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VECTOR INSTRUCTION FOR PRESENTING COMPLEX CONJUGATES OF
RESPECTIVE COMPLEX NUMBERS
BACKGROUND

Field of Invention

The field of invention relates generally to the computing sciences and, more
specifically, to avector instruction for presenting complex conjugates of respective complex

numbers.

Background
Fig. 1shows ahigh level diagram of aprocessing core 100 implemented with logic

circuitry on a semiconductor chip. The processing core includes apipeline 101. The pipeline
consists of multiple stages each designed to perform a specific step in the multi-step process
needed to fully execute aprogram code instruction. These typically include at least: 1)
instruction fetch and decode; 2) data fetch; 3) execution; 4) write-back. The execution stage
performs a specific operation identified by an instruction that was fetched and decoded in prior
stage(s) (e.g., in step 1) above) upon data identified by the same instruction and fetched in
another prior stage (e.g., step 2) above). The data that is operated upon istypicaly fetched from
(general purpose) register storage space 102. New data that is created at the completion of the
operation isalso typically "written back" toregister storage space (e.g., a stage 4) above).

The logic circuitry associated with the execution stageistypically composed of multiple
"execution units’ or "functional units’ 103 1 to 103 N that are each designed to perform its own
unique subset of operations (e.g., afirst functional unit performs integer math operations, a
second functional unit performs floating point instructions, athird functional unit performs
load/store operations from/to cache/memory, etc.). The collection of all operations performed by
all the functional units corresponds to the "instruction set" supported by the processing core 100.

Two types of processor architectures are widely recognized in the field of computer
science: "scalar" and "vector”. A scalar processor isdesigned to execute instructions that
perform operations on a single set of data, whereas, avector processor isdesigned to execute
instructions that perform operations on multiple sets of data. Figs. 2A and 2B present a
comparative example that demonstrates the basic difference between a scalar processor and a
Vector processor.

Fig. 2A shows an example of ascalar AND instruction in which a single operand set, A

and B, are ANDed together to produce asingular (or "scalar") result C (i.e.,, AB=C). By
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contrast, Fig. 2B shows an example of avector AND instruction in which two operand sets, A/B
and D/E, are respectively ANDed together in paralel to simultaneously produce avector result
C,F (i.e, A AND.B=C and D.AND.E=F). Asamatter of terminology, a"vector" is adata
element having multiple "elements’. For example, avector V = Q, R, S, T, U has five different
elements: Q,R, S, Tand U. The "size" of the exemplary vector V isfive (because it has five

elements).

Certain computational tasks are handled by modeling the information as "complex”. A
complex number is of the form "a+jb" where "a" isreferred to asthe "real” term and "b" is

referred to asthe "imaginary” term. The "complex conjugate” of a+jb takes the form of "a-

b,

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention isillustrated by way of example and not limitation in the figures of

the accompanying drawings, in which like references indicate similar elements and in which:

Fig. 1 shows an instruction execution pipeline;

Figs. 2aand 2b compare scalar vs. vector processing;

Figs. 3athrough 3f pertain to avector instruction for presenting complex conjugates of
respective complex numbers,

Fig. 4 pertains to amethod performed by avector instruction for presenting complex
conjugates of respective complex numbers;

Figs. 5aand 5b pertain to logic circuitry for avector instruction for presenting complex
conjugates of respective complex numbers;

Figure 6A illustrates an exemplary AV X instruction format;

Figure 6B illustrates which fields from Figure 6A make up afull opcode field and abase
operation field;

Figure 6C illustrates which fields from Figure 6A make up aregister index field;

Figures 7A-7B are block diagrams illustrating a generic vector friendly instruction format
and instruction templates thereof according to embodiments of the invention;

Figure 8isablock diagram illustrating an exemplary specific vector friendly instruction
format according to embodiments of the invention;

Figure 9isablock diagram of aregister architecture according to one embodiment of the

invention;
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Figure 10A isablock diagram illustrating both an exemplary in-order pipeline and an
exemplary register renaming, out-of-order issue/execution pipeline according to embodiments of
the invention;

Figure 108 isablock diagram illustrating both an exemplary embodiment of an in-order
architecture core and an exemplary register renaming, out-of-order issue/execution architecture
core to beincluded in aprocessor according to embodiments of the invention;

Figures 11A-B illustrate ablock diagram of a more specific exemplary in-order core
architecture, which core would be one of several logic blocks (including other cores of the same
type and/or different types) in achip;

Figure 12 isablock diagram of aprocessor that may have more than one core, may have
an integrated memory controller, and may have integrated graphics according to embodiments of
the invention;

Figure 13 isablock diagram of aexemplary system in accordance with an embodiment
of the present invention;

Figure 14 isablock diagram of afirst more specific exemplary system in accordance
with an embodiment of the present invention;

Figure 15 isablock diagram of a second more specific exemplary system in accordance
with an embodiment of the present invention;

Figure 16 isablock diagram of a SoC in accordance with an embodiment of the present
invention;

Figure 17 isablock diagram contrasting the use of a software instruction converter to
convert binary instructions in a source instruction set to binary instructions in atarget instruction

set according to embodiments of the invention.

DETAILED DESCRIPTION
Description
A number of computations that employ complex numbers seek to also employ the
complex conjugates of those numbers. Asdiscussed in the background, the complex conjugate
of a+jbisa- jb. Figs 3athrough 3f show the logical operation of different embodiments of a
vector instruction that i s designed to accept vector input information representing imaginary
numbers and provide as the resultant the respective complex conjugates of the imaginary

numbers.
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In the approach of Fig. 3a, the input vector 301_A isconstructed such that the input
complex numbers are packed with the real and imaginary terms of the same complex number
being adjacent to one another within the input vector. As such, in order to return the respective
complex conjugates, afirst alternating group of input elements 302_A pass through the
execution logic 303_A and a second alternating group of input elements 304 A exclusive from
the first have their respective signs changed by the execution logic 303_A. As such the resultant
305_A consists of the input vector 301_A with alternating elements having a sign change.

In an embodiment, each input element is specified as afloating point value having both
amantissa term and an exponent term. The mantissa term includes abit that specifies whether
the number ispositive or negative. In operation, logic 303_A changes the sign of input elements
304_A by flipping the value of each of their respective sign bits and not flipping the value of the
respective sign bits of the other input e ements 302_A.

In the approach of Fig. 3b the input vector 301_B packs the real terms of the multiple
complex numbers on one side of the input vector and the imaginary terms of the complex
numbers of the other side of the input vector. Assuch, the imaginary terms have their signs
changed asin the embodiment of Fig. 3abut according to adifferent pattern owing to the
different input vector format.

In the approach of Fig. 3c, the input vector 301_C takes the form of the approach of Fig.
3b but provides aresultant 305 _C of the form of the Fig. 3a. As such, the execution logic 303_C
permutes the input vector elements as well as changes signs of those of the elements that
represent the imaginary part of acomplex number.

In the approach of Fig. 3d, the input vector 301_D takes the form of the approach of
Fig. 3abut provides aresultant 305_D of the form of the Fig. 3b. As such, the execution logic
303_D permutes the input vector elements as well as changes signs of those of the elements that
represent the imaginary part of acomplex number.

In the approach of Fig. 3e, afirst input vector operand 301 _1 E includes only real terms

and a second input vector operand 301 2 E includes only the corresponding imaginary terms.



10

15

20

25

WO 2013/095552 PCT/US2011/066995

Instruction execution logic 303_E merges the elements from both input operands and provides a
resultant 305_E of the form of Fig. 3a. Here, note that the resultant vector 305 _E sizeistwice
that of each of theinput vectors 301 1 E, 301 2 E.

In the approach of Fig. 3f, the resultant 305_F takes the form of Fig. 3b. Other
combinations are also possible (e.g., where the input is structured like Fig. 3A).

Fig. 4 shows amethod performed by instruction execution logic circuitry that is
designed to provide complex conjugates of input complex numbers. According to the
methodology of Fig. 4, input vector elements corresponding to real and imaginary parts of a
plurality of input complex numbers arereceived 401. The sign of the imaginary numbers are
changed 402 and the real numbers and imaginary numbers with changed sign are presented as
the resultant 403.

Fig. 5a shows afirst embodiment of logic circuitry of an execution unit that is designed
to provide complex conjugates of input complex numbers. According to the design of Fig. 5, an
input vector register 501 receives an input vector having real and imaginary terms of complex
numbers. Register 501 may reside at any of: i) vector register space, ii) the output of adata fetch
stage of an instruction execution pipeling; iii) the input of the execution unit.

In crafting aresultant, logic circuitry 503 changes the signs of the imaginary terms but
does not change the signs of the ream terms. Logic circuitry 503 may also permute the various
input elements to craft an output vector whose format of real and imaginary terms is different
than the format of the input vector. The execution unit also includes write mask circuitry 506
that applies awrite mask received from amask register 507. Zero masking (masked elements
are force fed avalue of 0) or write through masking (masked elements retain their original value
in the destination) may be employed. In an embodiment, the execution unit can receive and/or
provide imaginary numbers in different formats. In afurther embodiment, the format that
applies to the input and/or output vector is specified in an immediate operand. In another
embodiment, the format that applies is specified in the opcode (e.g., there are different opcodes

for different input and/or output formats).
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Fig. 5b shows a second embodiment of logic circuitry of an execution unit that is
designed to provide complex conjugates of input complex numbers. The design of Fig. 5bis
similar to that of Fig. 5awith the additional functionality that two input vectors are received.
Here, the logic circuitry 503 B merges the input elements from the two different input vectors to

form asingle output vector (e.g., asobserved in Figs. 3e and 3f).

Exemplary Instruction Formats

Embodiments of the instruction(s) described herein may be embodied in different
formats. For example, the instruction(s) described herein may be embodied asaVEX, generic
vector friendly, or other format. Details of VEX and ageneric vector friendly format are
discussed below. Additionally, exemplary systems, architectures, and pipelines are detailed
below. Embodiments of the instruction(s) may be executed on such systems, architectures, and
pipelines, but are not limited to those detailed.

VEX Instruction Format

VEX encoding alows instructions to have more than two operands, and alows SEVID
vector registers to be longer than 128 bits. The use of a VEX prefix provides for three-operand
(or more) syntax. For example, previous two-operand instructions performed operations such as
A = A + B, which overwrites a source operand. The use of aVEX prefix enables operands to
perform nondestructive operations such asA =B + C.

Figure 6A illustrates an exemplary AVX instruction format including aVEX prefix 602,
real opcode field 630, Mod R/M byte 640, SIB byte 650, displacement field 662, and EVIM8
672. Figure6B illustrates which fields from Figure 6A make up afull opcode field 674 and a
base operation field 642. Figure 6C illustrates which fields from Figure 6A make up aregister
index field 644.

VEX Prefix (Bytes 0-2) 602 isencoded in athree-byte form. The first byte isthe Format
Field 640 (VEX Byte 0, bits [7:0]), which contains an explicit C4 byte value (the unique value
used for distinguishing the C4 instruction format). The second- third bytes (VEX Bytes 1-2)
include anumber of bit fields providing specific capability. Specificaly, REX field 605 (VEX
Byte 1, bits [7-5]) consists of aVEX.R bit field (VEX Byte 1, bit [7] - R), VEX.X bit field
(VEX byte 1, bit [6] - X), and VEX.B bit field (VEX byte 1, bit[5] - B). Other fields of the
instructions encode the lower three bits of the register indexes asisknown in the art (rrr, xxx,
and bbb), so that Rrrr, Xxxx, and Bbbb may be formed by adding VEX.R, VEX.X, and VEX.B.
Opcode map field 615 (VEX byte 1, bits [4:0] - mmmmm) includes content to encode an



10

15

20

25

30

WO 2013/095552 PCT/US2011/066995

implied leading opcode byte. W Field 664 (VEX byte 2, bit [7] - W) - isrepresented by the
notation VEX.W, and provides different functions depending on the instruction. The role of
VEX.vwwv 620 (VEX Byte 2, bits [6:3]-vvvv) may include the following: 1) VEX.vvvv encodes
the first source register operand, specified in inverted (Is complement) form andisvalid for
instructions with 2 or more source operands; 2) VEX.vvvv encodes the destination register
operand, specified in | scomplement form for certain vector shifts; or 3) VEX.vvvv does not
encode any operand, the field isreserved and should contain 111lb. If VEX.L 668 Sizefield
(VEX byte 2, bit [2]-L) = 0, it indicates 128 bit vector; if VEX.L = 1, it indicates 256 bit vector.
Prefix encoding field 625 (VEX byte 2, bits [I:0]-pp) provides additional bits for the base
operation field.

Real Opcode Field 630 (Byte 3) is aso known as the opcode byte. Part of the opcodeis
specified in this field.

MOD R/M Field 640 (Byte 4) includes MOD field 642 (bits [7-6]), Reg field 644 (bits
[5-3]), and R/M field 646 (bits [2-0]). Therole of Reg field 644 may include the following:
encoding either the destination register operand or a source register operand (the rrr of Rrrr), or
be treated as an opcode extension and not used to encode any instruction operand. The role of
R/M field 646 may include the following: encoding the instruction operand that references a
memory address, or encoding either the destination register operand or a source register operand.

Scale, Index, Base (SIB) - The content of Scale field 650 (Byte 5) includes SS652 (bits
[7-6]), which isused for memory address generation. The contents of SIB.xxx 654 (bits [5-3])
and SIB.bbb 656 (bits [2-0]) have been previously referred to with regard to the register indexes
Xxxx and Bbbb.

The Displacement Field 662 and the immediate field (IMM8) 672 contain address data.

Generic Vector Friendly Instruction Format

A vector friendly instruction format is an instruction format that i s suited for vector
instructions (e.g., there are certain fields specific to vector operations). While embodiments are
described in which both vector and scalar operations are supported through the vector friendly
instruction format, aternative embodiments use only vector operations the vector friendly
instruction format.

Figures 7A-7B are block diagrams illustrating a generic vector friendly instruction
format and instruction templates thereof according to embodiments of the invention. Figure 7A
isablock diagram illustrating a generic vector friendly instruction format and class A instruction
templates thereof according to embodiments of the invention; while Figure 7B is ablock

diagram illustrating the generic vector friendly instruction format and class B instruction
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templates thereof according to embodiments of the invention. Specifically, a generic vector
friendly instruction format 700 for which are defined class A and class B instruction templates,
both of which include no memory access 705 instruction templates and memory access 720
instruction templates. The term generic in the context of the vector friendly instruction format
refers to the instruction format not being tied to any specific instruction set.

While embodiments of the invention will be described in which the vector friendly
instruction format supports the following: a 64 byte vector operand length (or size) with 32 bit (4
byte) or 64 bit (8 byte) data element widths (or sizes) (and thus, a 64 byte vector consists of
either 16 doubleword-size elements or aternatively, 8 quadword-size elements); a 64 byte vector
operand length (or size) with 16 bit (2 byte) or 8 bit (1 byte) data element widths (or sizes); a 32
byte vector operand length (or size) with 32 bit (4 byte), 64 bit (8 byte), 16 bit (2 byte), or 8 bit
(1byte) data element widths (or sizes); and a 16 byte vector operand length (or size) with 32 bit
(4 byte), 64 bit (8 byte), 16 bit (2 byte), or 8 bit (1 byte) data element widths (or sizes);
alternative embodiments may support more, less and/or different vector operand sizes (e.g., 256
byte vector operands) with more, less, or different data element widths (e.g., 128 bit (16 byte)
data element widths).

The class A instruction templates in Figure 7A include: 1) within the no memory access
705 instruction templates there is shown ano memory access, full round control type operation
710 instruction template and a no memory access, data transform type operation 715 instruction
template; and 2) within the memory access 720 instruction templates there is shown a memory
access, temporal 725 instruction template and amemory access, non-temporal 730 instruction
template. The class B instruction templates in Figure 7B include: 1) within the no memory
access 705 instruction templates there is shown ano memory access, write mask control, partial
round control type operation 712 instruction template and a no memory access, write mask
control, vsize type operation 717 instruction template; and 2) within the memory access 720
instruction templates there is shown amemory access, write mask control 727 instruction
template.

The generic vector friendly instruction format 700 includes the following fields listed
below in the order illustrated in Figures 7A-7B. In conjunction with the discussions above, in an
embodiment, referring to the format details provided below in Figures 7A-B and 8, either anon
memory access instruction type 705 or amemory access instruction type 720 may be utilized.
Addresses for the read mask(s), input vector operand(s) and destination may be identified in
register address field 744 described below. In afurther embodiment, the write mask is specified
in write mask field 770.
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Format field 740 - a specific value (an instruction format identifier value) in this field
uniquely identifies the vector friendly instruction format, and thus occurrences of instructions in
the vector friendly instruction format in instruction streams. As such, thisfield is optional in the
sense that it is not needed for an instruction set that has only the generic vector friendly
instruction format.

Base operation field 742 - its content distinguishes different base operations.

Register index field 744 - its content, directly or through address generation, specifies the
locations of the source and destination operands, be they in registers or in memory. These
include a sufficient number of bits to select N registers from aPxQ (e.g. 32x512, 16x128,
32x1024, 64x1024) register file. While in one embodiment N may be up to three sources and
one destination register, alternative embodiments may support more or less sources and
destination registers (e.g., may support up to two sources where one of these sources also acts as
the destination, may support up to three sources where one of these sources also acts as the
destination, may support up to two sources and one destination).

Modifier field 746 - its content distinguishes occurrences of instructions in the generic
vector instruction format that specify memory access from those that do not; that is, between no
memory access 705 instruction templates and memory access 720 instruction templates.
Memory access operations read and/or write to the memory hierarchy (in some cases specifying
the source and/or destination addresses using values in registers), while non-memory access
operations do not (e.g., the source and destinations are registers). While in one embodiment this
field also selects between three different ways to perform memory address calculations,
alternative embodiments may support more, less, or different ways to perform memory address
calculations.

Augmentation operation field 750 - its content distinguishes which one of avariety of
different operations to be performed in addition to the base operation. This field is context
specific. In one embodiment of the invention, this field isdivided into aclass field 768, an apha
field 752, and abeta field 754. The augmentation operation field 750 allows common groups of
operations to be performed in a single instruction rather than 2, 3, or 4 instructions.

Scalefield 760 - its content allows for the scaling of the index field's content for
memory address generation (e.g., for address generation that uses 2% * index + base).

Displacement Field 762A- its content isused as part of memory address generation (e.g.,
for address generation that uses 25 * index + base + displacement).

Displacement Factor Field 762B (note that the juxtaposition of displacement field 762A

directly over displacement factor field 762B indicates one or the other isused) - its content is
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used as part of address generation; it specifies a displacement factor that isto be scaled by the
size of amemory access (N) - where N isthe number of bytes in the memory access (e.g., for
address generation that uses 2 * index + base + scaled displacement). Redundant low-order
bits are ignored and hence, the displacement factor field' s content is multiplied by the memory
operands total size (N) in order to generate the final displacement to be used in calculating an
effective address. The value of N isdetermined by the processor hardware at runtime based on
the full opcode field 774 (described later herein) and the data manipulation field 754C. The
displacement field 762A and the displacement factor field 762B are optional in the sense that
they are not used for the no memory access 705 instruction templates and/or different
embodiments may implement only one or none of the two.

Data element width field 764 - its content distinguishes which one of anumber of data
element widths isto be used (in some embodiments for all instructions; in other embodiments for
only some of the instructions). Thisfield is optional in the sense that it isnot needed if only one
data element width i s supported and/or data element widths are supported using some aspect of
the opcodes.

Write mask field 770 - its content controls, on aper data element position basis, whether
that data element position in the destination vector operand reflects the result of the base
operation and augmentation operation. Class A instruction templates support merging-
writemasking, while class B instruction templates support both merging- and zeroing-
writemasking. When merging, vector masks allow any set of elements in the destination to be
protected from updates during the execution of any operation (specified by the base operation
and the augmentation operation); in other one embodiment, preserving the old value of each
element of the destination where the corresponding mask bit has a0. In contrast, when zeroing
vector masks alow any set of elements in the destination to be zeroed during the execution of
any operation (specified by the base operation and the augmentation operation); in one
embodiment, an element of the destination is set to 0 when the corresponding mask bit has a0
value. A subset of this functionality isthe ability to control the vector length of the operation
being performed (that is, the span of elements being modified, from the first to the last one);
however, it isnot necessary that the elements that are modified be consecutive. Thus, the write
mask field 770 allows for partial vector operations, including loads, stores, arithmetic, logical,
etc. While embodiments of the invention are described in which the write mask field's 770
content selects one of anumber of write mask registers that contains the write mask to be used
(and thus the write mask field's 770 content indirectly identifies that masking to be performed),

10
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alternative embodiments instead or additional allow the mask write field's 770 content to directly
specify the masking to be performed.

Immediate field 772 - its content allows for the specification of an immediate. This field
isoptional in the sense that isit not present in an implementation of the generic vector friendly
format that does not support immediate and it is not present in instructions that do not use an
immediate.

Class field 768 - its content distinguishes between different classes of instructions. With
reference to Figures 7A-B, the contents of this field select between class A and class B
instructions. In Figures 7A-B, rounded corner squares are used to indicate a specific valueis
present in afield (e.g., class A 768A and class B 768B for the class field 768 respectively in
Figures 7A-B).

Instruction Templates of Class A

In the case of the non-memory access 705 instruction templates of class A, the alphafield
752 isinterpreted as an RSfield 752A, whose content distinguishes which one of the different
augmentation operation types are to be performed (e.g., round 752A.1 and data transform
752A.2 are respectively specified for the no memory access, round type operation 710 and the no
memory access, data transform type operation 715 instruction templates), while the beta field
754 distinguishes which of the operations of the specified typeisto be performed. Inthe no
memory access 705 instruction templates, the scale field 760, the displacement field 762A, and
the displacement scale filed 762B are not present.

No-Memory Access Instruction Templates - Full Round Control Type Operation

In the no memory access full round control type operation 710 instruction template, the
beta field 754 isinterpreted as around control field 754A, whose content(s) provide static
rounding. While in the described embodiments of the invention the round control field 754A
includes a suppress al floating point exceptions (SAE) field 756 and around operation control
field 758, alternative embodiments may support may encode both these concepts into the same
field or only have one or the other of these concepts/fields (e.g., may have only the round
operation control field 758).

SAE field 756 - its content distinguishes whether or not to disable the exception event
reporting; when the SAE field's 756 content indicates suppression is enabled, agiven instruction
does not report any kind of floating-point exception flag and does not raise any floating point
exception handler.

Round operation control field 758 - its content distinguishes which one of a group of
rounding operations to perform (e.g., Round-up, Round-down, Round-towards-zero and Round-

11
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to-nearest). Thus, the round operation control field 758 alows for the changing of the rounding
mode on aper instruction basis. In one embodiment of the invention where a processor includes
acontrol register for specifying rounding modes, the round operation control field's 750 content
overrides that register value.

No Memory Access Instruction Templates - Data Transform Type Operation

In the no memory access data transform type operation 715 instruction template, the beta
field 754 isinterpreted as adata transform field 754B, whose content distinguishes which one of
anumber of data transforms isto be performed (e.g., no data transform, swizzle, broadcast).

In the case of amemory access 720 instruction template of class A, the aphafield 752 is
interpreted as an eviction hint field 752B, whose content distinguishes which one of the eviction
hints isto be used (in Figure 7A, temporal 752B.1 and non-temporal 752B.2 are respectively
specified for the memory access, temporal 725 instruction template and the memory access, non-
temporal 730 instruction template), while the beta field 754 isinterpreted as a data manipulation
field 754C, whose content distinguishes which one of anumber of data manipulation operations
(also known as primitives) isto be performed (e.g., no manipulation; broadcast; up conversion of
a source; and down conversion of adestination). The memory access 720 instruction templates
include the scale field 760, and optionally the displacement field 762A or the displacement scale
field 762B.

Vector memory instructions perform vector loads from and vector stores to memory, with
conversion support. Aswith regular vector instructions, vector memory instructions transfer
data from/to memory in a data element- wise fashion, with the elements that are actualy
transferred isdictated by the contents of the vector mask that is selected as the write mask.

Memory Access Instruction Templates - Temporal

Temporal dataisdata likely to be reused soon enough to benefit from caching. Thisis,
however, ahint, and different processors may implement it in different ways, including ignoring
the hint entirely.

Memory Access Instruction Templates - Non-Temporal

Non-temporal data isdata unlikely to be reused soon enough to benefit from caching in
the 1st-level cache and should be given priority for eviction. This is, however, ahint, and
different processors may implement it in different ways, including ignoring the hint entirely.

Instruction Templates of Class B

In the case of the instruction templates of class B, the alpha field 752 isinterpreted as a
write mask control (Z) field 752C, whose content distinguishes whether the write masking
controlled by the write mask field 770 should be amerging or azeroing.
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In the case of the non-memory access 705 instruction templates of class B, part of the
beta field 754 isinterpreted as an RL field 757A, whose content distinguishes which one of the
different augmentation operation types are to be performed (e.g., round 757A.1 and vector length
(VSIZE) 757A.2 are respectively specified for the no memory access, write mask control, partial
round control type operation 712 instruction template and the no memory access, write mask
control, VSIZE type operation 717 instruction template), while the rest of the beta field 754
distinguishes which of the operations of the specified type isto be performed. In the no memory
access 705 instruction templates, the scale field 760, the displacement field 762A, and the
displacement scale filed 762B are not present.

In the no memory access, write mask control, partial round control type operation 710
instruction template, the rest of the beta field 754 isinterpreted as around operation field 759A
and exception event reporting isdisabled (a given instruction does not report any kind of
floating-point exception flag and does not raise any floating point exception handler).

Round operation control field 759A - just asround operation control field 758, its
content distinguishes which one of a group of rounding operations to perform (e.g., Round-up,
Round-down, Round-towards-zero and Round-to-nearest). Thus, the round operation control
field 759A allows for the changing of the rounding mode on aper instruction basis. In one
embodiment of the invention where aprocessor includes a control register for specifying
rounding modes, the round operation control field's 750 content overrides that register value.

In the no memory access, write mask control, VSIZE type operation 717 instruction
template, the rest of the beta field 754 isinterpreted as avector length field 759B, whose content
distinguishes which one of anumber of data vector lengths isto be performed on (e.g., 128, 256,
or 512 byte).

In the case of amemory access 720 instruction template of class B, part of the beta field
754 isinterpreted as abroadcast field 757B, whose content distinguishes whether or not the
broadcast type data manipulation operation isto be performed, while the rest of the beta field
754 isinterpreted the vector length field 759B. The memory access 720 instruction templates
include the scale field 760, and optionally the displacement field 762A or the displacement scale
field 762B.

With regard to the generic vector friendly instruction format 700, afull opcode field 774
is shown including the format field 740, the base operation field 742, and the data element width
field 764. While one embodiment is shown where the full opcode field 774 includes al of these
fields, the full opcode field 774 includes less than all of these fields in embodiments that do not
support all of them. The full opcode field 774 provides the operation code (opcode).
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The augmentation operation field 750, the data element width field 764, and the write
mask field 770 allow these features to be specified on aper instruction basis in the generic vector
friendly instruction format.

The combination of write mask field and data element width field create typed
instructions in that they allow the mask to be applied based on different data e ement widths.

The various instruction templates found within class A and class B are beneficial in
different situations. In some embodiments of the invention, different processors or different
cores within aprocessor may support only class A, only class B, or both classes. For instance, a
high performance general purpose out-of-order core intended for general-purpose computing
may support only class B, acore intended primarily for graphics and/or scientific (throughput)
computing may support only class A, and a core intended for both may support both (of course, a
core that has some mix of templates and instructions from both classes but not all templates and
instructions from both classes iswithin the purview of the invention). Also, a single processor
may include multiple cores, all of which support the same class or in which different cores
support different class. For instance, in aprocessor with separate graphics and general purpose
cores, one of the graphics cores intended primarily for graphics and/or scientific computing may
support only class A, while one or more of the general purpose cores may be high performance
genera purpose cores with out of order execution and register renaming intended for general-
purpose computing that support only class B. Another processor that does not have a separate
graphics core, may include one more general purpose in-order or out-of-order cores that support
both class A and class B. Of course, features from one class may also be implement in the other
class in different embodiments of the invention. Programs written in ahigh level language
would be put (e.g., just in time compiled or statically compiled) into an variety of different
executable forms, including: 1) aform having only instructions of the class(es) supported by the
target processor for execution; or 2) aform having aternative routines written using different
combinations of the instructions of all classes and having control flow code that selects the
routines to execute based on the instructions supported by the processor which is currently
executing the code.

Exemplary Specific Vector Friendly Instruction Format

Figure 8isablock diagram illustrating an exemplary specific vector friendly instruction
format according to embodiments of the invention. Figure 8 shows a specific vector friendly
instruction format 800 that is specific in the sense that it specifies the location, size,
interpretation, and order of the fields, aswell asvalues for some of those fields. The specific

vector friendly instruction format 800 may be used to extend the x86 instruction set, and thus
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some of the fields are similar or the same as those used in the existing x86 instruction set and
extension thereof (e.g., AVX). This format remains consistent with the prefix encoding field,
real opcode byte field, MOD R/M field, SIB field, displacement field, and immediate fields of
the existing x86 instruction set with extensions. The fields from Figure 7 into which the fields
from Figure 8 map are illustrated.

It should be understood that, although embodiments of the invention are described with
reference to the specific vector friendly instruction format 800 in the context of the generic
vector friendly instruction format 700 for illustrative purposes, the invention isnot limited to the
specific vector friendly instruction format 800 except where claimed. For example, the generic
vector friendly instruction format 700 contemplates avariety of possible sizes for the various
fields, while the specific vector friendly instruction format 800 is shown as having fields of
specific sizes. By way of specific example, while the data element width field 764 isillustrated
as aone bit field in the specific vector friendly instruction format 800, the invention isnot so
limited (that is, the generic vector friendly instruction format 700 contemplates other sizes of the
data element width field 764).

The generic vector friendly instruction format 700 includes the following fields listed
below in the order illustrated in Figure 8A.

EVEX Prefix (Bytes 0-3) 802 - isencoded in afour-byte form.

Format Field 740 (EVEX Byte 0, bits [7:0]) - the first byte (EVEX Byte 0) isthe format
field 740 and it contains 0x62 (the unique value used for distinguishing the vector friendly
instruction format in one embodiment of the invention).

The second-fourth bytes (EVEX Bytes 1-3) include anumber of bit fields providing
specific capability.

REX field 805 (EVEX Byte 1, bits [7-5]) - consists of aEVEX.R bit field (EVEX Byte
1, bit [7] - R), EVEX.X bit field (EVEX byte 1, bit [6] - X), and 757BEX byte 1, bit[5] - B).
The EVEX.R, EVEX.X, and EVEX.B bit fields provide the same functionality asthe
corresponding VEX bit fields, and are encoded using | scomplement form, i.e. ZMMO is
encoded as 1111B, ZMM15 isencoded as 0000B. Other fields of the instructions encode the
lower three bits of the register indexes asisknown in the art (rrr, xxx, and bbb), so that Rrrr,
Xxxx, and Bbbb may be formed by adding EVEX.R, EVEX.X, and EVEX.B.

REX" field 710 - thisisthe first part of the REX' field 710 and isthe EVEX.R' bit field
(EVEX Byte 1, bit [4] - R) that isused to encode either the upper 16 or lower 16 of the extended
32 register set. In one embodiment of the invention, this bit, along with others asindicated
below, is stored in bit inverted format to distinguish (in the well-known x86 32-bit mode) from
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the BOUND instruction, whose real opcode byte is 62, but does not accept in the MOD R/M
field (described below) the value of 11inthe MOD field; alternative embodiments of the
invention do not store this and the other indicated bits below in the inverted format. A value of 1
isused to encode the lower 16 registers. In other words, R'Rrrr isformed by combining
EVEX.R', EVEX.R, and the other RRR from other fields.

Opcode map field 815 (EVEX byte 1, bits [3:0] - mmmm) - its content encodes an
implied leading opcode byte (OF, oF 38, or OF 3).

Data element width field 764 (EVEX byte 2, bit [7] - W) - isrepresented by the notation
EVEX.W. EVEX.W isused to define the granularity (size) of the datatype (either 32-bit data
elements or 64-bit data el ements).

EVEX.vvwv 820 (EVEX Byte 2, bits [6:3]-vvvv)- therole of EVEX.vvvv may include
the following: 1) EVEX.vvvv encodes the first source register operand, specified in inverted (Is
complement) form and is valid for instructions with 2 or more source operands; 2) EVEX.vvvv
encodes the destination register operand, specified in | scomplement form for certain vector
shifts; or 3) EVEX.vvvv does not encode any operand, the field isreserved and should contain
111lb. Thus, EVEX.vvvv field 820 encodes the 4 low-order bits of the first source register
specifier stored in inverted (Is complement) form. Depending on the instruction, an extra
different EVEX bit field isused to extend the specifier size to 32 registers.

EVEX.U 768 Class field (EVEX byte 2, bit [2]-U) - If EVEX.U = 0, it indicates class A
or EVEX.UQ; if EVEX.U = 1, it indicates class B or EVEX.UL.

Prefix encoding field 825 (EVEX byte 2, bits [I:0]-pp) - provides additional bits for the
base operation field. In addition to providing support for the legacy SSE instructions in the
EVEX prefix format, this also has the benefit of compacting the SIMD prefix (rather than
requiring abyte to express the SIMD prefix, the EVEX prefix requires only 2 bits). In one
embodiment, to support legacy SSE instructions that use a SIMD prefix (66H, F2H, F3H) in both
the legacy format and in the EVEX prefix format, these legacy SIMD prefixes are encoded into
the SIMD prefix encoding field; and at runtime are expanded into the legacy SIMD prefix prior
to being provided to the decoder's PLA (so the PLA can execute both the legacy and EVEX
format of these legacy instructions without modification). Although newer instructions could
use the EVEX prefix encoding field's content directly as an opcode extension, certain
embodiments expand in a similar fashion for consistency but allow for different meanings to be
specified by these legacy SIMD prefixes. An alternative embodiment may redesign the PLA to

support the 2 bit SIMD prefix encodings, and thus not require the expansion.
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Alphafield 752 (EVEX byte 3, bit [7] - EH; also known as EVEX.EH, EVEX.rs,
EVEX.RL, EVEX.write mask control, and EVEX.N; also illustrated with a) - aspreviously
described, this field is context specific.

Betafield 754 (EVEX byte 3, bits [6:4]-SSS, also known as EVEX.s, o, EVEX.r,,
EVEX.rrl, EVEX.LLO, EVEX.LLB; aso illustrated with BBR) - aspreviously described, this
field is context specific.

REX' field 710 - thisisthe remainder of the REX' field and isthe EVEX.V bit field
(EVEX Byte 3, bit [3] - V ) that may be used to encode either the upper 16 or lower 16 of the
extended 32 register set. This bit is stored in bit inverted format. A value of 1lisused to encode
the lower 16 registers. In other words, V'VVVV isformed by combining EVEX.V,
EVEX.vvvv.

Write mask field 770 (EVEX byte 3, bits [2:0]-kkK) - its content specifies the index of a
register in the write mask registers as previously described. In one embodiment of the invention,
the specific value EVEX .kkk=000 has a special behavior implying no write mask isused for the
particular instruction (this may be implemented in avariety of ways including the use of awrite
mask hardwired to al ones or hardware that bypasses the masking hardware).

Real Opcode Field 830 (Byte 4) is aso known as the opcode byte. Part of the opcode is
specified in this field.

MOD R/M Field 840 (Byte 5) includes MOD field 842, Reg field 844, and R/M field
846. Aspreviously described, the MOD field's 842 content distinguishes between memory
access and non-memory access operations. The role of Reg field 844 can be summarized to two
situations: encoding either the destination register operand or a source register operand, or be
treated as an opcode extension and not used to encode any instruction operand. The role of R/M
field 846 may include the following: encoding the instruction operand that references a memory
address, or encoding either the destination register operand or a source register operand.

Scale, Index, Base (SIB) Byte (Byte 6) - Aspreviously described, the scale field's 750
content isused for memory address generation. SIB.xxx 854 and SIB.bbb 856 - the contents of
these fields have been previously referred to with regard to the register indexes Xxxx and Bbbb.

Displacement field 762A (Bytes 7-10) - when MOD field 842 contains 10, bytes 7-10 are
the displacement field 762A, and it works the same as the legacy 32-bit displacement (disp32)
and works at byte granularity.

Displacement factor field 762B (Byte 7) - when MOD field 842 contains 01, byte 7 isthe
displacement factor field 762B. The location of this field isthat same asthat of the legacy x86
instruction set 8-bit displacement (disp8), which works at byte granularity. Since disp8 is sign
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extended, it can only address between -128 and 127 bytes offsets; in terms of 64 byte cache lines,
disp8 uses 8 bits that can be set to only four really useful values -128, -64, 0, and 64; since a
greater range is often needed, disp32 isused; however, disp32 requires 4 bytes. In contrast to
disp8 and disp32, the displacement factor field 762B is areinterpretation of disp8; when using
displacement factor field 762B, the actual displacement is determined by the content of the
displacement factor field multiplied by the size of the memory operand access (N). This type of
displacement isreferred to as disp8*N. This reduces the average instruction length (a single byte
of used for the displacement but with amuch greater range). Such compressed displacement is
based on the assumption that the effective displacement is multiple of the granularity of the
memory access, and hence, the redundant low-order bits of the address offset do not need to be
encoded. In other words, the displacement factor field 762B substitutes the legacy x86
instruction set 8-bit displacement. Thus, the displacement factor field 762B is encoded the same
way as an X86 instruction set 8-bit displacement (so no changes in the ModRM/SIB encoding
rules) with the only exception that disp8 is overloaded to disp8*N. In other words, there are no
changes in the encoding rules or encoding lengths but only in the interpretation of the
displacement value by hardware (which needs to scale the displacement by the size of the
memory operand to obtain abyte-wise address offset).

Immediate field 772 operates as previously described.

Full Opcode Field

Figure 8B isablock diagram illustrating the fields of the specific vector friendly
instruction format 800 that make up the full opcode field 774 according to one embodiment of
the invention. Specifically, the full opcode field 774 includes the format field 740, the base
operation field 742, and the data element width (W) field 764. The base operation field 742
includes the prefix encoding field 825, the opcode map field 815, and the real opcode field 830.

Register Index Field

Figure 8C isablock diagram illustrating the fields of the specific vector friendly
instruction format 800 that make up the register index field 744 according to one embodiment of
theinvention. Specificaly, the register index field 744 includes the REX field 805, the REX'
field 810, the MODR/M.reg field 844, the MODR/M.r/m field 846, theW W field 820, xxx
field 854, and the bbb field 856.

Augmentation Operation Field

Figure 8D isablock diagram illustrating the fields of the specific vector friendly
instruction format 800 that make up the augmentation operation field 750 according to one
embodiment of the invention. When the class (U) field 768 contains 0, it signifies EVEX.UO
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(class A 768A); when it contains 1, it signifies EVEX.U1 (class B 768B). When U=0 and the
MOD field 842 contains 11 (signifying ano memory access operation), the alpha field 752
(EVEX byte 3, bit [7] - EH) isinterpreted asthe rsfield 752A. When the rsfield 752A contains
a 1(round 752A.1), the beta field 754 (EVEX byte 3, bits [6:4]- SSS) isinterpreted as the round
control field 754A. The round control field 754A includes a one bit SAE field 756 and atwo bit
round operation field 758. When the rsfield 752A contains a 0 (data transform 752A.2), the beta
field 754 (EVEX byte 3, bits [6:4]- SSS) isinterpreted as athree bit data transform field 754B.
When U=0 and the MOD field 842 contains 00, 01, or 10 (signifying amemory access
operation), the alphafield 752 (EVEX byte 3, bit [7] - EH) isinterpreted asthe eviction hint
(EH) field 752B and the beta field 754 (EVEX byte 3, bits [6:4]- SSS) isinterpreted as athree bit
data manipulation field 754C.

When U=l, the alphafield 752 (EVEX byte 3, bit [7] - EH) isinterpreted asthe write
mask control (Z) field 752C. When U=Il and the MOD field 842 contains 11 (signifying ano
memory access operation), part of the beta field 754 (EVEX byte 3, bit [4]- So) isinterpreted as
the RL field 757A ; when it contains a 1 (round 757A .1) the rest of the beta field 754 (EVEX
byte 3, bit [6-5]- S, ,) isinterpreted asthe round operation field 759A, while when the RL field
757A contains a0 (VSIZE 757.A2) the rest of the beta field 754 (EVEX byte 3, bit [6-5]- S,-i) is
interpreted as the vector length field 759B (EVEX byte 3, bit [6-5]- L, )). When U=l and the
MOD field 842 contains 00, 01, or 10 (signifying amemory access operation), the beta field 754
(EVEX byte 3, bits [6:4]- SSS) isinterpreted asthe vector length field 759B (EVEX byte 3, bit
[6-5]- Li_p) and the broadcast field 757B (EVEX byte 3, bit [4]- B).

Exemplary Register Architecture

Figure 9isablock diagram of aregister architecture 900 according to one embodiment
of the invention. In the embodiment illustrated, there are 32 vector registers 910 that are 512 bits
wide; these registers arereferenced as zmmO through zmm31. The lower order 256 bits of the
lower 16 zmm registers are overlaid on registers ymmO-16. The lower order 128 bits of the
lower 16 zmm registers (the lower order 128 bits of the ymm registers) are overlaid on registers
xmmO-15. The specific vector friendly instruction format 800 operates on these overlaid register
file asillustrated in the below tables.

Adjustabl Class Operation Registers
e Vector Length S

Instructio A (Figure 710, 715, zmm
n Templates that | 7A; U=0) 725, 730 registers (the
do not include vector length is
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the vector length 64 byte)
field 759B B (Figure 712 zmm
7B; U=l) registers (the
vector length is
64 byte)
Instructio B (Figure 717, 727 zmm,
n Templates that | 7B; U=l) ymm, or xmm
do include the registers (the
vector length vector length is
field 759B 64 byte, 32 byte,
or 16 byte)

depending on the
vector length
field 759B

In other words, the vector length field 759B selects between amaximum length and one
or more other shorter lengths, where each such shorter length ishalf the length of the preceding
length; and instructions templates without the vector length field 759B operate on the maximum
vector length. Further, in one embodiment, the class B instruction templates of the specific
vector friendly instruction format 800 operate on packed or scalar single/double-precision
floating point data and packed or scalar integer data. Scalar operations are operations performed
on the lowest order data element position in an zmm/ymm/xmm register; the higher order data
element positions are either left the same as they were prior to the instruction or zeroed
depending on the embodiment.

Write mask registers 915 - in the embodiment illustrated, there are 8 write mask registers
(kO through k7), each 64 bitsin size. In an alternate embodiment, the write mask registers 915
are 16 bitsin size. Aspreviously described, in one embodiment of the invention, the vector
mask register kO cannot be used as awrite mask; when the encoding that would normally
indicate k Oisused for awrite mask, it selects ahardwired write mask of OxFFFF, effectively
disabling write masking for that instruction.

General-purpose registers 925 - in the embodiment illustrated, there are sixteen 64-bit
general-purpose registers that are used along with the existing x86 addressing modes to address
memory operands. These registers are referenced by the names RAX, RBX, RCX, RDX, RBP,
RSI, RDI, RSP, and R8 through R15.
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Scalar floating point stack register file (x87 stack) 945, on which is aliased the MMX
packed integer flat register file 950 - in the embodiment illustrated, the x87 stack is an eight-
element stack used to perform scalar floating-point operations on 32/64/80-bit floating point data
using the x87 instruction set extension; while the MMX registers are used to perform operations
on 64-bit packed integer data, aswell asto hold operands for some operations performed
between the MM X and XMM registers.

Alternative embodiments of the invention may use wider or narrower registers.
Additionally, alternative embodiments of the invention may use more, less, or different register
files and registers.

Exemplary Core Architectures, Processors, and Computer Architectures

Processor cores may be implemented in different ways, for different purposes, andin
different processors. For instance, implementations of such cores may include: 1) a general
purpose in-order core intended for general-purpose computing; 2) ahigh performance general
purpose out-of-order core intended for general-purpose computing; 3) a special purpose core
intended primarily for graphics and/or scientific (throughput) computing. Implementations of
different processors may include: 1) aCPU including one or more general purpose in-order cores
intended for general-purpose computing and/or one or more general purpose out-of-order cores
intended for general-purpose computing; and 2) a coprocessor including one or more special
purpose cores intended primarily for graphics and/or scientific (throughput). Such different
processors lead to different computer system architectures, which may include: 1) the
coprocessor on a separate chip from the CPU; 2) the coprocessor on a separate die in the same
package as a CPU; 3) the coprocessor on the same die asaCPU (in which case, such a
coprocessor is sometimes referred to as special purpose logic, such asintegrated graphics and/or
scientific (throughput) logic, or as specia purpose cores); and 4) a system on achip that may
include on the same die the described CPU (sometimes referred to as the application core(s) or
application processor(s)), the above described coprocessor, and additional functionality.
Exemplary core architectures are described next, followed by descriptions of exemplary
processors and computer architectures.

Exemplary Core Architectures

In-order and out-of-order core block diagram

Figure 10A isablock diagram illustrating both an exemplary in-order pipeline and an
exemplary register renaming, out-of-order issue/execution pipeline according to embodiments of
theinvention. Figure 10B isablock diagram illustrating both an exemplary embodiment of an

in-order architecture core and an exemplary register renaming, out-of-order issue/execution
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architecture core to be included in aprocessor according to embodiments of the invention. The
solid lined boxes in Figures 10A-B illustrate the in-order pipeline and in-order core, while the
optional addition of the dashed lined boxes illustrates the register renaming, out-of-order
issue/execution pipeline and core. Given that the in-order aspect is a subset of the out-of-order
aspect, the out-of-order aspect will be described.

In Figure 10A, aprocessor pipeline 1000 includes afetch stage 1002, alength decode
stage 1004, a decode stage 1006, an allocation stage 1008, arenaming stage 1010, a scheduling
(also known as adispatch or issue) stage 1012, aregister read/memory read stage 1014, an
execute stage 1016, a write back/memory write stage 1018, an exception handling stage 1022,
and acommit stage 1024.

Figure 10B shows processor core 1090 including afront end unit 1030 coupled to an
execution engine unit 1050, and both are coupled to amemory unit 1070. The core 1090 may be
areduced instruction set computing (RISC) core, acomplex instruction set computing (CISC)
core, avery long instruction word (VLIW) core, or ahybrid or aternative core type. Asyet
another option, the core 1090 may be a special-purpose core, such as, for example, anetwork or
communication core, COMpression engine, CoOprocessor core, general purpose computing graphics
processing unit (GPGPU) core, graphics core, or the like.

The front end unit 1030 includes abranch prediction unit 1032 coupled to an instruction
cache unit 1034, which iscoupled to an instruction translation lookaside buffer (TLB) 1036,
which iscoupled to an instruction fetch unit 1038, which is coupled to a decode unit 1040. The
decode unit 1040 (or decoder) may decode instructions, and generate as an output one or more
micro-operations, micro-code entry points, microinstructions, other instructions, or other control
signals, which are decoded from, or which otherwise reflect, or are derived from, the original
instructions. The decode unit 1040 may be implemented using various different mechanisms.
Examples of suitable mechanisms include, but are not limited to, look-up tables, hardware
implementations, programmable logic arrays (PLAS), microcode read only memories (ROMS),
etc. In one embodiment, the core 1090 includes a microcode ROM or other medium that stores
microcode for certain macroinstructions (e.g., in decode unit 1040 or otherwise within the front
end unit 1030). The decode unit 1040 is coupled to arename/allocator unit 1052 in the
execution engine unit 1050.

The execution engine unit 1050 includes the rename/allocator unit 1052 coupled to a
retirement unit 1054 and a set of one or more scheduler unit(s) 1056. The scheduler unit(s) 1056
represents any number of different schedulers, including reservations stations, central instruction
window, etc. The scheduler unit(s) 1056 iscoupled to the physical register file(s) unit(s) 1058.
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Each of the physical register file(s) units 1058 represents one or more physical register files,
different ones of which store one or more different data types, such as scalar integer, scalar
floating point, packed integer, packed floating point, vector integer, vector floating point,, status
(e.g., aninstruction pointer that isthe address of the next instruction to be executed), etc. In one
embodiment, the physical register file(s) unit 1058 comprises avector registers unit, awrite
mask registers unit, and a scalar registers unit. These register units may provide architectural
vector registers, vector mask registers, and general purpose registers. The physical register
file(s) unit(s) 1058 is overlapped by the retirement unit 1054 to illustrate various ways in which
register renaming and out-of-order execution may be implemented (e.g., using areorder buffer(s)
and aretirement register file(s); using afuture file(s), ahistory buffer(s), and aretirement
register file(s); using aregister maps and apool of registers; etc.). The retirement unit 1054 and
the physical register file(s) unit(s) 1058 are coupled to the execution cluster(s) 1060. The
execution cluster(s) 1060 includes a set of one or more execution units 1062 and a set of one or
more memory access units 1064. The execution units 1062 may perform various operations
(e.g., shifts, addition, subtraction, multiplication) and on various types of data (e.g., scalar
floating point, packed integer, packed floating point, vector integer, vector floating point).
While some embodiments may include anumber of execution units dedicated to specific
functions or sets of functions, other embodiments may include only one execution unit or
multiple execution units that all perform all functions. The scheduler unit(s) 1056, physical
register file(s) unit(s) 1058, and execution cluster(s) 1060 are shown as being possibly plural
because certain embodiments create separate pipelines for certain types of data/operations (e.g., a
scalar integer pipeline, a scalar floating point/packed integer/packed floating point/vector
integer/vector floating point pipeline, and/or amemory access pipeline that each have their own
scheduler unit, physical register file(s) unit, and/or execution cluster - and in the case of a
separate memory access pipeline, certain embodiments are implemented in which only the
execution cluster of this pipeline has the memory access unit(s) 1064). It should also be
understood that where separate pipelines are used, one or more of these pipelines may be out-of-
order issue/execution and the rest in-order.

The set of memory access units 1064 is coupled to the memory unit 1070, which includes
adata TLB unit 1072 coupled to adata cache unit 1074 coupled to alevel 2 (L2) cache unit
1076. In one exemplary embodiment, the memory access units 1064 may include aload unit, a
store address unit, and a store data unit, each of which iscoupled to the data TLB unit 1072 in

the memory unit 1070. The instruction cache unit 1034 isfurther coupled to alevel 2 (L2) cache
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unit 1076 in the memory unit 1070. The L2 cache unit 1076 is coupled to one or more other
levels of cache and eventually to amain memory.

By way of example, the exemplary register renaming, out-of-order issue/execution core
architecture may implement the pipeline 1000 asfollows: 1) the instruction fetch 1038 performs
the fetch and length decoding stages 1002 and 1004; 2) the decode unit 1040 performs the
decode stage 1006; 3) the rename/allocator unit 1052 performs the allocation stage 1008 and
renaming stage 1010; 4) the scheduler unit(s) 1056 performs the schedule stage 1012; 5) the
physical register file(s) unit(s) 1058 and the memory unit 1070 perform the register read/memory
read stage 1014; the execution cluster 1060 perform the execute stage 1016; 6) the memory unit
1070 and the physical register file(s) unit(s) 1058 perform the write back/memory write stage
1018; 7) various units may be involved in the exception handling stage 1022; and 8) the
retirement unit 1054 and the physical register file(s) unit(s) 1058 perform the commit stage 1024.

The core 1090 may support one or more instructions sets (e.g., the x86 instruction set
(with some extensions that have been added with newer versions); the MIPS instruction set of
MIPS Technologies of Sunnyvale, CA; the ARM instruction set (with optional additional
extensions such as NEON) of ARM Holdings of Sunnyvale, CA), including the instruction(s)
described herein. In one embodiment, the core 1090 includes logic to support apacked data
instruction set extension (e.g., AVX1, AVX2, and/or some form of the generic vector friendly
instruction format (U=0 and/or U=Il) previously described), thereby allowing the operations used
by many multimedia applications to be performed using packed data.

It should be understood that the core may support multithreading (executing two or more
parallel sets of operations or threads), and may do so in avariety of ways including time sliced
multithreading, simultaneous multithreading (where a single physical core provides alogical
core for each of the threads that physical core is simultaneously multithreading), or a
combination thereof (e.g., time sliced fetching and decoding and simultaneous multithreading
thereafter such asin the Intel® Hyperthreading technology).

While register renaming isdescribed in the context of out-of-order execution, it should be
understood that register renaming may beused in an in-order architecture. While the illustrated
embodiment of the processor also includes separate instruction and data cache units 1034/1074
and a shared L2 cache unit 1076, alternative embodiments may have a single internal cache for
both instructions and data, such as, for example, aLevel 1(LI) interna cache, or multiple levels
of internal cache. In some embodiments, the system may include acombination of an internal
cache and an external cache that isexternal to the core and/or the processor. Alternatively, all of

the cache may be externa to the core and/or the processor.
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Specific Exemplary In-Order Core Architecture

Figures 11A-B illustrate ablock diagram of a more specific exemplary in-order core
architecture, which core would be one of several logic blocks (including other cores of the same
type and/or different types) in achip. The logic blocks communicate through a high-bandwidth
interconnect network (e.g., aring network) with some fixed function logic, memory 1/0
interfaces, and other necessary 1/0 logic, depending on the application.

Figure 11A isablock diagram of a single processor core, along with its connection to the
on-die interconnect network 1102 and with its local subset of the Level 2 (L2) cache 1104,
according to embodiments of the invention. In one embodiment, an instruction decoder 1100
supports the x86 instruction set with a packed data instruction set extension. An L | cache 1106
allows low-latency accesses to cache memory into the scalar and vector units. While in one
embodiment (to simplify the design), a scalar unit 1108 and avector unit 1110 use separate
register sets (respectively, scalar registers 1112 and vector registers 1114) and data transferred
between them iswritten to memory and then read back in from alevel 1(LI) cache 1106,
alternative embodiments of the invention may use adifferent approach (e.g., use a single register
set or include acommunication path that allow data to be transferred between the two register
files without being written and read back).

The local subset of the L2 cache 1104 ispart of agloba L2 cache that isdivided into
separate local subsets, one per processor core. Each processor core has adirect access path to its
own local subset of the L2 cache 1104. Data read by aprocessor core is stored inits L2 cache
subset 1104 and can be accessed quickly, in parallel with other processor cores accessing their
own local L2 cache subsets. Data written by aprocessor core is stored inits own L2 cache
subset 1104 and isflushed from other subsets, if necessary. The ring network ensures coherency
for shared data. The ring network isbi-directional to allow agents such as processor cores, L2
caches and other logic blocks to communicate with each other within the chip. Each ring data-
path is 1012-bits wide per direction.

Figure 11B isan expanded view of part of the processor core in Figure 11A according to
embodiments of the invention. Figure 11B includes an L | data cache 1106A part of the L1
cache 1104, aswell as more detail regarding the vector unit 1110 and the vector registers 1114.
Specifically, the vector unit 1110 isa 16-wide vector processing unit (VPU) (seethe 16-wide
ALU 1128), which executes one or more of integer, single-precision float, and double-precision
float instructions. The VPU supports swizzling the register inputs with swizzle unit 1120,
numeric conversion with numeric convert units 1122A-B, and replication with replication unit

1124 on the memory input. Write mask registers 1126 allow predicating resulting vector writes.
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Processor with integrated memory controller and graphics

Figure 12 isablock diagram of aprocessor 1200 that may have more than one core, may
have an integrated memory controller, and may have integrated graphics according to
embodiments of the invention. The solid lined boxes in Figure 12 illustrate aprocessor 1200
with a single core 1202A, a system agent 1210, a set of one or more bus controller units 1216,
while the optional addition of the dashed lined boxes illustrates an alternative processor 1200
with multiple cores 1202A-N, a set of one or more integrated memory controller unit(s) 1214 in
the system agent unit 1210, and special purpose logic 1208.

Thus, different implementations of the processor 1200 may include: 1) aCPU with the
special purpose logic 1208 being integrated graphics and/or scientific (throughput) logic (which
may include one or more cores), and the cores 1202A-N being one or more general purpose
cores (e.g., general purpose in-order cores, general purpose out-of-order cores, acombination of
the two); 2) acoprocessor with the cores 1202A-N being alarge number of special purpose cores
intended primarily for graphics and/or scientific (throughput); and 3) a coprocessor with the
cores 1202A-N being alarge number of general purpose in-order cores. Thus, the processor 1200
may be a general-purpose processor, coprocessor or special-purpose processor, such as, for
example, anetwork or communication processor, compression engine, graphics processor,
GPGPU (general purpose graphics processing unit), a high-throughput many integrated core
(MIC) coprocessor (including 30 or more cores), embedded processor, or the like. The processor
may be implemented on one or more chips. The processor 1200 may be apart of and/or may be
implemented on one or more substrates using any of anumber of process technologies, such as,
for example, BICMOS, CMOS, or NMOS.

The memory hierarchy includes one or more levels of cache within the cores, a set or one
or more shared cache units 1206, and external memory (not shown) coupled to the set of
integrated memory controller units 1214. The set of shared cache units 1206 may include one or
more mid-level caches, such aslevel 2 (L2), level 3 (L3), level 4 (L4), or other levels of cache, a
last level cache (LLC), and/or combinations thereof. While in one embodiment aring based
interconnect unit 1212 interconnects the integrated graphics logic 1208, the set of shared cache
units 1206, and the system agent unit 1210/integrated memory controller unit(s) 1214, alternative
embodiments may use any number of well-known techniques for interconnecting such units. In
one embodiment, coherency is maintained between one or more cache units 1206 and cores
1202-A-N.

In some embodiments, one or more of the cores 1202A-N are capable of multi-threading.

The system agent 1210 includes those components coordinating and operating cores 1202A-N.
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The system agent unit 1210 may include for example apower control unit (PCU) and adisplay
unit. The PCU may be or include logic and components needed for regulating the power state of
the cores 1202A-N and the integrated graphics logic 1208. The display unit isfor driving one or
more externally connected displays.

The cores 1202A-N may be homogenous or heterogeneous in terms of architecture
instruction set; that is, two or more of the cores 1202A-N may be capable of execution the same
instruction set, while others may be capable of executing only a subset of that instruction set or a
different instruction set.

Exemplary Computer Architectures

Figures 13-16 are block diagrams of exemplary computer architectures. Other system
designs and configurations known in the arts for laptops, desktops, handheld PCs, personal
digital assistants, engineering workstations, servers, network devices, network hubs, switches,
embedded processors, digital signal processors (DSPs), graphics devices, video game devices,
set-top boxes, micro controllers, cell phones, portable media players, hand held devices, and
various other electronic devices, are also suitable. In general, ahuge variety of systems or
electronic devices capable of incorporating aprocessor and/or other execution logic as disclosed
herein are generally suitable.

Referring now to Figure 13, shown isablock diagram of a system 1300 in accordance
with one embodiment of the present invention. The system 1300 may include one or more
processors 1310, 1315, which are coupled to acontroller hub 1320. In one embodiment the
controller hub 1320 includes a graphics memory controller hub (GMCH) 1390 and an
Input/Output Hub (IOH) 1350 (which may be on separate chips); the GMCH 1390 includes
memory and graphics controllers to which are coupled memory 1340 and a coprocessor 1345;
the IOH 1350 is couples input/output (1/0O) devices 1360 to the GMCH 1390. Alternatively, one
or both of the memory and graphics controllers are integrated within the processor (as described
herein), the memory 1340 and the coprocessor 1345 are coupled directly to the processor 1310,
and the controller hub 1320 in a single chip with the IOH 1350.

The optional nature of additional processors 1315 isdenoted in Figure 13 with broken
lines. Each processor 1310, 1315 may include one or more of the processing cores described
herein and may be some version of the processor 1200.

The memory 1340 may be, for example, dynamic random access memory (DRAM),
phase change memory (PCM), or acombination of the two. For at least one embodiment, the

controller hub 1320 communicates with the processor(s) 1310, 1315 via amulti-drop bus, such
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as afrontside bus (FSB), point-to-point interface such as QuickPath Interconnect (QPI), or
similar connection 1395.

In one embodiment, the coprocessor 1345 is a special-purpose processor, such as, for
example, ahigh-throughput MIC processor, anetwork or communication processor, CoOmpression
engine, graphics processor, GPGPU, embedded processor, or the like. In one embodiment,
controller hub 1320 may include an integrated graphics accelerator.

There can be avariety of differences between the physical resources 1310, 1315 interms
of a spectrum of metrics of merit including architectural, microarchitectural, thermal, power
consumption characteristics, and the like.

In one embodiment, the processor 1310 executes instructions that control data processing
operations of a general type. Embedded within the instructions may be coprocessor instructions.
The processor 1310 recognizes these coprocessor instructions as being of atype that should be
executed by the attached coprocessor 1345. Accordingly, the processor 1310 issues these
coprocessor instructions (or control signals representing coprocessor instructions) on a
coprocessor bus or other interconnect, to coprocessor 1345. Coprocessor(s) 1345 accept and
execute the received coprocessor instructions.

Referring now to Figure 14, shown isablock diagram of afirst more specific exemplary
system 1400 in accordance with an embodiment of the present invention. As shown in Figure
14, multiprocessor system 1400 is a point-to-point interconnect system, and includes afirst
processor 1470 and a second processor 1480 coupled via apoint-to-point interconnect 1450.
Each of processors 1470 and 1480 may be some version of the processor 1200. In one
embodiment of the invention, processors 1470 and 1480 are respectively processors 1310 and
1315, while coprocessor 1438 iscoprocessor 1345. In another embodiment, processors 1470 and
1480 are respectively processor 1310 coprocessor 1345.

Processors 1470 and 1480 are shown including integrated memory controller (IMC) units
1472 and 1482, respectively. Processor 1470 also includes as part of its bus controller units
point-to-point (P-P) interfaces 1476 and 1478; similarly, second processor 1480 includes P-P
interfaces 1486 and 1488. Processors 1470, 1480 may exchange information via apoint-to-point
(P-P) interface 1450 using P-P interface circuits 1478, 1488. Asshown in Figure 14, IMCs 1472
and 1482 couple the processors to respective memories, namely amemory 1432 and a memory
1434, which may be portions of main memory locally attached to the respective processors.

Processors 1470, 1480 may each exchange information with achipset 1490 via individual
P-P interfaces 1452, 1454 using point to point interface circuits 1476, 1494, 1486, 1498. Chipset

1490 may optionally exchange information with the coprocessor 1438 via a high-performance
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interface 1439. In one embodiment, the coprocessor 1438 is a special-purpose processor, such
as, for example, ahigh-throughput MIC processor, anetwork or communication processor,
compression engine, graphics processor, GPGPU, embedded processor, or the like.

A shared cache (not shown) may be included in either processor or outside of both
processors, yet connected with the processors via P-P interconnect, such that either or both
processors local cache information may be stored in the shared cache if aprocessor isplaced
into alow power mode.

Chipset 1490 may be coupled to afirst bus 1416 via an interface 1496. In one
embodiment, first bus 1416 may be a Peripheral Component Interconnect (PCI) bus, or abus
such as a PCI Express bus or another third generation 1/O interconnect bus, athough the scope of
the present invention isnot so limited.

Asshown in Figure 14, various 1/0O devices 1414 may be coupled to first bus 1416, along
with abus bridge 1418 which couples first bus 1416 to a second bus 1420. In one embodiment,
one or more additional processor(s) 1415, such as coprocessors, high-throughput MIC
processors, GPGPU's, accelerators (such as, e.g., graphics accelerators or digital signal
processing (DSP) units), field programmable gate arrays, or any other processor, are coupled to
first bus 1416. In one embodiment, second bus 1420 may be alow pin count (LPC) bus.
Various devices may be coupled to a second bus 1420 including, for example, akeyboard and/or
mouse 1422, communication devices 1427 and a storage unit 1428 such as adisk drive or other
mass storage device which may include instructions/code and data 1430, in one embodiment.
Further, an audio 1/0 1424 may be coupled to the second bus 1420. Note that other architectures
are possible. For example, instead of the point-to-point architecture of Figure 14, a system may
implement amulti-drop bus or other such architecture.

Referring now to Figure 15, shown isablock diagram of a second more specific
exemplary system 1500 in accordance with an embodiment of the present invention. Like
elements in Figures 14 and 15 bear like reference numerals, and certain aspects of Figure 14
have been omitted from Figure 15 in order to avoid obscuring other aspects of Figure 15.

Figure 15 illustrates that the processors 1470, 1480 may include integrated memory and
I/O control logic ("CL") 1472 and 1482, respectively. Thus, the CL 1472, 1482 include
integrated memory controller units and include /O control logic. Figure 15 illustrates that not
only are the memories 1432, 1434 coupled to the CL 1472, 1482, but also that /O devices 1514
are also coupled to the control logic 1472, 1482. Legacy 1/O devices 1515 are coupled to the
chipset 1490.
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Referring now to Figure 16, shown isablock diagram of a SoC 1600 in accordance with
an embodiment of the present invention. Similar elements in Figure 12 bear like reference
numerals. Also, dashed lined boxes are optional features on more advanced SoCs. In Figure 16,
an interconnect unit(s) 1602 is coupled to: an application processor 1610 which includes a set of
one or more cores 202A-N and shared cache unit(s) 1206; a system agent unit 1210; abus
controller unit(s) 1216; an integrated memory controller unit(s) 1214; a set or one or more
coprocessors 1620 which may include integrated graphics logic, an image processor, an audio
processor, and avideo processor; an static random access memory (SRAM) unit 1630; adirect
memory access (DMA) unit 1632; and adisplay unit 1640 for coupling to one or more external
displays. In one embodiment, the coprocessor(s) 1620 include a special-purpose processor, such
as, for example, anetwork or communication processor, compression engine, GPGPU, ahigh-
throughput MIC processor, embedded processor, or the like.

Embodiments of the mechanisms disclosed herein may be implemented in hardware,
software, firmware, or acombination of such implementation approaches. Embodiments of the
invention may be implemented as computer programs or program code executing on
programmable systems comprising at least one processor, a storage system (including volatile
and non-volatile memory and/or storage elements), at least one input device, and at least one
output device.

Program code, such as code 1430 illustrated in Figure 14, may be applied to input
instructions to perform the functions described herein and generate output information. The
output information may be applied to one or more output devices, in known fashion. For
purposes of this application, aprocessing system includes any system that has a processor, such
as, for example; adigital signal processor (DSP), amicrocontroller, an application specific
integrated circuit (ASIC), or a microprocessor.

The program code may be implemented in ahigh level procedural or object oriented
programming language to communicate with aprocessing system. The program code may also
be implemented in assembly or machine language, if desired. In fact, the mechanisms described
herein are not limited in scope to any particular programming language. In any case, the
language may be acompiled or interpreted language.

One or more aspects of at least one embodiment may be implemented by representative
instructions stored on a machine-readable medium which represents various logic within the
processor, which when read by a machine causes the machine to fabricate logic to perform the

techniques described herein. Such representations, known as"IP cores’ may be stored on a
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tangible, machine readable medium and supplied to various customers or manufacturing
facilities to load into the fabrication machines that actually make the logic or processor.

Such machine-readable storage media may include, without limitation, non-transitory,
tangible arrangements of articles manufactured or formed by a machine or device, including
storage media such as hard disks, any other type of disk including floppy disks, optical disks,
compact disk read-only memories (CD-ROMSs), compact disk rewritable' s (CD-RWSs), and
magneto-optical disks, semiconductor devices such asread-only memories (ROMs), random
access memories (RAMS) such as dynamic random access memories (DRAMS), static random
access memories (SRAMS), erasable programmable read-only memories (EPROMS), flash
memories, electrically erasable programmable read-only memories (EEPROMSs), phase change
memory (PCM), magnetic or optical cards, or any other type of media suitable for storing
electronic instructions.

Accordingly, embodiments of the invention aso include non-transitory, tangible
machine-readable media containing instructions or containing design data, such as Hardware
Description Language (HDL), which defines structures, circuits, apparatuses, processors and/or
system features described herein. Such embodiments may aso bereferred to as program
products.

Emulation (including binary trandlation, code morphing, etc.)

In some cases, an instruction converter may be used to convert an instruction from a
source instruction set to atarget instruction set. For example, the instruction converter may
trandate (e.g., using static binary tranglation, dynamic binary translation including dynamic
compilation), morph, emulate, or otherwise convert an instruction to one or more other
instructions to be processed by the core. The instruction converter may be implemented in
software, hardware, firmware, or acombination thereof. The instruction converter may be on
processor, off processor, or part on and part off processor.

Figure 17 isablock diagram contrasting the use of a software instruction converter to
convert binary instructions in a source instruction set to binary instructions in atarget instruction
set according to embodiments of the invention. In the illustrated embodiment, the instruction
converter is a software instruction converter, although alternatively the instruction converter may
be implemented in software, firmware, hardware, or various combinations thereof. Figure 17
shows aprogram in ahigh level language 1702 may be compiled using an x86 compiler 1704 to
generate x86 binary code 1706 that may be natively executed by aprocessor with at least one
x86 instruction set core 1716. The processor with at least one x86 instruction set core 1716

represents any processor that can perform substantially the same functions as an Intel processor
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with at least one x86 instruction set core by compatibly executing or otherwise processing (1) a
substantial portion of the instruction set of the Intel x86 instruction set core or (2) object code
versions of applications or other software targeted to run on an Intel processor with at least one
x86 instruction set core, in order to achieve substantially the same result as an Intel processor
with at least one x86 instruction set core. The x86 compiler 1704 represents a compiler that is
operable to generate x86 binary code 1706 (e.g., object code) that can, with or without additional
linkage processing, be executed on the processor with at least one x86 instruction set core 1716.
Similarly, Figure 17 shows the program in the high level language 1702 may be compiled using
an aternative instruction set compiler 1708 to generate alternative instruction set binary code
1710 that may be natively executed by aprocessor without at least one x86 instruction set core
1714 (e.g., aprocessor with cores that execute the MIPS instruction set of MIPS Technologies
of Sunnyvale, CA and/or that execute the ARM instruction set of ARM Holdings of Sunnyvale,
CA). Theinstruction converter 1712 isused to convert the x86 binary code 1706 into code that
may be natively executed by the processor without an x86 instruction set core 1714. This
converted code isnot likely to be the same as the alternative instruction set binary code 1710
because an instruction converter capable of this isdifficult to make; however, the converted code
will accomplish the general operation and be made up of instructions from the alternative
instruction set. Thus, the instruction converter 1712 represents software, firmware, hardware, or
acombination thereof that, through emulation, simulation or any other process, alows a
processor or other electronic device that does not have an x86 instruction set processor or core to

execute the x86 binary code 1706.
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CLAIMS

What isclaimed is:

1. An apparatus, comprising:

a semiconductor chip having an instruction execution pipeline, said instruction
execution pipeline having an execution unit with logic circuitry to perform the following for an
instruction:

accept input vector elements representing real and imaginary parts of a plurality of
complex numbers; and,

present the complex conjugates of said complex numbers.

2. The apparatus of claim 1wherein said execution unit includes write mask circuitry.

3. The apparatus of clam 1 wherein said execution unit supports operation for different
input vector formats as to which input vector elements correspond to real parts and which input
vector elements correspond to imaginary parts.

4. The apparatus of claim 3 wherein said instruction has a format that specifies through
an immediate operand which input vector format applies.

5. The apparatus of clam 3 wherein said execution unit supports operation for different
output vector formats as to which output vector elements correspond to real parts and which
output vector elements correspond to imaginary parts.

6. The apparatus of claim 5 wherein said execution unit is designed to permute said input
vector elements.

7. A method, comprising:
performing the following with a single instruction:
accepting input vector elements representing real and imaginary parts of aplurality
of complex numbers; and,

creating the complex conjugates of said complex numbers.
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8. The method of claim 7 further comprising applying a write mask to said complex

conjugates.

9. The method of claim 7 wherein said instruction is performed with an execution unit
that supports operation for different input vector formats as to which input vector elements
correspond to real parts and which input vector elements correspond to imaginary parts.

10. The method of claim 9 wherein said instruction has aformat that specifies through an
immediate operand which input vector format applies.

11. The method of claim 9 wherein said execution unit supports operation for different
output vector formats as to which output vector elements correspond to real parts and which
output vector elements correspond to imaginary parts.

12. The method of clam 7 wherein said creating includes permuting said input vector
elements.

13. An apparatus, comprising:

a semiconductor chip having an instruction execution pipeline, said instruction
execution pipeline having an execution unit with logic circuitry to perform the following for an
instruction:

accept input vector elements representing real and imaginary parts of a plurality of
complex numbers, said input vector elements within a single input vector provided from a single
vector register; and,

present the complex conjugates of said complex numbers.

14. The apparatus of claim 13 wherein said execution unit includes write mask circuitry.

15. The apparatus of claim 13 wherein said execution unit supports operation for
different input vector formats as to which input vector elements correspond to real parts and
which input vector elements correspond to imaginary parts.

16. The apparatus of clam 15 wherein said instruction has a format that specifies
through an immediate operand which input vector format applies.
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17. The apparatus of claim 15 wherein said execution unit supports operation for
different output vector formats as to which output vector elements correspond to real parts and

which output vector elements correspond to imaginary parts.

18. The apparatus of claim 17 wherein said execution unit is designed to permute said

input vector elements.

35



L0l 30VdS

PCT/US2011/066995

1122

¥3LSIOY I "©Ol4
¥OL03A
07
30VdS o
¥3LSIDTY 207
¥OLD3A 30VdS
NSV NENSREN
d9
* _
7y
J. |
A Y
\ml/: i m “
1501 | [N “
e0h ——— 3 | oL “
! : i | 300030
_ | HoL34 v gNy Houad
ST 1 VLva !
NS0} | i | NOILONYLSNI
N €0} 5—— N0 | N
HOvEILMM | NOILNO3X3 ! i \,

WO 2013/095552

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995

222

AND
FIG. 2A !
C

AD B,E

AND

FIG. 2B C.F

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995
3/22
COMPLEX COMPLEX COMPLEX COMPLEX
# 0 # 1 # 2 # 3
A A A
4 A4 Y Y N\

02A 304A  302A 304A  302A 304A 302A  304A 301A

[ / [ l [ [ [ [ /
Re 0 | ImO0 Re1 | Im1 |Re2 | Im2 | Red | Im3

1 M M M
sgn sgn sgn sgn
303 A
N
Y Y Y Y
305 A

4 4 \ A B A A A / 4 \ A /

Re O | ImO0* [ Re1 | ImO0*] Re2 |Im2* [ Re_3 | Im.3*
301 B
Re0 | Ret! | Re2 [ Red [Im0 |Im1 | Im2 [Im3 /
Y |IY¥Y Y |Y FIG. 3B

v v A A\ 4 A 4 A A A A \ A 4 Y

Re0 | Ret [ Re2 | Re3 | ImO* [Im1* [ Im2| Im.3

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995

422
301_C

Re 0| Ret1|Re2|[Re3 | ImO | Im1 ] Im2][Im3 /
\ N\ ]

FIG. 3C
Y

305_C

A 4 A\ 4 ¢ v v 4 4 vy

Re 0 |Im0* | Ret|Im1*| Re2 [Im2* | Re3 | Im.3" /

301D

Re0|Im0O | Ret| Im1 | Re2f Im2]| Red| Im3 /

\ \
Y
w FIG. 3D

AW

Re 0 | Re1| Re2 | Re3 | ImO0* [Im_1* [Im2* [Im.3* /

o
l

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552

301_1_E
__\

Re 0

Re

e

\

<

5/22

PCT/US2011/066995

301_2.E
/‘ L

3

\

2 | Re 3
)</ \/

|

303_E
N \ AN FIG. 3E
Y Y Y Y
\ 4 v \ 4 \ 4 vY¥ V \ 4 V¥ V \ 4 vY¥ V 305—E
Re 0fIm0*| Re 1{Im_1* [Re 2 [Im 2* | Re_3 |Im_3* /
Re 0|Re 1|Re 2| Red MmO {Im1]Im2]|Im3
YIYIYI|Y
A 4 A A A YV VYV V¥ Y VY VYV
Re 0| Re 1[Re2|Re3 |Im0* {Im 1* [Im 2% |Im_3*

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995

6/22

ACCEPT INPUT VECTOR ELEMENTS 401
OF REAL AND IMAGINARY PARTS |\
OF A PLURALITY OF COMPLEX
NUMBERS
. 402
CHANGE THE SIGN OF THE N\
IMAGINARY PARTS
A
403
PRESENT COMPLEX CONJUGATES  |~_
OF THE COMPLEX NUMBERS

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995

7/22
-
|/
!
503
|/
l 506
> |/
!
FIG. 5A

SUBSTITUTE SHEET (RULE 26)



WO 2013/095552 PCT/US2011/066995

8/22

503_B

FIG. 5B

SUBSTITUTE SHEET (RULE 26)



PCT/US2011/066995
9/22

WO 2013/095552

0£9 1314 300040 V3 RREE
¢r9 ONIJOONT
0T34 NOILYY3do 3sva NGy,

AATATALALA wlw]wlwlw][a]d] | 0]
959 YS9 0Z9QTEAHAMA 919 bH9 509 X3
(g &7 7 & $99 07314 HLAIM
gag | XXX | [AMAAAL | WY | O3 g]X]d INIW313 vLva 0v9 A3l
779 01314 X3ANT 93151939 , YNNG
59913 $19 dvW 3002d0
p/9 1314 300040 114 g9 "9l
629 131
ONIQOONT
X1434d
619 0¥9 41314
. A LYINO4
059 , 09 0e9
. _ 07314 300040 Y3 | 028 OTEIIMAA | 300040 gog X3 | ﬁb
_ MU 2 J_..AJ i ) ( N ¢ Y (C_
|_gNML 1, Qjh 8IS ____\,_Eoo_\,___>>>>>>>> dld[]alalalalmAw]w]win[wia[x]uk o |
G | | | |
299 013l4 INFWIOV TS
759 % | w9 |zv9 899 d131 y99 01314 M
R VR Wd | 934 |doW 1S
€ %9 2 €S9 [jb 209 XI434d X3A A
1A 9IS 31LA8 WY QOW V9 'Ol4




PCT/US2011/066995

WO 2013/095552

10/22

F o [reramn| gze ;_ o ( Y w2 a \
am. | 8¢ 09, | ovszaad 2’628, 99/ opL
"mm&_%w,___\m,__ Gl Kl mmmw_a_odm NOLLYINdINWA  [Tvaiodiar| T2 7 fss3oow | B | A13E | g3y |
_ | | _ | 0gs Ivd0dNILNON
_ | _ _ I '$S300V AOWAN ”
I o feramd| gz ; o ( Y o
ERaE e TaChE e SENE N L E e )
| V2ol |
L plom| Y| g f0q viva | NIONIN), 3 isioqu|  Fsva  [-YEOS
_ J
| 8262 4T3l _ | S2.Ivd0dINAL 02L
|  (H3) INIH _ | 'SSI0OY AHOWIN  $SF00V
_ | NOILOIAZ _ ! | AHOWAN
I oy Treranad _xm.ﬁm N vovL | bhl o o _,
|z aaid baa) Ham | b avsg1ad ot [ ves | ssaoov | gl | aEl |
|3LYIGINNIEMSYIN Hz&_ﬁd WHOASNYYL VLVA| -5 7yq ™| SSY10 | AYONIN|  X3ANI INOLLYH3dO|; viniio
T = L | | ON  J431S193d| 3Svd |
_
_ _ ! ! ! G}/ NOILY¥3dO |
— ‘ _ _ J_mai 10 'SS300V AHOWIN ON
0. |vos @13l 8/ Q1314 | 957 YovL o/ ol
|2 amaid amais| Hlam | INOWEOTARE N yvzes vegs v|ss3oov| g | ala | fE |
|3LYIGINAIIS Y | INFNZ B Vo, a7ad ANNOY | SSY10 | AMOWIW|  X3ONI  INOLLYH3dO|| ypmio
| LM JOMLNOD ANNOY K ON fd315193d} 3SVH _
>,
| | vzl | _ _ 012 'dO 3dAL TILNO ANNOY G0/
00L LYINSO4 NOLLONYLSNI _ | 13454 | | ) 11N SSIO0V AUONIN ON Be oo
ATON3IES HOLDIA OINTD ! _ | : | ON
— _ 1 J J R
_ 0. |vora1ad| gzos 89, | P/ L
220 a3 | A [ %] 09§ vescmaavize LGB qEg | o | B | | ow |
GEE VHdY ETE EE!
{3LYIGINNI| MSYIN Hz&_@%m ~ Yool Svos SSVIOL o iconl X3ONI INOILYd3do LVAMOd
L _[ALlm ER-E 052 @134 NOILY¥3dO NOILY.NINONY d3LsIo3d]  3svd _ V.ol
/) — /) / —

v/, 71414 340240 TN




PCT/US2011/066995

WO 2013/095552

11/22

|——= ———T- —
0/ poranad azeL | a/6, pyL 2h.
V200 1314 | @3] Hiaim |43 dsiay 09 |96SL AN | qygl §O2SL A3 | qag g | 8972 | gy | gigiy | O
29/ [3T¥0g €OLOFA ISYI 311 jaonan [, XEINL INOLLYEA0), g0 4
_ 3| viva | e dvoud = ES _
-———— - _
_ o L I 0.
_ _ _ | COWMTSOY AN ss3ov
_ _ AHONTN
_ | | | _
_ | | _ _
_ | | _ _
_ L _ _ _
_ | | _ _
_ | | _ _
_ _ _ _ _ _
I [ow [reeamad () (Y vorr | v Zh. )
lzeaiad \aaif am | SR OBy 1 O OB N aeg @ | ss300v | qrE | amEis | O m_
ERIETTINSTITETEE 501031 (32SMbisyw aLraw] SSY10 [AOWAN| X3aNI [NoILveEdo| Ji,
L |3Lem wy "\ ON” Ju3isiom| 3sve _
_ s
“ “ “ _ _ _H_m>,.m.x_>%%%+_>m_>_ ON &
I [ ow Jreranad () ( Y v | wm | w
|2ieana (aal Ham | | LG EE N g | 0%l O L agg) gf ss300v | amai | amd | 7 |
ILYIGINNI| MSYIN [LINFWST3 JO4INOD g3l
| ang ahnow | aNY hdo Sl SSY10 [ Adonam| X3aN! [NolLvaddo) S
S =T ) " A ON JydISiomy| 3svE 04
_ | _ | 212 'dO3dAL THIND ‘ONY
VLS. | | LHVd “OWM “00Y 'WIW ON 507
00£ LRI04 NOILONYLSNI _ JUEES _ _ _ $S300¥
ATON3H ¥OLDFA OI4INTD ! I _ _ _ >mw<z,_m__>_
S — ) ! 2
_ 0// |v9ra13H| gzos . 89/ . 7/
| 220 a1l |aEis| IO |53 dgia] 09 | vseamadvize [GROWE fata | o | gy | gan | o |
INGNES ai ssvin| @A a3
L [Bim 4°d51a P17 05z Q1314 NOILYHE4O NOILYANANONY ¥alsio=y|  3svE |
) ) A

¥/ 71314 340240 TN4




PCT/US2011/066995

WO 2013/095552

12/22

0€8 1314 330240 v 678 q13i4
A ONIGOONI
71314 NOILYHIO 3SVE  ~ Wiaaoi]
AATATATATATALA] (] [W[w[w]w] [a]d] ~ |zoxo,
() —
968 59 QMM g8 e _
Ly "y C, & ¥9/ Q1314 HLAIM
aag | XXX AATATA Wrd O3d Al 1 d]8]X ] INIWI3 V1A 0r. G134
INEENE NRENSBER oty
TS 518 d¥I 300940
y// @1314 30090 TIN4 88 '9ld
008 LY/403 NOLLONYLSNI ATANI¥S HOLO3A OIZID3dS
‘ N A8 Q3dILLINA ST HOIHM c78 01314 K
d010v4 INJNIIV1dSId IHL AINC SAT10H 0./ ONIJOINT
1ng N+843Id SY OL adx3334 (L0=00W NIHM e o
N8dSI0) 829/ Q1314 ¥OLOVS LNIWIDVTdSI] SV 3L 252 518 Ov2 Q13I4
2 - 058 = FRTE dviN 508 1yWd04
an el mo% | 07313 3000d0 TvaY | 8T MM | 30000 X3 | %
et 1,0y,ayayay ais s aon JATATALATATATA[A RS S AT 8] 8 8 [o [l d]d]n]A]ATATA IME W] W[w]n] e x ek zox0 |
i« | | _ _ _J - _
(01=Q0W NIHM zedsia) | _ _ G/ _
V2oL 01314 INFWIOVTdSI qEnY1ag 019 X3y
/ A73l4
768 o8 | w8 |zyg || 018 X3 89 $9/ @1314 HLAIM
o8 | I8 %S e | o3y Joon| SSY10 INTWTT3 ¥Lva .
€ G9 4> 9 | 208 X1434d X33
3LA9 €IS 3LAS WA AOW V8 'Ol



WO 2013/095552 PCT/US2011/066995
13/22
FIG. 8D CLASSFIELD ALPHAFIELD  geTa FIELD 754
768 N 752 [ —
AUGMENTATION OPERATION FIELD 750 UTa|BTB[P
RS MOD FIELD 842
FIELD752A [o|B|B[B —To|B|B|B
ROUND 75241 | | 11 T FIELD752A EE
11r2lr|ro 0 SzIS1|So
SAE FIELD l
TRANSFORM "
U=0 ROUND CONTROL FIELD 754A | FIELD 754B
MOD FIELD 642
[a[8]e[8] [0]or[o OR[10]
T 11 F_GZH
EVICTION  [ETs, Tsi[so]! 818 1G0T
HINT FIELDE s si]s]! S8 11D} Dy0)D,
7528 L_N_J 850 28
DATA MANIPULATION FIELD 754C
T NOD FIELD 842 ol
RL [11 RL
o b T
R A 1 g
MASK J ROUND | d vsize
CONTROL —~— TT57A1 757A.2
FIELD 752C\@ R D o | VECTOR LENGTH FiELD
" MERGING FIELD 759A ]
MOD FIELD 842
00|or[01]oR[10
ZEROING PIR|B
T 762A
[ | —_——
Li[Lo]B]! sIB ﬂD]I'D]F D D}
’ sgot/}azs
JECTOR LENGTH BROADCAST FIELD 7578




PCT/US2011/066995

WO 2013/095552

14/22

b

0y

S1ig ¥9
G16 siesiBoy Ysel el

056 414 Jd31S193d
1V14 INI d3MOvd XINIA

Lz

Slid #9
A
( )
A _
|
|
|
aasvIv |
1
|
0 “
- J
Y~
Slid 08
(d428X)

G¥6 37114 HILSIOF MOVLS dd HVIvOS
6 "Oid

S.118 952
% A
@.:m 14
Shuwx SLwwA
Owiwix OwwA owiwz
( 3 )
S11g9 2is
018 sissibay Jojoapn
Slid 9 X 91

Gz6 siaysiboy esodind |elausg

006 FdNLOFLIHOHY H31SIO3H




PCT/US2011/066995

WO 2013/095552

15/22

_
| ¥e0l

| LINNOO

g0l "oId

9/0L || v.01
<b] 1NN LINN 3HOYD viva | 001 LINN
JHOVD 2.0l AHOWIN
Al 1INN 7L V1va
A— &
y 0901 (S)¥3LSN1D NOILND3AX3
(S)LINN <
Se390Y (SILINN
AOWIN NOILND3XT
A A
ry =t ___
_
8504 (S)LINN STI4 WALSIOTY TYIISAHd _
——— — — — c———A__ | G0} _
| 9504 (S)LINN ¥31NAIHOS I ONA INGNGNLLEY b
IIIIII |m|..| - - = L _ -
S T w
L _ _¥OIYOOTIY/INNR_ _ ] SNENE NDIL O
020}
0¥0} LINN 300230 LINN ON3 LNONA4
A
_ wmoFIOHM¢uo:ogmez_ _
9€0} LINN g1.L NOILONYLSNI 2€04 LINN
B €01 LINN IHOVD NOILONYLSNI NOILOIQTYd HONVSE
I&ﬂ 810} yL0} R N
onmanyn | 3LEm 9101 Av3Id ASOWN3N  ziob | 0l0L | 8001
NOLLdgnxg] AYOWIN 1 39v1S 31n03X3 /av3Y 3INAIHOS [ONINYNTY 00TV
— - TiMovE 3LIMMm dasoN | L |
Y0l 'Ol

9001
30023d

/ 060} 3402

v00l
ONIQO23d
HLON3T




PCT/US2011/066995

WO 2013/095552

16/22

vo0llL

JHOVO vLva L1

dcetl victl
1Y3IANOD 1H3IANOD
ORENNN OIH3INNN
A
1422
SHILSIO3Y
HOLO4A
A
F VY V /
0ciLi vl
F1ZZIMS J1vOIld3d
r v ¥ /
8¢l

NIV JOLO3A 3AIM-9L

A

okl

MHOMLIN ONIY

oLl

A
y

voLl
3HOVO

¢13HL 40 1389NS 1v201

A

Y

90L1

3JHOVO 11

14393

dO103IA

421

Sd31SI193Y SHALSIOIY

HYIVOS

A

4

2 I

SHALSIOTY MSYIN JLIIM

gll "old

OLLL 8011
1INN 1INN
HOLO3N dVIvOS

A
.i
00Li
3d033d NOILONY1LSNI
Vil 'old



PCT/US2011/066995

17/22

S S ue S |

| vz N | 2T, DN 7 _

| MITIONINGD T "~ T s = T ] r _

| AdONEN | 902} (S)LINN FHOYO QZVHS |

9ZLISIING | 2 reT E——
MITIOHINOD |— =2 HU nvozy | V402 | 719
sng | (9unn | ! | \

_ _ o= (S)LINN 80} 01907 |

0bzh LINN JIHOVO ) aHOVO 350duNd |

INFOYWILSAS | NZ0zh 0D | vZ0Zb 300 | I03dS |

WO 2013/095552

/oomr d40SS3004d



WO 2013/095552

PCT/US2011/066995
18/22
1300 7 1315
\ I | -_—— 1310
|
r |_—_|— PROCESSOR [— — -
. L /1395|
| —— | _— 1300
B | [ conTroLLER
Co- HUB 1320
| ProCESSOR |~ T amcH 139 l— —| MEMORY
L — _| _ T —
| |
1360 —~_ -
[ |
o | IOH 1350 |
L |

FIG. 13



PCT/US2011/066995

WO 2013/095552

19/22

viva y} '0ld
gyl oSyl
dNv 3000 , | s3om3a ISNOW
JOYHOLS Y1V Levl WNOD ¢evl =1 jauvogAIN
f omiJ h 1
Siyl vzl iyl 8Ll
H0SS3I00Nd o/l olany $301A3Q O/ 3901449 Sng
a1y, ﬂ ]
96y, —1 A | zey) — | se
96y}, —— dd 067} 13SdIHD [ dd L ey, Wowwmoom&oo
vev — -
) 51
™
08yl dd dd d-d dd 0Ll
98y, — 88Y1 A\ \ \ L oLyl
8.v)
0S¥l
— 28 Urt =z
NI O
g Ang)
AJOWIW AHOWIN
¥0SS3IN0Hd0D
/40SS300Yd ¥0553004d

/ 00vi



PCT/US2011/066995

WO 2013/095552

20/22

1442
AHONIN

4547
AJONTNW

Sl ol
GIG)
O/l AOY93T1
06vi 96y, —1 4/l
13SdIHD
g6y} —1 dd y6y) —1 dd
ESI\» « Nmil\» «
——>
owvw n_ln_ n_-& n_-m n_-n_ Oﬁu_‘
%SL%SL \ \ L g
/7l
oSyl
— 287l e =
190 10
H0SSI00ud ¥0SS3008d
— — —

viGl

| szonaon

//r 00G1




PCT/US2011/066995

WO 2013/095552

21/22

P1Z) (S)LINN
09l 09} Y¥ITI0YLNOD
LNN AVTdsia | [CEHANAYIRTT ) s ANOWIN
Q3LYYOIINI
9zl (S)LINN
HITIOHINOD
SN —] 2091 S)LINN Jomzzoomﬁz_ | —
e —
| |
_ 90Z1 (S)LINN IHOVO QIHVHS
| - m - - =
L1 NpozL vyoch
| | ©)LNN | _ cew | |(SILIND
012} LINN Lo ) 3HOVO
INIOV WILSAS 1 NC0Zl 3402 N Y¢0Zl 3400
0191 ¥OSSFD0¥d NOILYD1ddY

029} (SI40SS300Hd0D

/ 009}

dIHO ¥ NC W3LSAS

91 "ol



PCT/US2011/066995

WO 2013/095552

22/22

v0LL ¥3INOD 98X

904} 30030 AYVYNIF 98X

€04} AOVNONVTT13AITHOIH

8041 ¥3dNOD
138 NOILONYLSNI
JAILLVNYALTY

¢hLL ¥3143ANOD
NOILONHLSNI

AL 012} 30D A¥YNIE
13S NOILONYLSNI
THYMLIOS JALLYNYILTY
JYYMAHYH
Y
Ll ¥1.2) 3M0D L3S NOILONYLSNI
3409 13S NOILONYLSNI
96X 3NO LSV 98X NV LNOHLIM HOSSIO0Hd
1Y HLIM ¥OSS300¥d




International application No.

PCT/US2011/066995

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER

GO6F 9/30(2006.01)i, GO6F 9/305(2006.01)1, GO6F 9/38(2006.01)1

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO6F 9/30; GO6F 15/00; GO6F 7/52; GO6F 17/16; GO6F 7/38

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords:vector elements, complex numbers, complex conjugates, real parts, imaginary parts

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2011- 0040822 Al (EI CHENBERGER ALEXANDRE E. et al .) 17 February 2011 1-18
See abstract; paragraphs [0179] ,[0182] .
A US 2007- 0028076 Al (MARTINUS CORNELIS WEZELENBURG 01 February 2007 1-18
See abstract; paragraphs [0059] ,[0101] .
A US 2010-0106944 Al (SYMES DOM NIC HUGO et al.) 29 April 2010 1-18
See abstract; paragraph [0307]-[0315] .
A US 7546329 B2 (TAUNTON MARK) 09 June 2009 1-18
See abstract; colum 11, line 52 - line 55.

|:| Further documents are listed in the continuation of Box C.

& See patent family annex.

* Specia categories of cited documents:

"A" document defining the general state of the art which isnot considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
citedto establish the publication date of citation or other
specia reason (as specified)

"0O" document referring to an ora disclosure, use, exhibition or other
means

"P'  document published prior tothe international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document istaken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to aperson skilled inthe art

document member of the same patent family

e

ey

ng"

Date of the actual completion of the international search

28 JUNE 2012 (28.06.2012)

Date of mailing of the international search report

28 JUNE 2012 (28.06.2012)

Name and mailing address of the ISA/KR

Korean Intellectual Property Office
, 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan
L City, 302-701, Republic of Korea

Facsimile No. 82-42-472-7140

Authorized officer

Ko, Yeon Hwa

TelephoneNo.  82-42-481-8569

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US201 1/066995

Patent document Publication Patent family Publication

cited in search report date member(s) date

Us 2011-0040822 Al 17,,02. 2011 None

us 2007-0028076 Al 01., 02. 2007 TW 200707285 A 16. 02,, 2007
US 7814297 B2 12. 10,, 2010
Wo 2007-012794 A2 01. 02,, 2007
Wo 2007-012794 A3 07. 09,, 2007

us 2010-0106944 Al 29,,04. 2010 JP 04-699002 B2 11. 03,, 2011
JP 2005-174295 A 30. 06,, 2005
us 2005-0125476 Al 09. 06, , 2005
us 7761693 B2 20. 07,,2010

us 7546329 B2 09,, 06. 2009 us 2005-0071403 Al 31. 03,, 2005
us 2005-0071414 Al 31. 03,, 2005
us 2005-0102341 Al 12. 05,, 2005
us 7660840 B2 09. 02,,2010
us 7676533 B2 09. 03,,2010

Form PCT/ISA/210 (patent family annex) (July 2009)




	abstract
	description
	claims
	drawings
	wo-search-report

