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ABSTRACT

Fisher, Randall James. Ph.D., Purdue University, May, 2003. General-Purpose SIMD
Within A Register: Parallel Processing On Consumer Microprocessors. Major
Professors: Henry G. Dietz and Leah H. Jamieson.

Recent extensions to microprocessor instruction sets are intended to speed-up
multimedia algorithms by allowing SIMD parallel processing over multiple data fields
within each processor register. These extensions, while effectively supporting hand-
coding of some multimedia tasks, do not directly support a high-level parallel pro-
gramming model. Unfortunately, the extensions vary widely across different processor
families, making portability difficult to achieve. Even within one set of extensions,
each operation is supported only for certain field widths, and the widths supported
are different for different operations. This thesis will define a general-purpose SWAR
(SIMD Within A Register) programming model. This model will be implemented
for multiple target architectures: initially as compatible libraries, then as optimizing
compilers accepting a simple high-level parallel language. The new SWAR libraries
and compiler technology should enable a much wider range of applications to achieve

speed-up through SIMD execution using COTS microprocessors.



1. INTRODUCTION
1.1 Motivation

Modern commodity microprocessors employ a limited form of parallel processing
in order to speed up multimedia algorithms. While these modified architectures are
similar to certain traditional parallel processing models, they have unique and varied
constraints on how they can be used. Traditional models of parallel processing are
based on more powerful architectures and thus do not account for these constraints.
To better reflect the capabilities and limitations of these new architectures, and to
bridge the gaps between them, a new abstract model is required. We call this new

processing model SWAR (SIMD Within A Register).

1.1.1 A Brief Introduction to Processing Models

To understand why previous abstract models are not sufficient, we need to have
an understanding of these models and their purposes. Flynn’s classification of pro-
cessing systems [1] is useful in this endeavor, and we will use it to help denote the
various processing models in this discussion. While we will often treat them as be-
ing interchangeable, computer architectures and the languages used to program them
may actually be based on different processing models. In this discussion, we will dif-
ferentiate between architectural and programming models as necessary. Also, these
models are presented in an order that is not necessarily chronological, but should

highlight their salient properties.

Sequential processors execute a single instruction on a single set of scalar operands
at any given time. To reflect this fact, Flynn named this processing model SISD

(Single Instruction stream, Single Data stream). This model is the basis for most
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computers including the first microprocessor systems. While SISD systems are suf-
ficient for many of the computing problems we encounter on a daily basis, they are
too slow to be used to solve very large problems in a reasonable amount of time. A
desire to improve upon this situation led to the development of new architectures and

processing models.

Pipelined processors are SISD machines in which each instruction is executed in a
single processing unit with multiple stages. The processor is set up like an assembly
line with each stage performing one part of the total work needed to complete the
instruction. An instruction can occupy only one stage of the pipeline at any given
time, leaving the remaining stages available to other instructions. Thus, multiple

instructions from an instruction stream can be in the pipeline simultaneously.

In mathematics, a vector is a single-dimensional, multi-element object. Vector
programming models help programmers express operations on vectors more concisely
than do scalar models. Many of these operations are applied to each of the vector’s
elements independently or cumulatively. For example, adding two vectors is equiv-
alent to adding their elements in a pairwise manner. Vector programming models
allow such operations to be expressed as a single operation on a vector rather than

as a series of scalar operations on the vector’s elements.

Vector processors were developed to minimize the costs associated with perform-
ing vector operations. They capitalize on the fact that most vector operations are
repeated over many elements. For these operations, some of the pipeline execution
stages need only be performed once for the entire vector. Thus, vector processors
reduce execution time by removing redundancy in the execution of identical element-

wise operations.

The simplest vector processors execute repetitive vector operations by sequentially
running the vector elements through an ALU which performs an identical operation on
each element. Pipelined vector processors allow multiple ALUs to be chained together

to form an execution pipeline similar to that of a pipelined SISD processor. This
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increases the performance of the processor by allowing multiple vector operations to

not only share control stages but also to overlap in time.

While these vector processors can achieve significant speedup, they fail to fully
exploit the available parallelism of vector code. This is because they perform each
operation on only one set of corresponding elements at a time. Thus, in some sense,
they are actually just improved SISD machines. To obtain better performance, pro-
cessing models were developed in which work is performed on multiple parts of a

problem simultaneously (i.e. in parallel). This is known as parallel processing.

These new processing models were more closely matched to the large, scientific
problems which high-performance systems were intended to address than were the
scalar models upon which sequential and simple vector processors were based. These
problems included the modeling of physical phenomena such as weather and nuclear

reactions and the analysis of observed data such as satellite photographs.

In these problems, physical environments or entities are represented by large data
sets. For example, each datum may represent the value of some physical property at
one of thousands of points within an environment at some given time. At each point,
the predicted future value of this property is a function of its current value and its
value at each of the neighboring points in multiple directions. Thus, solving these
problems typically requires not only large amounts of computational power but also

timely access to both local and neighboring point data.

Parallel processors are systems which are based on parallel processing models.
These systems consist of multiple processing units which operate on multiple instruc-
tion streams simultaneously. Typically, these processing units are connected to form
an array via one or more communications networks. These interconnection networks,
which are sometimes referred to simply as the interconnect, allow point data to be
passed between neighboring processing units in one or more dimensions. Thus, these

systems were designed to be appropriate targets for large-scale scientific problems.

There are two major forms of parallelism which these systems exploit. Control

parallelism refers to the separation of a problem into multiple independent sections
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which can be executed simultaneously. Data parallelism refers to problems with a
regular nature in which the same series of operations must be applied to multiple
sets of data. Different processing models and architectures were developed to exploit

these differing forms of parallelism.

MIMD (Multiple Instruction stream, Multiple Data stream) is a parallel process-
ing model that was developed as a means of exploiting control parallelism in large
problems. The computational nodes of a MIMD processor each execute a series of
instructions which may differ from that of the other nodes. This allows each node to

execute an independent section of the problem.

MIMD processors can simultaneously run multiple unrelated sections of code or
multiple copies of identical code. This allows various programming models to be used
to program these systems. For example, the MIMD programming model is based
on the assumption that the problem is divided into pieces that may need to be
synchronized occasionally, but are otherwise completely independent. The SPMD
programming model (Single Program, Multiple Data) is similar, but is based on the

assumption that the independent pieces are identical.

While MIMD processing is quite versatile, there is a cost associated with this
flexibility due to the replication of both computational and control hardware. This
makes MIMD relatively expensive. Other processing models were developed as a

means of avoiding this cost while still benefitting from some form of parallelism.

One such model was SIMD (Single Instruction stream, Multiple Data stream),
which was developed as a relatively inexpensive means of exploiting data parallelism.
This is done by applying each operation simultaneously to as many data points as

possible. Thus, a single instruction stream is executed on multiple data streams.

SIMD systems can be divided into vector-based and array-based systems. Vector
SIMD processors, also called vector parallel processors, are single-dimensional SIMD
processors designed to operate on vector data objects. SIMD array processors are

SIMD architectures whose PEs are connected in shapes of two or more dimensions.
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Vector SIMD processors execute repetitive vector element operations in a simul-
taneous fashion. With these processors, data is loaded into a set of vector registers
which hold some fixed number of elements. Operations are then performed on some
or all of these elements simultaneously. This allows the processor to take advantage
of the data parallelism inherent in vector processing to achieve higher performance

than non-parallel vector processors.

While vector processors shorten the time required to solve certain classes of prob-
lems, they are not well-adapted to solving large multi-dimensional problems efficiently.
Array processors are better suited to these problems because they allow arrays to be
processed with their coordinate systems intact. That is, these processors allow data

from neighboring points in space to be stored in neighboring processing units.

A typical SIMD system has a single control unit, usually abbreviated CU, and an
array of multiple processing units which are often called processing elements (PEs).
The CU is responsible for reading a single stream of instructions from memory, de-
coding these instructions into control signals, and issuing the control signals to the
PE array. Each PE executes the operation defined by the control signals on its own
data stream. This data stream may be from a shared memory, but is usually from a

memory which the PE holds privately.

Using a single controller makes SIMD systems inexpensive compared to the more
general MIMD architectures in which the control unit is replicated for each of the
PEs. Yet, for data parallel problems, SIMD retains the benefits of parallel processing

associated with MIMD, thus giving it a higher performance to cost ratio.

One drawback of SIMD programming models is that they are severely limited
when compared to MIMD models because every processor must execute exactly the
same instruction simultaneously. This limits them to SPMD-style programs which

are executed with every instruction synchronized.
This also makes the handling of high-level language control constructs, such as if
statements, difficult. Typical SIMD systems have special hardware to turn PEs on

and off (or equivalently, to block the side-effects of execution) depending on the local
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conditions of the PE. If this hardware is not present, the executed program must be

modified to nullify the effects of code that should not have been executed.

1.1.2 Multimedia Extensions

Several programming and machine models have been developed to improve per-
formance over traditional SISD computers. These were well-developed by the 1990s
when manufacturers of commodity SISD microprocessors began experimenting with

non-SISD architectures for multimedia processing.

Early work in this area focused on enhancing processors with on-chip graphical
hardware. This was typically in the form of a handful of instructions for speeding
common graphics operations. This included operations such as interpolating the
position of non-end points on a line when only the endpoints were known and testing
for the visibility of objects to determine if they should be drawn on the screen. These
efforts were very limited, and not intended for general-purpose computing. However,
they used methods that were later employed in implementing more general multimedia

extensions.

In the 1990s, several manufacturers of commodity microprocessors began expand-
ing their instruction set architectures with multimedia extensions. These were in-
tended to speedup data parallel algorithms used in graphical and audio processing
while keeping the amount of architectural modification required to implement them
at a minimum. Of the processing models mentioned, the closest match to these goals
was the vector parallel subset of SIMD. Thus, the designers of these multimedia

extensions implemented them as sets of SIMD-like instructions.

When executed, these instructions are performed on multiple streams of data
residing in a single CPU register. Thus, these extended architectures implement a
form of SIMD processing. However, they differ from previous SIMD architectures

because they have only one central processing unit (CPU) whose operation has been
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altered to act like a CU with a set of PEs, rather than an actual set of PEs driven by

a single, separate control unit.

This means that the entire set of PEs shares the CPU’s single data path. Data
can only be moved in and out of the PEs in the equivalent of block form from a single
shared memory. Thus, a memory access moves a block of consecutive bits between a
set of neighboring PEs and a single word in memory. This restriction is a significant
limitation compared with typical SIMD architectures, which could load data from

independent addresses or from private memories.

Data communication is also significantly different because there is often no equiv-
alent to the communications networks employed in typical SIMD systems. Often
SHIFT and ROTATE instructions are the only means available to move data between
these pseudo-PEs. One communication type used in later SIMD architectures is a
vector-indexed communication. This allows each PE to access data stored by some
other PE, independent of the actions of the remaining PEs. Few multimedia archi-

tectures can perform such a generalized communication.

While not exactly SIMD, these SIMD-like extensions serve their intended purpose
by allowing assembly language programmers to capture some of the potential speedup
due to the data parallel nature of the targeted algorithms. Unfortunately, few of
these extensions were designed with the intention of developing a complete processing
model.

Usually, the registers and control logic used to implement these extensions needed
to be enhanced to allow SIMD-like processing. This required considerable investment
in the redesign and modification of the existing architecture. To minimize this in-
vestment while maximizing its perceived benefits, each of the extension sets has been
targeted to support the multimedia algorithms that are believed to be most often
used on its host platform. Thus, these extensions have limited functionality and tend
to support only those data types and sizes which are normally used in multimedia.

Because of the variation in the architectures and the algorithms which are typically

run on them, the instructions and data sizes supported often differ substantially
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between extension sets. Even within a single extension set, an instruction may exist
to perform a particular operation on one size of data, but not on another size. This
was intentionally done, based on the assumption that some operations are performed

often on certain types of multimedia data, but rarely on others.

These variations and limitations are the primary problem with multimedia ex-
tensions, and limit their usefulness substantially. As a result, these extensions are
sufficient for hand-coding architecture-specific, SIMD-parallel, multimedia operations
at the assembly level, but are less useful beyond this scope. Variations between exten-
sion sets make code portability difficult, and the lack of consistent support for differing
data sizes often forces format conversions between successive parallel operations. Fi-
nally, these extensions simply do not support certain data sizes and operations which

may be useful to applications programmers in the future.

1.1.3 My Thesis

I believe that the set of applications which can benefit from these extensions is
unknown and not limited to multimedia algorithms and data types. Also, that it
is likely that multimedia extensions will continue to evolve, with some growing into
more general systems and others dying out. Thus, not only will programmers need
to be able to port code from one architecture to another, they will also want their
code to take advantage of future capabilities without having to be rewritten for each

new architecture.

Current programming models are either target-specific, based directly on some
target’s multimedia extensions, or based on programming models which do not match
the capabilities of these architectures. These models are also unnecessarily limited
to currently common data types and sizes. This ultimately limits their usefulness
to those types of applications which we are able to foresee in the near future, and
also prevents programmers from expressing algorithms which are best suited to non-

standard data precisions. To move beyond the current situation, a general-purpose
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programming model for the form of SIMD processing described above should be

developed.

This form of parallelism, in which a single CPU register holds multiple data items
that are operated on in a SIMD manner, is referred to as “microparallelism” by
Alpern, Carter, and Gatlin [2], and belongs to a class of operation known as “sub-word

”

processing.” We will reserve the former term for any form of parallelism performed
within a single register, including concepts such as single-register VLIW, and the
latter term to mean any form of processing data which resides in less than a full

machine word (e.g. byte operations on a 32-bit machine).

Thus, we shall consider the SIMD form of parallelism that this thesis addresses to
be a subset of both microparallelism and sub-word processing. We refer to this form

of processing as SWAR (SIMD Within A Register) {3].

While the limitations of multimedia extensions make it difficult to develop a con-
sistent, portable, general-purpose SWAR programming model, they are not fatal. In
fact, a generalized programming model can be developed which can target standard

processor families with no SWAR-like extensions whatsoever.

It is my goal in this research to create a SWAR, processing model which extends
beyond the limits of current models, and to lay the groundwork for continued devel-

opment of this form of parallel processing.

1.2 Related Work

When this work was first proposed in 1997 [4], we were unaware of any other
groups pursuing a high-level approach to general-purpose SWAR processing. Known
support for SWAR processing was limited to assembly-level programming tools and
high-level multimedia libraries. Since then, the situation has changed with various

groups now performing related work.

While some of this work is similar to that presented in this thesis, to our knowledge

there are still no other groups which take as broad an approach to SWAR processing
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as the one presented here. In this section, we discuss related work in the context of

the pursuit of a general-purpose SWAR. processing model.

These efforts can be separated into four primary types: software-only methods
for SWAR processing, non-compiler tools which assist the programmer in the use of
multimedia instructions, pre-written libraries which make use of multimedia instruc-
tions, and compiler support for SWAR processing. Some of this support was discussed

in [5]. That work is updated and expanded here.

1.2.1 Software-only Methods

In his Doctoral Dissertation to the Royal Melbourne Institute of Technology [6],
Mark Spieth presented the Single Processor Single Instruction Multiple Data process-

ing model. This model is similar to that of SWAR, but is limited in several ways.

The primary goal of the research was to “explore the feasibility of the software only
solution to the parallel implementation of arithmetic operations in single processors.”
This was a less ambitious goal than that proposed here which includes the use of
SWAR hardware, expansion of the model to arbitrary data sizes, and the development

of a fully portable programming model and related compiler technology.

The work by Spieth is a more complete theoretical treatment of the subset of the
SWAR work dealing with the processing of packed standard integer data using soft-

ware techniques on unenhanced hardware, primarily as it relates to image processing.

In his thesis, Spieth explored various representations of numeric information and
provided a mathematical framework of packed number representations. The primary
method explored was aliasing, in which the sign bit of each register data field is
conceptually extended into the upper fields of the register and combined with the
data in those fields. This causes the lower field data to affect the bit patterns stored
in the upper fields. An unaliasing step is required to extract individual field data

from the register.
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Algorithms were provided for performing the operations Spieth considered to be
valid for SPSIMD processing. These include addition, subtraction, constant multipli-
cation and division, bit shifts, Boolean (i.e. bitwise logical), and conditionals within
which are included minimum, maximum, and absolute value operations. This is a

limited set compared to that of the SWAR model.

These algorithms were evaluated mathematically to determine the effects of alias-
ing on their operation and performance. It was found that aliasing places limits on the
domains of the operands of these operations. Calculations of the theoretical speedup
of these algorithms were also provided. These appear to be compared to software im-
plementations of the same operation on unpacked data rather than against possible

hardware implementations.

Spieth also examined the removal of the restrictions of the SPSIMD paradigm.
These are the restriction of operation domains to prevent overflow from occurring
and the restriction of result precisions to those of the source operands. Removal of
the first restriction would allow the operand domain to encompass a larger range of
values. Removal of the second restriction would allow intermediate calculations to

increase in precision.

In the discussion of this examination, Spieth described split word processing where
packed data is “split” into multiple packed words which each contain a subset of the
packed data. This includes techniques that were discussed early in 1997 by Professor
Dietz [3] and which are used extensively within the Scc compiler discussed later in
this thesis. One of these techniques is the virtual spacer technique for implementing
arithmetic operations that may overflow. Another is the general method of temporar-
ily promoting packed data to a greater intermediate precision, performing operations

at this precision, then repacking the data into its original precision.

Spieth found that removing the restrictions of the SPSIMD model using split word
processing was effective, but subject to overhead, memory interface speed, and the

set of assumptions one could make about the operands.
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Tests of the effectiveness of the SPSIMD model were performed on several hand-
coded image processing algorithms. This was done by comparing the results obtained
using the SPSIMD version with those obtained for rolled and unrolled looped, sequen-
tial implementations as baselines. This was done on five different machines, running
four different operating systems, and compiled with GCC or Borland C using their

full set of optimizations.

Spieth also briefly discussed other criteria for evaluating SPSIMD processing in-
cluding cost, convenience, and suitability. He specifically mentioned that he believed
that the development of compiler extensions would improve the situation by providing
packed data structures and parallel operations. This is one of the goals of my work

and is beyond the scope of Spieth’s.

A performance comparison of the methods used by Spieth versus those used in
the compiler implementation described in this research would be an interesting future
work. Also, Spieth’s work should be further explored for possible alternative compiler

implementations of SWAR operations which are not supported by hardware.

1.2.2 Non-compiler Tools

The lowest level of support for the use of multimedia extensions includes tools
such as profilers and debuggers. Neither of these is in the realm of a programming
model and can safely be ignored, but we will briefly mention some examples to convey

a sense of their utility.

The VTune optimization package from Intel [7] provides programmers with per-
formance tuning tools which analyze source code and offer advice for using Intel’s
multimedia extensions to improve it. This would typically be used in an ad hoc
manner with programmers performing a coding cycle of writing code, profiling, then
rewriting the code to try to get better performance. For some time, this was the only

significant means of support provided by Intel for its multimedia extensions.
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NuMega Technologies’ SoftICE for Windows 95 and SoftICE for Windows NT [8]
are debuggers which allow the disassembly of MMX instructions. These allow the
programmer to use any available method of generating code which contains multime-
dia instructions, then debug or profile the resulting assembly code. It is likely that
most multimedia-aware C/C++ compilation packages now include a debugger and/or

integrated disassembler.

1.2.3 Libraries

Pre-written libraries provide a high-level interface to a target’s multimedia in-
structions. These libraries are usually both application- and target- specific, and
perform common high-level operations which are comprised of multiple hardware in-
structions. They provide a means for applications programmers to exploit a target’s
multimedia extensions without being concerned with the details of the architecture;

however, they typically do not address the issues of generality or portability.

Several application-specific libraries have been developed for MMX, including sig-
nal processing [9], image processing [10], speech recognition [11], and speech to text
libraries[12]. A set of “Performance Libraries”, to which the above libraries may be-
long, are included with Intel’s Fortran and C++ compilers. These libraries are not
intended to provide a general-purpose programming model, and support only specific

data sizes.

Apple has adapted its core math libraries to make use of Motorola’s AltiVec [13]

extensions. They plan to rewrite their other libraries for this purpose in the future.

Sun Microsystems provides a C library called “mediaLib” [14] for the VIS ex-
tension set. mediaLib can be freely downloaded in binary form for certain platforms
after a required licensing and non-disclosure agreement [15] is electronically accepted.
Documentation for mediaLib is freely downloadable, and indicates that mediaLib is
a high-level library which offers support for basic 8-, 16-, and 32-bit operations, as

well as advanced functions such as FFTs.
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The 1ibSIMD project [16] is an attempt to define a portable math library for
“commonly-used algorithms” across SIMD-enhanced and unenhanced architectures.
The goal is to support “trigonometric, complex number, quaternion and FFT oper-
ations” on scalar, vector, and matrix objects. Functions are expected to be imple-
mented using inline assembly code to access multimedia instructions and C code for
portability to unenhanced architectures.

While plans for libSIMD are broad, its functionality is currently limited, consisting
primarily of floating-point operations. Vectors and matrices appear to be limited to
single fragment or sub-fragment lengths. The function listings in the documentation
refer to 2-vectors, 3-vectors, and 4-vectors, while matrix functions operate on 2x2,
3x3, and 4x4 matrices.

libSIMD function arguments are objects in memory and results are stored to
memory. Unless the compiler is able to perform optimizations across these procedures,
possibly via inlining, then the memory access overhead will be too great to achieve
significant speedup. Our decision to concentrate on a compiler rather than a general
library was partially due to this fact.

The primary benefit of the libSIMD library would be portability of code between
various multimedia-enhanced and unenhanced targets. However, this aspect seems
to be insufficiently developed at this time as libSIMD is currently targeted only to
AMD’s 3DNow! extension set. This should change in the future as the author targets

other multimedia extensions.

1.2.4 Compiler Support for SWAR

Current compiler support for SWAR processing consists primarily of various meth-

ods for exploiting multimedia extensions. This support falls into five major categories:

e Inline assembly and compiler intrinsics. This type of support gives the pro-
grammer low-level access to the instructions in the target’s multimedia exten-

sion set. This allows the programmer to use multimedia instructions, but with
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a minimum of compiler support. Programmers must maintain type and parti-
tioning information themselves and choose the correct intrinsic to use based on
this knowledge. In some cases, the compiler is able to optimize the resulting

low-level code.

o Classes or types which represent a fragment. Compiler support of this type is
also limited to low-level access, but type and partitioning information is tracked
for the programmer via the type or class system of the source language. This
information may be used by the compiler to ensure that the correct assembly

instruction is executed based on the partitioning of the fragment operands.

e Automatic vectorization of loops. This type of support provides an abstract
model which hides the use of extended instructions. With this type of support,
well-known techniques are used to parallelize loops in existing code. The pri-
mary disadvantage is that loops must conform to certain forms for the compiler

to recognize that they are parallelizable.

o Automatic vectorization of basic blocks. This type of support also provides an
abstract model which hides the use of extended instructions. Here, code in a
basic block is combined into operations on fragments. This is a more general
approach than vectorization of loops because the code does not have to be in
loop form to be vectorized. The primary disadvantage is the amount of work

and space required to combine the code into vector operations.

o Languages with first-class vector objects. This type of support also provides an
abstract model which hides the use of extended instructions. Here, the structure
and semantics of the language indicate which operations can be automatically
parallelized. This is more restrictive than automatic parallelization of basic

blocks, but provides a concise method for describing vector operations.

We will now look at each of these categories in turn, and describe some of the related

work which has been, or is being, conducted along these lines.
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Inline Assembly and Compiler Intrinsics

Inline assembly is low-level code for the target machine which is inserted into
high-level language source code. This code is typically emitted directly into the
assembly code generated by the high-level language compiler. This lets programmers
use assembly language instructions of whose existence the compiler is unaware. In
many cases this is the only form of support that the compiler provides for the use of

extended instruction sets.

Compiler intrinsics are built-in functions which provide a function-call-like high-
level interface to the target’s machine instructions. Generally, these are trivial to
implement and are usually just preprocessor macros which hide inlined assembly code
which is used to execute a single instruction. These intrinsics are intended to provide
access to instructions that the programmer would not otherwise be able to use, but
generally do not provide functionality beyond the limits of the extended instruction

set.

Inline assembly and compiler intrinsics operate at too low a level to be consid-
ered for a portable general-purpose SWAR, processing model. However, this is often
the starting point for other forms of support, so we will briefly survey some of the
commercial compilers which support the use of multimedia instructions via intrinsics

and/or macros.

Both Intel’s Fortran [17] and C++ [18] compilers supply a set of intrinsics for
their MMX, SSE, and SSE2 instruction sets. These intrinsics provide a means of
describing the application of these instructions to objects in memory. The compiler

is then responsible for register allocation and optimization of the resulting code.

Microsoft’s Visual C++ version 5.0 compiler [19] also provides inline assembly
support for MMX instructions as well the ability to disassemble code containing

these instructions.

Metrowerks’ CodeWarrior [20, 21] compiler provides inline assembly support for

both MMX and AMD’s 3DNow! instructions. This is one of several compilers of
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this product line which are targeted to different architectures. At least one version,
CodeWarrior for Mac OS Professional Edition [22], supports AltiVec, although it isn’t

clear how.

Q Software Solutions LCC-Win32 compiler [23] also provides intrinsic support for
MMX and 3DNow!. This compiler is an extension of the lcc compiler created by

Fraser and Hanson for their text on compiler design [24].

The VectorC{PC} [25] C/C++ compiler by codeplay, Ltd., provides inline as-
sembly support and intrinsics for the MMX, 3DNow!, and SSE extension sets. This
compiler is intended primarily for the development of graphics-intensive games.

Green Hills Software makes an optimizing C/C++ compiler [26] which supports
Motorola’s AltiVec via a set of high-level intrinsics.

The VIS Software Developer’s Kit (VSDK) [27] includes a set of macros for using
Sun’s VIS extensions. VSDK can be freely downloaded in binary form for certain
platforms after a required licensing and non-disclosure agreement [28] is electronically

accepted. The documentation for VSDK is part of the licensed package.

According to [29], C compilers which provide access via macros for Hewlett-
Packard’s MAX-2 extensions, Sun’s VIS extensions, and the multimedia instructions
of the MicroUnity and and Philips’ Trimedia architectures have been available since
the mid-1990’s. The authors had suggested that a set of industry standard macros

be developed. To the best of my knowledge, this has never been done.

Classes or Types which Represent a Fragment

A vector fragment is the amount of parallel data than can reside in a single
multimedia-enhanced register. Conceptually, long vectors of data can be broken into
multiple smaller vectors which fit into a register. It is these small vectors that we

refer to as a fragment.

Object-oriented classes or simple type definitions which represent a fragment can

provide a first-class feel to these objects and the operations on them. To do this, class
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definitions include functions which overload common operators with parallel versions
of the operation. Conversely, the use of non-class type definitions generally requires a
modification to both the high-level language and the associated compiler to support

parallel operations on these objects.

Several compilers support the use of multimedia extensions via class or type def-
initions. Usually, these fragment-based models are built on top of a set of intrinsics
and support only the operations and partitionings native to the target’s multimedia
extension set. The following is a brief survey of a few of the compilers that provide

this form of support.

The Intel C++ compiler includes class libraries for operating on MMX, SSE, and
SSE2 fragments.

Free Pascal [30, 31] includes predefined array types for MMX and 3DNow!, and
extends Pascal through what are essentially compiler directives to allow some first-

class operations on these types.

Oxford Micro Devices’ C compiler for its A236 Parallel Video DSP chip [32], which
has instructions similar to MMX, provides predefined struct types for describing
fragments. Arithmetic and comparison operations on these types are performed on a

single fragment of data.

Motorola has developed an extension of the C programming language which in-
cludes a new “vector” type to represent a single AltiVec fragment. This extension is
not intended to be portable to other architectures, and requires a modified version
of the GNU C compiler [33], GCC, which generates AltiVec instructions to perform

operations on these “vector” objects.

Green Hills Software’s optimizing C/C++ compiler [26] also supports AltiVec via

Motorola’s “vector” extensions.
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Automatic Vectorization of Loops

Under strict conditions, and usually with hints from the programmer, some com-
pilers are able to vectorize simple data-parallel loops. This support is in the early
stages and is limited in the data types and operations that can occur in the body of the
loop, although more advance techniques are under development. This development

can be expected to follow that of Fortran loop manipulation and vectorization.

Intel’s Fortran and C++ compilers provide automatic loop vectorization targeting

the MMX, SSE [34], and SSE2 extension sets.

Metrowerks’ CodeWarrior compiler provides vectorization for Intel’s MMX and
also for AMD’s 3DNow! extensions [20]. Metrowerks is now owned by Motorola, so one
would expect that support for Motorola’s AltiVec extensions would be forthcoming.

According to [13] this support is currently under development.

Green Hills Software’s [26] C/C++ compiler supports AltiVec via automatic vec-

torization of loops.

Codeplay’s VectorC{PC} C/C++ compiler performs automatic vectorization for
MMZX, 3DNow!, Enhanced 3DNow!, SSE, and SSE2 targets [35]. A separate version
of this compiler targets the vector units of the Sony PlayStation2 [25].

The Portland Group’s Workstation compilers for Fortran 77 [36], Fortran 90, C,
and C++ [37] use a common core which supports automatic vectorization of loops

for SSE-based targets.

Veridian Systems VAST /Parallel restructuring Fortran and C/C++ preproces-
sors [38] perform automatic loop vectorization and reordering as a front-end to a
native compiler. Currently, these preprocessors only target the AltiVec multimedia

extension set.

The VAST preprocessors have a long history, dating back to the mid-1980s when
the Vector and Array Syntax Translator by Pacific Sierra Research Corporation was

used to vectorize Fortran 200 code for the CDC Cyber 205 [39)].
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The VAST-F/AltiVec Fortran Preprocessor [40] “replaces vectorized Fortran loops
with calls to VAST-generated C functions containing vector instructions.” The VAST-
C/AltiVec C Preprocessor [41] “automatically replaces loops in C programs with inline

vector extensions (as defined by Motorola).”

These preprocessors generate C code in a manner similar to that of the Scc
SWARC compiler discussed later in this Work, but depend on Motorola’s modified

version of the GNU C compiler discussed previously.

According to [13], Absoft is also working on automatic vectorization of loops for
Apple’s Velocity Engine implementation of AltiVec. Their Pro Fortran compilers
for Mac O/S 9 [42] and PPC/Linux [43], however, support AltiVec via precompiled
Fortran 90/95 intrinsics and optimized benchmark and application-specific libraries.
Automatic vectorization is only supported for the PPC/Linux version, and seems to

be supported via Veridian’s VAST-F/Vector preprocessors.

The VSUIF project at the University of Toronto [44] was conducted in the mid-
to-late 1990’s to add support for vector microprocessors to the SUIF compiler [45].
The goal of this project was to provide a high-level language programming model for

using these architectures.

This compiler vectorizes loop-oriented, high-level language code into assembly
code for the target architecture. The original target was the Torrent architecture [46,
47) which was then under development at the University of California at Berkeley. The
designers planned to target Sun’s UltraSPARC with VIS afterward, and a separate
research effort was underway to create a SPARC code generator for SUIF [48]. This
was intended to provide the back-end for VIS targets.

At the time [44] was written, DeVries and Lee had achieved some success vectoriz-
ing moderately complex code. They were still working on the handling of breaks and
a method of classifying functions to determine if they would affect the vectorizability
of loops when called. This work was to be validated using the UCB Torrent simulator

before work to target the UltraSPARC was to begin.
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We are unaware of the ultimate disposition of this work, although DeVries’ Mas-
ter’s thesis is based on its implementation and performance [49]. While this project
was intended to provide high-level support for vector processing, including SWAR tar-
gets, it takes the loop vectorization approach and does not treat vectors as first-class

objects.

Automatic Vectorization of Basic Blocks

A more general approach to automatic vectorization is to search basic blocks for
code which can be parallelized via the use of multimedia extensions. This allows not
only loops to be vectorized, but also unrelated scalar code. This approach is also more
general than parallelizing code based on first-class vector objects, because the state-
ments which are automatically combined into vector fragments are not necessarily

related.

Thus, this method is able to exploit a larger amount of parallelism than any other
discussed. However, as with loop-vectorizing compilers, a compiler which vectorizes
basic blocks is placed in the position of having to detect parallelism which is not ex-
plicitly described in the high-level language. This complex task requires a significant
amount of time and space, more so than any other method of parallelization discussed

here.

There are two groups known to be performing research in this area. The first is at
the Massachusetts Institute of Technology’s Laboratory for Computer Science. The

other is at the University of Dortmund.

Work at MIT’s Laboratory for Computer Science centers around what they term
Superword Level Parallelism (SLP) [50]. This is defined as “short SIMD parallelism
in which the operands and results of SIMD operations are packed in a storage loca-
tion” [51].

The goal is to vectorize high-level sequential code throughout a basic block by de-

tecting sets of single-valued isomorphic statements (statements which have the same
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expression structure) and collecting them into a series of vector fragment operations.
This “SLP algorithm” is proposed as an alternative to the vectorization of looped
code. In fact, the SLP compiler unrolls loops in order to generate isomorphic sequen-
tial code that can be parallelized in this manner. The SLP detection algorithm is

described in [51] and elaborated on in [52].

A later report [53] presents a simplified alternative to the SLP vectorizing algo-
rithm; however, this algorithm exploits only a subset of the parallelism that the SLP
detection algorithm can. Results presented in this report were based on the per-
centage of dynamic instructions eliminated from sequential benchmarks. These were
calculated for the 128-bit AltiVec architecture and for larger hypothetical architec-

tures via SUIF. Apparently, no actual timing information was gathered.

This project is based on the vectorization of pre-existing sequential code which
may be marked-up with compiler hints to indicate the presence of hard-to-detect
parallelism. As such, it does not conform to the SWAR vector programming model.
However, it is probably a good complement to the SWAR model in that it seeks to find
parallelizable expressions which are more general than SWAR vectors. Conceptually,
one could fragment vector and array code, and apply the SLP detection algorithm to

extract parallelism from the remaining scalar code.

Work at the University of Dortmund centers around “code selection” for media

and embedded processors. The goal of this work is similar to that of the MIT group.

A compiler technique introduced in [54] and briefly described in [55] uses a data-
flow graph (DFG) as an architecture-independent intermediate representation of a
high-level language (i.e. C) source. This DFG is then walked using a pattern-matching
algorithm which pre-assigns instructions to the parts of the tree. Branches which can
be covered by a single one of the target’s SWAR instructions are tracked. When
the entire graph is covered, instructions are actually assigned with the use of SWAR

instructions maximized.

The authors seem to be unaware of similar work performed in the parallel process-

ing area. In [54] it is claimed that “SIMD instructions are so far not really exploited
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by compilers for media processors. Taking advantage of such instructions is only pos-
sible, if processor-specific assembly routines or compiler intrinsics are used, resulting
in low portability of software.” This is despite the fact that the Scc compiler for the
target-independent SWARC language was freely available for about two years before
these papers were published and contemporary compilers such as Metrowerks’ Code-
Warrior [20] were capable of performing automatic vectorization of simple C language

loops for multimedia-based targets.

Languages with First-Class Vector Objects

Languages which provide first-class vector objects allow multi-fragment objects to
be defined and operated on as a single entity. This has several benefits. First, it allows
the programmer to express vector operations in a more concise manner than inline
assembly, fragment-based types and classes, or automatically vectorized scalar code.
Second, it allows portability between architectures by hiding their differences, such
as supported partitionings and register sizes, from the programmer. Third, it allows
the compiler to deal with issues such as code optimization rather than parallelism

detection.

Existing compilers for languages which support first-class vector and array ob-
jects, such as Fortran 90, have been targeted to architectures which have multimedia
extensions, but it is not clear that any of these convert first-class vector or array
operations into multimedia instructions. For example, the literature for the Veridian
Systems VAST-F /AltiVec Fortran preprocessor [40] never mentions any such support

although loop vectorization is discussed.

We are aware of only one other research effort which specifically takes this ap-
proach to supporting SWAR architectures. This is the Vector Pascal project at the
University of Glasgow. Vector Pascal [56] is an extension of the Pascal language to
support first-class operations on vector and array objects targeted to multimedia-

enhanced architectures.



- 24 -

In Vector Pascal, unary and binary operations can be performed on complete
arrays or their subsections. Certain higher-level functions, such as sqrt, abs, and

sin, are intrinsic to the language and can also operate on these objects.

Binary operations include modular and saturated addition and subtraction, other
modular arithmetic operations such as multiplication, division, and exponentiation,
and various other types of operations such as comparisons, shifts, and logicals. These
operations assume an implied identity value if one is not given. This applies to
operations on set expressions as well as numeric ones. For example, the Vector Pascal

expression /a is equivalent in meaning to the expression 1/a for any value a.

For each of the binary operators there is an associated reduction operator. This
applies the binary operation along the last dimension of its operand. These reductions
reduce the rank of the operand by one with the exception of the scalar case in which

they have no effect.

Objects of different rank can be operated on in mixed expressions with the re-
striction that, except for reductions, each variable in the expression must have rank
less than or equal to that of the Ivalue to which the expression’s value will be as-
signed. Operands which have lower rank are replicated to match the rank of the
lvalue. Operands of higher rank must be reduced in rank via one or more reduction

operations.

User-defined functions which operate on a scalar object are automatically ex-
tended to apply to an array object of the same type in an element-wise manner. This
mechanism allows the programmer to write functions that operate on both scalars and
arrays of various sizes without having to parameterize the dimensions of its formal

parameters.

One important aspect of SIMD programming that appears to be missing from
Vector Pascal is the proper handling of parallel objects in the language’s control
constructs. No mention is made concerning if, or how, conditional constructs such

as if statements and loops are handled when their conditional expressions are non-
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scalar. This is a significant issue which should be addressed in the design of a high-

level SIMD language.

The Vector Pascal compiler uses the ILCG [57] code generation system in which a
target description language is used to denote the specifics of the target architecture.
The initial targets were the Intel 486 and Pentium with MMX. Currently Vector
Pascal targets the “Intel 486, Pentium with MMX, and P3 and also the AMD K6.” [56]
It should be noted that these are all IA32-based architectures.

1.2.5 Summary

Software-only methods, such as Spieth’s, cannot compete with those which take
advantage of available SIMD instruction set extensions and can thus be rejected in
most cases. These methods do, however, provide a level of portability between targets

which cannot currently be obtained using multimedia extension sets only.

Low-level, high-performance libraries are closely related to their target architec-
tures. These are often written to be inlined by a compiler and can thus be easily
optimized. However, they do not provide portability between architectures and are

thus insufficient for our model.

High-level libraries tend to be application-specific, intended to perform particular
algorithms or operations for well-known problems. While typically having reason-
ably portable interfaces, these libraries are not intended for use in general-purpose

algorithms and are usually too specialized for our purposes.

As a general rule, high-performance in library code comes at the price of non-
portability. Thus, it is difficult, but not impossible, to develop a portable, high-
performance, general-purpose library. Developing such a library would entail making

a trade-off between these two competing factors.

Inline assembly and compiler intrinsics are directly related to their associated
architectures, and thus operate at too low a level to be considered for a portable

general-purpose programming model. However, they can be useful for code genera-
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tion as they tend to ease the integration of unsupported hardware instructions into

preexisting compilers.

Classes and types which represent a word-sized fragment of vector data also op-
erate at too low a level to be considered for a general-purpose programming model.
These are directly related to their associated hardware architectures, encoding the
size of their registers, and often only provide access to the available hardware instruc-
tions. Thus, they generally do not present a portable programming model. This is
not to say that classes and new types cannot provide a portable level of abstraction,

only that current systems tend not to use these methods to their best advantage.

Compilers which perform automatic vectorization of scalar loops and basic blocks
tend to be overly limited in their current capabilities. Most of the current set of
vectorizing compilers are only capable of vectorizing simple loops that would be more
succinctly expressed as first-class vector operations. More complex loops, those that
cannot be expressed as vector operations, are typically too complex for these compilers

to handle.

As current compiler writers learn more about, or reinvent, the work done in the
high performance computing community over the last few decades, these compilers
will become better at generating vectorized code from scalar sources. However, we
should be developing programming models that make it easier to express complex
operations, not high-performance compilers which optimize source code based on the

wrong architectural model.

As part of the development of a new general-purpose SWAR programming model,
the subject of this thesis, we have chosen to design a language with first-class vector
objects because we believe this offers the best opportunity for performance gains over
a large range of applications and target architectures.

Unlike any of the related work, this language allows both the precision of the
data and the number of elements to differ from those supported by the hardware. It
also provides a full, portable set of vector operations which are independent of the

extended instructions available on any particular target. This language, SWARC,
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will be discussed later in this work, and is, to the best of my knowledge, the only

Janguage which adheres to this generalized model.

1.3 Scope of Work

In this thesis, a new abstract model of parallel computation is developed which
better reflects the capabilities and limitations of modern SWAR architectures than
do current computational models. An example language based on this model is pre-
sented, as is a compiler for this language which uses various techniques to optimize
code for these architectures. Performance metrics are also developed and employed
to evaluate these implementations. This work should provide a starting point for
future research and the development of practical programming languages for SWAR

processing.

1.4 Thesis Organization

This thesis is organized as follows. Chapter 2 is a study of the multimedia exten-
sion sets available in commodity general-purpose microprocessors. Chapter 3 presents
the general-purpose SWAR processing model. Chapter 4 describes the SWARC lan-
guage which is based on the SWAR processing model and a proof-of-concept imple-
mentation of a SWARC compiler called Scc. Chapter 5 presents various evaluations

of the defined SWAR model, the SWARC language, and the Scc compiler.
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2. ANALYSIS OF CURRENT MULTIMEDIA
EXTENSION SETS

A new abstract model of parallel computation is needed which will better reflect the
capabilities and limitations of modern SWAR architectures than do current compu-
tational models. In order to develop a new model which adequately accounts for the
capabilities and limitations of current SWAR architectures, it is necessary to have an

understanding of the range of functionality which they support.

These architectures were created when commercial developers of microprocessors
redesigned them to improve their performance on multimedia applications. This
was done by extending their standard instruction sets with new sets of “multimedia
instructions” which operate in a SIMD manner on parallel sections of their system

data paths.

Fach extension set was tailored to support the algorithms and applications which
its designers believed to be most important to their clientele. Early extensions tended
to be limited to instructions which perform operations that are frequently used in their
particular target applications, and were not intended to present a complete parallel
programming model to their users. Thus they failed to provide sufficient support for

a viable SWAR processing model.

Because of the variation in their applications, the extensions meant to support
them varied widely. However, some of these applications differ only in scope or quality,
with the underlying algorithms being equivalent. Consequently, while each extension
set is unique, its functionality may have aspects which are similar or equivalent to

those of other extensions.

Later extensions are more complete, often including improvements which address

problems with their ancestors’ designs. Thus, a type of evolution is in play which
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may ultimately lead to relatively stable and complete sets of multimedia instructions.

Unfortunately, current extension sets still have limitations.

The range of support provided by these extensions still varies widely. The scope of
these extensions also differs, with some including a large number of SWAR operations,
while others include only a few. Support is still limited to data of standard sizes, and
is still not consistent across these sizes. Also, instructions necessary for proper SIMD

operation are often lacking or limited.

The primary goal of this phase of research was to determine the capabilities and
limitations of the multimedia extension families which are available on current COTS
(commodity, off-the-shelf) processors [4]. This analysis will be used as a basis for
the design and implementation of the general-purpose SWAR programming model
undertaken in later phases of the research. This is necessary to ensure that the

developed model fairly reflects the common capabilities of current architectures.

This analysis should also be useful when deciding how an architecture’s enhance-
ments will be used within an implementation of the generalized model, and should
foster insight into the possibility of code optimization based on a target architecture’s

enhanced features.

Data collection and organization was carried out over the last few years by myself.
The data is derived primarily from programming manuals pertaining to the various
extension sets and their related architectures. Other sources of information included
journal articles and promotional literature, but manuals were used whenever possible

as they are generally the most reliable sources.

An early survey of multimedia extensions was presented by Kelley and Postiff in
[58]. That paper also discusses issues related to the circuit implementation of multi-
media extensions. A limited table of multimedia extensions was presented by Dubey
in [59]. This was apparently developed at about the time of my thesis proposal [4],
but I was unaware of it until recently. Unless noted, neither of these was used as a

source of information for the following analysis.
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In this section, several current extension sets are briefly introduced, along with
some older ones which have interesting features. In the following section, a set of
tables is presented which describe the SWAR instructions available to programmers

using these extension sets.

The multimedia extension sets analyzed in this chapter are: Digital Equipment
Corporation’s Motion Video Instructions (MVI) [60]; Hewlett-Packard Company’s
PA-RISC 1.1 Multimedia Acceleration Extensions (MAX-1) [61], and PA-RISC 2.0
Multimedia Acceleration Extensions (MAX-2) [62, 63]; Silicon Graphics MIPS-V [64]
and MIPS Digital Media Extension (MDMX) [65, 66]; Motorola, Incorporated’s Al-
tiVec [67, 68]; Sun Microsystems, Incorporated’s Visual Instruction Set (VIS) [69, 70];
Intel Corporation’s [71, 72] MMX, which is also implemented by Advanced Micro De-
vices, Incorporated [73] and Cyrix Corporation [74]; AMD’s 3DNow! [75], Enhanced
3DNow! (E3DNow!) [76], and 3DNow! Professional (3DNow!Pro); Cyrix’s Extended
MMX (EMMX) [77}; and Intel’s Streaming SIMD Extensions (SSE) [78] and Stream-
ing SIMD Extensions 2 (SSE2) [78].

MVI

The Motion Video Instructions (MVI) were originally developed by Digital Equip-
ment Corporation for their Alpha microprocessor architecture in about 1996. This
was “motivated by the desire to perform high quality software motion video encoding

using the prevalent ISO/ITU video compression standards.” [79].

MVI was clearly not an attempt to develop a high-level SWAR programming
model, and is in fact more closely related to the graphical extensions included in the

Intel i860 or Motorola 88110 processors than to other extensions studied.

MVI consists of a minimal set of instructions that perform graphical operations
such as calculating pixel differences and finding the larger or smaller of two values.

These instructions operate on data residing in the Alpha’s standard 64-bit integer
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register set. This makes the standard integer instructions available to the SWAR

programmer.

Digital was bought by Compaq Computer Corporation, which was subsequently
bought-out by Hewlett-Packard. The Alpha architecture and the MVI extensions

have been passed along as well.

PA-RISC MAX-1.0

The original version of Hewlett Packard’s Multimedia Acceleration eXtensions
(MAX-1.0) were intended to accelerate the decompression of video data for real-time

display without resorting to special-purpose hardware.

The basic design process was described by chief architect Ruby Lee as “...find-
ing the most frequent operations, breaking them down into simple primitives, and
accelerating their execution.” [61] This process resulted in a small set of general-
purpose instructions which performed basic arithmetic operations, and allowed these

extensions to be used for purposes beyond those for which they were designed.

MAX-1.0 was originally implemented on the 32-bit PA-RISC 1.1 architecture PA-
7100LC [80, 61] which was introduced in 1994. Primitive arithmetic and shift-and-
arithmetic operations were performed by the 7100LC’s two integer ALUs on the
16-bit subwords of the processor’s 32-bit integer registers. This allowed two MAX

instructions to be executed with every clock cycle at peak speed.

MAX-1.0 was superseded by the MAX-2.0 extension set with the introduction of
the PA-RISC 2.0 architecture. In each of the tables, these are combined under the
MAX heading unless there are instructions which are only in MAX-2.0. In this case,
the there is a column for each of the two versions, and those listed in MAX-1.0 are

available in both.
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PA-RISC MAX-2.0

As with MAX-1.0, Hewlett-Packard Company’s MAX-2.0 extensions [62] were de-
signed to accelerate multimedia processing without using special-purpose hardware.
MAX-2.0 was developed with the goal of introducing “instructions that provide sig-
nificant performance improvement with insignificant impact on the area, cycle-time,
and design time of the PA-RISC processor.” [81] A good description of the thoughts
of the HP designers can be found on page 1-6 of [82].

MAX-2 was first implemented on the 64-bit PA-8000 microprocessor [83, 84] in
1995 and is considered to be an integral part of the PA-RISC 2.0 architecture [82]. It is
a superset of MAX-1 which it extends to support 64-bit architectures and instructions
for controlling data alignment and layout. These include simple parallel shifts, “mix”
instructions which interleave the fields of two operands, and an instruction which
permutes the fields of a register. These instructions were chosen to significantly

accelerate media processing while still being useful for general-purpose processing [63].

MAX-2 uses the integer general registers, integer ALUs, and shift merge units
(SMUs) of the PA-8000. The two integer ALUs are similar to those of the 7100LC.
The two SMUs perform basic parallel shifting operations, the merging functions which
interleave two operands, and the generalized permute operation. This allows up
to four MAX-2 instructions to be executed simultaneously. The integer pathways
were chosen to minimize the amount of modification required and allow the use of

preexisting integer instructions such as extractions.

MAX-2 is currently available in PA-RISC 2.0-based servers such as HP’s rp8400
series. With Hewlett-Packard’s acquisitions of Compaq and Digital, and the recent
move toward support for Intel-based systems, the future of the PA-RISC architecture,
and thus MAX, is in question. It remains to be seen if they will continue to be

supported.
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MIPS-V Paired-Single

The MIPS-V instruction set adds support for partitioned operations on pairs of
single-precision floating-point data to the MIPS-IV instruction set. Pages 7-10 of [66]
contain an overview of these extensions, and detailed descriptions of the instructions
are provided in [64].

This extension set was intended to support applications related to graphics and
signal processing, such as “3D [sic] geometry processing, oil and gas, and manufac-
turing applications.” [85] It does this via a reasonable set of floating-point arithmetic
instructions, a rich set of conditional tests, and data alignment and layout operations.
This makes the MIPS-V “paired-single” extensions useful for a variety of applications.

MIPS-V was announced in 1996 [86], and was to be introduced with the H1 gen-
eration of processors following the R12000. These were scheduled for production in
the first half of 1999 [85]. At some point, MIPS changed its focus to the develop-
ment of processor cores for application specific markets, and the architectures were
reorganized. It is not clear to me if MIPS-V was ever actually implemented as a stand-
alone entity. The current MIPS64 architecture is MIPS-V compatible; however, the

paired-single extensions are an optional feature [87].

MDMX

The MIPS Digital Media Extension (MDMX) was announced at the same time
as the MIPS-V paired-single extensions [86]. It was intended to provide support for
“video, audio, and graphics pixel processing by introducing vectors of small integers.”
Pages 11-19 of [66] contain an overview of these extensions and detailed descriptions
of the instructions are provided in [65]. MDMX is one of several “Application Specific
Extensions” to the MIPS-V architecture. Its presence implies availability of the MIPS-
V paired-single extensions.

In regards to general-purpose parallel processing, a paragraph from the MIPS

Digital Media Extension definition [65] is telling:
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The MIPS MDMZX is not intended for general purpose computing. Soft-
ware support for the MDMX is via shared libraries (DSOs) and assembly

language only. Compiler support is neither implied nor planned.

One of the unique features of MDMX is a 192-bit “accumulator”, which is pri-
marily used as the target for repetitive applications of cumulative instructions. It is
divided into fields which are three times as wide as the data being operated on. For
example, for a data size of 16-bits the accumulator consists of four fields of 48-bits

each.

Another of MDMX’s strengths lies in the variation it allows for the second source
vector of its instructions. Almost all MDMX instructions allow this source to be a
partitioned register, an immediate value, or a scalar which the instruction replicates.
This allows a single immediate or field value to be “broadcast” to each of the fields,
and also allows mixed operations between partitioned values and scalars. Thus, this

feature makes MDMX quite versatile.

As with the MIPS-V paired-single extensions, MDMX was to be implemented in
the H1 generation of MIPS processors [85]. However, it is not clear to me that MDMX
ever was actually implemented, although similar instructions exist in the MIPS-64 [87)
and MIPS-3D [88] architectures. Its unique qualities make MDMX worth studying

in any case.

MIPS-3D

The MIPS-3D graphics extension to the MIPS64 architecture was introduced
sometime around the year 2000. It is an application-specific extension “intended for
64-bit consumer applications that need three-dimensional graphics but require mini-
mal implementation costs for low-power or System-on-Chip (SOC) solutions.” [88] As
an extension, MIPS-3D is implemented as an optional core that can be incorporated

into an application-specific processor design.
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MIPS-3D uses the MIPS64 floating-point unit and operates on “paired-single”
floating-point data. It consists of 13 instructions for absolute value calculation, ad-
vanced arithmetic operations such as reciprocal approximation, reductions, data con-

version, and aggregate conditionals.

Having only learned of this extension recently, I have decided not to discuss it to
any significant depth at this time. However, by adding support for reductions and
aggregate conditionals, it address two of the primary deficiencies in current SWAR

extensions.

AltiVec

Motorola Incorporated’s AltiVec [68] extension to the PowerPC architecture was
developed in the late 1990s and incorporated into the MPC7400 processor [89] in 1999.
It was developed to support high-performance computing and high-bandwidth net-
working applications such as array processing, Internet routers, and video processing

systems [67].

AltiVec includes integer and floating-point SWAR instructions. These are exe-
cuted by a special-purpose vector processing unit which operates on data stored in
a set of 32 128-bit vector registers. Its completeness and ability to operate on both
integer and floating-point data make AltiVec one of the better designed extension sets

from a parallel processing stand-point.

The PowerPC architecture was jointly developed by Motorola, Apple Computer
Incorporated and International Business Machines Corporation. However, Motorola
has been the primary developer of AltiVec, with Apple a major consumer, and IBM
declining to participate in the effort. AltiVec is a well-defined, general-purpose set of
extensions which is likely to have continued use in high-performance and embedded

systems in the future.
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Sun’s VIS [70, 69, 90] instruction set was intended to support networked appli-
cations such as video conferencing, data encryption, and collaborative software and
also scientific applications such as systems modeling and image processing.

VIS is best suited to handling 16- and 32-bit data, with some support for 8-
bit pixel data. The instructions included tend to be special-purpose and limited in
the data precisions supported. For example, a fairly large set of multiplications is
available, but these are all mixed-precision operations that operate on 8- and 16-bit
operands. By contrast, there is no support for the addition or subtraction of 8-bit
data at all.

One of the design goals for VIS was allow good data flow between memory and the
floating-point registers. This is supported with a reasonable set of loads and stores
including block accesses and masked stores. These improve throughput and support
SIMD processing. This may be VIS’s greatest strength.

VIS was implemented in 1995 with the 64-bit, first-generation V9 architecture
UltraSPARC-I processor TrGrNo:95. The UltraSPARC-I had a single pair of fully-
pipelined graphics add and multiply units. VIS was subsequently implemented in the
UltraSPARC-II, a second-generation V9 processor with two floating-point/graphics
units [91].

A somewhat extended version, referred to as VIS 2.0 is available in current pro-
cessors such as the UltraSPARC III Cu [92]. The version discussed in this thesis is
now called VIS 1.0.

MMX

The MMX extension set, was designed by Intel Corporation and introduced in
1996 in later Pentium (Pentium with MMX) processors [93, 71]. MMX was cloned by
Advanced Micro Devices, Incorporated [73], Cyrix Corporation [74], and others such

as Rise Technology Company [94].
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It was originally “...designed to enhance performance of advanced media and com-
munication applications” [72] while retaining “full compatibility with existing oper-
ating systems and software.” [93] An overview of the MMX extensions is provided
in [72], and detailed descriptions of the instructions are available in [95]. A short

summary, including cycle counts, is available in [93].

MMX operates on integer data stored in the CPU’s floating-point (FP) registers.
These cannot be used for floating-point operations while MMX is in use. Also, the IA-
32’s standard integer instructions cannot be used on the data stored in these registers.
In this sense, MMX is less useful than extensions which operate on their standard

integer registers.

The MMX extensions provide a fairly wide range of support for a high-level par-
allel programming model; however, they are limited to 8-, 16-, and 32- bit SWAR
operations which are not implemented consistently across these field sizes. There are
also no reduction operations nor minimum or maximum instructions which could be
used for emulating unsupported saturation arithmetic operations. Despite these lim-
itations, MMX is one of the more complete sets of SWAR extensions and has become
a permanent feature of Intel IA-32 architecture processors with a large number of

other extensions built on top of it.

SSE

Intel’s Streaming SIMD Extensions (SSE) [78] serve two purposes. First, they
fill in some of the missing pieces of MMX. Second, they add a set of 32-bit floating-
point SWAR instructions which operate on a new set of eight 128-bit registers. With
these extensions, the Intel architecture is divided into three sections: the basic IA32

architecture, the integer SWAR MMX, and the floating-point SWAR SSE.

SSE is very complete, but lacks 64-bit support and leaves the Intel IA-32 architec-
ture with two different SWAR register sets for different types of data. In this respect
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AltiVec is better, and has more registers to work with. However, SSE has better
memory handling and the ability to move data between registers.
SSE was introduced with the Pentium IIT architecture in 1999 and continues to

be part of the IA-32 architecture.

SSE2

Intel’s Streaming SIMD Extensions 2 (SSE2) is a set of integer instructions primar-
ily intended to provide MMX equivalent functionality to data stored in the 128-bit
SSE register set. SSE2 also includes 64-bit floating-point extensions to SSE and
various integer extensions to MMX. These are intended to fill-in gaps in the earlier
extension sets to make them more complete.

Combined, SSE and SSE2 form the most powerful set of SWAR extensions cur-
rently available. They allow both integer and floating-point data to be stored and
operated on in the same register set. This, and their comprehensive support for
data of standard precision, places the SSE/SSE2 pair on par with Motorola’s AltiVec
extensions.

SSE2 was implemented with Intel’s Pentium 4 (previously code-named Willamette
[96]), and is now a permanent feature of the IA-32 architectural line. The future of
SSE2 depends on whether this 32-bit line of processors remains viable given Intel’s
development of the IA-64 architecture and on the extent to which its functionality is

incorporated into this newer architecture.

3DNow!

AMD’s 3DNow! [75] expands the MMX instruction set by filling in some of its
gaps and by including a set of 32-bit floating-point instructions. This was intended to
support “floating-point-intensive and multimedia applications”, and was expected to
improve frame rates for high-resolution graphics, modeling of physical environments,

three-dimensional imaging, and video and audio playback quality.
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3DNow! uses the same registers as MMX. This allows mixed-mode expressions to
be evaluated easily. It also allows the MMX polymorphic operations to be applied to

floating-point data for masking or extraction purposes.

3DNow! adds basic arithmetic, comparison, and maximum /minimum operations
for floating-point data, as well as more advanced mathematical operations such as
reciprocals and square roots. It also includes instructions for converting between

integer and floating-point formats and instructions for cache prefetching.

3DNow! was first implemented on the K6-2 processor in 1998, a two-pipeline
processor with separate MMX ALU units, but shared 3DNow! resources. It has

subsequently been implemented on the K6-1I1 and current Athlon processors.

Enhanced 3DNow!

AMD’s Athlon extensions to 3DNow! and MMX [76], which we will refer to as
Enhanced 3DNow! or E3DNow!, was intended to provide better support for DVD-
quality audio and video streaming and digital signal processing than did these earlier

extension sets.

E3DNow! fills gaps in the MMX and 3DNow! extension sets. It extends 3DNow!
with a few instructions for floating-point accumulation, type conversion, and double-
word swaps. It extends MMX with a large set of instructions. These perform various
arithmetic operations, cache-bypassing stores for streaming purposes, and store syn-

chronization, word layout manipulation, and advanced prefetching operations.

E3DNow! was first implemented on the Athlon processor [97] in 1999 and continues

to be implemented on current AMD architectures.

3DNow! Professional

AMD’s 3DNow! Professional [98] was designed primarily to synchronize AMD’s

multimedia extensions with Intel’s SSE, and thus ease code migration between these



- 4] -

competing architectures. As with AMD’s other multimedia extensions, 3DNow! Pro-

fessional is implemented on the MMX registers and data path.

The use of the Athlon’s MMX register set means that, unlike the Intel IA32 archi-
tecture, the AMD architecture does not require support for the same set of operations
to be implemented for two separate register sets. All of the SWAR instructions added

to the AMD architecture are available for use with its single enhanced register set.

On the other hand, the AMD architecture does not have the potential for par-
allelism that the Intel architecture has with its separate MMX and SSE data paths
and register sets. Thus, while it may be more difficult to program the Intel architec-
ture for optimal performance, the potential pay-off may be higher, depending on the

number of pipelines available.

3DNow! Professional was to be implemented in certain Palomino-core Athlon pro-
cessors starting in 2001. These included the desktop Athlon MP, but apparently not
earlier mobile Athlon 4 processors (or at least, not the one in my notebook com-
puter). 3DNow! Professional is currently implemented in Thoroughbred-core Athlon
XP processors [99] released starting in the first half of 2002. 3DNow! Professional can
be expected to be included in Athlon MP and XP line processors for the foreseeable

future.

Extended MMX

Cyrix’s Extended MMX (EMMX) [77] was intended to extend the MMX exten-
sion set in two ways. First, it extended MMX’s functionality by including arithmetic
instructions such as average, magnitude, and multiply high in order to make it more
generally useful. Second, it added flexibility by including “implied destination” in-

structions.

Implied destination instructions target a register whose use is not explicitly in-
dicated in the instruction, but rather implied by the use of its sequentially paired

register. Each pair consists of the registers whose numbers differ in only the least
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significant bit position. Effectively, these instructions are three register instructions
rather than the IA32 standard of two. This allows the instruction to avoid overwriting

one of its sources.

According to [77], EMMX was implemented on the MII processor. The GXm was
also intended to support EMMX according to a preliminary version of the Cyrix CPU
Detection Guide [100]. Unfortunately, EMMX was phased out at about the time of

Cyrix’s acquisition by National Semiconductor Corporation.

In 1999, Cyrix was sold to VIA Technologies, Incorporated. The Cyrix MII is
listed as a current VIA product [101]; however, it apparently has been supplanted
by the VIA C3, a 1GHz processor which supports MMX and 3DNow! [102]. This
processor was formerly known as the VIA Cyrix MIII [103].

2.1 Tables of Multimedia Extension Support for SWAR

The following tables contain information about the extension sets studied. This
information was gathered from various sources, but was primarily taken from speci-

fications in architectural and programming manuals.

In general, the description and tabulation of each extension set includes only
those instructions that are part of that extension set and not those that are part
of the underlying architecture or extension sets. For example, instructions that are
included in MMX are not listed as being part of SSE, although in current architectures
support for SSE implies support for MMX.

Exceptions have been made for extensions which operate on data that resides in
the general register set of the underlying architecture. In this case, existing instruc-
tions that may be useful for SWAR processing have been included. Specifically, the
descriptions for DEC’s MVI and HP’s MAX-1 and MAX-2 extensions include stan-
dard integer instructions which can be usefully applied to partitioned data stored in

the integer registers on which these extensions operate.
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For this analysis, the instructions have been categorized into groups which perform
related types of operations. These include arithmetic instructions, shifts and rota-
tions, bitwise-logical and bitwise-reduction instructions, various types of conditional
instructions and instructions which support control flow, data movement, replication,
and type conversion instructions, various types of data layout instructions, memory

accesses, and cache management instructions.

Some explanation of the notational conventions used within the tables is required
before the tables themselves are presented. These conventions are intended to allow
the data in these tables to be described concisely. Periods have been left off from the
abbreviations used in order to minimize the amount of space used.

In the row headings of the tables, the abbreviation “Part” indicates a partitioned
operand, “Scalar” indicates a partitioned operand with identical field values, “Ele-
ment” indicates one field of a partitioned operand, “Single” indicates a partitionable
register taken as a single unpartitioned value, and “Immed” indicates an immediate

operand contained in the instruction itself.

Also in the row headings, the abbreviation “Acc” denotes the use of a separate
accumulator, with “Acc Init” indicating that the operation will clear the accumulator
first. “Acc” by itself indicates that the result of the operation will be added to
the value in the accumulator. “Acc Diff” indicates that the operation will find the
differences between the operands, then add these differences to the accumulator. The
notation “Acc Sub” indicates that the result of the operation will be subtracted from
the accumulator.

Within the body of the tables, the notation “NxB” indicates an operand or result
partitioned into N fields of B-bit integers which may be signed or unsigned. A trailing
“4” indicates that the field data is treated as unsigned, and a trailing “s” indicates
that it is treated as signed.

Where such an entry is listed by itself or in a comma-separated list of values,
it indicates that a form of the operation where both the operands and result have

the listed partitioning is supported by the extension set. Where an entry contains
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an arrow, the notation shows the form of the operands separated by an operator,

followed by the arrow and then the form of the result.

The first table contains architectural information about representative CPUs which
implement these extensions. The remaining tables describe the forms of the instruc-
tions contained in each set. In most cases, separate entries have been made for each
instruction. These tables are keyed to the similarly numbered tables in Appendix C

which list the corresponding instruction mnemonic for each entry.

2.1.1 Sources and Architectural Features

Table 2.1 lists the primary sources of information and the architectural parameters

of a representative processor for each of the enhanced architectures.

For each extension set, the primary source of information contained in this and
the following tables is indicated in the row labeled “Primary Source”. Data for each

extension set was taken from the listed primary source unless otherwise noted.

The rows labeled “# R/W MM Registers” indicate the number of read/write
registers available for use by the corresponding multimedia extension set. Those
labeled “# R/O MM Registers” indicate the number of read-only registers available
for use. Some architectures reserve register 0 for use as a fast means of obtaining a

constant zero value and do not allow this register to be written to.

The rows labeled “# Bits/MM Register” indicate the total number of bits that
can be stored in a single register used by the corresponding extension set. This
ultimately limits the amount of SWAR parallelism that can be obtained within a
single multimedia pipeline.

The next row indicates which of the corresponding architecture’s register sets
are used by the multimedia extension set. Multimedia extensions usually operate on
data in modified existing processor registers, but some use register sets that have been
added expressly for use by the resident extension set. Those that are implemented

using existing registers have the advantage of being able to make use of existing
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instructions, while those that are implemented using dedicated register sets typically

have fewer restrictions on their individual use.

In some cases, multiple sets of registers are used, depending on the specific in-
struction applied. For example, SSE includes instructions that operate on data in the
SSE-specific register set, and also instructions that operate on the MMX-specific set.
Note that only DEC’s MVI and HP’s MAX extensions are applied to their respective

general integer register sets.

The next row indicates the maximum number of memory operands that may be
accessed by instructions that are not specifically intended for memory access purposes.
Note that the extensions based on the Intel IA32 architecture allow memory operands
for most instructions while those based on RISC architectures do not. Because of this,
we will not differentiate between register and memory operands when discussing Intel
IA32-based extension sets unless necessary. Also note that any particular instruction

may use a different number of memory operands than the maximum.

The row marked “Maximum Source Operands” indicates the maximum number of
source operands that may be used by an instruction in the corresponding extension
set. This is generally inherited from the underlying architecture. Any particular

instruction may have a different number of source operands than the maximum.

The next row indicates whether or not one of the source operands will be over-
written by the result of a typical instruction in the extension set. If reused, these
operands will have to be copied before the overwriting instruction is applied. Ar-
chitectures which allow non-source destinations help the programmer to avoid this

problem as long as there are available registers.

2.1.2 Arithmetic Instructions

Tables 2.2 through 2.7 show groups of arithmetic SWAR operations including
addition, subtraction, minimum, maximum, multiplication, combined operations, di-

vision, and more advanced arithmetic operations. Each table is described in turn.
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Table 2.1
Comparison of Multimedia Instruction Set Extensions

Architectural Feature DEC HP HP SGI SGI Motorola
MVI MAX-1 | MAX-2 [ MIPS-V MDMX AltiVec
Primary Source [60] [61] [82] [64] [65] [104]
# R/W MM Registers 31 ‘31 31 32 32 /1! 32
# R/O MM Registers 12 12 1% 0 0! 0
# Bits/ MM register 64 32 643 64 64 / 192! 128
Which registers? Integer | Integer | Integer Float Float or AltiVec Vector
Accumulator!
Maximum Memory
Operands* 0 0 0 0 0! 0
Maximum Source
Operands® 2 2 2 3 3 3
Source Overwritten
as Destination? No No No No No No
Architectural Feature Sun Intel Intel Intel
VIS MMX SSE SSE2
Primary Source [90] [95] [95] [95]
# R/W MM Registers 32 86 8 8
# R/O MM Registers 0 0° 0 0
# Bits/ MM register 64 64° 128 128
Which registers? Float | Float® | SSE-specific | SSE-specific
or Float or Float
Maximum Memory
Operands* 0 1 1 1
Maximum Source
Operands?® 2 2 2 2
Source Overwritten
as Destination? No Yes Yes Yes
Architectural Feature AMD AMD AMD Cyrix
3DNow! | E3DNow! | 3DNow!Pro EMMX
[75] 176] {98] [77]
# R/W MM Registers 8 8 8 8
# R/O MM Registers 0 0 0 0
# Bits/ MM register 64 64 64 64
Which registers? Float Float Float Float
Maximum Memory
Operands? 1 1 1 1
Maximum Source
Operands® 2 2 2 2
Source Overwritten
as Destination? Yes Yes Yes No for implied

'From [66].
2Reads as 0.
3From [61].

4Does not include load and store instructions.

5Does not include unique destination operand.

SFrom [105].
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Addition Operations

Table 2.2 contains information on the various forms of addition available in the
studied extension sets. These include modular and saturations addition, high-word

results, and various reductions.

Modular addition, also known as wrap-around addition, is “normal” computer
addition in which the stored result is the low n bits of the actual result, where n is
the size of the space in which the result is to be stored. This is equivalent to taking
the actual result modulo the maximum value storable in the available space. Each
extension set includes some form of modular addition except for MVI, which does

not, and the extensions to MMX, which use the MMX instructions for this purpose.

Most extension sets only allow the modular addition of two partitioned registers;
althpugh, as already indicated, those based on the Intel TA32 architecture also allow a
memory location to be used aé an operand. SSE, 3DNow!Pro, and SSE2 also contain
instructions which modularly add together only the lowest element from each of two
operands. By contrast, MDMX only allows modular addition to the accumulator —

all other addition is saturated.

Because of its ubiquity and familiarity, modular addition should be included in

any general-purpose SWAR programming model.

Saturation addition is a form of computer addition in which the result is set to
the maximum storable value of the same sign when an overflow occurs. This form
of addition is used primarily for multimedia applications in which the data value
represents some physical parameter whose value should not wrap with incremental
changes. For example, the volume level on an audio mixer should not suddenly drop

to 0 when the user attempts to increase the volume above the maximum.

Again, most of the families support some form of saturation addition, but MVI,
MIPS-V, VIS, E3DNow!, and SSE do not. On those architectures which do not

support them, these operations can be often be emulated. One possibly method is
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to use a larger-precision addition, then limit the result to the values representable in

the lower-precision form.

Saturation arithmetic is seldom used for numeric computation, but the saturation
form of result is often more attuned to the needs of a numeric programmer than
one might realize, and may be used more often in the future. Because it is reason-
ably available and can be relatively easily emulated on most architectures, saturation

arithmetic should be included in any general-purpose SWAR, programming model.

An NxB “modular addition high” (also known as “addition carry-out”) zero-
extends the carry bits that would result from a partitioned addition of the NxB
addends and stores them in an NxB result. Only AltiVec has this operation, and
thus it is not a good choice for inclusion in a portable model; however, it is useful for
emulating other operations such as saturation addition.

“Saturation reduce-add with an element” (Sat. RedAdd with El.) performs a
saturation addition of all of the fields of one partitioned register and the low field of
a second partitioned register. That is it performs a reduction addition on the first
partitioned register and also adds in the low field of the second. The result is stored

in the low field of a third partitioned register whose other fields are zeroed.

Only AltiVec includes this operation. This is unfortunate because it can be used
to optimize the implementation of reductions, which occur fairly frequently in SIMD
algorithms and are often costly to emulate. Because of this, and despite the lack of
support for reductions by other extension families, reductions should be included in
a generalized SWAR model to facilitate traditional SIMD processing.

“Saturation partial reduce-add with even elements” (Sat. Part. RedAdd w/Even)
performs a saturation addition on the N/2 sets of two neighboring fields of one parti-
tioned register and the even element of the corresponding set of elements of a second
partitioned register. The result is then stored in the even element of the corresponding
set of elements of a third partitioned register whose odd elements are zeroed.

“Saturation partial reduce-add with a partitioned value” (Sat. Part. RedAdd
w/Part) performs a saturation addition on the N/2 (or N/4) sets of two (or four)
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neighboring fields of one partitioned register and with the corresponding element in
a second partitioned register. The result is then stored in the corresponding element

of a third partitioned register.

The previous two instructions are only included in AltiVec, and are a bit too
esoteric for general-purpose work. They are most likely to be used, if at all, as

optimizations in the implementation of other operations.

“Saturation reduce-add and pack” (Sat. RedAdd and Pack) performs separate
saturated reduction additions on the elements of each of the sources, then packs the
sums into a partitioned result. This instruction is only included in 3DNow!, and

would be most useful for optimizing the implementation of reduction operations.

“Saturation reduce-add/subtract and pack” (Sat. RedAdd/Sub and Pack) per-
forms a saturated reduction addition on the elements of one of the sources and a re-
duction subtraction on the elements of a second source, then packs the differences into
a partitioned result. These two instructions are only included in Enhanced 3DNow!,
but may be useful for implementing reduction operations, depending on how they are

defined in the programming model.

Subtraction Operations

Table 2.3 contains information of the various forms of subtraction available in the
studied extension sets. These include modular and saturation subtraction, high-word

results, and sums and reduced sums of absolute differences.

As with addition, modular subtraction is “normal” computer subtraction, in which
the stored result is the actual result modulo the maximum value storable in the
register. Each of the extension families include some form of modular subtraction
except for MVI and the extensions to MMX, which again use the MMX instructions.
For each family, the supported forms correspond to the supported forms of modular

addition.
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Table 2.2
SWAR Addition Operations

Operation Types DEC HP HP SGI SGI Motorola,
MVI MAX-1 MAX-2 MIPS-V MDMX AltiVec

Modular Addition!

Part/Part - - - 16x8,
2x16 4x16 8x16,

2x32f%,3 4x32

Immd/Part - - - - - -

Part/Part w/Acc - - - - 2-8x8u—8x24s, -

(w/ or w/o Init) 2-4x165—4x48s

Scalar/Part w/Acc - - - - 2-8x8u—8x24s, -

(w/ or w/o Init) 2-4x16s—4x48s

Immd/Part w/Acc - - - - 2-8x8u—8x24s, -

(w/ or w/o Init) 2-4x16s—4x48s

Element /Element - - - - - -

Saturation Addition

Part/Part - 2x16s, 4x16s, - 8x8u,4x16s 16x8s,16x8u,

2x16u+2x16s | 4x16u+4x16s 8x16s,8x16u,
—2x16u —4x16u 4x32s,4x32u,4x32f4
Scalar/Part - - - - 8x8u,4x16s -
Immd/Part - - - - 8x8u,4x16s -

Modular Add. High

Part/Part - - - - - 4x32u

[Sat. RedAdd w/EL ]| - - - - - [4x32s5+low 1x32s—low 1x32s |

Sat. Part. RedAdd - - - - - 4x32s

w/Even

Sat. Part. RedAdd 16x8s+4x325-+4x32s,

w/Part - - - - - 16x8u+4x32u—4x32u,
8x16s+4x325—4x32s

Sat. RedAdd - - - - - -

and Pack

Sat. RedAdd/Sub - - - - - -

and Pack

Modular signed and unsigned addition are equivalent.
2Calculated to infinite precision, then rounded according to current rounding mode in FCSR.
3Generates exception on overflow or underflow.

4Rounds to nearest.
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Table 2.2 cont’d.
SWAR Addition Operations

Operation Types Sun Intel Intel Intel
VIS MMX SSE SSE2
Modular Addition®
Part/Part 8x8, 16x8
2x16,4x16, 4x16, 8x16
1x32,2x32 2x32 4x32f2 4x32
2x64,2x64f
Immd/Part - - - -

Part/Part w/Acc - - - -
(w/ or w/o Init)
Scalar/Part w/Acc - - - -
(w/ or w/o Init)
Immd/Part w/Acc - - - -
(w/ or w/o Init)
Element/Element - - low 1x32f2
low 1x64f

Saturation Addition

Part/Part - 8x8s,8x8u, - 16x8s,16x8u,
4x16s,4x16u 8x16s,8x16u

Scalar/Part - - - -
Immd/Part - - - .

Modular Add. High

Part /Part - - - N

[ Sat. RedAdd w/EL || - - - -

Sat. Part. RedAdd - - - z
w/Even

Sat. Part. RedAdd - - - z
w/Part

Sat. RedAdd - - _ _
and Pack

Sat. RedAdd/Sub - - N _
and Pack

!Modular signed and unsigned addition are equivalent.
2Generates exception on overflow or underflow.
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Table 2.2 cont’d.
SWAR Addition Operations

Operation Types AMD AMD AMD Cyrix
3DNow! E3DNow! | 3DNow!Pro | EMMX

Modular Addition!

Part/Part - - -
2x32f

Immd/Part - - - -
Part/Part w/Acc - - - -
(w/ or w/o Init)
Scalar/Part w/Acc - - - -
(w/ or w/o Init)
Immd/Part w/Acc - - - -
(w/ or w/o Init)
Element/Element - - low 1x32f -

Saturation Addition

Part/Part - -
4x16s>
2x32f
Scalar/Part - - - -
Immd/Part - - - -

Modular Add. High

Part/Part - - - -

Sat. RedAdd w/EL ]| - = - -

Sat. Part. RedAdd - - _ -
w/Even

Sat. Part. RedAdd
w/Part - - - -

Sat. RedAdd 2-2x32f— - R n
and Pack 2x32f

Sat. RedAdd/Sub - 2-2x32f— - -
and Pack 2x32f

'Modular signed and unsigned addition are equivalent.
2Stores result to implied destination register.
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Because of its ubiquity and utility, and because it is the complement of modu-
lar addition, modular subtraction should be included in any general-purpose SWAR

programming model.

As with modular subtraction, each family supports the forms of saturation sub-
traction which correspond to the supported forms of saturation addition. For com-
pleteness, and for the same reasons that saturation addition should be included, sat-
uration subtraction should be included in any general-purpose SWAR programming

model.

An NxB “subtraction high” (also known as “subtraction carry-out”) zero-extends
the complement of the carry bits that would result from a subtraction of the NxB
operands and stores them into an NxB result. As with the addition high, only AltiVec
includes this operation. Thus, it is not an operation that should be required in a

general-purpose model.

“Saturation reduce-subtract and pack” (Sat. RedSub and Pack) performs separate
saturated reduction subtractions on the elements of each of the sources, then packs

the subresults into a partitioned result.

“Reduce-add of absolute differences” (RedAdd of Abs. Diffs) takes the parallel
absolute differences of the operands, then performs a reduction addition on these
subresults. This operation is supported by several of the extension families, and is

used primarily for finding pixel differences in graphics applications.

Extended MMX includes an instruction which performs a “sum of absolute dif-
ferences and saturation accumulate” (Sum of Abs. Diffs; Sat Acc.) operation which
is similar to the above operation but accumulates with an operand in memory rather
than performing a reduction. These instructions are probably too application-specific
to be included in a general-purpose SWAR programming model, but may be useful

for optimization purposes.
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Table 2.3
SWAR Subtraction Operations

Operation Types DEC HP HP SGI SGI Motorola
MVI MAX-1 MAX-2 MIPS-V MDMX AltiVec

Modular Subtraction!

Part /Part - - - 16x8,
2x16 4x16 8x186,

2x32f2:3 4x32

Part/Part w/Acc Diff - - - - 2-8x8u—8x24s, -

(w/ or w/o Init) 2-4x165—4x48s

Scalar/Part w/Acc Diff - - - - 2-8x8u—8x24s, -

(w/ or w/o Init) 2-4x165—4x48s

Immd/Part w/Acc Diff - - - - 2-8x8u— 8x24s, -

(w/ or w/o Init) 2-4x168-—+4x48s

Element /Element - - - - - -

Saturation Subtraction

Part/Part - 2x16s, 2x16s, - 8x8u,4x16s 16x8s,16x8u,

2x16u-2x16s | 2x16u-2x16s 8x16s,8x16u,
—2x16u —2x16u 4x32s,4x32u,4x32f*

Scalar/Part - - - - 8x8u,4x16s -

Immd/Part - - - - 8x8u,4x16s -

Subtraction High

Part /Part - - - - - 4x32u

Sat. RedSub - - - - - -

and Pack

[RedAdd of Abs. Diffs [ 8x8u—1x64u | - [ - [ -] - [ Z

[Sum Abs Diffs; Sat Acc. [[ - | - I N - [ - [ ”

!Modular signed and unsigned subtraction are equivalent.

2(Calculated to infinite precision, then rounded according to current rounding mode in FCSR.
3Generates exception on overflow or underflow.

4Rounds to nearest.
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Table 2.3 cont’d.

SWAR Subtraction Operations

Operation Types Sun Intel Intel Intel
VIS MMX SSE SSE2

Modular Subtraction?!

Part/Part 8x8, 16x8,
2x16,4x16, 4x16, 8x16,
1x32,2x32 2x32 4x32f2 4x32,

1x64,2x64,2x64f

Part/Part w/Acc Diff - - - -

(w/ or w/o Init)

Scalar/Part w/Acc Diff - - - -

(w/ or w/o Init)

Immd/Part w/Acc Diff - - - -

(w/ or w/o Init)

Element/Element - - low 1x32f2

low 1x64f

Saturation Subtraction

Part/Part - 8x8s,8x8u, - 16x8s,16x8u,

4x16s,4x16u 8x16s,8x16u

Scalar/Part - - - -

Immd/Part - - - -

Subtraction High

Part /Part - - - -

Sat. RedSub - - - -

and Pack

[ RedAdd of Abs. Diffs ]| 8x8u—1x64 | - [ 8x8u—1x16u’® | 16x8u—2x16u’ |

Sum Abs Diffs; Sat Acc. ||

- 1 -

!Modular signed and unsigned subtraction are equivalent.
2Generates exception on overflow or underflow.

3Upper 3x16 is zeroed. There is no possibility of overflow.
4Each 64-bit quadword is reduced to a 16 bit sum. The remaining fields are zeroed.
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Table 2.3 cont’d.

SWAR Subtraction Operations

Operation Types

AMD
3DNow!

AMD
E3DNow!

AMD
3DNow!Pro

Cyrix
EMMX

Modular Subtraction!

Part /Part

Part/Part w/Acc Diff
(w/ or w/o Init)
Scalar/Part w/Acc Diff
(w/ or w/o Init)
Immd/Part w/Acc Diff
(w/ or w/o Init)
Element/Element

2x32f

low 1x32f

Saturation Subtraction

Part/Part

Scalar/Part
Immd/Part

2x32f

4x16s?

Subtraction High

Part/Part

Sat. RedSub
and Pack

- 2-2x32f—
2x32f

[ RedAdd of Abs. Diffs

- [ 8x8—1x16u®? |

[ Sum Abs Diffs; Sat Acc. ||

I

IModular signed and unsigned subtraction are equivalent.
2Gtores result to implied destination register.

3Upper 3x16 is zeroed. There is no possibility of overflow.
11 was not able to confirm the (un)signedness of this.
50ne operand must be memory. Result is stored in implied register.
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Maximum and Minimum Operations

Table 2.4 contains information on the various forms of maximum and minimum
operations and operations pertaining to the sign or magnitude of the field data which

are included in the studied extension sets.

Most of the families have some form of complementary maximum and minimum
instructions. These are both ubiquitous and basic enough to be included in a general-
purpose model. They are normally used to obtain the larger or smaller value of the
corresponding elements from two partitioned operands. However, they can also be
used in the emulation of unsupported saturation operations to limit result values to

the required storable range.

Extended MMX includes a partitioned binary “magnitude” instruction which,
for each pair of corresponding elements, stores the value with the larger absolute
magnitude without changing its sign. However, EMMX is the only family which
includes such an instruction; and it is unclear if any current CPU implements the
EMMX extensions. Thus, this type of operation probably should not be included in

a general-purpose model at this time.

MIPS-V includes “absolute value” and “negate” instructions for operating on
single-precision floating-point data. While absolute value would be a useful instruc-
tion to include in a programming model, none of the families support it for integer
data. Thus, it also should probably not be included in a general-purpose model at

this time. In contrast, negation is easily emulated on almost all architectures, so it

probably should be included.

Enhanced 3DNow!, 3DNow!Pro, SSE, and SSE2 each include a instructions to gen-
erate a zero-extended bitmasks from the sign bits of the fields of a partitioned register.
These instructions are not particularly useful except for implementing conditional op-
erations. Because of this, they should not be included as individual operations in a
general-purpose programming model, but may be useful in the implementation of

others.
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Table 2.4
Maximum and Minimum Operations

Operation Types DEC HP SGI SGI Motorola Sun Intel
MVI MAX | MIPS-V | MDMX AltiVec VIS | MMX
Maximum
Part/Part 8x8s,8x8u, - - 8x8u, 16x8s,16x8u, - -
4x16s,4x16u 4x16s 8x16s,8x16u,
4x32s,4x32u,4x32f1
Scalar/Part - - - 8x8u, - - -
4x16s
Immd/Part 8x8s,8x8u, - - 8x8u, - - -
4x16s,4x16u 4x16s
Element/Element - - - - - - -
Minimum
Part/Part 8x8s,8x8u, - - 8x8u, 16x8s,16x8u, - -
4x168,4x16u 4x16s 8x16s,8x16u,
4x32s,4x32u,4x32f1
Scalar/Part - - - 8x8u, - - -
4x16s
Immd/Part 8x8s,8x8u, - - 8x8u, - - -
4x16s,4x16u 4x16s
Element/Element - - - - - - -
[ Magnitude Part/Part || - I - - | - [ - I - T - ]
[ Abs. Value Part/Part || - [ - T 2x32f ] - ] - [ - 1T - 1
[ Negate Part/Part I - [ - [ 2x32f | - | - [ - 1T - 1
[ Generate Sign Mask || - -] - [ - | - [ - T - ]
Operation Types Intel Intel AMD AMD AMD Cyrix
SSE SSE2 3DNow! E3DNow! 3DNow!Pro | EMMX
Maximum
Part/Part 8x8u, 16x8u, 8x8u, -
4x16s, 8x16s, 4x16s
4x32f 2x32f 2x32f
2x64f
Scalar/Part - - - - - -
Immd/Part - - - - - -
Element /Element low 1x32f - - low 1x32f -
low 1x64f
Minimum
Part/Part 8x8u, 16x8u, 8x8u, -
4x16s, 8x16s, 4x16s
4x32f 2x32f 2x32f
2x64f
Scalar /Part - - - - - -
Immd/Part - - - - - -
Element/Element low 1x32f - - low 1x32f -
low 1x64f
[ Magnitude Part/Part || - | - | - | - I - | 4x16s
[ Abs. Value Part/Part || - | - | - | - | - [ -
| Negate Part/Part i - ] - I - I - l - [ -
Generate Sign Mask 8x8s—1x32, | 16x8s—1x32, - 8x8s—1x32 -
4x32f—1x32 2x32f—1x32
2x64f—1x32

140.0 > -0.0, and max(NaN, anything) = QNaN.
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Multiplication Operations

Table 2.5 contains information on the various forms of multiplication instructions
available in the studied extensions. These include modular and saturated multipli-
cation, multiplications producing the upper word of their results, multiplication by

sign bits, and averages.

MDMX, AltiVec, VIS, and MMX each include some form of modular integer
multiplication. MDMX’s multiplies each generate a result in the accumulator, which
is large enough to maintain the full precision of the result. On the other architectures
multiplies only operate on some of the source fields or store only part of each result

in a space that is smaller than that necessary to hold the entire result.

Integer multiplications supported by AltiVec operate on the even or odd fields of
their source registers and create a result with fields that have twice the precision of
their source fields. SSE2 has a set of similar instructions which operate on the even
fields of their operands, but these are limited to unsigned data. VIS includes several
types, with results of various forms, each of which multiplies an 8-bit partitioned
register by a 16-bit register. MMX and SSE2 include 16-bit versions which generate
the lower 16-bits of their results.

Some of these instructions can be used to perform multiplications on data which
is of smaller precision than that supported. They can also be used to perform partial
multiplications of larger-precision data. Thus, the multiplication of unsupported data

precisions can usually be emulated, but not always easily or inexpensively.

MIPS-V, SSE, and 3DNow!Pro each include partitioned 32-bit modular floating-
point multiplies, while SSE2 includes a 64-bit version. SSE and 3DNow!Pro also
include an instruction which multiplies the low elements of a register which is parti-

tioned into 32-bit floats. Again, SSE2 includes a 64-bit version.

Because multiplications often occur in numeric processing, they should be included
in a general-purpose programming model. Multiplies are fairly easy to emulate if some

form is available, and can be emulated by a shift-add sequence otherwise. The VIS
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forms are rather esoteric, having been designed to be used primarily through a set
of intrinsics. Thus, they would not be good models for operations included within a
general-purpose programming model. However, they can be used to support such a

model with some care.

The “multiply high” instruction stores the upper part of the result of a modular
multiplication. It is used to complement multiplication instructions in which the
stored value is the lower part of the full result. In each case, the stored part of the
result resides in the same number of bits as the source data. Thus, there is no change
of partitioning when using this type of instruction. These instructions are useful for
emulating saturation multiplication, but are probably not useful enough on their own

to make visible as part of a high-level programming model.

MDMZX includes a few forms of saturated integer multiplication, while 3DNow! in-
cludes a saturating 32-bit floating-point multiply. Saturation multiplication is gener-
ally used for multimedia algorithms, but not for numeric computation. The extension
families which include multiplies usually support either modular multiplication forms

or saturating forms, but not both.

Integer saturation multiplication often can be emulated with other operations.
However, floating-point saturation multiplication may be impossible to emulate on
some targets, and modular floating-point multiplication may be impossible or ex-
pensive to emulate if the target only supports saturation multiplication. For these
reasons, one may argue either way on the point of whether or not saturation multi-

plication should be included in a general-purpose model.

It is only on overflow that saturation operations differ from the corresponding
modular operation, so one might argue that it should be acceptable to ignore the
problem. However, the purpose of saturation math is to guarantee that the result
does not overflow; thus, it should always work properly.

For the sake of completeness, both modular and saturation operation should be
included, for both integer and floating-point data, but without any guarantee that the

target can support both forms. This is similar to how floating-point multiplication
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is handled by the C programming language, in which there is no guarantee of the

correctness of the result on overflow.

“Multiply by sign” is supported only by MDMX. This instruction multiplies an
immediate value, a single-valued partitioned operand, or a partitioned value by the
sign bits of the corresponding fields of a partitioned register. If a field in this register
is 0, the corresponding result will also be 0. Because it is a special-purpose instruction
which is only supported by one target, it should not be included as part of a portable

programming model.

Some form of average instruction is supported by most of the extension families.
This operation is commonly used in image and video processing but may be less useful
in a general-purpose environment. Because of this, it is also arguable as to whether
or not an averaging operation should be included in a general-purpose SWAR model,

although it is relatively easy to emulate and widely supported.

Combined Arithmetic Operations

Several of the extension families contain instructions which are combinations of
multiplications and other operations. These instructions are intended for use in im-
plementing specific algorithms such as FFTs. Few are implemented by more than
one family, and none should be used as the basis for operations in a general-purpose
programming model. For this reason, these instructions are not discussed in detail;
however, an entry in table 2.6 is provided which may be useful for optimization pur-

poses.

Division and Advanced Arithmetic Operations

Table 2.7 lists arithmetic instructions useful for performing division and more

complex arithmetic operations such as square roots and exponentials.
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Table 2.5
Multiplication Operations

Operation Types DEC HP HP SGI SGI Motorola
MVI | MAX-1 | MAX-2 | MIPS-V MDMX AltiVec
Modular Multiplication 1
Part/Part - - - 2x32f%:3 - odd 16x8s—8x16s,
odd 16x8u—8x16u,
even 16x8s—8x16s,
even 16x8u—8x16u,
odd 8x16s—4x32s,
odd 8x16u—4x32u,
even 8x16s—4x32s,
even 8x16u—4x32u
Immd/Part - - - - - -
Part/Part w/Acc - - - - 2-8x8u—8x24s, -
(w/ or w/o Init) 2-4x16s—4x48s
Scalar/Part w/Acc - - - - 2-8x8u—8x24s, -
(w/ or w/o Init) 2-4x16s—4x48s
Immd/Part w/Acc - - - - 2-8x8u—»8x24s, -
(w/ or w/o Init) 2-4x165—4x48s
Part/Part w/Acc Sub - - - - 2-8x8u—8x24s, -
(w/ or w/o Init) 2-4x16s—4x48s
Scalar/Part w/Acc Sub - - - - 2-8x8u—8x24s, -
(w/ or w/o Init) 2-4x165—>4x48s
Immd/Part w/Acc Sub - - - - 2-8x8u—8x24s, -
(w/ or w/o Init) 2-4x16s—+4x48s
Part/Element - - - - - -
Element/Element - - - - - -
Modular Mul. High
Pt/Pt Store in Enh. - - - - - -
Pt/Pt Store in Implied - - - - - -
Pt/Pt Acc. w/Implied - - - - - -
Sat. Multiplication
Part/Part - - - - 8x8u,4x16s -
Scalar/Part - - - - 8x8u,4x16s -
Immd/Part - - - - 8x8u,4x16s -
Mult. by Sign (-,0,+)
Part/Part - - - - 4x16s -
Scalar/Part - - - - 4x16s -
Immd/Part - - - - 4x16s -
Average - - - - 16x8s,16x8u,*
2x16u’ | 4x16u® 8x16s,8x16u,
4x32s,4x32u

1 AltiVec byte numbering is the reverse of the field numbering used in this document.
2Generates exception on overflow or underflow.

3Calculated to infinite precision, then rounded according to current rounding mode in FCSR.
4Each of these performs (sum-+1)/2.

5Round to odd : NewLSB <- sum(bit1) | sum(bit0). Sum before shift.
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Table 2.5 cont’d.
Multiplication Operations

Operation Types Sun Intel Intel Intel
VIS MMX SSE SSE2
Modular Multiplication I
Part/Part (4x8u)x(4x16s) 4x16 8x16,
—4x245—4x1682,
(odd 8x8s)x(4x16s)
—4x245—4x1683
(even 8x8u)x(4x16s)
—4x24s—4x32s4
—4x16s3,
(odd 4x8s)x(2x16s)
—2x245—2x32s5%, even 2x32u—1x64u,
(even 4x8u)x(2x16s) even 4x32u—2x64u,
—+2x245-+2x32s%
4x32f
2x64f
Immd/Part - - - -

Part/Part w/Acc - - - -
(w/ or w/o Init)
Scalar/Part w/Acc - - - -
(w/ or w/o Init)
Immd/Part w/Acc - - - -
(w/ or w/o Init)
Part/Part w/Acc Sub - - - -
(w/ or w/o Init)
Scalar/Part w/Acc Sub - - - -
(w/ or w/o Init)
Immd /Part w/Acc Sub - - - -
(w/ or w/o Init)

Part/Element (4x8u)x{upper 2x16s) - - -
—4x2454x1682,
(4x8u)x(lower 2x16s)
—4x245->4x16s>
Element/Element - - low 1x32f

low 1x64f

Modular Mul. High
Pt/Pt Store in Enh. - 4x16s 4x16u 8x16u,8x16s
Pt/Pt Store in Implied - - - -

Pt/Pt Acc. w/Implied - - - -

Sat. Multiplication
Part/Part - - - -
Scalar/Part - - - -
Immd /Part - - - -
Mult. by Sign (-,0,4)
Part/Part - - - -
Scalar/Part - - - -
Immd/Part - - - -

Average - - 8x8u’, 16x8u,
4x16u8 8x16u

!Calculated to infinite precision, then rounded according to current rounding mode in FCSR.
2Most significant 16 bits of 24 are stored after rounding to nearest value.

3Rounds to nearest by adding 1/2 of lowest included position, then truncating lower bits.
4Sign-extended.

5Left-shifted logical by 8 bits.

6Performs (sum+1)/2.
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Table 2.5 cont’d.
Multiplication Operations

Operation Types AMD AMD AMD Cyrix
3DNow! | E3DNow! | 3DNow!Pro | EMMX

Modular Multiplication
Part/Part - - N

2x32f

Immd/Part - - - -
Part/Part w/Acc - - - -
(w/ or w/o Init)
Scalar/Part w/Acc - - - -
(w/ or w/o Init)
Immd/Part w/Acc - - - -
(w/ or w/o Init)
Part/Part w/Acc Sub - - - -
(w/ or w/o Init)
Scalar/Part w/Acc Sub - - - -
(w/ or w/o Init)
Immd/Part w/Acc Sub - - - -
(w/ or w/o Init)
Part/Element - - - .

Element/Element - - low 1x32f -

Modular Mul. High
Pt/Pt Store in Enh. 4x16s! 4x16u - 4x16s°
Pt/Pt Store in Implied - - - 4x16s2
Pt/Pt Acc. w/Implied - - - 4x1652

Sat. Multiplication
Part/Part 2x32f - - -
Scalar/Part - - - -
Immd/Part - - - -
Mult. by Sign (-,0,4)
Part/Part - - - -
Scalar/Part - - - -
Immd/Part - - - -

Average 8x8u® 8x8u3, - 8x8u or
4x16u? 8x84

L1Rounds to nearest, then truncates low 16 bits.

?Adds 0x4000 (bit 14) to product, then takes bits 30-15 as result.

3Performs (sum+1)/2.

4M2 versions prior to v1.3 perform 8x8; after v1.3 perform 8x8u. Both perform sum/2.
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Table 2.6
Combined Arithmetic Operations

Operation Types DEC op SGI SGI Motorola
MVI | MAX MIPS-V MDMX AltiVec

Multiply, then Add - - - - -

Neighboring Fields

Multiply/Mod. Add - - 2x32f1 - 4x32f2,

2-8x16-—8x32+38x16— 8x16

Negated - - 2x32fT - -

Multiply/Mod. Add

Multiply/Sat. Add - - - - 2-8x165—8x32s—8x17s*
+8x168°5 —+8x16s

Multiply(w/Rnd)/Sat. Add - - - - 2-8x16s—8x32s

—»8x18s®
+8x16s” +(8x18s)"1”
—8x16s
Multiply/Mod. Subtract - - 2-2x32f—2x32f - -
~2x32f— 2x32f!

Negated ) - - 2-2x32f—2x32f - 4x32f8

Multiply/Mod. Subtract -2x32f—2x32f

Multiply, then Modular - - - - 2-16x8u—16x16u

Add Neighbor w/Part +4x32u—4x32u,
2-8x168—8x32s
+4x328—4x%x32s,
2-8x16u—>8x32u
+4x32u—4x32u,

(16x8s)x(16x8u)—»16x16s

+4x328—4x32s

Multiply, then Saturate - - - - 2-8x16s—8x32s

Add Neighbor w/Part +4x325—4x32s,
2-8x16u—8x32u
+4x32u—4x32u

1 Partitioned multiply of two operands, followed by partitioned addition with a third operand. Sum
(or difference) calculated to infinite precision, then rounded according to FCSR mode.
2Partitioned multiply of two operands, followed by partitioned addition with a third operand, then
rounded to nearest.

38x16 modular add. The lower half of each 32-bit field is discarded.

4High 17 bits of field.

5Sign-extended to 17 bits.

5High 18 bits of field.

7Sign-extended to 17 bits, then shifted left logically to 18 bits.

8Partitioned multiply of two operands, followed by partitioned subtract of third operand, negated,
then rounded to nearest.
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Table 2.6 cont’d.
Combined Arithmetic Operations

Operation Types Sun Intel Intel Intel AMD Cyrix
VIS MMX SSE SSE2 3DNow! (All families) | EMMX
Multiply, then Add - 2-(4x16s) - 2-(8x16s) - -
Neighboring Fields —4x32s —8x32s
—+2x32s —4x32s

Multiply/Mod. Add

Negated
Multiply/Mod. Add

Multiply /Sat. Add

Multiply(w/Rnd)/Sat. Add

Multiply/Mod. Subtract

Negated
Multiply /Mod. Subtract

Multiply, then Modular
Add Neighbor w/Part

Multiply, then Saturate
Add Neighbor w/Part
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SSE and 3DNow!Pro include 32-bit floating-point divide and square root instruc-
tions which operate on two partitioned registers or on the low elements of two parti-

tioned registers. SSE2 provides the same functionality for 64-bit elements.

AltiVec, SSE, and 3DNow!Pro each include instructions which approximate 32-
bit partitioned floating-point reciprocals and reciprocal square roots. SSE, 3DNow!,
and 3DNow!Pro also support low element forms of these instructions, although the
3DNow! versions are implemented as a series of three instructions rather than just

one.

AltiVec also includes a set of instructions which perform partitioned 32-bit floating-

point base-2 logarithmic (logez) and exponential (2%) approximations.

Because each of these instructions is supported by a few targets at most, they
should not be incorporated into a portable programming model. One may choose to
make an exception for division because it is the inverse of multiplication. While it can
be an expensive operation for targets which do not support it, division can usually be

serialized without too much of a penalty compared to its typically long clock count.

2.1.3 Shift and Rotate Instructions

Table 2.8 lists forms of shift and rotate instructions which are available in the
extension sets studied. These include logical and arithmetic shifts, shift-and-add and

shift-and-subtract instructions, and simple rotations.

Logical shifts are a basic operation that should be included in any general-purpose
programming model which allows bit manipulation. MDMX and AltiVec include
integer shifts by partitioned and replicated scalar values. Using partitioned registers
simplifies the use of general expressions as shift counts by allowing each element to
be shifted by a different amount. Using a replicated scalar shift count requires that

the same count be used for each, although it can be a dynamic value.

AltiVec also includes full-register shifts in which the count is stored as a single

value in a vector register. The Alpha architecture’s full-width integer shifts can also
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Table 2.7
Division and Advanced Arithmetic Operations

‘Operation Types DEC HP SGI SGI Motorola | Sun Intel
MVI | MAX | MIPS-V | MDMX AltiVec VIS | MMX

Divide
Part /Part - - - - N N N
Element/Element - - - - - - -

Square Root
Part/Part - - - - - Z N
Element /Element - - - - - - -

Reciprocal Approx.
Part - - - - 4x32f - -
Element - - - - - - -

Recip. Sq. Rt. Approx.
Part - - - - 4x32f - -
Element - - - - - - -

Loga(x) Approx.
Part - - - - 4x32f - -
2% Approx.
Part - - - - 4x32f - -

Operation Types Intel Intel AMD AMD AMD Cyrix
SSE SSE2 3DNow! E3DNow! | 3DNow!Pro | EMMX

Divide
Part/Part 4x32f - - 2x32f -
2x64f
Element/Element low 1x32f - - low 1x32f -
low 1x64f

Square Root
Part/Part 4x32f - - 2x32f -
2x64f
Element/Element low 1x32f - - low 1x32f -
low 1x64f

Reciprocal Approx.
Part 4x32f - - - 2x32f -
Element low 1x32f - low 1x32f! - low 1x32f B
Recip. Sq. Rt. Approx.
Part 4x32f - - - 2x32f -
Element low 1x32f - low 1x32f! - low 1x32f -
Loga(x) Approx.
Part - - - - - -
27 Approx.
Part - - - - - -

1 Performed using three instructions: the first is accurate to 14 bits, the second is an intermediate
step, and the third is accurate to 24 bits.
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be used by MVI in this manner, as long as one considers the register to be partitioned
into a single field. Full-register logical shifts can be used to emulate partitioned shifts,
and are very important for the emulation of many other unsupported operations.
MMX and SSE2 go one step further by including shifts by a single-valued register
which operate on a partitioned operand. This eliminates the need to emulate these

particular instructions with a series of full-register shifts.

MVI, MAX-2, MDMX, MMX, and SSE2 also include shifts by immediates. These
are useful for implementing common operations such as multiplication by a constant.
However, they have limited usefulness in an environment where the shift count will
often be an expression rather than a static constant. These shifts are still quite useful

as they can be used internally by a compiler to emulate unsupported operations.

Arithmetic right shifts are typically supported in the same forms as logical right
shifts or in a subset of these forms. For example, in MDMX 8-bit data is considered
to be unsigned pixels, so signed (i.e. arithmetic) shifts are not included for use with
this field size. These instructions are basic to many numeric algorithms and should
be included in a general-purpose model both for their utility and for the sake of

completeness.

MVT also includes full-register “shift-and-add” and “shift-and-subtract” instruc-
tions which are intended for use in emulating multiplication and division for these
RISC systems. These instructions are not as useful in a SWAR environment be-
cause the arithmetic parts of these operations are not partitioned. HP’s MAX-1
includes partitioned “shift-and-saturation-add” instructions which are limited to 16-
bit operands. These instructions are more general than simple shifts, and can be used
wherever simple shifts can be. However, shift-and-add and shift-and-subtract are not
operations that should be included in a general-purpose model because of their lack
of portability.

Only AltiVec includes a “rotate” instruction, which is partitioned and indexed by
a partitioned register. Even though only one target supports rotations, they are fairly

easy to implement using shifts, so they could be included in a general-purpose model.
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One should note that in a model which allows multi-word lengthed vectors, a rotation
would actually consist of a series of shift instructions, with some masking, rather than
being comprised of rotate instructions. Thus, rotate instructions are actually only

useful in certain special cases.

2.1.4 Bitwise-Logical and Bit-Reduction Instructions

Bitwise-logical operations are extremely important for SWAR processing. These
operations make enable masking for conditional constructs possible, as well as vec-
tor element accesses and the masking of non-data bits. By definition, all one-bit
partitioned operations are bitwise operations. Also, many operations which are un-

supported for some field size can be emulated by using bitwise operations.

We refer to these operations as being polymorphic because they perform exactly
the same function regardless of the partitioning or signedness of their operands [106].

That is, they can assume the form of any partitioning of the data.

Polymorphics can form the basic building blocks for more advanced operations.
Basic digital logic gates perform bitwise-logical operations. These, in turn, form
the basis of more complex digital logic including the processors whose attributes are
discussed in this chapter. Similarly, complex SWAR operations can be implemented
as series of polymorphics. Because of their simple utility, these operations should be

included in any general-purpose programming model.

Many of these operations are actually combinations of others, and thus not all of
them need be supported. However, it is important that a working set from which
necessary operations can be derived is supported. For example, MMX includes the
instructions AND, ANDN, OR, and XOR, but not a simple one’s complement oper-
ation. This basic operation, which is used to generate PE enable masks for if-else
conditional execution, must be derived from the available polymorphic instructions.

MMX’s ANDN, which complements one of its arguments then ANDs it with the other,
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Table 2.8
Shift and Rotate Operations

Operation Types DEC HP HP SGI SGI Motorola Sun
MVI | MAX-1 | MAX-2 | MIPS-V { MDMX AltiVec VIS
Shift Left Logical®
Part by Part - - - - 8x8, 16x8, -
‘ 4x16 8x16,
4x32
Part by Scalar - - - - 8x8, -
4x16
1x128 by 16x82
Part by Single 1x64 - - - - -
1x1283
Part by Immd 1x64 - 4x16 - 8x8, - -
4x16
Shift Right Logical?
Part by Part - - - - 8x8u, 16x8u, -
4x16u 8x16u,
4x32u
Part by Scalar - - - - 8x8u, - -
4x16u
Part by Single 1x64u - - - - 1x1283 -
Part by Immd 1x64u - 4x16u - 8x8u, - -
4x16u
Shift Right Arithmetic?
Part by Part - - - - 4x16s 16x8, -
8x16,
4x32
Part by Scalar - - - - 4x16s - -
Part by Single 1x64s - - - - - -
Part by Immd 1x64s - 4x16s - 4x16s - -
Shift Left and Add
by 1 bit - - - - - - -
by 2 bits 1x64u - - - - - -
by 3 bits 1x64u - - - - - -
Shift Left and Sat. Add®
by 1,2, or 3 bits - 2x16s - - - - -
Shift Left and Subtract®
by 2 bits 1x64u - - - - - -
by 3 bits 1x64u - - - - - -
Shift Right and Sat. Add
by 1,2, or 3 bits - 2x16s - - - - -
Rotate”
Part by Part - - - - - 16x8, -
8x16,
4x32

IShift left logical and shift left arithmetic are equivalent.

28hift count is scalar value mod 8.

3Shifted by number of bytes encoded in bits 6 through 3 (121-124 in AltiVec notation) of the single.
4Shift right logical is indicated as being unsigned. Shift right arithmetic is indicated as being signed.
5Shifts are signed saturated, then signed saturating addition is performed.

6Shifts the minuend then subtracts the unshifted subtrahend from it.

"Rotating left by x bits is equivalent to rotating right by B-x bits in an NxB register.
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Table 2.8 cont’d.
Shift and Rotate Operations

Operation Types Intel Intel Intel AMD AMD AMD Cyrix
MMX | SSE SSE2 3DNow! | E3DNow! | 3DNow!Pro | EMMX

Shift Left Logical!
Part by Part - - - - - - _
Part by Scalar - - - - - - -

Part by Single 4x16, - 8x16, - - - -
2x32, 4x32,
1x64 2x64

Part by Immd 4x16, - 8x16, - - - -
2x32, 4x32,
1x64 2x64,
1x1282

Shift Right Logical®
Part by Part - - - - - - -
Part by Scalar - - -
Part by Single 4x16u, - 8x16u, - - - -

2x32u, 4x32u,
1x64u 2x64u
Part by Immd 4x16u, - 8x16u, - - - -
2x32u, 4x32u,
1x64u 2x64u,
1x128u?

Shift Right Arithmetic®
Part by Part - - - - - - -
Part by Scalar -
Part by Single 4x16s, - 8x16s, - - - -

2x32s 4x32s
Part by Immd 4x16s, - 8x16s, - - - -
2x32s 4x32s
Shift Left and Add
by 1 bit - - - - - - -
by 2 bits - - - - - - -
by 3 bits - - - - - - -

Shift Left and Sat. Add?
by 1,2, or 3 bits - - - - - - -
Shift Left and Subtract®
by 2 bits - - - - _ Z -
by 3 bits - - - - - - -
Shift Right and Add
by 1,2, or 3 bits - - - - - B _
Rotate®
Part by Part - - - - - _ Z

1Shift left logical and shift left arithmetic are equivalent.

2Shifted by number of bytes encoded in 8-bit unsigned immediate.

38hift right logical is indicated as being unsigned. Shift right arithmetic is indicated as being signed.
4Shifts are signed saturated, then signed saturating addition is performed.

5Shifts the minuend then subtracts the unshifted subtrahend from it.

5Rotating left by x bits is equivalent to rotating right by B-x bits in an NxB register.
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can be used to do just that by ANDing the complement of the enable mask with all
'I’s. This generates the enable mask for the else body from that for the if body.

All of the families include a working set of these instructions or reuse those of
their base family or underlying architecture. For example, AMD’s 3DNow! reuses
the MMX polymorphic instructions, while MVI uses those of the underlying Alpha

architecture.

A general-purpose model need only include a working set of polymorphics. What-
ever set is chosen should be easy to emulate on any given target using the available
instructions. Because of this, a small, limited set should be chosen. For example, one
could choose to incorporate in the model only those operations supported by the C

programming language: AND, OR, XOR, and one’s complement.

Certain instructions perform what are essentially reduction operations on the in-
dividual bits of an operand. We will refer to these as bit-reduction operations. These
include instructions which produce a count of the ’1’ bits or leading or trailing '0’ bits
in their operands. These can be used to gather information about the aggregate state
of the data elements stored in a partitioned register. Note that only DEC’s MVI has

these instructions and these are actually part of the underlying Alpha architecture.

Table 2.9 lists the polymorphic and bitwise-reduction operations supported by

each of the extension families studied.

2.1.5 Conditionals

Supported conditional instructions fall into three basic categories: those which
generate result masks or condition codes, those which modify the flow of control, and

those which manipulate data.

Result masks include bitmasks and fieldmasks. A bitmask contains one bit per field
indicating if the condition is true or false for that field. These are usually stored in
a general-purpose integer register. A fieldmask is a partitioned value in which all the

bits of each field are set if the condition is true, or cleared if the condition is false, for
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Table 2.9
Polymorphic Operations

Operation Types DEC HP HP SGI SGI Motorola Sun
MVI | MAX-1 | MAX-2 | MIPS-V | MDMX AltiVec VIS

AND
Part/Part 1x64 1x32! 1x641 - 8x8,4x16 1x128 1x32,1x64
Part/Imm 1x64 - - - 8x8,4x16 - -
Part/Scalar - - - - 8x8,4x16 - -
ANDN (AB or AB)?
Part/Part 1x64 | 1x32! 1x64! - - 1x128 1x32,1x64
Part/Imm 1x64 - - - - - -
NAND (AB)
Part/Part - - - - - - 1x32,1x64
Part/Imm - - - - - - -
OR
Part/Part 1x64 1x327% 1x64T - 8x8,4x16 1x128 1x32,1x64
Part/Imm 1x64 - - - 8x8,4x16 - -
Part/Scalar - - - - 8x8,4x16 - -
ORN (A+ B or A+ B)?
Part/Part 1x64 - - - - - 1x32,1x64
Part/Imm 1x64 - - - - - -
NOR
Part/Part - - - - 8x8,4x16 1x128 1x32,1x64
Part/Imm - - - - 8x8,4x16 - -
Part/Scalar - - - - 8x8,4x16 - -
XOR
Part/Part 1x64 1x327 1x641 - 8x8,4x16 1x128 1x32,1x64
Part/Imm 1x64 - - - 8x8,4x16 - -
Part/Scalar - - - - 8x8,4x16 - -
XORN (A ® B)
Part/Part 1x64 - - - - N Z
Part/Imm 1x64 - - - - - -
NXOR (A®B)
Part/Part - - - - - - 1x32,1x64
Part/Imm - - - - - - -
Population [ 1x64 | - | - | - i - I - | - H
Leading 0 bits [[ 1x64 | - | - | - | - [ - | -

| Trailing 0 bits [[ 1x64 | - | - I - | - [ - | -]

1 Also nullifies the next instruction on condition.
?Not simultaneously.
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Table 2.9 cont’d.
Polymorphic Operations

Operation Types Intel Intel Intel AMD AMD AMD Cyrix
MMX | SSE SSE2 3DNow! | E3DNow! | 3DNow!Pro | EMMX

AND

Part/Part 1x64 | 4x32f | 1x128,2x64f - - 2x32f -
Part/Imm - - - - - - -
Part/Scalar - - - - - - -

ANDN (AB or AB)!

Part/Part 1x64 4x32f | 1x128,2x64f - - 2x32f -
Part/Imm - - - - - - -

NAND (AB)

Part/Part - - - - - - Z
Part/Imm - - - - - - -

OR

Part/Part 1x64 4x32f | 1x128,2x64f - - 2x32f -
Part/Imm - - - - - - -
Part/Scalar - - - - - - -

ORN (A+ B or A+ B)!

Part/Part - - - - - R N
Part/Imm - - - - - - -

NOR

Part/Part - - - - - N N
Part/Imm - - - - - - -
Part/Scalar - - - - - - -

XOR

Part/Part 1x64 | 4x32f | 1x128,2x64f - - 2x32f -
Part/Imm - - - - - - -
Part/Scalar - - - - - - -

XORN (4 @ B)

Part/Part - - - - - N N
Part/Imm - - - - - - -

NXOR (AGB)

Part/Part - - - - - N N
Part/Imm - - - - - - -

Population I - [ - ] - | - I - [ R [ N

Leading 0 bits T - 1 -1 - [ - I - | N [ N

Trailing 0 bits T - 1 - ] - - 1 - ] : -

!Not simultaneously.
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the corresponding field(s) of the operand(s). Fieldmasks are normally stored in the

same register set as their operands and are intended for use as SIMD enable masks.

Because of the nature of SWAR processing, enable masking must be used to limit
the effects of conditionally executed code to those register fields for which the con-
dition holds. Though some partitioned instructions can use bitmasks and condition
codes directly; generally, they must be converted to fieldmasks for use in enable

masking.

Condition codes represent the status or relationship of the operand(s) of a con-
ditional operation. There may be one set per register field, in which case each set
represents the condition of the corresponding field(s) of the operand(s), or one set
per register, in which case they represent the aggregate condition of the fields in the
register. Control codes are usually implemented as a bitmask which is stored in a

“control register”.

Control flow modification includes conditional instruction nullification and branch-
es. Instruction nullification skips the instruction which follows the test or blocks any
effects it might have. This instruction is usually a jump which is used to skip the
following section of code. Similarly, branching instructions may jump if the condition

is true or continue to the next instruction if not.

Because the effects of a nullifying or branching instruction cannot be separated
on a per-field basis, the usefulness of these instructions is limited to aggregate tests,

such as ANYs or ALLs, or to situations when the field tests can be serialized.

Data manipulation includes conditional moves, clears, and loads. Normally, these
instructions are used to conditionally generate particular values or to select data from
one of two execution paths. Again, the usefulness of these instructions is generally

limited to aggregate or serialized tests.
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Condition Testing Operations

Table 2.10 lists SWAR instructions which test conditions and generate masks or
condition codes as a result. It also includes certain instructions which manipulate

data based on the values of these objects.

Each of the families except HP’s MAX has a set of instructions which conditionally
set a fieldmask or a bitmask, or are extensions of families which do. The basic com-
parison tests include “equality”, “inequality”, “greater than”, “less than”, “greater
than or equal”, and “less than or equal”. Generally, an architecture supports a subset
of these tests which allows the others to be emulated. This holds true for the studied
extension families. Thus, a general-purpose programming model should not exclude

any of these basic tests.

SSE, SSE2, and 3DNow!Pro include tests for checking if IEEE-compliant floating-
point data can be ordered (i.e. that it does not consist of NANs). NANs (not a
numbers) are bit patterns that do not represent valid floating-point values. Compar-
isons which operate on floating-point numbers may allow for one or both operands
to be NANs. In this case, the operands may not be comparable, and are said to
be unordered. If both operands are valid numbers, they are said to be ordered or

orderable.

These extension families also include floating-point “not less nor equal” and “not
less than” tests which account for unorderedness, while MIPS-V includes these and
a large set of variations on the basic tests for floating-point data. These tests are
either combinations of the basic tests, or tests for situations which should not occur
or should be hidden from the programmer. Thus, these tests should be internal or
used as optimizations; they should not be a visible part of a high-level programming

model.

AltiVec includes a “compare bounds” instruction which tests if the magnitude of
one operand is less or equal to the magnitude of the other. This is equivalent to

comparing the absolute values of two operands, and is essentially a combination of
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simpler tests. Each of the AltiVec tests also have a form in which the CR6 field of
the processor’s condition register is modified if the condition holds for all or none of

the fields. This allows aggregate tests to be performed on partitioned register data.

SSE also includes instructions which compare two floating-point fields and set
the processor’s condition codes accordingly. These are most likely to be used in
conjunction'With the underlying IA32 instructions for control flow. Because they do

not set a field or bitmask, they are less useful for SWAR enable masking.

Conditional Flow Control Operations

Table 2.11 lists instructions which can modify the flow of a program based on
some condition. This may be done by branching or nullifying subsequent instructions

which would normally cause change in flow.

MVI and MAX each contain conditional branch instructions which can be used as
tests for control structures that must be able to handle parallel data. For example,
a “while” loop executes as long as the conditional expression is non-zero. One way
to convert this construct for use with SWAR data is to modify the test to be true as
long as the expression is true for any field. This is equivalent to performing an ANY
test on the partitioned conditional expression before entering the loop body, which is
executed under an enable mask of the fields for which the condition holds. Conditional

branch instructions make it easier to implement this type of parallel construct.

MAX includes a set of instructions which perform a logical or arithmetic operation
then nullify the next instruction if an aggregate condition holds. These are typically
used with a subsequent unconditional jump which is nullified, and therefore not taken,
if the condition holds. This allows a section of code to be executed only if the

aggregate condition holds.

Full-width (i.e. 1xN) branch or null-next instructions are not generally useful
for parallel conditionals because they cannot take a different action for each field.

It may be possible to construct a jump table to handle each combination of field
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Table 2.10
Condition Testing Operations

Operation Types

DEC
MVI

HP
MAX

SGI
MIPS-V

SGI
MDMX

Motorola
AltiVec

Forms of Result

Bitmask

FP CC Bits

FP CC Bits

Field Mask or
All/None Bits

Equality!

Part /Part

Part/Imm
Part /Scalar
El/El

1x64

1x64

2x32f

8x8,
4x16

8x8,4x16
8x8,4x16

16x8,
8x16,
4x32,4x32f

Inequality’

Part /Part

Part /Imm
Part/Scalar
El/El

Greater Than

Part/Part

El/El

2x32f

16x8s,16x8u,
8x16s,8x16u,
4x32s,4x32u,4x32f

Less Than

Part,/Part

Part/Imm
Part/Scalar
El/El

8x8u,
4x16s

8x8u,4x16s
8x8u,4x16s

Greater or Equal

Part/Part
Part/Imm
Part/Scalar

8x8u
8x8u

Less or Equal

Part/Part

Part/ITmm
Part/Scalar
El/El

8x8u,
4x16s

8x8u,4x16s
8x8u,4x16s

Not Less nor Equal

Part/Part
Element/Element

2x32f

Not Less Than

Part/Part
Element /Element

2x32f

ICompare for (in)equality signed and unsigned are equivalent.
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Table 2.10 cont’d.
Condition Testing Operations

Operation Types Sun Intel Intel Intel AMD AMD AMD Cyrix
VIS MMX | SSE | SSE2 | 3DNow! | E3DNow! | 3DNow!Pro | EMMX
Forms of Result Bitmask! Field Field | Field Field - Field -
Mask | Mask | Mask Mask Mask
Equality?
Part/Part 8x8, 16x8, - -
4x16, 4x16, 8x16,
2x32 2x32 4x32f | 4x32, 2x32f 2x32f
2x64f
Part/Imm - - - - - - - -
Part/Scalar - - - - - - - -
El/El - - 1x32f | 1x64f - - 1x32f -
Tnequality?
Part/Part 4x16, - - - -
2x32 4x32f | 2x64f 2x32f
Part/Imm - - - - - - - -
Part/Scalar - - - - - - - -
El/El - - 1x32f | 1x64f - - 1x32f -
Greater Than 3
Part/Part 8x8s, - 16x8, - - -
4x16, 4x16s, 8x16,
2x32 2x32s 4x32 2x32f
El/El - - - - - - - -
Less Than
Part/Part - - - - -
4x32f | 2x64f 2x32f
Part/Imm - - - - - - - -
Part/Scalar - - - - - - - -
El/El - - 1x32f | 1x64f - - 1x32f -
Greater or Equal
Part/Part - - - - 2x32f - - -
Part/Imm - - - - - - - -
Part/Scalar - - - - - - - -
Less or Equal 3
Part/Part - - - -
4x18,
2x32 4x32f | 2x64f 2x32f
Part/Imm - - - - - - - -
Part/Scalar - - - - - - - -
El/El - - 1x32f | 1x64f - - 1x32f -
Not Less nor Equal
Part/Part - - 4x32f | 2x64f - - 2x32f -
Element/Element - - 1x32f | 1x64f - - 1x32f -
Not Less Than
Part/Part - - 4x32f | 2x64f - - 2x32f -
Element /Element - - 1x32f | 1x64f - - 1x32f -

! Bitmask stored in an integer register.
2Compare for (in)equality signed and unsigned are equivalent.
31 was never able to confirm (un)signedness of these, but assume signed as per fixed point format.
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Table 2.10 cont’d.
Condition Testing Operations

Operation Types DEC HP SGI SGI Motorola Sun
MVI MAX | MIPS-V | MDMX AltiVec VIS
Forms of Result Bitmask - FpP CC FP CC | Field Mask or | Bitmask®
Bits Bits All/None Bits

[ Not (Greater or Equal) Pt/Pt || - [ - T 2x32f | - [ - [ - ]
[ Greater or Less Than Pt/Pt I - [ - [ 2x32f | - [ R [ _ |
[ Not (Greater or Less) Pt/Pt i - [ - T 2x32f ] - I - [ -]
[ Not Greater Than Pt/Pt I - [ - [ ex32f [ - ] - ] - |
[ Greater, Less, or Equal Pt/Pt i - [ - [ 2x3of [ - [ - [ - |
[ Not (Gr., Less, or Eq.) Pt/Pt I - | - | 2x32f | B | - | -]

Ordered

Part/Part - - 2x32f - - -

Element/Element - - - - - -

Unordered

Part/Part - - 2x32f - - N

Element/Element - - - - - -
[ Unordered or Equal Pt/Pt I - [ - T 2x32f ] - [ z [ N |
| Signaling Equal Pt/Pt I - [ - [ 2x32f ] - [ R [ R ]
[ Signaling Not Equal Pt/Pt I - I - ] 2x32f ] - | - [ - |
[ Ordered or Greater Than Pt/Pt I - [ - T 2x32f ] - [ - I z ]
[ Unordered or Greater Pt/Pt i - [ - [ 2x32f | - | N [ -]
[ Ord. or Greater or Eq. Pt/Pt i - [ - ] 2x32f ] - | Z [ N |
[ Unord. or Grir. or Eq. Pt/Pt [l - [ - T 2x32f [ - [ - I N |
["Ordered or Less Than Pt/Pt I - [ - ] 2x3% ] - [ N [ N ]
[ Unordered or Less Than Pt/Pt i - [ - T 2x32f | - | - [ -]
[ Ordered or Less or Eq. Pt/Pt Il - [ - ] 2x3af | - | - | N |
[ Unord. or Less or Eq. Pt/Pt I - [ - [ 2x321 | - [ N [ - ]
[ Ord. or Greater or Less Pt/Pt || - [ - [ 2x32f | - I - I " |

| | l | | |

[ Compare Bounds®Pt/Pt I -

Set Cond. Codes
Ordered El/El - - - - N N
Unord. El/E} - - - - - -

1Bitmask stored in an integer register. This can be used for masked stores.
2(lears bit 0 of result field if vA <= vB, and clears bit 1 if vA >=-(vB). In either case, the remaining
bits are cleared.
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Table 2.10 cont’d.
Condition Testing Operations

Operation Types Intel Intel Intel AMD AMD AMD Cyrix
MMX SSE SSE2 | 3DNow! | E3DNow! | 3DNow!Pro | EMMX

Forms of Result Field Field | Field Field - Field -
Mask | Mask | Mask Mask Mask

Not (Greater or Equal) Pt/Pt I - ] l |
Greater or Less Than Pt/Pt T - 1 [ I
Not (Greater or Less) Pt/Pt T - 1 [ [
[ Not Greater Than Pt/Pt T - T - 1T -1 .
| | |
l l |

[ Greater, Less, or Equal Pt/Pt [ -
[ Not (Gr., Less, or Eq.) Pt/Pt IR
Ordered

Part /Part - 4x32f | 2x64f - - 2x32f -
Element/Element - 1x32f | 1x64f - - 1x32f -

Unordered
Part/Part - 4x32f | 2x64f - - 2x32f -
Element/Element - 1x32f | 1x64f - - 1x32f -

[ Unordered or Equal Pt/Pt -
[ Signaling Equal Pt/Pt -
[ Signaling Not Equal Pt/Pt T -
[ Ordered or Greater Than Pt/Pt [| -
[ Unordered or Greater Pt/Pt -
[ Ord. or Greater or Eq. Pt/Pt | -
[ Unord. or Grtr. or Eq. Pt/Pt

[ Ordered or Less Than Pt/Pt -
[ Unordered or Less Than Pt/Pt ]| . -
|
I
|
|

' '
i
1

Ordered or Less or Eq. Pt/Pt || -
Unord. or Less or Eq. Pt/Pt -
Ord. or Greater or Less Pt/Pt || -
Compare Bounds!Pt/Pt -

Set Cond. Codes
Ordered El/ElL - 1x32f | 1x64f - - 1x32f -
Unord. El/El - 1x32f | 1x64f - - 1x32f -

RNRANRANARNNE

]
] e — i b —  — — — — ]
[

LClears bit 0 of result field if vA <= vB, and clears bit 1 if vA >=-(vB). In either case, the remaining
bits are cleared.
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Table 2.11
Conditional Flow Control Operations

Operation Types DEC HP HP SGI SGI Motorola | Sun
MVI | MAX-1 | MAX-2 [ MIPS-V | MDMX AltiVec VIS

Branch On...
None True 1x64 - - - - - -
Any True 1x64 - - - - - -
All Equal (Part/Part) - 1x32 1x64 - - - -
All Equal (Part/Immed) - 1x32 1x64 - - - -
All Inequal (Part/Part) - 1x32 1x64 - - - -
All Inequal (Part/Immed) - 1x32 1x64 - - - -
Operate and Null Next On...
AND/Any True? - 1x32 1x64 - - - -
AND/None True? - 1x32 1x64 - - - -
ANDN/Any True? - 1x32 1x64 - - - -
ANDN /None True? - 1x32 1x64 - - - -
OR/Any True? - 1x32 1x64 - - - -
OR/None True? - 1x32 1x64 - - - -
XOR/Any True? - 1x32 1x64 - - - -
XOR/None True? - 1x32 1x64 - - - -
XOR/Any False? - 2x32 - - - -

2x16 4x16

4x8 8x8
XOR/None False? - 2x32 - - - -

2x16 4x16

4x8 8x8
Add Complement/Any False? - 2x32 - - - -
(A+B) 2x16 4x16

4x8 8x8
Add Complement/None False? - 2x32 - - - -
(A+B) 2x16 4x16

4x8 8x8

result, but this would be an O(2")-sized table for an NxB partitioning. For this
reason, these instructions are not included in table 2.11. Full-width branches or null-
next instructions based on conditions that are equivalent to a reduction of the field

conditions (such as an unpartitioned equality test which is equivalent to a partitioned

ALL-equal test) are useful, and are included in the table.

Conditional Data Manipulation Operations

Table 2.12 lists instructions which manipulate data based the results of some
conditional test. These include instructions which move data or clear or load registers

when some condition is met. They also include instructions which select a set of values

from a set of operands depending on some condition.
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Table 2.11 cont’d.
Conditional Flow Control Operations

Operation Types Intel intel | Intel AMD AMD AMD Cyrix
MMX | SSE | SSE2 | 3DNow! | E3DNow! | 3DNow!Pro | EMMX

Branch On...

None True - - - - - - -

Any True - - - - - - -

All Equal (Part/Part)

All Equal (Part/Immed)
Any Inequal (Part/Part)
Any Inequal (Part/Immed)

Operate and Null Next On...

AND/Any True?
AND/None True?

ANDN/Any True?
ANDN/None True?

OR/Any True?
OR/None True?

XOR/Any True?
XOR/None True?

XOR/Any False?

XOR/None False?

Add Complement /Any False?
(A+ B)

Add Complement/None False?
(A+ B)




- 85 -

MVT includes instructions which will move a register or load an immediate value
based on the equivalent of an ANY or NONE test. It also includes instructions that
conditionally zero (clear) the fields of an 8x8 partitioned register based on the value

of a bitmask, which is usually generated by one of the MVI testing instructions.

HP’s MAX includes instructions which clear a register to generate a “false” value,
then perform a comparison for equality or inequality, and conditionally nullify the
following instruction based on the result. The possibly nullified instruction is usually
used to load an immediate value which represents “true” into the cleared register.
These instructions can be used to implement or optimize aggregate tests for SIMD-

style loops and conditionals.

Extended MMX includes instructions which load the fields of a register based on
the value of the corresponding fields of a partitioned register. These can be used to

implement or optimize certain conditional or trinary operations.

The MIPS-V extension family includes instructions which move the fields of a
register based on the value of the corresponding control code bit. These also can be

used to implement or optimize certain conditional or trinary operations.

Full-width (i.e. 1xN) conditional move instructions are not generally useful for
parallel conditionals because they cannot take a different action for each field. For
this reason, these instructions are not included in table 2.12. Full-width conditional
moves based on conditions that are equivalent to a reduction of the field conditions

are included in the table.

MDMX and AltiVec include partitioned “pick” or “select” instructions which se-
lect between one of two operands for each field based on the truth of the corresponding
bit in a bitmask. In MDMX this bitmask is in an integer register and in AltiVec this
bitmask is in a third vector register. These instructions are useful for implementing
trinary operators or for selecting between the results of two conditional instruction
streams. The choice of a 128x1 select for AltiVec is very good as it allows it to be

used polymorphically.
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Table 2.12

Conditional Data Manipulation Operations

Operation Types

DEC
MVI

HP HP
MAX-1

MAX-2

SGI SGIL
MIPS-V | MDMX

Motorola | Sun
AltiVec VIS

Move Reg/Imm On...

None True
Any True

1x64
1x64

Zero Masked Bytes

[ &xebm |

Zero UnMasked Bytes

I 8x3bm |

Clear Reg & Null Next/All

Part/Part
Part/Imm
Part/Scalar

1x32
1x32

1x64
1x64

Clear Reg & Null Next/Not All

Part/Part
Part/Imm
Part/Scalar

1x32
1x32

1x64
1x64

Load Reg. On...

Zero
Non-Zero
Negative
Non-Negative

Move Reg. On...

CC bit TRUE
CC bit FALSE

2x32f - - -
2x32f - - -

Pick True

1 2

Part/Part
Part/Imm
Part/Scalar

- 8x8,4x16
- 8x8,4x16 - -
- 8x8,4x16 - -

Pick False

1 2

Part/Part
Part/Imm
Part/Scalar

- 8x8,4x16
- 8x8,4x16 - -
- 8x8,4x16 - -

!Chooses destination field from source vy or v; based on value of condition code bit corresponding

to that field.

2Chooses destination bit from source vector A or B based on value of corresponding bit in source
vector C. This is more general, but possibly harder to generate than MDMX condition code bits.
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Table 2.12 cont’d.

Operation Types

Intel
MMX

Intel
SSE

Intel
SSE2

AMD
3DNow!

AMD
E3DNow!

AMD
3DNow!Pro

Cyrix
EMMX

Move Reg/Imm On...

None True
Any True

Zero Masked Bytes

I

Zero UnMasked Bytes

Clear Reg & Null Next/All

Part/Part
Part/Imm
Part/Scalar

Clear Reg & Null Next/Not All

Part/Part
Part/Imm
Part/Scalar

Load Reg. On...

Zero
Non-Zero
Negative
Non-Negative

8x8
8x8
8x8s
8x8s

Move Reg. On...

CC bit TRUE
CC bit FALSE

Pick True

Part/Part
Part/Imm
Part/Scalar

Pick False

Part/Part
Part/Imm
Part/Scalar
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2.1.6 Data Movement, Replication, and Type Conversion Operations

Table 2.13 lists the instructions available in each of the extension families for

supporting data movement, replication, and type conversion operations.

MMX includes instructions to move data between its enhanced (i.e. partition-
able) registers and also between these and the underlying IA32 architecture’s general-
purpose integer registers. SSE includes instructions to move unaltered data between
the SSE registers, but not between the MMX and SSE registers. SSE2 includes
instructions to correct this problem, and also includes instructions to move data be-
tween the SSE registers and the integer register set, and to allow data to be moved

in various ways between the SSE registers.

Such instructions are not necessary in DEC’s MVI or HP’s MAX extensions be-
cause these extensions use the general-purpose registers of the underlying architecture.
For example, MAX-2 has an instruction for moving a full-width (64-bit) object be-
tween the general registers that is actually part of the PA-RISC 2.0 instruction set

architecture.

Neither MDMX nor AltiVec include instructions which are used solely for moving
data between their enhanced registers or between these and their general registers.
Similarly, MVI does not include instructions used solely for moving data within its
general register set. Moving data between registers within the same register set can
usually be emulated. For example, in AltiVec, a register can be bitwise-ORed with
itself and the result stored in the target register. However, writing data between
different register sets usually cannot be emulated. In these cases, data must be

moved via the architecture’s memory subsystem.

This is the case for AltiVec. Unfortunately, memory addresses for AltiVec are
held in the PowerPC’s general-purpose integer registers. This causes some addressing
forms to be very expensive to execute. For example, when an array or vector element
is indexed using vector indexing, the index must be moved from a vector register to

memory, then from memory to an integer register where it can be used in an indexed
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load. This triples the number of memory accesses required for each vector indexed

element access.

MIPS-V includes an instruction for moving data between registers in “packed
single” (2x32f) format, and another to create this format by packing two single-
precision values, taken from two floating-point registers, into a single floating-point

register.

VIS includes instructions for moving either 32 or 64 bits of data between its
enhanced registers. It also has a set of complementary instructions which allow the
moved data to be stored in complemented form. This effectively performs a one’s

complement operation on the data.

While MDMX does not include instructions for moving partitioned data between
its enhanced registers, it does include multiple instructions for moving data between
the floating-point registers and the accumulator. These are not useful as part of a
portable model, as none of the other extension families has a separate accumulator.
However, they would be necessary for using the accumulator to operate on floating-

point data if included in such a model.

AltiVec has a set of “splat” instructions which replicate either a field of the source
register or an immediate value into all of the fields of the target register. This is the
only instruction in any of the families which performs an actual replication, although
MDMX and SSE each include instructions which effectively replicate one operand. A
general-purpose model should include the field replication to convert scalar data to

partitioned data for mixed-mode operations.

MDMZX also includes instructions for scaling data within the accumulator. These
instructions shift each field of the accumulator right by the number of bits specified by
a secondary source, round these values to an integer value by truncation or rounding
upward or downward with half values, then saturate these values to fit in the fields of
the destination register. The secondary source may be a partitioned register, a scalar,
or an immediate value. These instructions may be useful for implementing various

type conversions.
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AltiVec, 3DNow!, E3DNow!, and SSE include instructions to convert data in their
enhanced registers between integer and floating-point type. The SSE conversions
actually move data between the SSE registers and the MMX or IA32 register sets, si-
multaneously making the conversion. AltiVec also includes instructions which round
floating-point data to integer-valued floating-point data. SSE2 includes instructions
for converting between floating-point formats within the SSE registers. These instruc-
tions may be used for visible type casting by a programmer or for internal operations

by a compiler.

2.1.7 Data Extraction, Insertion, and Permutation Operations

Table 2.14 lists the instructions available within each of the extension families for

supporting field extraction, insertion, and permutation operations.

In general, insertions take a bit or byte field from a source and place it in a
contiguous section of the destination. Extractions typically take data from a section
of the source, align it with the least significant bit of the destination, and zero- or
sign- extend it to fill that destination. These instructions could be used in a vector

processing model to implement vector element accesses.

Enhanced 3DNow!, SSE, and SSE2 each include instructions to allow a field to
be extracted from an enhanced register to an integer register. The complementary
instructions which allow a field to be inserted from an integer register or from memory
without altering the remaining fields are likewise included. SSE also includes an
instruction which takes the low field of a 4x32f operand from an SSE register or
memory and inserts it into the low field of a second SSE register. 3DNow!Pro has
an instruction that performs the same operation on a 2x32f operand, while SSE2 has

one for 64-bit operands.

MVI, AltiVec, and VIS include “byte shift right and extract” instructions which

shift the source data right by n bytes, then clear the upper fields to leave the data in
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Table 2.13
Data Movement, Replication, and Type Conversion Operations

Operation Types DEC HP HP SGI SGI Motorola Sun
MVI | MAX-1 | MAX-2 MIPS-V MDMX AltiVec VIS
["Move Reg.—Enh. Reg. || NJAT N/A | N/A | - [ - - -
[ Move Enh. Reg.—Reg. || NJA | N/A [ N/A | - I - - [ -
Move Enh. Reg. - - - 1x32,
—Enh. Reg. 1x32! 1x641 1x64
2x32f
Move Comp. Enh. Reg. - - - - - - 1x32,
—->Enh. Reg. 1x64
[ Pack Singles to Part [ - - - [ 2-32f—2x32f | - - [ -
Modular Move Acc—Reg
Low Third of Acc. - - - - 3x64—8x8u, - -
3x64—4x16s
Middle Third of Acc. - - - - 3x64—8x8u, - -
3x64—4x16s
High Third of Acc. - - - - 3x64-8x8u, - -
3x64—4x16s
Move Regs. to Low Acc. - - - - 2-8x8u-—3x647, - -
2-4x165—3x64
Move Reg. to High Acc. - - - - 8x8u—3x64, - -
4x16s—3x64
Replicate Field - - - - - 16x8, -
(Element /Part)3 8x16,
4x32
Replicate Sign-Extended - - - - - 16x8, -
Immediate to Part? 8x16,
4x32
Shift Rt, Rnd, & Sat Acc
toward 0 - - - - 8x8u, - -
4x16s,
4x16u
to nearest away from 0 - - - - 8x8u, - -
4x16s,
4x16u
to nearest toward even - - - - 8x8u, - -
4x16s,
4x16u
Convert int. to flt. - - - - - 4x32u—4x32f° -
4x32s—4x32f°
Convert fit. to int. - - - - - 4x32f—4x32u® -
4x32f—4x32s°
Round flt. value to int.
to nearest - - - - - 4x32f -
toward zero - - - - - 4x32f -
toward +infinity - - - - - 4x32f -
toward -infinity - - - - - 4x32f -

LAlso branches if condition is met.
?Moves source register V; to low third, source register V; to middle third, and a set of
fields consisting of the sign bits of the fields of V; to the upper third.
3Field selected is indicated by unsigned immediate.

4Sign-extends 5-bit immediate to size of fields, then replicates.

5Converts to nearest, then divides by 2%™™5  where uimmb5 is a 5-bit unsigned immediate.

5Shifts left by a 5-bit unsigned immediate, converts and rounds toward zero, then saturates.
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Table 2.13 cont’d.

Data Movement, Replication, and Type Conversion Operations

4x32f (un)aligned

Operation Types Intel Intel Intel
MMX SSE SSE2
[ Move Reg—Enh. Reg. [ 1x32u—1x64u’ | - 1x32u— 1x128u’
[ Move Enh. Reg—Reg. [ 1x64—1x32% | - 1x128—1x322
Move Enh. Reg—Enh. Reg. 1x64 low 2x64—low 2x64,

low 2x64—1x64,1x64—low 2x643,
1x128 (un)aligned,
2x64f (un)aligned

Move Comp. Enh. Reg.
—Enh. Reg.

Pack Singles to Part

Modular Move Acc—Reg

Low Third of Acc.
Middle Third of Acc.
High Third of Acc.

Move Regs. to Low Acc.

I

Move Reg. to High Acc.

I

Replicate Field

Replicate Sign-Extended
Immediate to Part?

Shift Rt, Rnd, & Sat Acc

toward O
to nearest away from 0
to nearest toward even

Convert int. to fit.

- 2x32s—low 2x32f°,
1x32s—low 1x32f7

2x32s—low 2x64f5,

1x32s—low 1x64f7,
4x325—4x32f,

low 2x32s—2x64f

Convert flt. to int.

- low 2x32f—2x32%7,

low 1x32f—1x3211.9

2x64f-—2x328:9
2x64f—low 2x3210,
low 1x64f—1x3289,
4x32f—4x32s

Convert flt. to fit.

2x64f—low 2x32f10,

low 2x32f—2x64f12,
low 1x64f—low 1x32f12,
low 1x32f—low 1x64f12

Round fit. value to int.

to nearest
toward zero
toward +infinity
toward -infinity

1Zero-extended.
2Truncated.
3Upper quadword cleared.

4Sign-extends 5-bit immediate to size of fields, then replicates.
5Source is MMX register or memory. Destination is SSE register. High fields are left unchanged.

8Source is MMX register or memory. Destination is SSE register.
"Source is integer register or memory. Destination is SSE register. High fields are left unchanged.
8Source is SSE register. Destination is MMX register or memory.

9Cvt* uses rounding mode specified in MXCSR. Cvtt* truncates the fractional part.
0Source is SSE register or memory. Destination is SSE register with upper half cleared.
1 Source is SSE register. Destination is integer register or memory.

12S0urce is SSE register or memory. Destination is SSE register.
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Table 2.13 cont’d.
Data Movement, Replication, and Type Conversion Operations

Operation Types AMD AMD AMD Cyrix
3DNow! E3DNow! 3DNow!Pro EMMX

[ Move Reg—Enh. Reg. [ - [ - [ - - |
[ Move Enh. Reg—Reg. I - [ - | - [ N |
Move Enh. Reg—Enh. Reg. - - R

2x32 (un)aligned
Move Comp. Enh. Reg. - - - R
—Enh. Reg.
Pack Singles to Part I - N [ - | -
Modular Move Acc—Reg
Low Third of Acc. - - - -
Middle Third of Acc. - - - -
High Third of Acc. - - - -
[ Move Regs. to Low Acc. I - [ - [ B -]
[ Move Reg. to High Acc. i - | - [ _ ] _ ]
Replicate Field I - I - [ N l N ]
Replicate Sign-Extended - - - N
Immediate to Part!

Shift Rt, Rnd, & Sat Acc
toward 0 - - - -
to nearest away from 0 - - - -
to nearest toward even - - - -

Convert int. to fit. 2x325—2x32f | even 4x16s 2x32s—2x32f, -
—2x32f 1x32s—low 1x32f

Convert flt. to int. 2x32f—2x32s 2x32f 2x32f—2x327] -

—2x32s3 low 1x32f—1x322

Convert flt. to fit. - - - -

Round flt. value to int.
to nearest - - - -
toward zero - - - -
toward +infinity - - - -
toward -infinity - - - -

1Sign-extends 5-bit immediate to size of fields, then replicates.
2Cvt* uses rounding mode specified in MXCSR. Cvtt* truncates the fractional part.
3Sign saturated to 16 bits, then sign-extended to 32.
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zero-extended form. MVI, MIPS-V, and MDMX include “byte shift left and extract”
instructions which shift the data left before clearing the upper fields.

MVTI'’s byte extraction instructions operate on a single source object and are well-
suited for field extraction. Those of the other extension families operate on a pair of
source objects and are best suited to handling unaligned memory accesses, although

they also can be used for field extraction.

MVI also includes “byte shift and insert” instructions which shift the source data
left or right by n bytes, then clear all but the byte, word, doubleword, or quadword
starting at the n** byte and going upwards through the register. The byte count n
may be stored in a register or may be an immediate value. These instructions allow
the programmer to select a set of contiguous bytes from the right end of the source

and place them in any set of bytes in the destination with the other bytes cleared.

MAX includes “bit shift left and extract” instructions which take up to B bits
from the right-hand field of an NxB partitioned register, starting at any bit position
and extending to the left, then copy them into the target register, aligned with its
right end. The number of bits copied may be taken from an immediate or stored in a
shift amount register (SAR). If the count is from the SAR, the copied segment is sign-
or zero- extended to fill the target field. The left-hand field (if N>1) is undefined. If
the count is an immediate, it is an undefined operation if the copied segment extends

beyond the end of the source field.

MAX also includes “merge, bit shift right and extract” instructions. In these,
the rightmost fields of two NxB sources are concatenated and the resulting value is
shifted right. The lower B bits of the 2B-bit concatenation are then extracted. Again,
the shift count can be an immediate value or from the SAR, and the left-hand field
of the destination register is undefined.

Complementing these extraction instructions, MAX also contains “deposit” in-
structions which perform “bit shift left and insert” operations. In an NxB partitioned
operation, these take up to B bits from the right end of the source and copy them

into the target register. Writing begins at any of the rightmost B bit positions in the
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target register and extends to the left. The target register field may or may not be
zeroed before the copy. Again, the number of bits copied may be from an immediate
value or the shift count register. If the count is from the SAR, the copied segment
is truncated to prevent it from extending beyond the target field. If the count is
an immediate, the operation is undefined if the copied segment extends beyond the

target field.

Any of the above instructions would be useful in implementing register field or
vector element accesses in a general-purpose model. Because of their wide variety, it

is probably best to hide their differences beneath a layer of abstraction.

Usually, when one inserts a field of data into a register, one needs to ensure that
the surrounding data is not modified. As we have seen, MAX has bit shift and
insert instructions which perform this operation on various sizes of data. However,
MVT’s extract and insert instructions always clear the surrounding data. To deal with
this issue, MVI has a set of instructions which clear a segment of data in a register
without affecting the surrounding data. The result can then be logically ORed with
the result of an insertion instruction thus inserting the selected field without affecting

the surrounding data.

Two types of segment-clearing instructions are available in the MVI extensions.

2

A “clear segment low” instruction clears the byte, word, doubleword, or quadword
starting at a given byte (0 to 7, stored in a register or as an immediate), and going
upwards through the register. A “clear segment high” clears the remainder of the
bytes in the word, doubleword, or quadword which would have been chosen by the

clear-segment-low given the same arguments and assuming the target of the clear-

segment-high was concatenated to the high end of the target of the clear-segment-low.

Permutations are typically generalized to perform any of the possible rearrange-
ments, with or without repetition, of the fields of their source operand(s). There are
two primary methods in which the applied permutation can be chosen. One is via an
immediate value which is specified at compile time. The other is via a variable vector

index which may not be known until run time.
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MAX-2, E3DNow!, SSE, and SSE2 have permute instructions which use an im-
mediate value to indicate which fields of the single source to copy. SSE2 also has
instructions which permute the lower or upper fields of a single source operand based
on an immediate value. SSE, SSE2, and 3DNow!Pro also have permutations which
select fields from two operands based on immediate index values. In contrast, Al-
tiVec’s permute uses a vector register to choose fields from two other vector registers

to be copied to the destination register.

Permutes indexed via an immediate are useful for static data layout and element
replication, but are not useful dynamically. Permutes indexed via a register can be
used to implement dynamic constructs. An example is the MPL router[ezp1] . exp2
construct in which ezp2is evaluated on the PE whose number is equal to the evaluated

value of expl.

In this construct, ezp! is an arbitrary expression. The permute operation could
be quite useful here, but is much less so if it cannot be indexed by anything but a
compile-time constant. Because so few of the extension families support any kind
of permute at all, and because only AltiVec supports a variably-indexed permute,

constructs such as the MPL router should be avoided for now.

Operations such as byte and word swaps are special cases of permutation. En-
hanced 3DNow! includes an instruction to swap the two fields of a 2x32f partitioned
register. Its operation is covered by E3DNow!’s more general permute instruction.
Thus it is unnecessary, but may be temporally or spatially less expensive to execute

than the equivalent permute.

2.1.8 Interleaving Operations

Table 2.15 lists the various instructions which interleave fields from two partitioned
sources to form a combined result. In general, these instructions combine only certain

fields from their sources to form their results.
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Table 2.14

Data Extraction, Insertion, and Permutation Operations

Operation Types DEC HP HP SGI SGI
MVI MAX-1 MAX-2 MIPS-V MDMX

[ Extract Field to Reg. | - ] - | - - | -
[Insert Selected Field || - | - | - - | -
[ Insert Low Field [l - [ - | - - | -

Byte Shft Rt & Extract

By Immed. 8x8u—1x[8,16,32,64]! - - - -

By Register 8x8u—1x[8,16,32,64]1 - - - -

Byte Shft Lt & Extract

By Immed. 8x8u—1x[16,32,64]1 - - - 2-8x8u—8x8u,

2-4x165—4x16s
By Register 8x8u—1x[16,32,64]* - - 2-8x8u—8x8u,
2-4x16s—4x16s
2-2x32f-2x32f

Byte Shft Rt & Insert x[16,32,64]—»8x8ul - - - -

into Zeroed Reg

Byte Shft Lt & Insert 1x[8,16,32,64]—8x8u! - - - -

into Zeroed Reg

Bit Shft Lt & Extract? - 1x32s3, right 2x32s3, - -

1x32u? right 2x32u?

1x64s3,
1x64u4

Merge, Bit Shft Rt
& Extract

2-1x32—1x32

2 1x32—1x32,
2-1x64—1x64

Bit Shift Left & Insert
into Zeroed Reg®

from Immed - 1x32 1x32, - -
1x64
from Reg - 1x32 1x32, - -
1x64
Bit Shift Left & Insert
into Unchanged Reg®
from Immed - 1x32 1x32, - -
1x64
from Reg - 1x32 1x32, - -
1x64
[ Clear Segment Low [ 1240r8bytes | - I - - I -
[ Clear Segment High I 2,4, or 8 bytes | - ] - - | -
Permute
Part/Indexed by Part - - - - -
Part/Indexed by Imm - - 4x16 - -

[ Swap Fields I

1]...] indicates that there are multiple separate instructions — one for each of the values listed.
2Also nullifies next instruction if condition is met.

3Gign-extended.
4Zero-extended.

5Also nullifies next instruction if condition is met.
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Table 2.14 cont’d.

Data Extraction, Insertion, and Permutation Operations

Operation Types Motorola Sun Intel Intel Intel
AltiVec VIS MMX SSE SSE2

[ Extract Field to Reg. || - [ - [ - [ 4x16751x327 ] 8x16° —+1x32? |
[ Insert Selected Field || - | - [ - Tlow2x167—4x16T | low 2x16"—8x16% |
[ Insert Low Field 1 - | - [ - [ low 4x32f—4x32f | low 2x64f2x64f |

Byte Shft Rt & Extract )

By Immed. 2-16x8—16x8 R - - -

By Register 2-8x8—8x8 - - -

Byte Shft Lt & Extract

By Immed.

By Register

Byte Shft Rt & Insert
into Zeroed Reg

Byte Shft Lt & Insert
into Zeroed Reg

Bit Shft Lt & Extract®

Merge, Bit Shft Rt
& Extract

Bit Shift Left & Insert
into Zeroed Reg®

from Immed

from Reg

Bit Shift Left & Insert
into Unchanged Reg®

from Immed

from Reg

Clear Segment Low

Clear Segment High

Permute

Part/Indexed by Part
Part/Indexed by Imm

2-16x8—16x8

4x167,

2-4x32f—4x32f6

low 4x16% high 4x168,
4x326,

2-2x64f—2x64f8

] Swap Fields

1Field selected is (unsigned immediate mod 4).

27 ero-extended.

3Field selected is (unsigned immediate mod 8).

YFrom integer register

5 Also nullifies next instruction if condition is met.
6 Also nullifies next instruction if condition is met.
7Source fields selected by a 4x2 immediate.
8Source fields selected by a 2x1 immediate.



- 99 -

Table 2.14 cont’d.

Data Extraction, Insertion, and Permutation Operations

Operation Types AMD AMD AMD
3DNow! E3DNow! 3DNow!Pro

Cyrix
EMMX

[ Extract Field to Reg. || - [ 4x16T=1x327 | -

[ Insert Selected Field Il - [ low 2x16%—4x16' | -

|
I
I

[ Insert Low Field I - ! - [ low 2x32f—2x32f

Byte Shft Rt & Extract

By Immed. - - -
By Register - - -

Byte Shft Lt & Extract

By Immed. - - _

By Register - - -

Byte Shft Rt & Insert - - N
into Zeroed Reg

Byte Shft Lt & Insert - - Z
into Zeroed Reg

Bit Shft Lt & Extract? - Z N

Merge, Bit Shft Rt - - -
& Extract

Bit Shift Left & Insert
into Zeroed Reg®

from Immed - - -

from Reg - - -

Bit Shift Left & Insert
into Unchanged Reg®

from Immed - - -

from Reg - - -

Clear Segment Low I - [ N [ N

Clear Segment High I - [ - [ N

L

Permute

Part/Indexed by Part - -
Part/Indexed by Imm - 4x168

2-4x32f—»4x32f8

[ Swap Fields [ - [ 2x32f [ -

1Fjeld selected is (unsigned immediate mod 4).
2Zero-extended.

3From integer register

4 Also nullifies next instruction if condition is met.
5 Also nullifies next instruction if condition is met.
8Source fields selected by a 4x2 immediate.
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VIS includes an instruction which interleaves the fields of two (N/2)xB sources to
form a single NxB result. This is the only interleave in which the result contains all
of the fields of its original operands. These operands are stored as 32-bit “pixel” data
in 4x8u format. The interleaved result is stored in a 64-bit floating-point register in

“fixed” format.

MAX-2 includes instructions for interleaving the odd numbered fields of the two

source operands into a result value and others for interleaving the even-numbered

fields.

Several of the extension families have instructions which interleave the upper
(higher-numbered) fields of the two source operands into a single result and corre-

sponding instructions which interleave the lower fields.

VIS includes an interleave instruction that scales (shifts), truncates, and clips
(saturates) each of the fields of a 2x32 operand to a single byte. This is stored in
the low byte of the corresponding field of the result and is zero-extended to obtain a
2x32u intermediate value. A second 2x32 operand is parallel left shifted by one byte
to obtain a 2x32u intermediate value in which the low byte of each field is zeroed.
These intermediate values are then merged via a bitwise-OR operation to form an

8x8u result.

Both MIPS-V and MDMX include instructions to interleave the even fields of one
operand with the odd fields of the second. In MDMX, the second operand may be
an immediate, a single-valued partitioned register, or a partitioned register. MDMX
includes alternate forms of these instructions in which the order of the data fields
in each of the operands is reversed before the interleave is performed. MIPS-V also
includes an instruction to interleave the odd fields of the first operand with the even

fields of the second.

While interleaves may be useful internally for implementing data layout, type cast,
or vector element access operations, it is not clear that they should be exposed at the

programming layer. More importantly, the forms are not universally implemented or
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consistent, and it may be difficult to emulate any particular form chosen for such a

model.

2.1.9 Catenating, Packing, and Unpacking Operations

Table 2.16 lists the instructions available for catenating or unpacking SWAR data.

These terms are not used consistently, so we will provide our own definitions here.

To catenate two partitioned values means to copy a subset of the fields of one
to the upper half of the result and a subset of the fields of the other to the lower
half while maintaining the relative ordering of these fields. Note that there is no

requirement that the selected fields of either source be contiguous.

To pack a source operand means to compact a subset of its fields from 2B bits
(or more generally, from some number of bits greater than B) to B bits, shifting the

fields as necessary, while maintaining their relative ordering.

To unpack a source operand means to expand a subset of its fields from B bits to
9B bits (or more generally, to some number of bits greater than B), shifting the fields

as necessary, while maintaining their relative ordering.

MDMX includes instructions which catenate either the odd fields or the even
fields of two operands to form a partitioned result of the same layout. Each of these
allow one of the operands to be an immediate value or replicated scalar. AltiVec
includes instructions to catenate the even fields of two vector operands, but none
for odd fields. MDMZX also includes instructions which catenate either the upper or
lower fields of their operands. Again, one of these may be an immediate or replicated
scalar value. SSE includes a similar pair of instructions which operate on partitioned

register operands.

Because these forms of catenation are not universally implemented, one may wish
to exclude catenations from a general-purpose programming model. However, multi-
word length vectors would not normally be catenated on a per word basis, but by

copying the fragments of one operand after those of the other. Thus, the lack of
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Table 2.15
Interleaving Operations

Operation Types DEC HP HP SGI SGI Motorola Sun
MVI | MAX-1 | MAX-2 | MIPS-V | MDMX | AltiVec VIS
[ Interleave (Merge) T -1 - T - 1] - I - [ 2-4x8u—8x8u |
Interleave odd (left) - - 4x16, - - - -
2x32
Interleave even (right) - - 4x16, - - - -
2x32

Interleave upper

Part/Part - - - 8x8, 16x8, -
4x16 8x16,

2x32f 4x32

Part/Imm - - - - 8x8, - -
4x16

Part/Scalar - - - - 8x8, - -
4x16

Part/Zero - - - - 8x8 - -

Interleave lower

Part/Part - - - 8x8, 16x8, -
4x16 8x186,

2x32f 4x32

Part/Imm - - - - 8x8, - -
4x16

Part/Scalar - - - - 8x8, - -
4x16

Part/Zero - - - - 8x8 - -

[ Scale, Trunc, Clip & Merge® [ - - - - [ - I - [ 2-2x32—8x8u |

Interleave even w/odd
Forward or Reverse

Part/Part - - - 4x16 - -
2x32f

Part/Imm - - - - 4x16 - -

Part/Scalar - - - - 4x16 - -

Interleave odd w/even
Forward or Reverse

Part/Part - - - 2x32f - - -
Part/Imm - - - - - - -
Part/Scalar - - - - - - -

1Left shifts logically by 8 bits an 8x8u, then takes a 2x32, left shifts it logically by the GSR value,
truncates the lower 23 bits of each field to form a 2x24, then unsigned saturates it to a 2x8u which
is then ORed with the 8x8u register.
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Table 2.15 cont’d.
Interleaving Operations

Operation Types Intel Intel Intel AMD AMD AMD Cyrix

MMX | SSE SSE2 3DNow! { E3DNow! | 3DNow!Pro | EMMX

[ Interleave (Merge) - 1 - - - 1 - [ - - ‘

Interleave odd (left) - - - - - N N
Interleave even (right) - - - - - z N
Interleave upper
Part/Part 8x8, 16x8, R - N N

4x16, 8x16,

2x32 4x32f 4x32, 2x32f

2x64,2x64f

Part/Imm - - - - - - -
Part/Scalar - - - - - - -
Part/Zero - - - - - - -
Interleave lower
Part/Part 8x8, 16x8, - - - -

4x16, 8x16,

2x32 4x32f 4x32, 2x32f

2x64,2x64f

Part/Imm - - - - - - -
Part/Scalar - - - - - - -
Part/Zero - - - - - - -

[ Scale, Trunc., Clip & Merge! ||

Interleave even w/odd
Forward and Reverse

Part/Part

Part/Imm
Part/Scalar

Interleave odd w/even
Forward and Reverse

Part/Part
Part/Imm
Part/Scalar

1Left shifts logically by 8 bits an 8x8u, then takes a 2x32, left shifts
truncates the lower 23 bits of each field to form a 2x24, then unsigned saturates it to a 2x8u which
is then ORed with the 8x8u register.

it logically by the GSR. value,
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universality should not inhibit the designer from including vector catenations in a

general-purpose model.

Only a few types of instructions meet the above definition of a pack. These come
in various forms. Some are general-purpose, while others are intended for specific
operations such as converting data to proprietary pixel formats. These instructions
" “are also probably best used internally, within the implementation of a model, and

probably should not be visible to a high-level programmer.

AltiVec and MMX each include instructions which pack the fields of their two
operands to half-size using signed or unsigned saturation. These intermediate values
are then catenated to form a single partitioned result. SSE2 extends the MMX

instructions for use on the SSE integer set.

AltiVec also includes an instruction which converts data from two partitioned
operands to a pixel format. The pixel data is then concatenated and stored in a
partitioned destination register. This proprietary operation should not be made part
of a programming model which is intended to be portable, but may be useful for

implementing type casts or other operations.

MVI includes instructions which truncate the fields of a register to a single byte
by discarding the upper bits, then copy the resulting fields into the low end of the
result register. These instructions maintain the relative ordering of the fields and zero

any unused fields.

VIS includes special-purpose instructions for scaling and packing graphics data in
pixel format. These instructions logically shift each field left by the scale factor (0
" to 15 bits) in the UltraSPARC’s Graphics Status Register (GSR). These values are
then rounded by truncating the bits lower than an implicit binary point (bits 0-6 for
a 16-bit field, bits 0-15 for a 32-bit field). Finally, they are saturated to fit in the
fields of the result. The GSR can be manipulated with the “rd” and “wr” instructions
to change the applied scaling factor. The operation performed by this instruction is

obviously too specialized for general-purpose processing.
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Several instructions for unpacking or expanding data fields are also available in
the various extension families. These instructions are most likely to be useful for
implementing type casts in a general-purpose programming model or for internally

converting unsupported data types to supported ones for emulation purposes.

Both MDMX and AltiVec include instructions which copy the lower N/2 fields of
an NxB partitioned register to a destination register, maintaining their relative order,
then sign-extend the data to form an N/2xB result. Complementary instructions
which unpack the upper fields of their sources are also available in each of these

extension families.

MVT includes unpacks which complement its “pack low byte” instructions. These
copy the data from the lower fields (bytes) of the source register to the destination
register starting with the lowest numbered field. Data is zero-extending as needed to

fill the larger fields of the destination register.

Two instructions are included in AltiVec which complement its pixel-packing in-
struction. These convert packed pixels back to an unpacked form. One unpacks the
lower fields of the packed pixel while the other unpacks its upper fields. These propri-
etary operations should not be made part of a programming model which is intended

to be portable.

VIS also includes an instruction which unpacks the lower fields of one NxB operand
to a Nx2B result in which the original B data bits are centered in each field and the
surrounding bits are cleared. This instruction is intended to complement VIS’s pixel-

packing instruction, but is more generally useful because it leaves the data intact

(although shifted).

2.1.10 Memory Access Instructions

Table 2.17 lists memory access instructions that may be useful for SWAR process-
ing and are available for use by the various extension families. Each of these families

has some means of accessing memory. Some include new instructions for loads and



- 106 -

Table 2.16
Catenating, Packing, and Unpacking Operations

Operation Types DEC HP SGI SGI Motorola
MVI MAX | MIPS-V MDMX AltiVec
Catenate odd
Part/Part - - - 8x8, -
4x16
Part/Imm - - - 8x8, -
4x16
Part/Scalar - - - 8x8, -
4x16
Catenate even
Part/Part - - - 8x8, 16x8,
4x16 8x16
Part/Imm - - - 8x8, -
4x16
Part/Scalar - - - 8x8, -
4x16
Catenate upper
Part/Part - - - 4x16 -
Part/Imm - - - 4x16 -
Part/Scalar - - - 4x16 -
Catenate lower
Part/Part - - - 4x16 -
Part/Imm - - - 4x16 -
Part/Scalar - - - 4x16 -
Unsigned Saturate, - - - - 2-8x16s-—+16x8u,2-8x16u—>16x8u,
Pack, and Catenate 2-4x325—8x161,2-4x32u—8x16u
Signed Saturate, - - - - 2-8x16s—16x8s,
Pack, and Catenate 2-4x32s—8x16s
Pixel Pack - - - - 2-4x32—8x16
and Catenate
Truncate & Pack 2x32—8x8 - - - -
Low Byte 4x16—8x8
Scale, Truncate, - - - - -
& Clip
Unpack Lower - - - 8x8u—4x16s 16x8s—8x16s,
& Sign Extend 8x16s—4x32s
Unpack Upper - - - 8x8u—4x16s 16x85—8x16s,
& Sign Extend 8x16s—4x32s
Unpack Low Bytes 8x8u—2x32 - - - -
& Zero Extend 8x8u—4x16
[ Unpack Lower Pixel || - - - [ - 8x16—16x8
[ Unpack Upper Pixel || - - - I - 8x16—16x8

Zero Expand
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Table 2.16 cont’d.
Catenating, Packing, and Unpacking Operations

Operation Types Sun Intel Intel Intel
VIS MMX SSE SSE2

Catenate odd

Part/Part - - - -

Part/Imm - - - -

Part/Scalar - - - -

Catenate even
Part/Part - - - -

Part/Imm - - - -

Part/Scalar - - - -

Catenate upper
Part/Part - - 4x32f -
Part/Imm - - - -
Part/Scalar - - - -
Catenate lower
Part /Part - - 4x32f -

Part/Imm - - - -

Part/Scalar - - - -

Unsigned Saturate, - 2-4x165—8x8u - 2-8x165—16x8u
Pack, and Catenate
Signed Saturate, - 2-4x165—8x8s, - 2-8x16s— 16x8s,
Pack, and Catenate 2-2x32s—»4x16s 2-4x32s—8x16s
Pixel Pack - - - -

and Catenate

Truncate & Pack - - N B

Low Byte
Scale, Truncate, 4x16—4x8u, - - -
& Clip 2x32—2x16s!

Unpack Lower - - - -
& Sign Extend

Unpack Upper - - - -
& Sign Extend

Unpack Low Bytes - - - Z
& Zero Extend

[ Unpack Lower Pixel || - [ N N N l
Unpack Upper Pixel || - [ - I N ]
| Zero Fxpand [ 4x8u—dx16u | - [ N |

ITakes a 2x32, left shifts it logically by the GSR value, truncates the lower 16 bits to form a 2x31,
then signed saturates it to a 2x16s.
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Table 2.16 cont’d.
Catenating, Packing, and Unpacking Operations

Operation Types

- AMD
3DNow!

AMD
E3DNow!

AMD
3DNow!Pro

Cyrix
EMMX

Catenate odd

Part/Part
Part/Imm

Part/Scalar

Catenate even

Part/Part
Part/Imm

Part/Scalar

Catenate upper

Part/Part
Part/Imm
Part/Scalar

Catenate lower

Part/Part
Part/Imm
Part/Scalar

Unsigned Saturate,
Pack, and Catenate

Signed Saturate,
Pack, and Catenate

Pixel Pack
and Catenate

Truncate & Pack
Low Byte

Scale, Truncate,
& Clip

Unpack Lower
& Sign Extend

Unpack Upper
& Sign Extend

Unpack Low Bytes
& Zero Extend

Unpack Lower Pixel [

(e ——

Unpack Upper Pixel ”

Zero Expand I




- 109 -

stores, while others use the existing access instructions, and still others allow memory

operands to their instructions.

The alignment of data in memory may have to be accounted for as some archi-
tectures cannot perform unaligned accesses while others prevent unaligned accesses
by auto-aligning them. An aligned access is one in which the address is divisible by
the number of bytes accessed, N. Such an access is referred to as being “aligned on
an N-byte boundary”. An unaligned access is one in which the address is not on an
N-byte boundary. An auto-aligned access is one in which the least significant bits of
the address are ignored; thus, the effective address is aligned on some non-minimal

boundary even if the requested address was not.

When operating on long vectors of data, one would normally load as much of the
vector as possible in order to maximize parallelism. In this case, one would perform
a load of a word-sized fragment of the vector. The entire fragment would then be
operated on, then stored with a word-sized store. For long vectors, alignm‘ent need

only be an issue when accessing the first and last fragments of the vector.

By contrast, when loading a single element using a word-sized load, the entire
enclosing memory fragment is loaded. The fragment may need to be shifted to justify
the proper element within the register. Then, the element must be zero- or sign-

extended to fill the register and clear out the surrounding data.

When storing a single field value to a particular vector element in memory, the
value must be aligned with the element’s position in the corresponding memory frag-
ment, then stored without affecting the surrounding data. This is usually accom-
plished by loading the fragment from memory, masking out the old data in the ele-
ment’s position, shifting the new data to this position in another register, combining

these via a bitwise OR, and finally storing the updated fragment back to memory.

When copying one element from a vector in memory directly into another, we
would like to load the element, shift it into position, then store it without affecting

the surrounding data. In practice, the element is typically loaded, converted to a
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single value by justifying it with the least significant bit (Isb), sign- or zero- extended
to fill the register, then stored as in the previous paragraph.

Element load and store instructions, which move a single field of data, are only
useful if they eliminate some of the above masking or alignment steps. Otherwise, they
are not an improvement over full-sized load or stores except in special-case situations.

Any implementation of a portable processing model will have to be implemented
on any of the target systems. Each extension family has its own set of peculiarities
with regards to memory accesses. These are usually inherited from the memory
system of the underlying architecture either by necessity or by convention.

MVTI uses the memory access instructions of the underlying Alpha architecture.
These include a set of 8-, 16-, 32- and 64- bit loads and stores which require aligned
accesses, and 64-bit loads and stores which do not.

The MAX extension sets also use the memory accesses of their underlying ar-
chitectures. In each case, a set of 8-, 16-, and 32- bit aligned loads and stores are
included, as are instructions to store from one to four or one to eight bytes to an
unaligned address. The 64-bit MAX-2 also includes 64-bit aligned loads and stores.

MIPS-V includes 64-bit auto-aligned loads and stores which are also used by the
MDMX family of extensions. The underlying MIPS-IV memory-access instructions
are also available to both MIPS-V and MDMX.

AltiVec includes 8-, 16-, and 32- bit aligned element loads and stores. The element
loads load the data into a vector register in the same relative position that it occupies
in the aligned memory quadword (128-bits) which contains it, making the surrounding
bits undefined. The element stores store the data from a vector register into the
aligned memory quadword (128-bits) which contains the address in the same relative
position that it occupies in the vector register, without affecting the surrounding bits.

The AltiVec Technology Programming Environments Manual [68] is inconsistent
in its description of vector element loads (lvebx, lvehx, lvewx). In table 4-15, they are
described as loading the data into the low-order bits of the target vector register, with

the remaining bits “set to boundedly undefined values”. In the individual descriptions
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of these instructions (which are usually more accurate), they are described as loading
the data into the same relative position within the target vector register as its relative

position in the quadword (128 bits) that it occupies in memory.

AltiVec also includes 128-bit auto-aligning loads and stores and two “load vector
index” instructions which are used for obtaining unaligned data. These instructions
load a predefined constant vector value into a register and rotate it left or right by
zero to sixteen bytes, depending on the address requested. When the same address is
used with a load, it is auto-aligned and returns the aligned fragment that contains the
requested address. The index vector is then used as the index to a permute instruction
which aligns the retrieved fragment. If the requested address was unaligned, this
process must be repeated for an access of the next aligned fragment in memory. The

results are then combined to form the intended unaligned access.

VIS includes aligned 8- and 16- bit loads and stores. It also includes block loads
and stores which move an aligned block of 64 bytes between memory and an aligned
set of eight consecutive floating-point registers without altering the cache. There is

also a variation of the block store which forces a cache flush.

MMX includes an unaligned 32-bit move instruction which can also be used to
load or store 32-bit data between the integer registers and the MMX registers. A
64-bit unaligned move is also included which can load or store data between memory
and an MMX register or between two MMX registers. These same instructions are

used by all IA32-based extension families.

SSE includes several memory access instructions. One instruction moves 128-bits
of aligned data between memory and an SSE register or between two SSE registers as a
set of 32-bit floats. There is also an unaligned version of this instruction. 3DNow!Pro
has aligned and unaligned versions of this for the MMX register set, while SSE2 has

64-bit aligned and unaligned floating-point versions.

Another set of SSE instructions moves pairs of unaligned 32-bit floating-point
data between memory and either the upper or lower halves of an SSE register with-

out affecting the surrounding data. In order to maintain compatibility with SSE,
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3DNow! Professional must provide similar functionality, although it isn’t clear what
form this would take. SSE2 provides similar instructions for operating on 64-bit

floats.

Another SSE instruction moves 32 bits of float data between memory and the low
field of an SSE register and also clears the upper fields. This same instruction can
store data from the low 32-bit field of an SSE register to memory without affecting
surrounding data. 3DNow! Professional contains an equivalent instruction, while
SSE2 contains a set for 32-bit integer, 64-bit integer, and 64-bit floating-point data.

SSE2 also has a 2x64 integer aligned load and a corresponding unaligned load.
It also contains complementary stores and a complementary store which generates a
non-temporal hint.

Enhanced 3DNow! and SSE each include a 64-bit store which is intended to min-
imize cache pollution when storing data from an MMX register. SSE also includes a
non-polluting partitioned 32-bit floating-point store from an SSE register. An MMX
register version of this instruction is available in 3DNow!Pro. SSE2 rounds these
out with a 64-bit floating-point SSE register version and a 32-bit instruction which
stores data from an integer register. Each of these instructions generates a cache-
management hint that the data is “non-temporal”.

One instruction found in Enhanced 3DNow! and SSE loads a selected 16-bit field
in an MMX register from memory without affecting the surrounding fields. It can also
be used as an insert instruction which takes its source data from an integer register.

SSE2 extends this instruction for use with SSE registers.

The loading of immediate values is often handled in interesting ways. For example,
the MAX family of extensions use the PA-RISC “load offset” instructions which are
primarily intended for calculating and loading indexed addresses for memory accesses.
MAX also has available an instruction which can load a 21-bit immediate, shifted by
11 bits, into a 32-bit register. This instruction is intended for address generation,
but can also be used to load immediate values for computation. The MAX-2 version

sign-extends the loaded data to fill a 64-bit register. VIS includes instructions which



- 113 -

can load ’0’ or ’1’ bits into all of the bits of a 32- or 64- bit floating-point register

thus supplying a means of loading these commonly-used values (0 and -1).

Various extensions also include “masked store” instructions. These store the fields
of a partitioned register based on the value of a corresponding bit in a bitmask. VIS
includes 8-, 16-, and 32- bit masked store instructions in which this bitmask is stored
in an integer register, typically generated by a comparison instruction. Enhanced
3DNow! and SSE include an 8-bit instruction in which this bitmask consists of the
most significant bits (MSbs) of each byte of an 8x8 partitioned operand. A byte
from the source operand is stored if the MSb of the corresponding byte in the second

operand is a ‘1’. SSE2 includes a version of this for use with the SSE registers.

MVI, Enhanced 3DNow!, and SSE each include a store synchronization (store
sync) instruction which ensures that stores preceding the synchronization point in
program order complete before stores which follow. This is known as weak synchro-
nization because the order of every pair of stores is not necessarily maintained. That
is, two stores which are scheduled before the synchronization point may be reordered.
Only the order of stores occurring before the synchronization point versus those oc-

curring after it are enforced.

SSE2 also includes a load synchronization instruction which ensures that loads
which precede the synchronization point complete before loads which follow it. Fur-
thermore, SSE2 includes a memory synchronization instruction which ensures that all
loads and stores which precede the synchronization point complete before any loads
or stores which follow it. MAX has a similar instruction which weakly enforces the
order of all memory accesses including loads and stores and semaphore, cache flush,

and cache purge instructions.

Although it isn’t really a memory access instruction, SSE2 also includes a spin-
wait hint instruction that lets the processor know that the process is executing a
spin-lock loop. These loops are typically used to synchronize processes that are in
contention for some shared resource or to block a process until some condition is

met. The Pentium 4 processor would normally detect such a loop and treat it as a
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“memory order violation” [95]. This hint is used to suggest to the processor that it

ignore the supposed violation.

2.1.11 Cache Management Instructions

Table 2.18 lists the instructions available for supporting cache management. While
these are not strictly SWAR operations, intelligent use of the memory subsystem is
a necessity on current SWAR architectures to achieve speedup. Generally, the pro-
grammer should be unaware of these issues, so cache management should be handled
internally by the compiler. Cache management is also rarely portable between archi-
tectures, so these operations should not be made visible by a portable programming

model.

As a general rule, data prefetches are auto-aligned. That is, when a prefetch
specifies a particular address, the aligned line-sized memory block is brought into
the cache. Some older architectures allow unaligned prefetches which bring in the

memory block that starts at the requested address.

HP’s MAX-2 allows simple prefetching to be done using the standard load instruc-
tions by targeting the read-only general register 0. The block to be fetched lies at
the auto-aligned value of the requested address. For write accesses, the block may be
marked dirty upon being fetched. 3DNow! includes similar instructions which fetch a
32-byte block, but whose address may or may not be auto-aligned, depending on the

underlying architecture.

The PA-RISC architecture’s load and store instructions also take a “cache hint
completer” (i.e. an opcode extension) which indicates a suggested action to take
relating to the cache. One hint indicates that the data will only be used once (i.e. has
that it has spatial locality, but not temporal locality). Hence, the data can be loaded
into a buffer rather than into the cache, thus preventing the cache from becoming

polluted by the temporary data.
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Table 2.17
Memory Access Operations

[ Spin-wait Hint ] -

Operation Types DEC HP HP SGI SGI Motorola
MVI MAX-1 MAX-2 MIPS-V | MDMX AltiVec
Load Aligned! 1x8u—1x64u, 1x8u—~»1x32u, 1x8u— 1x64u, - 1x8,
1x16u—1x64u, | 1x16u—1x32u, | 1x16u—»1x64u, 1x16,
1x32s— 1x64s, 1x32u 1x32u— 1x64u, 1x32,
1x64, 1x64 1x642
1x1282
Load Unaligned! - - N - -
1x64
(Toabild | - | - [ [ — [ — | - ]
[ Load Immediate || - [ 1x21-1x64% | 1x21—1x64° | - E - |
Load Zeros - - - - - -
Load All Ones - - - - - -
Load Alignment - - - - - 1x128
Vector
Store Aligned 1x64— 1x8, 1x32—>1x8, 1x64-—1x8, - 1x8,
1x64—1x186, 1x32—1x186, 1x64—1x16, 1x16,
1x64—1x32, 1x32 1x64—1x32, 1x32,
1x64, 1x64 1x642
1x1282
Store Unaligned 1t04x8 1to4x8 - - -
1t08x8
1x64
Store Aligned - - - - - z
w/Cache Flush
Masked Store
by Bitmask - - - - - -
by MSb of Part - - - - - -
[ Store Sync [ Weak | - [ - l _ [ N [ _ |
[ Load Sync I - 1 - | - [ - 1 - 1 - |
[ Memory Sync I - | Weak [ - [ - I - | - |
l | I l | |

1Unsigned type implies zero-extension. Signed type implies sign-extension.
2 Auto-aligning.
3Data shifted left by 11 bits, then sign extended to left into upper 32 bits.
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Table 2.17 cont’d.
Memory Access Operations

2x32f—upper 4x32f3,
2x32f—lower 4x32f%,

Operation Types Sun Intel Intel Intel
VIS MMX SSE SSE2

Load Aligned! 1x8u—1x64u, -

1x16u—1x64u,

4x32f 2x64,2x64f

64x8—8-1x64

Load Unaligned® - 1x32u—1x64u 1x32f—low 4x32f?, 1x32—low 4x327%,
1x64 1x64—low 2x642 1x64—slow 2x64f2,

1x64f—high 2x64f3,
1x64f—low 2x64f%,

8-1x64—64x8

4x32f 1x128,2x64f
[Load Field I - ] - | 1x16—4x16° | 1x16—8x16% i
[Load Immediate [| - [ - [ N [ N I
Load Zeros 1x32, - - Z
1x64
Load All Ones 1x32, - - N
1x64
Load Alignment - - - z
Vector
Store Aligned 1x64—1x8,
1x64—1x16,
1x327
1x648,
2x64,2x648
4x32f,4x328 2x64f,2x64f8

Store Unaligned -

low 2x32—1x32
1x64

low 4x32f—1x32f,

upper 4x32f—2x32f,
lower 4x32f—2x32f,

low 4x32—1x32,
low 2x64—1x64,low 2x64f— 1x64,
high 2x64f—1x64f,
low 2x64f—1x64f,

4x32f 2x64,2x64f
Store Aligned 8-1x64—64x8 - - -
w/Cache Flush
Masked Store
by Bitmask 8x8, - - z
4x16,
2x32
by MSb of Part - - 8x8 16x8
[ Store Sync I - [ - [ Weak I - !
[Load Sync [l - [ - | - | Weak |
[ Memory Sync || - | - | - | Weak |
[ Spin-wait Hint | - | - | - [ Yes ]

!Unsigned type implies zero-extension. Signed type implies sign-extension.

2High fields cleared.
3Low field(s) left unchanged.
4High field(s) left unchanged.

Field selected is (immediate mod 4).
8Field selected is (immediate mod 8).
"Data from integer register is stored with a non-temporal hint.

8With Non-temporal hint.
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Table 2.17 cont’d.
Memory Access Operations

Operation Types AMD AMD AMD Cyrix
3DNow! E3DNow! 3DNow!Pro EMMX
Load Aligned - - -
2x32f
Load Unaligned - - 1x32f—low 2x32f -
1x64—1x32f
1x64—1x32f
2x32f
| Load Field I - [ 1x16—4x16! | - e
[ Load Immediate || - I - [ - [ -
Load Zeros - - - -
Load All Ones - - - -
Load Alignment - - - -
Vector
Store Aligned - -
1x642
2x32f,2x32f2
Store Unaligned - - -
low 2x32f—>1x32f,
2x32f—1x64,
2x32f—1x64,
2x32f
Store Aligned - - - -
w/Cache Flush
Masked Store
by Bitmask - - - z
by MSb of Part - 8x8 - -
Store Sync || - Weak - -
Load Sync i - - - _

| | |

l | |
Memory Sync I - I - | - | -

[ l |

Spin-wait Hint || -

IField selected is (immediate mod 4).
2With Non-temporal hint.






