adder 850 are composed 
of four 8-bit adders with the appropriate propagation delays. However, 
alternative embodiments could implement adder 851 and adder 850 in 
any number of ways (e.g., two 32-bit adders}. 

To perform the equivalent of multiply-add instructions in prior art 

processors which operate on unpacked data, four separate 16-bit multiply 

operations and two 32-bit add operations, as well as the necessary load 
and store operations, would be needed. This wastes data lines and 
circuitry that are used tor the bits that are higher than bit sixteen tor 
Source1 and Source2. and higher than bit thirty two for the Result. As 

wen, the entire 64-bit result generated by the prior art processor may not 

be of use to the programmer. Therefore, the programmer would have to 

truncate each result. 
Performing the equivalent of this multiply·add instruction using the 

prior art DSP processor described with reference to Table 1 requires one 
instruction to zero the accumulator and four multiply-accumulate 
instructions. Performing the equivalent of this multiply-add instruction 

using the prior art DSP processor described with reference to Table 2 

requires one instruction to zero the accumulator and 2-accumulate 

instructions. 

Advantages of Including the Described Multiofy-Add lnstructjon 
in the tn§tructton Set 

As previously described, the prior art multiply-accumulate instructions 

always add the results of their multiplications to an accumulator. This 
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accumulator becomes a bottleneck for performing operations other than 
multiplying and accumulating (e.g., the accumulator must be cleared each 
time a new set of operations is required which do not require the previous 

accumulator). This accumulator also becomes a bottleneck if operations, 
such as rounding, need to be perlormed before accumulation. 

In contrast, the disclosed multiply-add instruction does not carry 
forward an accumulator. As a result, these instructions are easier to use 
In a wider variety of algorithms. In addition, software pipelining can be 
used to achieve 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 August 31, 1995. 
serial number 08/521,803. 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. 

MUL.I!PLY AND ACCUMULATE OPERATIONS 

The disclosed multiply-add instruction can also be used to multiply 
and accumulate values. Using the various described embodiments, 
substantial performance increase may be realized over prior art methods 
of multiplying and accumulating values because the mul1iply-add 
instruction does not add to a previous accumulator, but rather, creates a 
new result which is generated from the multiplying and adding of 
preexisting values. The absence of data dependencies atso allows 
concurrent processing to further improve performance over prior art 
multiply/accumulate operations. 

In addition, certain of the methods described herein require the use of 
a packed-add instruction. The packed-add instruction may be any form of 

prior packed-add instruction, including those in the prior art. such as that 
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disclosed in U.S. Patent No. 5,327,369 issued July 5, 1994, to Ashkenazi 
which is assigned to Intel Corporation of Santa Clara, California, the 
assignee of the present invention. Certain of the methods also require 
unpacked operations which can be performed in any number of prior art 
manners, such as add operations which operate upon unpacked data. 

Note that any of these operations may also be performed using novel 
addition or unpacking techniques. 

Because the multiply-add functions described herein operate upon 
packed data. typically. those involving source registers or memory 
locations which include four packed data elements. other formats of 
packed data may be used having less than or more than four, according 
to implementation. Particular performance advantages are realized, 
however, when the sets which are to be multiplied and accumulated have 
a number o1 elements which are some multiple of the numbers of 

elements which can be packed into source memory locations or registers 
and operated upon by the multiply-add execution units. These various 
methods for multiplying and accumulating values wilt now be discussed 

with reference to figures 9-21 c. 

Multiplying and Accymu!atjng Two Sets of Four Elements 

For a first embodiment. the method shown in figures 9· 11 is 

performed. Figure 9 illustrates the method performed upon two source 
elements which each have packed therein two elements of each of the 
two sets which are being multiplied and accumulated. Figures 10a-10c 
illustrate the results of each operation, and figure 11 shows the data flow 
caused by each set of operations and the data dependencies among the 

operations. As shown In figure 10a, the first two elements, A1 and A2 of 
a first set A and a first two elements B1 and B2 of a second set B are 

stored in two memory locations or registers Source1 and Source2. At 
step 902 shown in figure 9 and figure 1 Oa, the two source elements are 
multiplied and added in order to form an intermediate result 1. At step 
904, and as shown in figure 10b, the remaining two elements A3, A4. 83 
and 84 in the sets A and Bare stored in a third and fourth source 

registers Source3 and Source4. The two elements are then muttiply­
added together at step 904 to form the second intermediate result 2. 
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Subsequently thereto. as illustrated in figure 1 Oc, the two intermediate 
results 1 and 2 are added together using an unpacked·add operation at 
step 906 to form the finat accumulated result, result 3 as illustrated in 
figure 1 Oc. Note that in one embodiment, each of the instructions shown 
is Implemented to complete each clock cycle. 

Figure 11 shows the data processed and operations which may be 
performed at each stage of the process of multiplying and accumulating 
these two sets of four elements. Note that these operations can be 
performed in parallel if a computer system and/or processor can perform 
such operations, either in parallel or in concurrent fashion because the 
data at each stage of the operations have no data dependencies. Each 
of the boxes in the figure indicates a single source, and the number 
shown Inside 1he rectangle is the number of elements stored in each 
source. For example. at stage 1102, two packed multiply.add operations 
can be performed upon the data which have been stored in the low 
portion of the packed data sources only. Note that these may also be 
packed in the low portion of the packed data source only. according to 
implementation. At a second stage of operation, the results 1104 of the 
multiply·add operation are then added together using an unpacked·add 
operation. This then forms the final accumulated result 1106, which is 
availabte for any subsequent processing. 

A second embodiment of the multiplying and accumulating of two 
sets of four data elements is shown with reference to figures 12-14. In 
this embodiment. the four data elements of each set are assumed to be 
packed into individual sources such as Source1 and Source2 illustrated in 
figure 13a. Because all of the four data elements of each set are packed 
into the two sources at step 1202. only a single multiply-add instruction is 
required for multiplying and adding each subset of the sets. This is 
shown in figure 13a. 

Subsequently thereto, at steps 1204 and 1206. the high result and 
the low result of the multiply·add instructions are unpacked. The results 
of these operations are shown in figures 13b and 13c to generate two 
intermediate results. result 2 and result 3. Note that either of these 
operations may be performed in any order as long as they are performed 
before the final add at step 1208. Subsequent to the unpacking of the 
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two intermediate results. result 2 and result 3 at step 1208, the results of 
the unpack operations are added to form the accumulated value. The 
results of this operation are shown in figure 13d. Thus, the second 
embodiment shown in these figures multiplies and adds two sets of four 
~laments together which have been packed into singte memory locations 
or registers, and the result is provided in an unpacked state in an 
accumulated value, result 4, as shown in figure 13d. 

Figure 14 illustrates the stages of operations which are required in 
this second embodiment of the four element per set case. For example, 
in a first stage 1402, the multiply-add operation is performed upon the 
four elements stored in each of the sources 1402. An intermediate result 
is generated 1404 which comprises the results of multiplying and adding 
each of the pairs of elements comprising the two four element sets. 
Subsequently thereto, the high and low portions of the intermediate result 
1404 are unpacked.to generate the two second unpacked intermediate 
results 1406. Subsequently thereto, the two unpacked intermediate 
results 1406 are added to form the final accumulator 1408. 

Multiplving and Accumulating Sets Comprising Four or Greater 
Elements 

A process for multiplying and accumulating two sets comprising four 
or greater elements is illustrated with reference to figures 15-18. The 
method 1500 illustrated in figure 15 is especially use1ul for 
multiptying/accumulating sets wherein each of the sets has eight or 
greater elements and the number of elements in each set is a multiple N 
of four (The number of packed data elements per source). Figures 16a-
18 illustrate examples. 

The process 1500 commences at step 1502 wherein each of the 
groups of four of the source data set have the multiply-add instruction 
performed upon them. These may be performed in parallel as shown in 
figure 17 wherein two sets of four data elements each are multiplied and 
added at stage 1702, because there are no data dependencies. As 
shown in figures 16a and 16b, portions of the sets of elements are stored 
in four sources - Source1, Source2, and Source3 and Source4. Each 
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pair of sources have separate multiply-add instructions performed upon 

them in order to generate the intermediate results, result 1 and result 2. 
Subsequently thereto, at step 1504, packed-add operations are 

performed upon pairs of the results to form second intermediate value(s). 
These packed-add operations are performed upon pairs of intermediate 
results from the packed-add operations until there is only one 

intermediate result containing two packed data sources. For example, in 

the eight element case, the results of the multiply-add operations result 1 

and result 2 as shown in figure 16c are added to form the intermediate 

result, result 3. This is also shown in 1igure 17 wherein the two results 
1704 are packed-added together to form the intermediate result 1706. At 
step 1506, it is determined whether the set size is an odd multiple N of 
four. If so, then the odd result of the multiply-add operation is added into 

the final accumulated sum. This is performed at step 1508. An example 
of set size having an odd multiple of four is illustrated in figure 18. 

After the performance of the packed-add instruction(s) at steps 1504, 
1506 and 1508, if required, the intermediate value is unpacked at step 
1510. This includes the separate unpacking of both the high and low 
portions of the intermediate result as shown in figures 16d and 1 Se. 

Thus. the single intermediate result 1706 is unpacked into high and low 
portions 1708. Subsequent to the unpacking of the high and tow portions 
of the intermediate result 1706, the unpacked values 1708 are then 
added using an unpacked-add operation at step 1512 to generate the 

resulting accumulated value 1710. This operation is shown in figure 161. 
Note that performance advantages using this method are achieved 

over prior art methods of multiplying and accumulating numbers because 
an Intermediate accumulator is not required at every stage of operation. 

There are also no data dependencies among many of the intermediate 
values in the two sets during intermediate operations prior to formation of 
the accumulator. For this reason, operations may be performed in 
parallel and additional performance increases are realized over prior art 
techniques which require sequential operation. This method also 
requires execution of fewer instructions than multiply and accumulate 
methods in the prior art. 
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Another example of the application of the process 1500 of figure 15 is 
shown in figure 18. This shows a multiply/accumulate of two sets of 

twenty data elements - an odd multiple N=5 of four packed elements per 
source. Thus, the step 1506 will yield a positive result and step 1508 will 
need to be performed in order to generate the fjnal intermediate value 

used for generation of the accumulator. As shown in figure 18, N=5 
multiply-add operations are performed upon the groups of four packed 
elements 1802 from the two sets. This generates an odd number 5 of 

intermediate results 1804 which then have the packed-add operations 

performed upon them. At stages 1606 and 1808. pairs of intermediate 
results are summed by packed-add operations on pairs of the resulting 
packed data elements for the two sets. Subsequently thereto, the 

remaining odd intermediate result of the multiply/add operation is 

summed with the remaining intermediate results 1 BOB to form packed 
value 1810. The value 1810 is then unpacked into high and low portions 
1812. An unpacked-add is then performed upon the 1inal intermediate 
result data 1812 to form the accumulator 1814. 

Note that in the examples of figures 17 and 18, there is a relationship 
between the multiple N and the number of multiply-add and packed-add 
operations which are performed in these multiply and accumulate 

methods. For example, in figure 17 wherein N=2, two (N) multiply-add 

operations and a single (N-1) packed-add operation are performed. The 
same relationship holds for other values of N such as illustrated in figure 
18. 

Thus. in conclusion, using the above methods, two sets of data 
elements which require multiply and accumulation can be per1ormed with 
the resultant performance increases using the multiply and add 

instruction as disclosed above, resulting in a net increase in performance 
over prior art methods which use multiply/accumulate instructions known 
in the prior art. 

Multiply and Accumulate of Multiple Sets Concurrently 
Figure 19 through 21 c show examples of multiply and accumulating 

of four sets of values. Figure 19 illustrates an embodiment which is used 
tor multiplying and accumulating four sets of elements wherein each of 



W097/23821 PCT/US96n0603 

-31-

the sets includes two data elements. Thus, for example as shown in 
figure 19, two sources- Source 1 and Source 2 each comprising two sets 
of two values may be multiplied and added together resulting in a net 
multiply and accumulation of each of the two members of each of the two 
sets. These two results are then put into a single packed result. result 1. 

Figures 20 and 21a -21c show the results of multiplying and 
accumulating four sets of four data elements into two results. For 
example, process 2000 starts at 2002 wherein the first pair of each set of 
data elements are multiply-added together to form a first intermediate 
result. This is shown in figure 21a wherein the elements in sets A and B 

are multiplied-added together and the elements in C and D are multiplied­
added together. At step 2004, the second pair of each set are muttiply­
added together to form a second intermediate result. This is shown in 
figure 21 b. Subsequent thereto, a packed-add is performed upon the two 
intermediate results at step 2006, in order to generate the resulting value, 
result 6, which comprises the two packed results of the two pairs of sets 
of da1a elements. The final accumulation is thus performed in the 
packed~add operation to generate the results in packed form. 

Thus, using the above techniques, a variety of methods for 
performing multiply and accumulate operations upon various sets of data 

comprising various numbers of elements may be performed. Because of 
the advantages of lack of data dependencies among intermediate sets of 

values used by the multiply-add instruction, the lack of an accumulator, 
except at the final stage(s) of the process, substantial performance 
increases are realized over multiply/accumulate operations in the prior 
art. In this manner, the described multiply-add operation herein can be 
used to improve the performance of multiply and accumulate operations. 

SIGNAL PROCESSING 

The above-described embodiments of multiply-add to periorm 
multiply-accumuiate operations is especially useful in systems which 
perform signal processing. This signal processing may include the 
processing of video. audio. analog data (e.g., modem) or other signal 
data. Although audio and video data are set forth as an example, it can 
be appreciated by one skilled in the art that signal processing using 
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multiply-accumulate operations may be pertormed in a large number of 
applications, and may also be used for processing input signal data as 
well as output signal data. 

An example of a signal processing system and application Is shown 

in figure 22. For example, system 1 oo may be configured to perform 

signal processing, such as video or audio compression upon input signals 
received from either video camera 128 and/or microphone 129. It may 
also be used to geneiate input or output signals for or from 

communication device 129, 1or example, in a modem pump application. 
System 100 may include speakers 127 and display 121 to present the 
results of the signal processing to the local user. In this implementation, 
signal processing may include video and/or audio compression which 

comprises a receiving stage 2202 which performs digitizing and/or other 
conversion of the analog signals received from the input devices to digital 
format for further processing. 

After reception and digitizing, if any, of the input signal at stage 2202, 
the data may be compressed into a format which is more suited for 
storage within computer system 100 and/or transmission. This takes 
ptace at stage 2203'. Subsequently thereto, the data may either be locally 
stored, for example, in data storage device 107. or, alternatively. 
transmitted to a second computer system such as 2221 shown in figure 
22. This transmission and/or storage may be performed at a 

transmission and/or storage stage 2204. For example. the data may be 
transmitted over a transmission medium 2250 to a second computer 
system 2221 via communication device 129. 

System 2221 comprises a similar sequence of stages 2207 through 
2209 which perform operations which complement stages 2202 through 

2204. Thus. the system includes a receiving stage 2207. a 
decompression stage 2208, and a display and/or playback stage 2209. 
Note that in other applications, such as modems or other data processing 

applications, the display/playback stage 2209 may be replaced by a 
similar stage which forwards the data on the appropriate application in the 
system for processing. such as a telecommunications application or other 

program operative in the second computer system 2221. 
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Some examples of the signal processing applications in which the 
multiply-accumulate operations described above may be used are now 
described in detail, however, it can be appreciated by one skilled in the 
art that other signal processing applications which require multiply· 
accumulation technique may be performed using the described multiply­

add and packed-add operations above along with their corresponding 
advantages. 

One application of the multiply-accumulate operations described 
above include various operations performed at the compression stage 
2203 of system 100 illustrated in figure 22. Compression is used for a 

wide variety of 1echnologies, including those to reduce redundancy in 
both the spatial and temporal domains in all forms of compression. 
These include, but are not limited to. image processing, video 
compression/decompression, audio compression/decompression, 
including speech. In the example of speech, speech compression is an 
important enabling technology for multimedia applications. Compressed 
speech requires less storage space and allows multimedia applications to 
include speech as part of their method of delivery. 

Speech data is usually sampled at an 8 kilohertz rate with sample 
resofutlon between 8-16 bits per sample. This is a natural data type of 

the multiply-add and multiply-accumulate operations described above. 

The speech data may be divided into segments of 20-30 milliseconds and 
each segment is compressed according to various speech compression 

algorithms. Popular speech compression algorithms include: GSM, the 
European digital cellular telephone standard; True SpeechTM from the 
DSP Group; G.728, an international standard; VSELP, another digital 
cellular telephone standard; CELP, a US DoD standard. 

Current state of the art speech compression algorithms can deliver 
compression ratio of 4:1 to 8:1 with very acceptable reproduced speech 
quality. Most of 1he current speech compression algorithms employed 
the analysis-by-synthesis linear prediction technique as the fundamental 
compression scheme. 

In this techniqu~. a speech frame of appropriate length is modeled as 
an all poles digital filter being excited by a sequence of pulses. The 
filter's coefficients are designed to approximate the vocal tract 


