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"OF THE I NVENTION 1. FIELD OF | NVENTI ON 5 The present invew%f‘}'
relates to the field of processor operation. In particular, the present

“invention describes an apparatus and nethod of perforning a popul ation

count operation on packed data. 2. DESCRI PTI ON OF RELATED ART Today, nost
personal conputer systens operate with one insuction to produce 10 one
result. Performance increases are achieved by increasing execution speed of
i nstructions and the processor instruction conplexity; known as Conpl ex

I nstruction Set Conputer (ClSC). Such prbcessors as the Intel 80486[ err]

m croprocessor, available fromlintel Corp. of Santa Clara, Cali fornl a,

bel ong to the QIAEPRYEVE y h 1!-.‘5.'.‘ , 3 er system
archi'tecture .‘ Feeh 3_1! s -’ ..‘5 azas ;m:- E.! ept Such
systens typically havg ERAJT(ION ’.. BGESSQ
BACKGROUND OF THE INVENTION
1,_FIELD OF INVENTION
5 The present invention relates to the field of processor operation. In particular,

the present invention describes an apparatus and method of performing a population

count operation on packed data.

2. DESCRIPTION OF RELATED ART

Today, most personal computer systems operate with one instruction to produce

10 oneresult. Performance increases are achieved by increasing execution speed of
instructions and the processor instruction complexity; known as Complex Instruction
Set Computer (CISC). Such processors as the Intel 80486™ microprocessor,
available from Intel Corp. of Santa Clara, California, belong to the CISC category of
Processor.

15 Previous computer system architecture has been optimized to take advantagé of
the CISC concept. Such systems typically have data buses thirty-two bits wide.
However, applications targeted at computer supported cboperation (CSC-the
integration of teleconferencing with mixed media data manipulation), 2D/3D
graphics, image processing, video compression/decompression, recognition

20  algorithms and audio manipulation increase the need for improved performance.
But, increasing the execution speed and complexity of instructions is only one

solution.



However, applications targeted at conputer supported cooperation (CSC - the
integration of teleconferencing with m xed nmedi a data mani pul ation), 20D/ 3D
of aphi cs, image processing, video conpression/deconpression, recognition 20
al gorithnms and audi o mani pul ation increase the need for inproved

per f ormance. But, increasing the execution speed and conpl exity of

I nstructions is only one sol ution. -2- One common aspect of these
applications is that they often mani pulate | arge amounts of data where only
a few bits are inportant. That is, data whose relevant bits are represented
in much fewer bits than the size of the data bus. For exanple, processors
execute many operations on eight bit and_gixteen bit data (e.g., pixel 5
col or conponents in a video inmage). Thus, a processor having a thirty-two

PR SRR TR s AN ST ST R )
storage ¢ apacgl%guntzg Sf &Jaﬁfwggxl'eyoniyhae few bits are important. That is, data whose relevant
bits are represented in much fewer bits than the size of the data bus. For example,
processors execute many operations on eight bit and sixteen bit data (e.g., pixel
5  color components in a video image). Thus, a processor having a thirty-two bit data
bus and registers, and executing one of these algorithms, can waste up to seventy-
five percent of its data processing, carrying and storage capacity t;ccausc only the

first eight bits of data are important.

10 As such, what is desired is a processor that increases performance by more
efficiently using the difference between the number of bits required to represent the
data to be manipulated and the actual data carrying and storage capacity of the

Processor.



Tirst eight bits of data are inportant. 10 As such, what is desired is
a processor that increases performance by nore efficiently using the
difference between the nunber of bits required to represent the data to be
- mani pul ated and the actual data carrying and storage capacity of the
processor . -3- SUWARY OF THE | NVENTI ON An apparatus and net hod of

I ncreasi ng processor performance by efficiently reducing the difference
bet ween data el enent | ength and actual carrying and storage capacity is
described. 5 I n one enbodi nent of the present invention, a processor
mani pul at es packed data. The packed data includes a first data el enent D1
and a second data el enent D2. Each of said data elenents has a

predet ermi ned nunber of bits. The processler conprises a decoder, a
register, and a circuit. The decoder is for decoding a control

SUMMARY OF THE INVENTION

An apparatus and method of increasing processor performance by efficiently
reducing the difference between data element length and actual carrying and storage
capacity is described.

5 In one embodiment of the present invention, a prt;cessor manipulates packed
data. The packed data includes a first data element D1 and a second data element
D2. Each of said data elements has a predetermined number of bits. The processor
comprises a decoder, a register, and a circuit. The decoder is for decoding a control
signal responsive to receiving thé control signal. The register is coupled to the

10 decoder. The register is for storing the packed data. The circuit is coupled to the
decoder. The circuit is for gencraﬁng a first result data element R1 and a second
data element R2. The circuit is further for generating R1 to represent a total number
-bits set in D1, and the circuit is further for generating R2 to represent a total number
bits set in D2.

15 In a second embodiment of the present invention, the above processor includes
a second register, and the second register is for storing R1 and R2 as a result packed
data. |

In another embodiment of the present invention, the above proéessor includes a
first circuit that is coupled to the decoder and a second circuit th_at ‘i; coupled to the

20  decoder. The first circuit is for totaling a number of bits set in D1, and the second

circuit is for totaling a number of bits set in D2.



signal responsive to receiving the control signal. The register is coupled
to the 10 decoder. The register is for storing the packed data. The
circuit is coupled to the decoder. The circuit is for generating a first
result data elenment Rl and a second data elenent R2. The circuit is further
for generating R1 to represent a total nunmber bits set in D1, and the
circuit is further for generating R2 to represent a total nunber bits set
in D2. 15 In a second enbodi nent of the present invention, the above
processor includes a second register, and the second register is for
storing Rl and R2 as a result packed data. In another enbodi nent of the
present invention, the above processor igﬁludes a first circuit that is’
coupled to the decoder and a second circuit that is coupled to the 20
decoder. The first circuit is for_totaling a nunber of bits set in D1, and
the second ci r culanother embediment ¢fhepresens anvegtion, thesproggssprpfithe second 4

embodiment wherein the packed data further includes a third data element D3 and a
fourth data element D4. The circuit is further for generating a third result data
element R3 and a fourth data element R4. The circuit is further for generating R3 to

5  represent a total number of bits set in D3, and for generating R4 to represent a total
number of biis setin D4, The sccbnd register is for storing R1, R2, R3and R4 as a
result packed data.

In another embodiment of the present invention, the processor of the first
embodiment wherein each of the data elements includes sixteen bits.

10 In another embodiment of the present invention, the processor of the first
embodiment wherein a set bit equals one.

In another embodiment of the present invention, the processor of the first
embodiment wherein the processor supports operations supported by an Intel
80486™ microprocessor.

15 In another embodiment of the present invention, the processor of the first
embodiment wherein the processor supports operations supported by an Intel
Pentium™ microprocessor.

In another embodiment of the present invention, the processor of the first
embodiment wherein the processor supports operations defined by the IA™, Intel

20  Architecture.

In another embodiment of the present invention, the processor of the first
embodiment wherein the processor includes a cache coupled to the decoder, and the

cache is for storing data.



I n-anot her enbodi nent .of the present invention, the processor of the second
~enbodi nrent wherein the packed data further includes a third data el enent D3
and a fourth data elenment D4. The circuit is further for generating a third
result data elenment R3 and a fourth data elenent R4. The circuit is further
for generating R3 to 5 represent a total nunber of bits set in D3, and
for generating R4 to represent a total nunber of bits set in D4. The second
register is for storing R, R2, R3 and R4 as a result packed data. In

anot her enbodi nent of the present invention, the processor of the first
enbodi nent ‘wherein each of the data el enents includes sixteen bits. 10

I n anot her enbodi nent of the present invention, the processor of the first
enbodi ment wherein a set bit equals one. T anot her enbodi nent of the
present invention, the processor of the first enbodi nent wherein the
processor suppor tla anptherermbodimentnf che preseny invantion, die pgoct8sjrafitle first

M croprocessor . I n anot her enbodi nent of the present invention, the
processor of tmm%mmmﬂcmﬁ%ﬁﬁhw@fﬂoﬂéémfﬁpports oper ati ons

supported by an Intel Pentiupferr] mcroprocessor.
PP y In another embodlnx[ncnt o]f the prese%t invention, a computer syster is for

manipulating packed data. The packed data includes a plurality of datz elements,

5  wherein each of the plurality of data elements has a predetermined number of bits.
The computer system comprises a memory and a processor being coupled to the
memory. The memory is for storing data and a control signal. The processor
includes a decoder, a plurality of registers, and a circuit for performing an operation
on the packed data. The decoder is for decoding the control signal. The plurality of -

10  registers is for providing and storing the packed data. The plurality of registers is |
coupled to the decoder. The plurality of registers has a first register. The circuit is
coupled to the decoder. Responsive to decoding the control signal, the decoder
enables the first register to provide a first packed data. The first pftcked data has a
first data element D1 and a second data element D2. The circuit g.encmcs a result

15  data clement R1 equal to a total number of bits set in D1. The circuit generates a
result data element R2 equal to a total number of bits set in D2, The circuit provides
a result packed data to the plurality of registers. The result packed data includes R1
and R2. The plurality of registers stores the result packed data in one of the plufality
of rggistels.

20 In another embodiment of the present invention, a method is for manipulating
packed data in a computer system. The computer system includes a memory being
éoupled to a microprocessor. The microprocessor includes a deco;icr'for decoding a

control signal, a plurality of registers for storing the packed data, and 2 circuit for



I n anot her enbodi nent of the present invention, the processor of the first
enbodi nent wherein the processor supports operations defined by the

Al err], Intel 20 Architecture. In another enbodi ment of the present

i nvention, the processor of the first enbodi nent wherein the processor

I ncl udes a cache coupled to the decoder, and the cache is for storing data.
I n anot her enbodi nent of the present invention, the processor of the first
enbodi nent wherein the processor is further for storing integer data. In
anot her enbodi ment of the present invention, a conmputer systemis for
mani pul ati ng packed data. The packed data includes a plurality of data

el enments, 5 wherein each of the plurality of data el enents has a
predet er mi ned nunber of bits. The conputet-system conprises a menory and a
processor being coupled to the nmenory. The nenory is for storing data and a

control si gnalprocksing theqacked datd) Clheqrckél dRsPdRIdes 2 filt dhidleldnier® D1'd@iaSt €1 S,
and a circuit for perform ng an operation :
second data element D2. Each of the data elements has a predetermined number of
bits. The decoder is coupled to the ;Slurality of registers and the circuit. The method
-the following steps. Responsive tdmceiving a control signal, decoding the control
5 signal. Providing the packed data to the circuit. Generating a first result data
element representative of a number of bits set in D1. Generating a second result data
elcmént representative of a number of bits set in D2. Storing the first result data
element and the second result data element as a result packed data.
In another embodiment of the present invention, a processor is for performing a
10 populétion count on a packed data. The packed data has four data elements, D1, D2,
D3 and D4 respectively. Each of the data elements includes sixteen bits. The
processor comprises a decoder, a plurality of registers, and an operation circuit. The
decoder, responsive to receiving a control signal, decodes the control signal. The
plurality of registers is for storing packed data. The plurality of registcts couples to
15  the decoder. The plurality of registers has a first register. The operation circuit is
for performing an operation on the packed data. The operation circuit is coupled to
the decoder. Responsive to decoding the control signal, the decoder enables the first
register to provide the first packed data to the operation circuit. The operation
circuit includes a first, second, third, and fourth circuit. The first éircuit is for
20 gencrating a result data element R1 equal to a total number of bits setin D1. The
second circuit is for generating a second result data element R2 equal to a total
number of bits set in D2. The third circuit is for generéting g.thind result data

element R3 equal to a total number of bits set in D3. The fourth circuit is for



on the packed data. The decoder is for decoding the control signal. The
plurality of 10 registers is for providing and storing the packed data.
The plurality of registers is coupled to the decoder. The plurality of
registers has a first register. The circuit is coupled to the decoder.
Responsive to decoding the control signal, the decoder enables the first
register to provide a first packed data. The first packed data has a first
data elenent D1 and a second data elenment D2. The circuit generates a
result 15 data el ement Rl equal to a total number of bits set in Dl. The
circuit generates a result data elenent R2 equal to a total nunmber of bits:
set in D2. The circuit provides a result Bgacked data to the plurality of
regi sters. The result packed data includes RL and R2. The plurality of
regi sters stores the
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the result packed data in one of the plurality of registers.

5 In another embodiment of the present invention, method is fér performing a
population count operation on a packed data in a processor. The processor includes
a decoder for decoding a control signal, a plurality of registers for storing the pagkcd
data, and a circuit for processing the packed data. The decoder is coupled to the
plurality of registers and the circuit. The packed data includes four data elements
10 D1, D2, D3, and D4, respectively. The method comprises the following steps.
Generating a first result data representative of a total number of bits equal to one in
D1. Generating a second result data representative of a total number of bits equal to
one in D2. Generating a third result data representative of a total number of bits
cqual to one in D3. Generating a fourth result data representative of a total number
15  of bits equal to one in D4. Storing D1, D2, D3, and D4, as a result packed data.
Thus, in a single operation, multiple data elements may be operated upon given
a single packed data.
An object of the present invention is to produce a novel processor better suited
to multimedia applications. |
20 An object of the present invention is to improve the execution of multimedia
| algorithms by more efficiently using the difference between the length of data
clement manipulated and the actual data carrying and storage capacity of the

Processor.



-6- processing the packed data. The packed data includes a first data

el ement D1 and a second data el enent D2. Each of the data elenents has a

pr edet er mi ned nunber of bits. The decoder is coupled to the plurality of
registers and the circuit. The nethod the followi ng steps. Responsive to
receiving a control signal, decoding the control 5 signal. Providing the
packed data to the circuit. Generating a first result data el enent
representative of a nunber of bits set in D1I. Generating a second result
data el enent representative of a nunber of bits set in D2. Storing the
first result data el enment and the second result data elenent as a result
packed data. In another enbodi nent of the present invention, a processor is
for performng a 10 popul ati on count on™®a packed data. The packed data
has four data elements, D1, D2, D3 and D4 respectively. Each of the data

el enent s i ncl udesAms objectaf tlix present invepticicis s altow ompopesationao perfone worlaon
plurality of registers, and an operation circuit. The decoder, responsive
to receiving anutplerdata elémgents., decodes the control signal. The plurality of
registers is for storing packed data. The plurality of registers couples to
15 the decoder. Amebjpctof the prosest invengion is ta improverthe pedfermange algorithm e
operation circuit, s

requiring the totaling of the number of bits set in a eight bit, sixteen bit, and thirty-
5 two bit operations in a processor having sixtj-four bit registers.

An object of thé present invention is to support population count operations on
eight bit, sixteen bit, and thirty-two bit data élcments in a processor having sixty-
four bit registers. _

Although a great deal of detail has been included in the description and figures,

10  ourinvention is defined by the scope of the claims. Only limitations found in those

claims apply to our invention.



for perfornming an operation on the packed data. The operation circuit is
coupled to the decoder. Responsive to decoding the control signal, the
decoder enables the first register to provide the first packed data to the
operation circuit. The operation circuit includes a first, second, third,
and fourth circuit. The first circuit is for 20 generating a result data
el emrent Rl equal to a total nunber of bits set in D1. The second circuit is
for generating a second result data el enent R2 equal to a total nunber of
bits set in D2. The third circuit is for generating a third result data

el ement R3 equal to a total nunber of bits set in D3. The fourth circuit is
for -7- generating a fourth result data elenent R4 equal to a tota
nunber of bits set in D4. The operation ci%cuit provides the plurality of
registers with a result packed data. The result packed data has the Rl, R2,
R3, and R4. The plurality of registers stores the result packed data in one
of the-plurality of registers. 5 I n anot her enbodi nent of the present

i nvention, method is f OIB]QPEII:Q)E'SQWQN OF THE DRAWINGS

The present invention is illustrated by way of example, and not limitation, in the
figures. Like references indicate similar elements.

Figure 1 illustrates an embodiment of the computer system using the methods

5 and apparatus of the present invention.

Figure 2 illustrates an embodiment of the processor of the present invention.

Figure 3 is a flow diagram illustrating the general steps used by the processor to
manipulate data in the register file.

Figure 4a illustrates memory data types.

10 Figure 4b through Figure 4d illustrate in-register integer data representations.

‘Figure 5a illustrates packed data-types.

Figure 5b through Figure 5d illustrate in-register packed data representations.

Figure 6 illustrates the control signal format used in the computer system to
indicate the use of packed data.

15 Figure 7 illustrates the steps followed by a processor when performing a
population count operation on packed data.

Figure 8 illustrates the steps followed when performing a population count |
operation on one data element of a packed data and generating a single result data
clement for a result packed data.

20 Figure 9 illustrates one circuit for performing a population count operation on

packed data having four word data elements.



popul ati on count operation on a packed data in a processor. The processor

i ncl udes a decoder for decoding a control signal, a plurality of registers
for storing the packed_data, and a circuit for processing the packed data.
The decoder is coupled to the plurality of registers and the circuit. The
packed data includes four data elenents 10 D1, D2, D3, and D4,
“respectively. The nmethod conprises the follow ng steps. Generating a first
result data representative of a total nunber of bits equal to one in DI.
Cenerating a second result data representative of a total nunber of bits
equal to one in D2. Generating a'third result data representative of a
total nunber of bits equal to one in D3. nerating a fourth result data
representative of a total nunber 15 of Bfts equal to one in D4. Storing
D1, D2, D3, and D4, as a result packed data. Thus, in a single operation,
nul tiple data el mgormgsm@s@pgt@pémmrg:xfwag3ipﬁgn1éu?;a€qs@a data. An
obj ect of the present inventign is to p{odu e.a novel processor better
suited to mul t9P¢ESOR oa SRt Word daia glement of a packedhdypy ect of the present
invention is to inprove the execution of nultinmedia algorithns by nore
efficiently using the difference between the length of data el ement
mani pul ated and the actual data carrying and storage capacity of the



processor . An object of the present invention is to allow one operation
to performwork on nmultiple data el enents. An object of the present
invention is to inprove the performance algorithns requiring the totaling
of the nunber of bits set in a eight bit, sixteen bit, and thirty- 5 t wo
bit operations in a processor having sixty-four bit registers. An object of
the present invention is to support .popul ati on count operations on eight
bit, sixteen bit, and thirty-two bit data elenents in a processor having
sixty-- four bit registers. Although a great deal of detail has been

I ncluded in the description and figures, 10 our invention is defined by
the scope of the clains. Only limtations _found in those clains apply to
our invention. - it

DESCRIPTION OF THE PREFERRED EMBODIMENT

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

5 Bit X through Bit Y: _
defines a subfield of binary number. For example, bit six
through bit zero of the byte 001110102 (shown in base
two) represent the subfield 1110102. The "2’ following a
binary number indicates base 2. Therefore, 10002 equals

10 810, while F16 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. _
DEST:  is an address of a register.
15 SRC1: isan address of a register.
SRC2:  is an address of a register.
Result:  is the data to be stored in the register addressed by DEST.
Sourcel: is the data stored in the register addressed by SRC1.
Source2: is the data stored in the register addressed by SRC2.
20
COMPUTER SYSTEM
An apparatus and method of increasing processor performance by efficiently
reducing the difference between data element length and actual carrying and storage |
capacity is described. In the following description, numerous specific details are set
25  forth such as packed data formats, control signal formats, etc., in order to provide a
thorough understanding of the present invention. It will be obvious, however, 10 one |

skilled in the art that the present invention may be practiced without these specific



©9- BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is illustrated
by way of exanple, and not limtation, in the figures. Like references
Lndicate simlar elenents. Figure 1 illustrates an enbodi nent of the
conput er system using the nethods 5 and apparatus of the present
invention. Figure 2 illustrates an enbodi nent of the processor of the
present invention. Figure 3 is a flowdiagramillustrating the general
steps used by the processor to mani pulate data in the register file. Figure
"4da illustrates nenory data types. 10 Figure 4b through Figure 4d
illustrate in-register integer data representations. Figure 5a illustrates
packed data-types. Figure 5b through Figure 5d illustrate in-register
packed data representations. Figure 6 illd%rates the control signal format
used in the conputer systemto indicate the use of packed data. 15

Figure 7 |11 Usddidlise In bitRr ftis@RCes] Well RiBHn PYoc st AfchRe&ire! BRIk Sthiehiit'9 2
and techniques have not been shown in detail in order not to unnecessarily obscure
the present invention.

Figure 1 illustrates a computer system 100 upon which one embodiment of the

5 present invention can be implemented. Computer system 100 comprises a bus or
other communication means 101 for comn.mnicaﬁng information, and a processing
means 109 coupled with bus 101 for processing information. System 100 further
comprises a random access memory (RAM) or other dynamic storage device 104
(referred to as main memory), coupled to bus 101 for storing information and

10 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 comprises a read only
memory (ROM) and/or other static storage device 106 coupled to‘bus 101 for storing
static data and instructions for processor 109. Data storage device 107 is coupled to
15  bus 101 for storing information and instructions.

Furthermore, 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. Cbmputcr
System 100 can also be coupled via bus 101 to a display device 121, such as a
cathode ray tube (CRT), for displaying information to a computer user. An

20  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 asa

- . l [ 3 .
mouse, a trackball, or cursor direction keys for communicating direction information



p'opul ation count operation on packed data. Figure 8 illustrates the steps
fol | oned when performng a popul ation count operation on one data el ement
of a packed data and generating a single result data elenent for a result

packed data. 20 Figure 9 illustrates one circuit for performng a
popul ation count operation on packed data having four word data el ements.
-10- Figure 10 illustrates a detailed circuit for perform ng a popul ation

count operation on one word data el enent of a packed dat a.

OF THE PREFERRED ENMBODI MENT DEFI NI TI ONS

-13-

DESCRI PTI ON -

and command selections to processor 109 and for controlling cursor movement on

display 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.

5 Another device that may be coupled to bus 101 is hard copy device 124 that

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

10  may include a speaker that is coupled to a digital to analog (D/A) converter for

playing back the digitized sounds. Finally, computer system 100 can be a terminal

in a computer network (e.g., a LAN).

Computer system 100 is useful for supporting computer supported conferencing

(CSC - the integration of teleconferencing with mixed media data manipulation),

15  2D/3D graphics, image processing, video compression/decompression, recognition

algorithms and audio manipulation.

PROCESSOR

Figure 2 illustrates a detailed diagram of processor 109. One skilled in the art

would understand that processor 109 could be implemented on one or more

20 substrates using any of a number of process technologies, such as, BiCMOS,

CMOS, and NMOS.

Processor 109 comprises a decoder 202 for decoding control signals and data

used by processor 109. Data can then be stored in register file 204 via internal bus



To provi de a foundation for understandi ng the description of the

enbodi nents of the present invention, the followi ng definitions are

provi ded. 5 Bit X through Bit Y: defines a subfield of binary
nunber. For exanple, bit six through bit zero of the byte 001110102 (shown
I n base two) represent the subfield 1110102. The '2' followi ng a binary
nunber indicates base 2. Therefore, 10002 equals 10 [err],
while [err] equals [err]. Rx: is a register. Aregister is any device
capabl e of storing and providing data. Further functionality of a register
I s described below. DEST: is an address of a register. 15 SRl :

Is an address of a register. SRC2: is an address of a register. Result:

is the data to be stored in the registerlﬁddressed by DEST. Sourcel: is the
data stored in the regi ster addressed by SRCl1. Source2: is the data stored
in the regi st265. dbh masterof blarifRRERe registers of the preferred embodiment should not be

limited in meaning to a particular type of circuit. Rather, a register of the preferred
embodiment need only be capable of storing and providing data, and performing the
functions described herein.

5 Depending on the type of data, the data may be stored in integer registeré 209,
status registers 208, or instruction pointer register 211. Integer registers 209
contains thirty-two integer registers, R1 212a through Ry 212af, Each register is
sixty-four bits in length. Ri 212a, R2 212b and R3 212¢ are examples of individual |
registers in integer registers 209. Status registers 208 indicate the status of processor

10  109. Instruction pointer 211 stores the address of the .ncxt instruction to be
executed. Integer registers 209, status registers 208, and instruction pointer register
211 all connect to internal bus 205.
Arithmetic logic unit 203 (ALU) performs the arithmetic and logic operations
carried out by processor 109. Such operations may include logica_l_ shifts, addition,
15  subtraction and multiplication, etc. ALU 203 connects to intemai bus 205. Cache
206 is an optional element of processor 109 and can be used to cache data, including
control signals, from, for example, main memory 104. Cache 206 is connected to
decoder 202, and is connected to receive control signal 207.
Figure 3 illustrates the general operation of processor 109. That is, Figure 3
20  illustrates the steps followed by processor 109 while performing an operation on
packed data, performing an operation on un_packéd data, or pcrfdrming some other
operation. For example, such 6perations include a load operation to load a register

in register file 204 with data from cache 206, main memory 104, static memory 106,



20 COMPUTER SYSTEM An apparatus and nethod of increasing processor
performance by efficiently reducing the difference between data el enent
length and actual carrying and storage capacity is described. In the _
foll owi ng description, numerous specific details are set 25 forth such as

packed data formats, control signal formats, etc., in order to provide a

t horough under standi ng of the present invention. It will be obvious,
however, to one skilled in the art that the present invention may be
practiced without these specific -12- details. In other instances,

wel | - known processor architecture, circuits, structures and techni ques have
not been shown in detail in order not to unnecessarily obscure the present
invention. Figure 1 illustrates a conputet5-system 100 upon which one

enbodi nent of the 5 present invention can be inplenented. Conputer system
100 conpri ses opnid¥Ssté¥age device 107. In one embodiment of the present invention, processor

109 supports most of the instructions supported by the Intel 80486™, available from
Intel Corporation of Santa Clara, California. In another embodiment of the present
invention, processor 109 supports all the operations supported by the Intel 80486™,
5 available from Intel Corporation of Santa Clara, California. In another embodiment

of the present invention, processor 109 supports all the operations supported by the
Pentium™, the Intel 80486™, the 80386™, the Intel 80286™, and the Intel
8086™, all available from Intel Corporation of Santa Clara, California. In another
embodiment of the present invention, proéessor 109 supports all the operations

10  supported in the IA™ - Intel Architecture, as defined by Intel Corporaﬁon of Santa
Clara, California (see Microprocessors, Intel Data Books volume 1 and volume 2,
1992 and 1993, available from Intel of Santa Clara, California) .

At block 301, the decoder 202 receives a control signal 207 from either the
cache 206 or bus 101. Decoder 202 decodes the control signal to determine the

15 operations to be performed.

Decoder 202 accesses the register file 204 at block 302. Registers in the
register file 204 are accessed depending on the register address specified in the
control signal 207. For example, for an operation on packed data, control signal'207
includes SRCI1, SRC2 and DEST register addresses. SRCI1 is thé address of the first

. 20 sourceregister. SRC2 is the address of the second source register. In some cases,
the SRC2 address is optional as not all operations require two soufce 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.



ot her communi cati on neans 101 for comuni cating information, and a
processi ng neans 109 coupled with bus 101 for processing information.
System 100 further conprises a random access nenory (RAM or other dynamc
storage device 104 (referred to as nmain nmenory), coupled to bus 101 for
storing information and 10 instructions to be executed by processor 109.
Main menory 104 al so nay be used for storing tenporary variables or other

i ntermedi ate information during execution of instructions by processor 109.
Comput er system 100 al so conprises a read only nenory (ROM and/or other
static storage device 106 coupled to bus 101 for storing static data and

I nstructions for processor 109. Data storage device 107 is coupled to 15
bus 101 for storing information and instrli®ctions. Furthernore, a data
storage device.107 such as a magnetic disk or optical disk and its

cor r espondi ngSRCIKSRCR wfid DEBS Thte desctibedimione fuliyyin relationyte Fégnré 60 Th€dataut er
system 100 can al so be coupled via bus 101 to a display device 121, such as
a cat hode r ay stordakin (ieRE yegisters ickiefepted o agSOch.Mcoﬁde;S%mweleer. An
20 al phanumeric i nput device 122, including al phanuneric and ot her keys,

i s typically Eachpofatiesealatais sixty-foupbitsmlengthcati ng i nformati on and conmmand
sel ections to processor 109. Another_ type of user jnput device is %grsor
control 123, suc@Vhese the control signal requires an arithmetic or logic operation, at step 303,

5 ALU 203 will be enabled to perform this operation on accessed data from register
file 204. Once the arithmetic or logic operation has been performed in ALU 203, at
step 304, the result is stored back into register file 204 according to requirements of

control signal 207.

DATA AND STORAGE FORMATS

10 Figure 4a illustrates some of the data formats as may be used in the computer
system of figure 1. Processor 109 can manipulate these data formats. Multimedia
algorithms often use these data formats. A byte 401 contains eight bits of
information. A word 402 contains sixteen bits of information, or two bytes. A
doubleword 403 contains thirty-two bits of information, or four bytes. Thus,

15  processor 109 executes control signals that may operate on any one of these memory
data formats.

In the following description, references to bit, byte, word, and doubleword

subfields are made. For example, bit six through bit zero of the byte 001110102
(shown in base 2) represent the subfield 1110102. |

20 Figure 4b through Figure 4d illustrate in-regiéter integer data representations
used in one embodiment of the present invention. For example, unsigned byte 410
can represent data stored in integer register R1 212a. A register, in integer registers

209, is sixty-four bits in length.



rr'Duse, a trackbal |, or cursor direction keys for communicating direction
i nf ormati.on -13- and command sel ections to processor 109 and for
controlling cursor novenent on display 121. This input device typically has
two degrees of freedomin 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. 5
Anot her device that may be coupled to bus 101 is hard copy device 124 that
may be used for printing instructions, data, or other information on a
medi um such as paper, film or simlar types of nmedia. Additionally,
conput er system 100 can be coupled to a device for sound recordi ng and/ or
pl ayback 125 such as an audio digitizer i_gupl ed to a m crophone for _
recording information. Further, the devit€ 10 may include a speaker that
is coupled to a digital to analog (D/A) converter for playing back the
di giti zed sounddn-régistet unsigncd bpsrepresaptatiom410allustmtes processer Mhstpringiaa
conputer network (e.g., a LAN). ) e . .
' byte 401 in integer registers 209, the first eight bits, bit seven through bit zero, in
that integer register are dedicated to the data byte 401. These bits are shown as (b}.
To properly represent this byte, the remaining 56 bits must be zero.. For a signed |
5 byte 411, integer registers 209 store the data in the first seven bits, bit six through
bit zero, to be data. The seventh bit represents the sign bit, shown as an {s}. The
remaining bit sixty-three through bit eight are the continuation of the sign for the
byte.
Unsigned word in-register data representation 412 is stored in one register of
10  integer registers 209. Bit fifteen through bit zero contain the unsigned word 402.
These bits are shown as {w}. To properly represent this word, the remaining bit
sixty-three through bit sixteen must be zero. Signed word 402 is stored in bit
fourteen through bit zero as shown in the signed word in-register data representation
413. The remaining bit sixty-three through bit fifteen is the sign field.
15 A doubleword 403 can be stored as an unsigned doubleword or a signed
doubled word 414 or 415. Bit thirty-one through bit zero of an unsigned
doubleword 414 are the data. These bits are shown as {d}. To properly represent
this unsigned doubleword, the remaining bit sixty-three through bit thirty-two must
be zero. Integer register 209 stores a signed doubleword 415 in its bit thirty through
20  bit zero; the remaining bit sixty-three through bit thirty-one are the sign field.
As indicated by the above Figure 4b through Figure 4d, storage of some data
types in a sixty-four bit wide register is an inefficient method of storage. For

example, for storage of a byte in-register data representation 410 bit sixty-three



Conput er system 100 is useful for supporting conputer supported
conferencing (CSC - the integration of teleconferencing with m xed nedia
data mani pul ation), 15 2D/ 3D graphics, inage processing, video

conpr essi on/ deconpr essi on, recognition algorithns and audi o nmani pul ati on.
PROCESSOR Figure 2 illustrates a detailed diagramof processor 109. One
skilled in the art would understand that processor 109 could be inplenented
on one or nore 20 substrates using any of a nunber of process

t echnol ogi es, such as, Bi CMOS, CMOS, and NMOS. Processor 109 conprises a
decoder 202 for decoding control signals and data used by: processor 109.
Data can then be stored in register file 4 via internal bus -14- 205.

As a matter of clarity, the registers of "t'e preferred enbodi nent shoul d

not be limted in nmeaning to a particular type of circuit. Rather, a

register of thhropglebiteightmust be zero, while only bit seven through bit zero mzy contain
non-zero bits. Thus, a processor storing a byte in an integer register uses only
12.5% of its capacity. Similarly, only the first few bits of operations peformed by
ALU 203 will be important.

5 Figure 5a illustrates the data formats for packed data. Three packed data

formats are illustrated; packed byte 501, packed word 502, and packed doubleword
503. Packed byte, in the preferred embodiment of the present inventior, 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

10  integer register with other data elements of the same length. In the preferred
embodiment of the present invention, the number of data elements stored in an
integer register is sixty-four bits divided by the length in bits of a dat;l element.

Packed word data 502 is sixty-four bits long and contains four word data
elements 402. Each word data element 402 contains sixteen bits of information.

15 Packed doubleword data 503 is sixty-four bits long and contains two
doubleword 403 data elements. Each doubleword data element 403 contains thirty-
two bits of information. '

Figure 5b through Figure 5d illustrate the in-register packed data storage
representation. Unsigned packed byte in-register representation 510 illustrates the

20 storage of packed data type 501 in one of the intcger registers RQ 212a through R
212af. 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-



enbodi ment need only be capable of storing and providing data, and _
performng the functions described herein. 5 Dependi ng on the type of
data, the data may be stored in integer registers 209, status registers
208, or instruction pointer register 211. Integer registers 209 contains
thirty-two integer registers, [err] 212a through Rn 212af. Each register is
sixty-four bits in length. [err] 212a, R2 212b and R3 212c are exanples of
indi vidual registers in integer registers 209. Status registers 208

i ndicate the status of processor 10 109. Instruction pointer 211 stores
the address of the next instruction to be executed. Integer registers 209,
status registers 208, and instruction pointer register 211 all connect to
internal bus 205. Arithmetic logic unit 2% (ALU) perforns the arithmetic
and | ogic operations carried out by processor 109. Such operations nmay

i ncl ude | ogi caiinesthiduigh bitahidiyttwafor Bite fourpbit ﬂg{gg@%@ﬂﬂoﬁgﬂ Bit forfydei bRe. etc.

ALU 203 connects to internal bus 205. Cache I's an optional el enent of
processor 109 fivedbic fifty{fiveuhrodgh bit areyreighiefor byiersixt it bigsikgrthree! thioughBit S |
from for exanple, main nenory 104. Cache 206 is connected to decoder 202,
and i s connectfdty-sis fordyes sevem.ofbusohll svajlable BB are Fiedun thednicgtrusgisiet.cThishe
general oper atsito?';]gcognagrggrggnstsir?érea@sg t'he-gtr:)?;gei est'ﬁcisrllgyuéfeths processor. As well, with
5 eight data elements accessed, one operation can now be performeﬂ on eight data
elements simultaneously. Signed packed byte in-register representation 511 is
similarly stored in an integer register in integer registers 209. Note that only the
eighth bit of every byte data element is the sign bit; no other bits are used to indicate
sign.
10 Unsigned packed word in-register representation 512 illustrates how word three
through word zero are stored in one integer register of integer 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
15 and bit sixty-three through bit forty-eight contain the information 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 only the sixteenth
bit of each word data element contains the sign indicator. _
Unsigned packed doubleword in-register representation 514 shows how integer
20  registers 209 store two doubleword data elements. Doubleword zero is stored in bit
thirty-one through bit zero of the integer register. Doﬁbleword one is stored in bit
sixty-three through bit thirty-two of the integer register. Signed packed doubleword

in-register representation 515 is similar to unsigned packed double;word in-register



20 illustrates the steps followed by processor 109 while perform ng an
operation on packed data, perform ng an operation on unpacked data, or
perform ng some other gperation. For exanple, such operations include a

| oad operation to load a register in register file 204 with data from cache
206, main nenory 104, static nenory 106, -15- or mass storage device
107. I n one enbodi nent of the present invention, processor 109 supports
nost of the instructions supported by the Intel 80486[err], available from
Intel Corporation of Santa Clara, California. In another enbodi nent of the
present invention, processor 109 supports all the operations supported by
the Intel 80486[err], 5 available from|lntel Corporation of Santa d ara,
California. In another enbodi nent of the4E}esent i nvention, processor 109
supports all the operations supported by the Pentiunferr], the Intel

80486[ err], t hepréftatitbnSi4., Nofeehdtnhesighsdiibisahe thirrpsetond ditlofitle! 8086[ err],

all available fromlIntel Corporation of Santa Clara, California. In another
enbodi nent of dolibleporbdat elememtnt i on, processor 109 supports all the

oper ati ons _
In one embodiment of the present invention, the individual programming
processor 109 must track whether an addressed register, R} 212a for example, is
5 storing packed data or simple integer data. One skilled in the art would understand
that in an alternative embodiment, pfocessor 109 could track the type of data stored
in individual registers of integer registers 209. This alternative embodiment could

then gcneraté errors if, for example, a packed addition operation were attempted on

simple integer data.

10 | CONTROL SIGNAL FORMATS

The following describes the control signal formats used by processor 109 to
manipulate packed data. In one embodiment of the present invention, control
signals are represented as thirty-two bits. Decoder 202 may receive control signal
207 from bus 101. However, it is obvious to one skilled in the art that decoder 202

15 can also receive such control signals from cache 206.

Figure 6 illustrates the general format for a control signal operating on packed
data. 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—fivc through

20 twenty, provides the source register address of a register in integer 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 integer registers 209. This second



10 supported in the IAlerr] - Intel Architecture, as defined by Intel
Corporation of Santa Clara, California (see Mcroprocessors Intel Data
Books volume 1 and volume 2, 1992 and 1993, available fromlIntel of Santa
Clara, California). At block 301, the decoder 202 receives a control signal
207 fromeither the cache 206 or bus 101. Decoder 202 decodes the control
signal to determ ne the 15 operations to be perforned. Decoder 202
accesses the register file 204 at block 302. Registers in the register file
204 are accessed depending on the regi ster address specified in the control
signal 207. For exanple, for an operation on packed data, control signal
207 includes SRCl, SRC2 and DEST register addresses. SRCl is the address of
the first 200 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 sagoiirceregittsreomains thef packed &, Sone2ptcbeiwseddtringepecutioh dfche an
operation, then only the SRCL address is used. DEST is the address of the
destinati on r opemtion. REST 605, hit fivesthroughditzeres containg the address of a register in
integer registers 209. This destination register will store the result packed data,
Result, of the packed data operation. Although this general format for 2 control
5 signal uses source and destination registers in integer registers 209, one skilled in the
art would understand that an alternative émbodiment can use the épurcc and
destination addresses of memory locations in cache 206 or main n.lcmory 104.
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,
10  then the packed data is formatted as packed byte data type 501. If SZ 610 equals
102, then the packed data is formatted as packed word data type 502. SZ 610
equaljng 002 or 117 is reserved, however, given the above description, one of
ordinary skill in the art would understand that one of these values could be used for
doubleword size data type 503.
15 Control bit T 611, bit eleven, indicates whether the opefation 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 nonsaturating 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
20  equals one, then a signed operation is performed. If S 612 equals zero, then an

unsigned operation is performed.



-16- SRC1l, SRC2 and DEST are described nore fully in relation to Figure 6.
The data stored in these registers is referred to as Sourcel, Source2, and
Result respectively. Each of these data is sixty-four bits in |l ength. Were
the control signal requires an arithmetic or | ogic operation, at step 303,
5 ALU 203 will be enabled to performthis operation on accessed data from
register file 204. Once the arithnetic or |ogic operation has been
performed in ALU 203, at step 304, the result is stored back into register
file 204 according to requirenents of control signal 207. DATA AND STORAGE
FORVATS 10 Figure 4a illustrates sone of the data formats as may be
used in the conputer systemof figure 1. Processor 109 can nani pul ate these
data formats. Multimedia algorithns often2@se these data formats. A byte
401 contains eight bits of information. A word 402 contains sixteen bits of
I nformation, or two bytes. ADESCRIPEION OF SOVRAPEIUNSAFURATEr ty-two bits of

i nfornetion, or four bytes. Thus, 15 processor 109 executes control

signal s that may Apseationedprevigusty;d 6¥1 indieates whotheyopbrations optiorally

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

S  setting 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 1.

Data Format| Minimum Value | Maximum Value
Unsigned Byte 0 255
Signed Byte -128 127
Unsigned Word 0 65535
igned Word -32768 32167
UnSigned Doubleword 0 204.1
Signed Doubleword 203 263.1
10 Table 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 operation's
15  result =-32999 and processor 209 used signed word data format with saturation
enabled, then the result would be clampéd to -32768 before being stored into the

operation's destination register.



In the follow ng description, references to bit, byte, word, and doubl eword
subfields are nade. For exanple, bit six through bit zero of the byte
001110102 (shown in base 2) represent the subfield 1110102. 20 Fi gure
4b through Figure 4d illustrate in-register integer data representations
used in one enbodi nent of the present invention. For exanple, unsigned byte
410 can represent data stored in integer register [err] 212a. A register,
in integer registers 209, is sixty-four bits in Iength. -17- In-register
unsi gned byte representation 410 illustrates processor 109 storing a byte
401 in integer registers 209, the first eight bits, bit seven through bit
zero, in that integer register are dedicgged to the data byte 401. These
bits are shown as {b}. To properly represent this byte, the renaining 56

bits nust be zero.. For a signed 5 byte 4 i nteger registers 209 store
the data in the first seven bhits, E&mnkﬁﬂpmiiﬁmgh bit zero, to be data. The
seventh bit repr eseegt;ugo&lggms&f ne lg)rtzst;ent invention enables E)oﬁulanon count operations
tobe performed on packed data. That is, the present invention generates a result
data element for each data element of a first packed data. Each result data element
5 represents the number of bits set in each corresponding data element of the first
packed data. In one embodiment, the total number of bits set to one is counted.
Table 2a illustrates an in-register representation of a population count operation
on a packed data. The first row of bits is the packed data representation of a Sourcel |
packed data. The second row of bits is the packed data representation of the Result
10 packed data. The number below each data element bit is the data element number.
For example, Source1 data element 0 is 10001111100010002. Therefore, if the data |

elements are sixteen bits in length (word data), and a population count operation is

performed, ALU 203 produces the Result packed data as shown.

01110010 00000101 J 11111111 11111111 | 01111111 11111111 | 10001111 10001000
Fi — L Q

p)

00000000 00000110 ] 00000000 00010000 | 00000000 00001111 | 00000000 00000111
3 1 0

- Table 2a
15 In another embodiment, population counts are performed on eight bit data
elements. Table 2b illustrates an in-register representation of a population count on

a packed data having eight eight-bit packed data elements.

01111111 [ 01010101 | 10101010 | 10000001 | 10000000 | 11111111 § 11001111 § 00000000
L [1 2 | ki Z i [y

00000;;1 00000100 | 00000100 | 00000010 | 00000001 | 00001000 | 00000110 00000(!)%_
7 [ 3 4 3 1

Table 2b



remai ning bit sixty-three through bit eight are the continuation of the
sign for the byte. Unsigned word in-register data representation 412 is
stored in one register._of 10 integer registers 209. Bit fifteen through
bit zero contain the unsigned word 402. These bits are shown as {w}. To
properly represent this word, the remaining bit sixty-three through bit

si xteen nust be zero.- Signed word 402 is stored in bit fourteen through bit
zero as shown in the signed word in-register data representation 413. The
remai ning bit sixty-three through bit fifteen is the sign field. 15 A
doubl eword 403 can be stored as an unsigned doubl eword or a signed doubl ed
word 414 or 415. Bit thirty-one through bit zero of an unsigned doubl eword
414 are the data. These bits are shown aszéﬁ}. To properly represent this
unsi gned doubl eword, the remaining bit sixty-three through bit thirty-two
must be zero. Intmgﬁbxhéte@nwdﬁhcxﬂpﬁ)pnmim&oams|a;nmﬂfoxlmudbbmhnyl-twabmdata ts
bit thirty through 20 bit zero; the remaining bit sixty-three through bit
thirty-one ar eelerhentsi bl 2ecillastrates dnridiregisterrépyesehiatiomofa:pepudation countiam ough
Figure 4d, storage of sone data types in a sixty-four bit wi de register is
an ineffici enta packeddatohavingtway thirtyzswodita kédd#'érﬁlm%‘ﬁage of a byte
I n-register dafa representation 410 bit sixty-three

11111111 11111111 11111111 11111111 10000000 11110000 11001111 lOOOlmOQ
4 -

0000000 00000000 00000000 00100000 | 00000000 00000000 00300000 oooouolo'
1

Table 2¢
5 Population counts can also be performed on sixty-four bit integer data. That is,
the number of bits set to one, in sixty-four bits of data, is totalled. Table 2d
illustrates an in-mgiéter represent#tion of a population count on sixty-four bit integer

data.

11111111 11111111 11111111 11111111 10000000 11110000 11001111 10001000

—4
-4—*—

00000000 00000000 00000000 00100000 00000000 (X)OOOO(I)OOO(X)OOO 00101101

-

Table 2d i
10 ‘

A METHOD OF PERFORMING A POPULATION COUNT
Figure 7 illustrates one method of performing a population count operation on
packed data. At step 701, responsive to receiving a control signal 207, decoder 202
decodes that control signal 207. In one embodiment, control signal 207 is supplied
15 via bus 101. In another embodiment, control signal 207 is supplied by cache 206.
Thus, decoder 202 decodes: the épcmﬁon code for population count, and SRC1 602
and DEST 605 addresses in integer registers 209. Note that SRC2 603 is not used in

this present embodiment of the present invention. As well, saturatrelunsaturatc.

+
?



through bit eight nust be zero, while. only bit seven through bit zero may
contain non-zero bits. Thus, a processor storing a byte in an integer

regi ster uses only 12.5%of its capacity. Simlarly, only the first few
bits of operations perforned by ALU 203 will be inportant. 5 Fi gure
5a illustrates the data formats for packed data. Three packed data formats
are illustrated; packed byte 501, packed word 502, and packed doubl eword
503. Packed byte, in the preferred enbodi nent of the present invention is
sixty- four bits long containing eight data el ements. Each data elenent is -
one byte long. Cenerally, a data elenent is an individual piece of data-:
that is stored in a single 10 integer register with other data elenents of
the sane length. In the preferred enbodi#ent of the present invention, the
nunber of data elenents stored in an integer register is sixty-four bits

di vi ded by t hdgneangisigned) ahd lengflf ofthe/dita eRinfity Th.-th edldnR afe it usediA2 | S
sixty-four bits long and contains four word data el enents 402. Each word
data el enent thiXemimxdimems Irsthe (peesentemtsodirhentiuf aienint¢ mion, only sixteen bit data
element length packed addition is supported. However, one skilled in the art would
understand that population counts can be performed on packed data having eight
5 packed byte data elements or two packed doubleword data elements.
At step 702, via internai bus 205, decoder 202 accesses integer registers 209 in
register file 204 given the SRC1 602 address. Integer registers 209 provides ALU
203 with the packed data, Sourcel, stored in the register at this address. That is,
integer registers 209 communicate the packed data to ALU 203 via internal bus 205.
10 At step 703, decoder 202 enables ALU 203 to perform a population count
operation. In an alternative embodiment, decoder 202 further conilmunicates, via
internal bus 205, the length of packed data elements.
At step 705, assuming the length of the data elements is sixteen bits, then ALU
203 totals the number of bits set in bit fifteen through bit zero of Sourcel, producing
15  bit fifteen through bit zero of Result packed data. In parallel with this totaling, ALU
203 adds totals thirty-one through bit sixteen of Sourcel, producing bit thirty-one
through bit sixteen of Result packed data. In parallel with the generation of these
- totals, ALU 203 totals bit forty-seven through bit thirty-two of Sourcel, producing
bit forty-seven through bit thirty-two of Result packed data. In parallel with the
20  generation of these totals, ALU 203 totals bit sixty-three through bit forty-eight of
Sourcel, producing bit sixty-three through bit forty-eight of Resullit packed data.



15 Packed doubl eword data 503 is sixty-four bits ong and contains two
doubl eword 403 data el enents. Each doubl eword data el enent 403 contai ns '
thirty- two bits of information. Figure 5b through Figure 5d illustrate the
i n-regi ster packed data storage representation. Unsigned packed byte
in-register representation 510 illustrates the 20 storage of packed data
type 501 in one of the integer registers [err] 212a through [err] 212af.

I nformation for each byte data elenent is stored in bit séeven through bit
zero for byte zero, bit fifteen through bit eight for byté one, bit
twenty-three through bit sixteen for byte two, bit thirty-one through bit
twenty-four for byte three, bit thirty- -19- nine through bit thirty-two
for byte four, bit forty-seven through bi®6forty for byte five, bit
fifty-five through bit forty-eight for byte six and bit sixty-three through

bit fifty-six forAbser706;decoder 2025enables agegisteninl iateRer registets 209a4ith DESTe
I nteger register. This storage arrangenent increases the storage efficiency
of the processé05 address\of the destiniation register. Thus, the Result packed data is stored in the
register addressed by DEST 605.
A METHOD OF PERFORMING A POPULATION COUNT ON ONE DATA ELEMENT
5 Figure 8 illustrates the steps followed when performing a population count
operation on one data efement of a packed data and generating a single result data
element for a result packed data. At step 810a, a column sum, C®umla, and a
column carry, CCarry 1a, are generated from Sourcel bits fifteen, fourteen, thirteen
and twelve. At step 810b, a column sum, CSum1b, and a column carry, CCarry 1b,
10  are generated from Sourcel bits eleven, ten, nine and eight. At step 810c, a column
sum, CSumlc, and a column carry, CCarry Ic, are generated from Sourcel bits
seven, six, five and four. At step 810d, a column sum, CSumld, and a columﬁ carry,
CCarry 1d, are generated from Sourcel bits three, two, one and zero. In one
embodiment of the present invention, steps 810a-d are performed in parallel. At step
15  820a, a column sum, CSum?2a, and a column carry, CCarry 2b, are generated from
CSumla, CCarryla, CSumlb, and CCarrylb. At step 820b, a colgmn sum,
CSum2b, and a column carry, CCarry 2b, are generated from CSI:mlc, CCarryl,
CSumld, and CCarryld. In one embodiment of the present invention, steps 820.a-b
are performed in parallel. At step 830, a column sum, CSum3, and a column carry,
20 CCarry 3, are generated from CSum2a, CCarry2a, CSum2b, and CCarry2b. At step
840, a Result is generated from CSum3 and CCarry3. In one embodiment, the
Result is represented in sixteen bits. In this embodiment, as only bit four through bit

zero are need to represent the maximum number of bits set in a Sourcel, bits fifteen



5 ei ght data el enments accessed, one operation can now be performed on
ei ght data el enents sinultaneously. Signed packed byte in-register
representation 511 is simlarly stored in an integer register in integer
regi sters 209. Note that only the eighth bit of every byte data elenent is
the sign bit; no other bits are used to indicate sign. 10 Unsi gned
packed word in-register representation 512 illustrates how word three

t hrough word zero are stored in one integer register of integer registers
209. Bit fifteen through bit. zero contain the data el enment information for
word zero, bit thirty-one through bit sixteen contain the information for
data el enent word one, bit forty-seven through bit thirty-tw contain the
informati on for data elenent word-two 15 -27and bit sixty-three through bit
forty-eight contain the information for data el ement word three. Si gned
packed word i nthidiphTivelard RPfozed! iAiuin hSmber e duh&

packed Wword in-register represent.gﬁlglgxﬁ hE{Iote tﬂrg{s%ﬁy tﬁgpgilkxt eent h
bit of each m'rhisdamswhmmmcamaisrlaurmswmmmj.ltménesulwanabed packed
doubl eword i n-regi ster representation 514 shows how i nteger 20 regi sters
209 store two sistetn andowolldhe repe¢sented by 00000000OT0000r 0 is stored in bit
thirty-one through bit zero of the integer register. Doubleword one is
stored in bit Thus, to calculate four result data elements for a population count operation on

5  asixty-four bit packed data, the steps of Figure 8 would be performed for each data
clement in the packed data. In one embodiment, the four sixteen bit result data
elements would be calculated in parallel.

| A CIRCUIT FOR PERFORMING A POPULATION COUNT
The preferred embodiment of the present invention employs numerous circuits
10 to implement the invention. Figure 9 illustrates one circuit for performing a
population count operation on a packed data having four word data elements. Figure
10 illustrates a detailed circuit for performing a population count operation on one
word data element of a packed data. '
Figure 9 illustrates a circuit wherein Sourcel bus 901 carries ;nformation
15  signals to the popent circuits 908a-d via Sourcely 906a-d. Thus, popent circuit
908a tdtals the number of bits set in bit fifieen through bit zero of Sourcel,
producing bit fifteen through bit zero of Result. Popent circuit 908b totals the
number of bits set in. bit thirty-one through bit sixteen of Sourcel, producing bit
thirty-one through bit sixteen of Result. Popent circuit 908c totals the number of
20  Dbits set in bit forty-seven through bit thirty-two of Sourcel, producing bit forty-
seven through bit thirty-two of Result. Popcnt circuit 908d totals the number of bits
set in it sixty-three through bit forty-eight of Source1, producing bit sixty-three
through bit forty-eight of Result. Enablé 904a-d receives, from ALU 910, via



sixty-three through bit thirty-two of the integer register. Signed packed
doubl eword in-register representation 515 is simlar to unsigned packed
doubl eword i n-register -20- representation 514. Note that the signed bit
is the thirty-second bit of the doubleword data el enent. In one enbodi nent

of the present invention, the individual progranm ng processor

track whether an addressed register, [err] 212a for exanple, is 5
packed data or sinple integer data. One skilled in the art would understand
that in an alternative enbodi nent, processor 109 could track the type of

data stored in individual registers of integer registers 209. This
al ternative enbodi nent could then generate errors if, for exanple,

addi ti on operation were attenpted on sinpR8 integer data. 10

CONTROL SI GNAL FORVATS The fol |l owi ng describes the control

si gnal

109 nust

storing

a packed

formats

used by procesgétrol 983, control signals enabling popcnt circuits 908a-d to perform population

count operations, and to place a Result on the Result Bus 909. One skilled in the art

would be able to create such a circuit given the illustrations in Figures 1-9 and the

above dcscxiptibn.

5 Popcnt circuits 908a-d communicate result information of a packed population

count operation onto Result bus 909, via result out 907a-d. This result informaﬁon

is then stored in the integer register specified by the DEST 605 register address.

A CIRCUIT FOR PERFORMING A POPULATION COUNT ON ONE DATA ELEMENT

Figure 10 illustrates a detailed circuit for performing a population count

10  operation on one, word, data element of a packed data. In particular, Figure 10

illustrates a portion of popcnt circuit 908a. To achieve the maximum performance

for applications employing a population count operation, the operation should be

complete within one clock cycle. Therefore, given that accessing a register and

storing a result requires a certain percentage of the clock cycle, the circuit of Figure

15 9 completes its operation within approximately 80% of one clock period. This

circuit has the advantage of allowing processor 109 to execute a population count

operation on four sixteen bit data elements in one clock cycle.

Popcent circuit 908a employs 4->2 carry-save adders (unless otherwise specified,

CSA will refer to a 4->2 carry-save adder). 4->2 carry-save addcfs, as may be

20 employed in the popent circuit 908a-d, are well known in the art. A 4->2 carry-save

adder is an adder that adds four operands, resulting in two sums. Since the

population count operation in popent circuit 908a involves sixteen bits, the first level

includes four 4->2 carry-save adders. These four 4->2 carry-save adders transform



mani pul ate packed data. In one enbodinent of the present invention, control
signals are represented as thirty-two bits. Decoder 202 may receive contro
signal 207 frombus 101. However, it is obvious to one skilled in the art
that decoder 202 15 can also receive such control signals fromcache 206.
Figure 6 illustrates the general format for a control signal operating on
packed data. Operation field OP 601, bit thirty-one through bit twenty-six,
provi des informati on about the operation to be perforned by processor 109;
for exanple, packed addition, packed subtraction, etc.. SRCL 602, bit
twenty-five through 20 twenty, provides the source register address of a
register in integer registers 209. This source register contains the first
packed data, Sourcel, to be used in t he @%ecution of the control signal.
Simlarly, SRC2 603, bit nineteen through bit fourteen, contains the

| ?gg |r g ts Z r O‘; oﬁt ﬂziiulﬁ %isx'ié[eﬁ?nb-'ht' R8¢ infC SRt tWosbigiifins. Fi¥iessco6iiiase] ransfddms SOUT Ce
pack data, Source2, to be used during execution of
the the eight two-bit sums into four three-bit sums, and the third level transforms the
four three-bit sums into two four-bit sums. Then a four-bit full adder, adds the two
four-bit sums to generate a final result.

5 Although 4->2 carry-save adders are used, an alternative embodiments could
efnplby 3->2 carry-save adders. Alternatively, a number of full adders could be
used; however, this configuration would not provide a result as quickly as the
embodiment shown in Figure 10.

Sourcely 15-0 906a carries bit fifteen through bit zero of Sourcel. The first
10  four bits are coupled to the inputs of a 4->2 carry-save adder (CSA 1010a). The
next four bits are coupled to the inputs of CSA 1010b. The next four bits are
coupled to the inputs of CSA 1010c. The final four bits are coupled to the inputs of
CSA 1010d. Each CSA 1010a-d generates two, two-bit, outputs. The two, two bit,
outputs of CSA 1010a are coupled to two inputs of CSA 1020a. 'Il'hc two, two bit,
15  outputs of CSA 1010b are coupled to the other two inputs of CSA 1020a. The two,
two bit outputs of CSA 1010c are coupled to two inputs of CSA 1020b. The two,
two bit outputs of CSA 1010d are coupled to the other two inputs of CSA 1020b?
Each CSA 1020a-b generates two, three bit, outputs. The two, three bit, outputs of
1020a are coupled to two inputs of CSA 1030. The two , three bit, outputs of 1020b
20 are coupled to the other two inputs of CSA 1030. CSA 1030 generates two, four bit,
outputs. | |
These two four bit outputs are.coupled to two inputs of a full adder (FA 1050).
FA 1050 adds the two four bit inputs and communicates bit three through bit zero of



operation. DEST 605, bit five through bit zero, contains the address of a
register in integer registers 209. This destination register will store the
result packed data, Result, of the packed data operation. Although this
general format for a control 5 signal uses source and destination
registers in integer registers 209, one skilled in the art woul d understand
that an alternative enbodi nent can use the source and destination addresses
of nmenory locations in cache 206 or nmain nmenory 104. Control bits SZ 610,
bit twelve and bit thirteen, indicates the length of the data elenents in
the first and second packed data source registers. |If SZ 610 equals 012, 10
then the packed data is formatted as packed byte data type 501. If SZ 610
equal s 102, then the packed data is forna3®ed as packed word data type 502.
SZ 610 equaling 002 or 112 is reserved, however, given the above '
description, GueuleDues0Ta@anotkof theiadditior ofithe twolfour hitdepres.aFA 105t one of
t hese val ues coul d be used for doubl eword size data type 503. 15 .
Control bit Tgiﬁératcblbitfeﬁrmf&csuk&dtﬁ@ilaabrombtcmouk@d&ﬁ?&tI!bﬂlﬂm%wse
carried out with saturate node. If T 611 equals one, then a satura}ing
operation is peemtiodimen, a five bit frihaddauisiused tor genexatechit four thraugh hitzera g

operation is perfornmed. Saturating operations w ]| _be scribe at er.
P pRcsult Out 907a. In either cage. b?t fifteen through Lit five op Result 8utcb0|7a are

5 tied to zero. As well, any carry inputs to the full adder are tied to zero.
Although not shown in Figure 10, one skilled in the art would understand that
Result Out 907a could be muitiplexed or buffered onto Result bus 909. The
multiplexor would be controlled by Enable 904a. This would allow other ALU
circuits to write data onto Result bus 909,

10

P
L

Thus, an apparatus and method of increasing processor performance by
efficiently reducing the difference between data element length and actual carrying
and storage capacity has been described. In particular, a processor capable of

performing population count operations on packed data has been described.



Control bit S 612, bit ten, indicates the use of a signed operation. tf S
612 20 equal s one, then a signed operation is perfornmed. If S 612 equals
zero, then an unsigned operation is perforned. -22- DESCRI PTI ON COF
SAURATE/ UNSATURATE As nentioned previously, T 611 indicates whether
operations optionally saturate. Were the result of an operation, with
saturate enabl ed, overflows or underflows the range of the data, the result
will be clanped. C anping neans 5 setting the result to a maxi mum or

m ni nrum val ue should a result exceed the range's maxi mum or m ni num val ue.
In the case of underflow, saturation clanps the result to the |owest val ue
in the range and in the case of overflow, to the highest value. The

al |l owabl e range for each data format is sf3wn in Table 1. Data For nat

M ni mum Val ue Maxi mum Val ue Unsi gned Byte 0 255

_ T

s I

1. A processor for manipulating packed data, said packed data including a first
data element D1 and a second data element D2, each of said data elements having a

predetermined number of bits, said processor comprising:

. a) adecoder for decoding a control signal responsive to receiving said

control signal;

b) a register being coupled to said decoder, said register for storing said

packed data;

c) a circuit being coupled to said decoder, said circuit for generating a first
result data element R1 and a second data element R2, said circuit for
generating R1 to represent a total number bits set in D1, and said circuit

for generating R2 to represent a total number bits set in D2.

2. The processor of Claim 1 wherein said processor includes a second register,

and said second register for storing R1 and R2 as a result packed data.

3. The processor of Claim 2 wherein said circuit includes a first circuit being

coupled to said decoder and a second circuit being coupled to said decoder, said first



Si gned Byte -128 127 Unsi gned Word 0

65535 Si gned Word -32768 32767 UnSi gned Doubl ewor d

[err] Signed Doubl eword [err] [err] 10

Table 1 As nentioned 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 cl anped to 255 before being stored into the operation's destination
register. Simlarly, if an operation's 15 result = -32999 and processor
ul t

woul d be cl anped to -32768 bef or e bei ng stored |nto t
destination register. - 23- -32-

circuit for totaling a number of bits set in D1, and said second circuit for totaling a

number of bits set in D2.

4. The processor of Claim 2 wherein said packed data further includes a third
data element D3 and a fourth data element D4, said éircuit_ further for generating a
third result data element R3 and a fourth data element R4, said circuit for generating
R3 to represent a total number of bits set in D3, said circuit for generating R4 to
represent a total number of bits set in D4, and #aid second register for storing R1,

R2, R3 and R4 as a result packed data.

5. The processor of Claim 1 wherein each of said data elements includes sixteen

bits.
6. Thé processor of Claim 1 wherein a set bit equals one.

7. The processor of Claim 1 wherein said processor supports operations

supported by an Intel 80486™ microprocessor.

8. The processor of Claim 1 wherein said processor supports operations

supported by an Intel Pentium™ microprocessor.

9. The processor of Claim 1 wherein said processor supports operations defined
by the IA™, Intel Architecture.



POPULATI ON COUNT One enbodi nent of the present invention enables popul ation
count operations to be perforned on packed data. That is, the present
invention generates a result data el enent for each data el enent of a first
packed data. Each result data el enent 5 represents the nunber of bits set
I n each correspondi ng data el enent of the first packed data. In one

enbodi nent, the total nunber of bits set to one is counted. Table 2a
illustrates an in-register representati on of a popul atd

on a packed data. The first row of bits is the packed data representation
of a Sourcel packed data. The second row of bits is tgﬁmm WEL
representation of the Result 10 packed g ta. The nunbeé mﬂﬂumumta
element bit is the data el ement nunber. FBY exanple, Solirctl Wat"aelentntG s
10001111100010002. Thereforeifthedata el ements are sixteen bits in Iength
(word data), andl@ FbpprosessorofdJaim 1ovherein said processor insludesia cache coopled
produces the Result acked data as shown.. 01110010 00000101 11111111
11111111 011 said degoder, and said cachgfon storingdataoo 00000000 00000110
000000000010000 00000000 00001111 00000000 00000111 Table 2a 15 In
anot her enbodi nent, popul ation counts are perfornmed on eight bit data

11. The processor of Claim 1 wherein said processor is further for storing

integer data.

12. A computer system for manipulating packed data, said packed data
including a plurality of data elements, each of said plurality of data elements having

a predetermined number of bits, said computer system comprising:
a) a memory for storing data and a control signal, and

b) a processor coupling to said memory, said processor having:

i) a decoder for decoding said control signal;

ii) a plurality of registers for providing .and storing said packed data,
said plurality of registers being coupled to said decoder, said
plurality of registers having a first register, and |

iii) a circuit for performing an operation on said packed data, said:
circuit being coupled to said decoder, responsive to decoding
-said control signal said decoder enabling said first register to
provide a first packed data, said first packed data having a first
data element D1 and a second data element D2, said circuit
generating a result data element R1 equal to a total number of

bits set in D1, said circuit generating a result data element R2



elenents. Table 2b illustrates an in-register representation of a
popul ati on count on a packed data havi ng ei ght eight-bit packed data
el ements. 01111111 01010101 10101010 10000001 10000000 11111111
11001111 00000000 00000111 00000100 00000100 00000010 00000001 00001000
00000110 00000000 7 6 5 4 3 2 1
0 Table 2b -24- I n anot her enbodi nent, popul ation counts are perforned
on thirty-two bit data elenments. Table 2c illustrates an in-register
representation of a popul ation count on a packed data having two
thirty-two bit, acked data elenents. 11111111 1111 11111
10000000 11110000 11001111 10001000 00000000 Oooooammmmﬁma 000
00000000 00000000 00300000 00001101 Tabl e34c @pukatvors caunts can
al so be perfornmed on sixty-four bit integer data. That is,

equal 1o a total number of bits set in D2, said circuit providing a

result packed data to said plurality of registers, said result packed
data including R1 and R2, said plurality of registers storing said
result packed data in one of said plurality of registers.

13. A method of manipulating packed data in a computer system, said computer
system including a memory being coupled to a microprocessor, said microprocessor
including a decoder for decoding a control signal, a plurality of registers for storing
said packed data, and a circuit for processing said packed data, said packed data
including a first data element D1 and a second data element D2, each of said data
elements having a predetermined number of bits, said decoder being coupled to said

plurality of registers and said circuit, said method comprising the steps of:
a) responsive to receiving a control signal, decoding said control signal;
b) providing said packed data to said circuit;

c) generating a first result data element representative of a number of bits set
in D1;
d) generating a second result data element representative of a number of bits

setin D2, and

e) storing said first result data element and said second result data element as

a result packed data.



t;he nunber of bits

Table 2d illustrates an in-register

set to one, in sixty-four bits of data, is totall ed.

representation of a popul ati on count on

sixty-four bit integer _data. 11111111 11111211 11122111 11111111 10000000
11110000 11001111 10001000 00000000 00000000 00000000 00100000 00000000
00000000 0000000 00101101 Table 2d 10 A METHOD OF PERFORM NG A POPULATI ON .
COUNT Figure 7 illustrates one nethod of perform ng a popul ati on count

operation on packed data. At step 701, responsive_to receivi r ol
202 decodes that control signal 207. In one enbodi nent,

signal 207, decoder
control signal 207
control signal 207
operation code for

'S Suppli ed by cache 20, hus. WINTHMETIREEMIRAN:.

t he

popul ati on count, and C1 602 antl DESF 605 addfesses in
i nteger registers 209. Note that SRC2 603 i s not used in this present
enbodi nent of t hd4p /b BrOREsSPTIgE performing\a popylationscaunt on 8 packed datagsaid

packed data having four data elements, D1, D2, D3 and D4 respectively, each of said

data elements including sixteen bits, said processor comprising:

~ a) adecoder responsive to receiving a control signal for decoding said

control signal;

b) a plurality of registers for storing packed data, said plurality of registers

coupling to said decoder, said plurality.of registers having a first register,

and

¢) an operation circuit for performing an operation on said packed data, said
operation circuit being coupled to said decoder, responsive to decoding
said control signal said decoder enabling said first register to provide said
first packed data to said operaﬁon circuit, said operatibn circuit
including:
i) a first circuit for generating a result data element R1 equal to a
total number of bits set in D1,
ii) a second circuit for generating a second result data element R2
equal to a total number of bits set in D2,
iii) a third circuit for generating a third result data element R3 equal
to a total number of bits set in D3, and
" iv) a fourth circuit for generating a fourth result data clpment R4
equal to a total number of bits set in D4, said operation circuit

providing said plurality of registers with a result packed data,



-25- signed/unsigned, and length of the data elenents in the packed data
are not used in this enbodinent. In the present enbodi nent of the
il.nvention, only sixteen bit data element |ength packed addition is
supported. However, one skilled in the art would understand that popul ation
counts can be performed on packed data having eight 5 packed byte data

el ements or two packed doubl eword data el enents. At step 702, via interna
bus 205, decoder 202 accesses integer registers 209 in reqgister file 204
given the SRC1 602 address. Integer registers 209 provides ALU 203 with the
packed data, Sourcel, stored in the register at thj IS,

I nteger registers 209 conmuni cate the pac% d dat a““llﬁ;ﬂﬂ“mﬂflllliﬂmlnternal
bus 205. 10 At step 703, decoder 20Z“7¢¥habl es ALUc208 t® perf‘orm a
popul ati on count operation. In an alternative enbodi nent, decoder 202
further comunicates, via isifdresdt pivked 423 having shidRjk, R20R3pandi R4 saidt a

el ements. At step 705, assuming the length of the data elenments is sixteen
bits, then ALU 203 total s tpleralignefiregisterssteringsaid result packed detadmongofsigich b t
zero of Sourcel, producing 15 bit fifteen through bit zero of Result
packed data. In parallel wiPplHrality of regisiers-ng, ALU

15. A method of performing a population count operation on a packed data in a
processor, said processor including a decoder for decoding a control signal, a
plurality of registers for storing said packed data, and a circuit for processing said
packed data, said decoder being coupled to said plurality of rcéistcrs and said circuit,
said packed data including four data elements D1, D2, D3, and D4, respectively,

said method comprising the steps of:

a) generating a first result data representative of a total number of bits equal

toonein D1;

b) generating a second result data representative of a total number of bits

equal to one in D2;

c) generating a third result data representative of a total number of bits equal

to one in D3;

d) generating a fourth result data representative of a total number of bits

equal to one in D4, and

e) storing D1, D2, D3, and D4, as a result packed data.



203 adds totals thirty-one thfough bit sixteen of Sourcel, producing bit
thirty-one through bit sixteen of Result packed data. In parallel with the
generation of these totals, ALU 203 totals bit forty-seven through bit
thirty-two of Sourcel, producing bit forty-seven through bit thirty-two of
Result packed data. In parallel wth the 20 generation of these totals, ALU
203 totals bit sixty-three through bit forty-eight of Sourcel, producing
bit sixty-three through bit forty-eight of Result packed data. -26- At
step 706, decoder 202.enables a register in integer registers 209 with DEST
605 address of the destination register. Thus, the Result packed data is
stored in the register addressed by DEST 605. A METHOD OF PERFORM NG A
POPULATI ON COUNT ON ONE DATA ELEMENT 5 Figure 8 illustrates the steps
fol |l omed when perform ng a popul ati on count operation on one data el ement

of a packed data and generating a di/ddle result data elenment for a result
packed data. At step 810a, a colum sum CSum a, and a
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-27- through five are set to zero. The maxi mum nunber of bits for Source 1
is sixteen. This occurs when Sourcel equals 1111111 11111112. The Result
woul d be si xteen and woul d be represe(rﬁ/e]; by 00000000000100002. Thus, to
calculate four result data elenents f popul ati on count operation on 5
a sixty-foup.,bit pagked data, the steps of Figure 8 would be perforned for

each data € the packed dat [ e&vﬁﬁ@ﬂr@ﬂ the four sixteen
bit result dagﬂel ements woul d be erictad el. ACRCUT FOR
PERFORM NG A POPULATI ON COUNT The prefer | msnt of the present

i nvention enploys nunerous circuits 10 to inplenent the invention. Figure
9 illustrates one circuit for perform ng on count operation on a
packed data having four word data el gf ) & illustrates a
detailed circuit for performng a pdqpul ati gpARqunt opgrati on on one word
data el enent of a packed data. Figur®9 illustrates circuit wherein
Source 1 bus 901 carries information

301

Receive and Decode Instruction

302

Access Register File

303

Enable ALU with Operation

304

Store Result In Register



15 signals to the popcnt circuits 908a-d via [err] 906a-d Thus, popcnt
circuit 908a totals the nunber of bits set in bit fifteen through bit zero
af Sourcel, producing bit fifteen through bit zero of Result. Popcnt

circuit 908b totals the nunber of bits set in bit thirty-one through bit

si xteen of Sourcel, producing bit thirty-one through bit sixteen of Result.
Popcnt circuit 908c totals the nunber of 20 bits set In bit forty-seven

t hrough bit thirty-two of Sourcel, proggring bit forty- seven through bit
thirty-two of Result. Popcnt circuit 908d totals the nunber of bits set in
bit sixty-three through bit forty-eight of Sourcel, producing hit
sixty-three through bit forty-eight of sul t. Enqple 904a-d receives, from
ALU 910, via -28- control 903, control;i:fzzt:aenabling popcnt circuits
908a-d to perform popul ati on count operatji oBgte0and to place a Result on the
Result Bus 909. One skilled in the art wq il e483pByteeat e such a

circuit given the illustrations in Figures 1-9 and the above description.
15 87 . 0
|
Byte 1 Byte 0
e | 402 Word
31 24 23 1615 - 87 0
- I I 1
Byte 3 l Byte2 ;| Byl , Byl 401 Doubleword

Figure 4a
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5. - Popcnt circuits 908a-d communicate result Lnformation of a.packed

popul ati on count operation onto Resul t# s 909, "WIS%EEF%B?Q@ d. This
result information is then stored in t¥el4 nteger r egi sﬁgﬂﬁ@@@ I'ed| by the
DEST 60 regl ster addr ess. NC—A P JUNT ON

A CTRCUT FOR PERFO?

908a. To %ﬂﬁ BH§ hé’ﬂ?B?ﬁXllTum perfor nance for appI | cat | ons enpl oyi ng a
popul at i ount operat ion, the operation should be conple 2 Wi t hi [b one

clock c S SSH-Rg—a—Fegt-Ster—arg—Stot-Ren a
resul t é(]rlll res._a.certain percentage. of..t.he..gl-ogk c¥g!n’ dsklesbbb rhwbt of
Fi gUI’ e 5 O conpletes its operation within approxinoately 1800 of ode cl ock

period. This circuit has the advant age of all ow ng processor 109 to execute
a popul atidid StgmdB)ﬁQratlon on si xteen bit data elenents in one clock
cycle. Popcnt circuit 908a enpl oi‘g L&By save adders (unless otherw se
specified, CSAwill refer to a 4->7 carry-save adder). 4->2 carry-save
adders, as may be 20 enpl oyed in the popcnt circuit 908a-d, are well
known in the art. A 4->2 carry-save adder is an adder that adds f our

ds, | ti int . Si th
oper an 363 resulting in tw sums. Since the 1615 0
000 . . 000 WWWW WWWW WWWW WWWW
412 Unsigned Word '
63 _ ‘1615 0
ES SSS|SWWW WWWW WWWW WWWW
413 Signed Word
Figure 4c¢
63 3231 0
000 00(] dddd dddd dddd dddd dddd dddd dddd dddd
414 Unsigned Doubleword
63 3231 o
SSS . sss] sddd dddd dddd dddd dddd dddd dddd dddd
415 Signed Doubleword
Figure 4d
I
eet Has T\e‘ﬁl\li\eﬁird



popul ati on count operation in popcnt circuit 908a Y Eeenhit S,
the first level includes four 4->2 camiyy2save addg
carry-save adders transform -29- the sixteen one=hiti 0] Qﬁ&s intp eight
two-bit suns. The second | evel transforns the eight two-bit sums—twro four

t hree- 68t sUS6GS5S5 and 4847 t hi r40BOvel B8R3idsfor 24 2he fd&lSt hree8 t suns@into

two fopr=0rT FUMS. TNgn a TourFolt Tuly—adder, Tadds T two fopr=-oft ns
to genErbykeé? alf iyl 6 rqsub)m_aSS byte Al t,:obgh 34- b2 bywr2 y]sebyte ladEerlmeaoe

Used, —tr-trerartve—ethrotreTrs—e ot -
Alternatively, a nunber of full adders could be used; however, this

confi gur at i AlwBatkedBytpDatadeype.r esul t as quickly as the enbodi nent shown
in Figure 10. SourcellN [err] carries bit fifteen through bit zero of
Sourcel. The first 10 four bits are coupled to the inputs of a 4->2

carry-gave adder ( “)I Oa). The ne>3§3flour bits arelgqlspl ed to the in@uts
four hit o ~Ar o

word 2 word 1 word 0

502 Packed Word Data Type.

63 3231 0
doubleword 1 doubleword 0

503 Packed Doubleword Data Type.

Figure Sa
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coupled to the inputs of CSA 101 0c. The final four bits are coupled to the

I nputs of CSA 101 0d. Each CSA | Ol 0Oa-d generates two, two-bit, outputs. The
two, two bit, outputs of CSA |10l 0a are coupled to two inputs of CSA 1020a.
The two, two bit, 15 outputs of CSA740l b are coupled to the other two

I nputs of CSA 1020a. The two, two bit outputs of CSA |0l 0Oc are coupled to
two i nputs of CSA 1020b. The two, two bit outputs of CSA |10l 0d are coupl ed
to the other two inputs of CSA 1020b. Each CSA 1020a-b generates two, three
bit, out putsG3The5§ﬁb tm“Lﬂe b|3t9380ut gi3g of3012@20alél43 coubﬁ ed td® two :
‘ avrl X JI020 B coupl ed
to the otheriiwo 10p l C3A gener a bit,

out put s. Thesé’YF\Ro f B 6 b| tbmét putbs"‘ére ‘U&l}pl eﬂ‘@ tvk?wllnpuf’%‘eﬂf a full

adder (FA 1050) A U0S5hea PYSkell BSte TNR e FiQE RédbdsedidtigHt S and communi cates bi t
t hree through blitlﬁzero %} -SO?CResﬁ%'t O,Iétﬁ 9?)7a as a total of the

addition of ghe t¥9sqfOUf7dy 1. 493BUtS3180 10032 1514 76 0
[sbbb bbbb |sbbb bbbb lsbbb bbbblsbbb bbbb bbb bbbblsbbb bbbb |sbbb bbbb Jsbbb bbbb

byte 7 byte 6 byte 5 byte4  byte3 byte2 bytel byte 0

311 Signed Packed Byte In-Register Representation

Figure 5b

63 4746 3130 1514 0
www wwww wwww wwww forwww wiew wwww www P wwww wiww wiww rwww wwww wwww wwway
word 3 ~— word 2 word 1 word 0
312 Unsigned Packed Word In-Register Representation
63 4746 3130 1514 0

[SWWW WWWW WWWW WwWww 'WWMWWWWWWW%WWWWWWWWW‘SWWWWWWWWW

word 3 word 2 word 1 . word 0
213  Signed Packed Word In-Register Representation

Figure 5c¢
63 3130 0
dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd dddd
doubleword 1 doubleword 0

3]4 Unsigned Packed Doubleword In-Register Representation

63 3130 0
sddd dddd dddd dddd dddd dddd dddd dddd sddd dddd dddd dddd dddd dddd dddd dddd

doubleword 1 doubleword 0
215 Signed Packed Doubleword In-Register Representation

Figure 5d



generates bit four of Result Qut 907a through carry out '(CO 1052). In an
alternative enbodinent, a five bit full adder is used to generate b|t four
through bit zero of Result Qut 907a. In eithet case, kit—fifteen—theough
bit five of Result Qut 907a are 5 tied to zero. As ' 1THI,SSHEETCHM$$EEN
to the full adder are tied to zero. Although not sho | n FRgBt.eCED one
skilled in the art would understand that Result Qut 907&=< e

mul tipl exed or buffered onto Result bus 909. The multi pl exor vvoul d be
control |l ed by Enable 904a. This would gf{pw other ALU circuits to wite
data onto Result bus 909. 10 Thus, an apparatus and nethod of increasing
processor perfornmance by efficiently reducing the difference between data

el enent ngth and a carr and st g pagity h been degcri bed.
3 2643, C2L e a0 Sud3g SR 0

I n part| a-pro nnL count

operat i cnq)pn packed d tasn’@@e, been g@@gl b“dSH T31—<
601 602 603 |610 |611]612

DEST
05

207 Control Signal

Figure 6
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1. A processor for manipul ati ng packed data, said packed data including a
first data element D1 and a second data el enent D2, each of said data
ekenments having a predeterm ned nunber of bits, said processor conprising:
a) a decoder for decoding a control signal responsive to receiving said
control signal; b) a register being cogpled to said decoder, said register
for storing sald packed data c) a CIrCUIt bei ng coupl ed to said decoder,
said circuit for genera el enent R1 and a second
data elenent R2, said c Y represent a total nunber
bits set in D1, and said circul generatlng R2 to represent a total
nunber bits set in D2. 2. The proces-or of daim1l wherein said processor

BZQIhe[nﬁgmgggﬂﬁnpgmﬁap.n12 wherein said circuit

coder and a second circuit

as a result packed data.
Includes a first circuit
bei ng coupled to said decoder, said ffirst

702  Access Register File, SRC1

703 Enable ALU with Operation

105
+Bits 15-0: Result} 5.g «Total Number of Bits in
Sourcel) 5.q sct to one.
«Bits 31-16: Resultyy._ 36 <Total Number of Bits in
Sourcel3j.j6 set to one.
+Bits 47-32; Resulty7_37 e Total Number of Bits in
Sourcel4y.32 set 10 one.
«Bits 63-48: Resultgy 43 «Total Number of Bits in
Sourcelg3.4g set 1o one.

706 Store Result in DEST Register

Figure 7
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-32- [err] circuit forl(g)afzal i ng a nunber of bits set in D1,
and said second circuit for totaling a nunber of bits set in D2. 4. The
processor of Claim 2 wherein said packed data further includes a third data

el ement D3 and a fourtb—eeta—grenent [, Sard-emacuit further for
generating a third res® s 2 BE B D2 burth data el enent R4,
said circuit for generating R3 to r¢present a total nunber of bits set in
D3, said circui O S Sl St G i@ LiINDEr Of bits set
in D4, and sagd second regigter for stori Rl, R2, R3 a¢d R4 as a result
packed dgta—3" =} pr PTE Cl ai prT—were es 0 ara ata el enents
I ncl udes siiltggen bigs.}6. e prgresspr fipc C airg 1l hhepiean a et bit equals

one. 7. T&Gerdd ReaSPr er Rieikralt € hn1§) N0 C eEBRracLOPPArf s oper ati ons

I 436 : | cr picugtcteaor .J 8. [Cremipiaseedsor of C aim
1 wher ei fsosreitgh, pr ocpsseusippor t § opefSawietins sugpor Se¥celyy an |t el

Pent i uni gsoireligi cr oppcefssmectyg, Sourcelg, Sourcely,
Sourcels,and | Sourcel ], and
Sourcely Sourcelg

v v

820a 820b
Generate CSum?2a, Generate CSum2b,
CCarry2a from: CCarry2b from:
CSumla, CCarryla, CSumlc, CCarryle,
CSumlb, CCarrylb CSumld, CCanyld °

830
Generate CSum3 and CCarry3 from:
CSum?2a, CCarry2a, CSum2b, and

CCamry2b

840
Resuly_g < Add CSum3 + CCarry3
Resultls_s «—0

Figure 8
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9. The processor of Claim 1 wherein said processor supports operations

defined by the | Alerr], Intel Architecture. [err] -33- 10. The processor
of Caim1 wherein sai d processor inchudes a cache coupled to said decoder,
and sai d cache for storing data. 11. The processor of Caim1 wherein said

processor rgg—fHur-therqfor storing integer data. 12. A conputer gystem for
mani pul at packed data, said packed data including a pluralifyy of data
el enent s, | each of saild pl urallty of d ving a preiegrm’ ned
number of Jbits, said|conmputerSsystem ngrising: a menory feBSstoring
data and h control mgnt—a'rrdvmﬁ—p' éces r coglling to said Egmry, sai d
processorjhaving: i) Ja ¢gecoder for deg®di ngsalg Q'gtl’0| si gnaf;
- b g
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[ 5
sald plurality of registers being cougbefl to said decoder, sdi
offregi sters having a first register, @ ii) a circuit for
operation on said packed data, said ci c it being coupled te e
responsive to decoding said control si | said decog en.m||ng sai d flrst

regi ster to provide t packed datfa, sarqfirst
first data el egnt a second data el eMent, D2, |t generating
a result data R1 qqual to a total er of »n D1, said
circuit genegati resaltddat a el enent equal nunber of
bits set in D2, At prpbviding ar I pack&i
plurality of r %ggl result packed Vi T , said
plurality of rég s stYri aid result ac ed ai d
plurality of Jeg S.
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13. A method of mani pul ati ng packed data in a conputer system said
conput er systemincluding a nenory being coupled to a m croprocessor, said
M croprocessor including a decoder for decoding a control signal, a
plurality of registers for storing said packed data, and a circuit for
processi ng said packed data, said packed data including a first data

el ement D1 and a second data el enent D2, each of said data el enents having
a predeterm ned nunber of bits, said decoder being coupled to said
plurality of registers and said circuit, said nethod conprising the steps
of : a) responsive to receiving a control signal, decoding said control
signal; b) providing said packed data to said circuit; c) generating a
first result data el enent represent atiperafca nunber of bits set in D1; d)

enerating a second re e r— ty r of bits
get in ng and e) sto-u?--rl:'bg&i(’j}l”?Q ‘Aféﬁn Tﬁf%ﬁﬁe ﬁ‘}'ﬁ"m&émm:% second
result data elenent as a resul t—bﬁ-&t

A novel processor for manipulating packed data. The packed data includes a
first data element D1 and a second data element D2. Each of sai& data elements has
a predetermined number of bits. The processor comprises a decoder, a register, and
5 acircuit. The decoder is for decoding a control signal responsive to receiving the
~ control signal. The register is coupled to the decoder. The register is for storing the
packed data. The circuit is coupled to the decoder. The circuit is for generating a
first result data element R1 and a second data element R2. The circuit is further for
generating R1 to represent a total number bits set in D1, and the circuit is further for

10  generating R2 to represent a total number bits set in D2.

(Figure 9)
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- 35- [err] 14. A processor for perform ng a popul ation count on a
packed datas; said packed data having four data elenents, D1, D2, D3 and D4
respectively, each of said data elenents including sixteen bits, said
processor conprising: a) a decoder responsive to receiving a control si gha
for decoding said control signal; b) a plurality of reg I
packed data, said plurality of registers coupling to saf
plurality of registers having a first regist®i2 and c)
for performng an operation on said packed data sald operatlon circuit
bei ng coupled to said decoqer —Tesponstve-to—decoding—spi d control signal
sai d decoder enabling said first register to provide sajd first packed data
to said operation circuit, |said opeCanrddigngk cuit inclufing: i) a first
circuit for generating a rgsult data el enent Rl equallZp a total nunber of
bits set in D1, :

Cache
206
Decoder
202
Internal Bus 205
Integer .
Registers Register File
Arithmedc 209 204
Logic Unit ;n 2_11%
ALYy R; flﬁ:“
203 .
“qulzao Instruction
| | Pointer
Register
Status 21l
Registers 208
Processor 109
Figure 2 ' -
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i) a second circuit for generating a second result data el enent R2 equal
to a total .nunber of bits set in D2, iii) a third circuit for generating a
third result data el eneat R3 equal to a total nunber of bits set in D3, and
iv) a fourth circuit for generating a fourth result data el ement R4 equal
to a total nunber of bits set in D4, said operation ) ding said
plurality of registers with a result packedsgata, ' Jack

data havi ng ggﬁd Rl, R2, R3, and R4, said plurality s toring
said result ked data in one of said plurality of reglsters B®) A net Bod
of perfornin popul ation _count operation on a packed data i rocessof,
sai d process |nclud|ng a decoder for decoding a control S|gﬂxﬁ bbb bbbb

plurality of T storing sard packed data, and a clrcuit tor
processi ng sai G&Qatﬁ’é thé{te sai d decoder being coupled to sa| d plurality

of registers6and said circuit, . 87 0
Fs; f ' ----sss| sbbb bbbb

411 Signed Byte

Figure 4b

63 : 1615 0

000 . DOO{WWWW WWWW WWWW WWWW

412 Unsigned Word
63 ' 1615 0

FSS SSS[SWWW WWWW WWWW Wwww

413 Signed Word

Figure 4c

63 3231 0
000- : , ' 00q dddd dddd dddd dddd dddd dddd dddd dddd

414 Unsigned Doubleword

63 3231 0
§§8==~=mune - .sss] sddd dddd dddd dddd dddd dddd dddd dddd

415 Signed Doubleword 'REP LACEMENT SHEET
Figure 4d 22 JUL 1996




sai d packed data including four data elements D1, D2, D3, and D4,
respectively, said nmethod conprising the steps of: a) generating a first
result data representative of a total nunber of bits equal to one in D1; b)
generating .a second result data representative of a total nunmber of bits
equal to one in D2; 'c) generating a third result data rRpppgaeemehityvehebta
total nunber of bits equal to one in D3; @lZenerating &2Rouully 1696Dt data
representative of a total nunber of bits equal to one in D4, and e) storing
D1, D2, and as result packed data

U8 25655 2 B R AT 3 1615 87 0

byte 7 byte 6 byte 5 byte 4 byte 3 byte 2 byte 1 byte 0

301 Packed Byte Data Type.

63 4847 3231 1615 0

word 3 word 2 word 1 word 0

502 Packed Word Data Type.

63 ' 3231 0
doubleword 1 doubleword 0

303 Packed Doubleword Data Type.
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