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e.g., processor modules or otherwise, that include or are otherwise coupled to cache, physical or other memory (e.g., attached flash
drives or other mounted storage devices)collectively, "system memory." At least one of the nodes includes a cache memory system
that stores data (and/or instructions) recently accessed (and/or expected to be accessed) by the respective node, along with tags spe -
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(and, specifically, for example, physical memory-such as attached drives or other mounted storage) and the cache memory system.
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GENERAL PURPOSE DIGITAL DATA PROCESSOR, SYSTEMS AND METHODS

REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of filing of all of the following applications, the teachings of

all of which are incorporated herein by reference:

« General Purpose Embedded Processor and Digital Data Processing System Executing a
Pipeline of Software Components that Replace a Like Pipeline of Hardware Components,
Application #61/496,080, Filed June 13, 2011 - Atty Docket 109451-20

» General Purpose Embedded Processor with Provision of Quality of Service Through
Thread Installation, Maintenance and Optimization, Application No. 61/496,088, Filed
June 13,‘2011 - Atty Docket 109451-21

» General Purpose Embedded Processor with Location-Independent Shared Execution

Environment, Application No. 61/496,084, Filed June 13, 2011 - Atty Docket 109451-22

» General Purpose Embedded Processor with Dynamic Assignment of Events to Threads,
Application No. 61/496,081, Filed June 13, 2011 - Atty Docket 109451-23

« Digital Data Processor with JPEG2000 BIT Plane Stripe Column Encoding, Application
No. 61/496,079, Filed June 13, 2011 - Atty Docket 109451-24

« Digital Data Processor with JPEG2000 Binary Arithmetic Coder Lookup, Application No.
61/496,076, Filed June 13, 2011 - Atty Docket 109451-25

« Digital Data Processor with Cache-Managed System Memory, Application No.
61/496,075, Filed June 13, 2011 - Atty Docket 109451-26

+ Digital Data Processor With Cache Control Instruction Set and Cache-Initiated

Optimization, Application No. 61/496,074, Filed June 13, 2011 - Atty Docket 109451-27
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« Digital Data Processor with Arithmetic Operation Transpose Parameter, Application No.
61/496,073, Filed June 13, 2011 - Atty Docket 109451-28

BACKGROUND OF THE INVENTION

The invention pertains to digital data processing and, more particularly, to digital data processing
modules, systems and methods with improved software execution. The inventon has application,
by way of example, to embedded processor architectures and operation. The invention has
application in high-definition digital television, game systems, digital video recorders, video and/
or audio players, personal digital assistants, personal knowledge navigators, mobile phones, and
other multimedia and non-multimedia devices. It also has application in desktop, laptop, mini

computer, mainframe computer and other computing devices.

Prior art embedded processor-based or application systems typically combine: (1) one or more
general purpose processors, e.g., of the ARM, MIPs or x86 variety, for handling user interface
processing, high level application processing, and operating system tasks, with (2) one or more
digital signal processors (DSPs), including media processors, dedicated to handling specific types
of arithmetic computations at specific interfaces or within specific applications, on real-time/low
latency bases. Instead of, or in addition to, the DSPs, special-purpose hardware is often provided
to handle dedicated needs that a DSP is unable to handle on a programmable basis, e.g., because
the DSP cannot handle multiple activities at once or because the DSP cannot meet needs for a

very specialized computational element.

The prior art also includes personal computers, workstations, laptop computers and other such
computing devices which typically combine a main processor with a separate graphics processor
and a separate sound processor; game systems, which typically combine a main processor and
separately programmed graphics processor; digital video recorders, which typically combine a
general purpose processor, mpeg2 decoder and encoder chips, and special-purpose digital signal
processors; digital televisions, which typically combine a general purpose processor , mpeg2
decoder and encoder chips, and special-purpose DSPs or media processors; mobile phones,
which typically combine a processor for user interface and applications processing and special-

purpose DSPs for mobile phone GSM, CDMA or other protocol processing.
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Earlier prior art patents include United States Patent 6,408,381, disclosing a pipeline processor
utilizing snapshot files with entries indicating the state of instructions in the various pipeline
stages, and United States Patent 6,219,780, which concerns improving the throughput of
computers with multiple execution units grouped in clusters. One problem with the earlier prior
art approaches was hardware design complexity, combined with software complexity in
programming and interfacing heterogeneous types of computing elements. Another problem was
that both hardware and software must be re-engineered for every application. Moreover, early
prior art systems do not load balance: capacity cannot be transferred from one hardware element

to another.

Among other trends, the world is going video—that is, the consumer, commercial, educational,
governmental and other markets are increasingly demanding video creation and/or playback to
meet user needs. Video and image processing is, thus, one dominant usage for embedded devices
- and is pervasive in devices, throughout the consumer and business devices, among others.
However, many of the processors still in use today rely on decades-old Intel and ARM

architectures that were optimized for text processing in eras gone by.

An object of this invention is to provide improved modules, systems and methods for digital data

processing.

A further object of the invention is to provide such modules, systems and methods with improved

software execution.

A related object is to provide such modules, systems and methods as are suitable for an embedded

environment or application.

A further related object is to provide such modules, systems and methods as are suitable for video

and image processing.

Another related object is to provide such modules, systems and methods as facilitate design,

manufacture, time-to-market, cost and/or maintenance.
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A further object of the invention is to provide improved modules, systems and methods for
embedded (or other) processing that meet the computational, size, power and cost requirements
of today’s and future appliances, including by way of non-limiting example, digital televisions,
digital video recorders, video and/or audio players, personal digital assistants, personal

knowledge navigators, and mobile phones, to name but a few.

Yet another object is to provide improved modules, systems and methods that support a range of

applications.

Still yet another object is to provide such modules, systems and methods which are low-cost, low-

power and/or support robust rapid-to-market implementations.

Yet still another object is to provide such modules, systems and methods which are suitable for

use with desktop, laptop, mini computer, mainframe computer and other computing devices.

These and other aspects of the invention are evident in the discussion that follows and in the

drawings.
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SUMMARY OF THE INVENTION

Digital Data Processor with Cache-Managed Memory

The foregoing are among the objects attained by the invention which provides, in some aspects,
an improved digital data processing system with cache-controlled system memory. A system
according to one such aspect of the invention includes one or more nodes, e.g., processor
modules or otherwise, that include or are otherwise coupled to cache, physical or other memory

(e.g, attached flash drives or other mounted storage devices)—collectively, “system memory.”

At least one of the nodes includes a cache memory system that stores data (and/or instructions)
recently accessed (and/or expected to be accessed) by the respective node, along with tags
specifying addresses and statuses (e.g.,, modified, reference count, etc.) for the respective data
(and/or instructions). The caches may be organized in multiple hierarchical levels (e.g., a level 1
cache, a level 2 cache, and so forth), and the addresses may form part of a "system" address that

is common to multiple ones of the nodes.

The system memory and/or the cache memory may include additional (or "extension") tags. In
addition to specifying system addresses and statuses for respective data (and/or instructions), the
extension tags specify physical address of those data in system memory. As such, they facilitate
translating system addresses to physical addresses, e.g., for purposes of moving data (and/or
instructions) between system memory (and, specifically, for example, physical memory—such as

attached drives or other mounted storage) and the cache memory system.

Related aspects of the invention provide a system, e.g., as described above, in which one
extension tag is provided for each addressable datum (or data block or page, as the case may be)

in system memory.

Further aspects of the invention provide a system, e.g, as described above, in which the extension

tags are organized as a tree in system memory.
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Related aspects of the invention provide such a system in which one or more of the extension
tags are cached in the cache memory system of one or more nodes. These may include, for
example, extension tags for data recently accessed (or expected to be accessed) by those nodes

following cache “misses” for that data within their respective cache memory systems.

Further related aspects of the invention provide such a system that comprises a plurality of nodes
that are coupled for communications with one another as well, preferably, as with the memory
system, e.g.,, by a bus, network or other media. In related aspects, this comprises a ring

interconnect.

A node, according to still further aspects of the invention, can signal a request for a datum along
that bus, network or other media following a cache miss within its own internal cache memory
system for that datum. System memory can satisfy that request, or a subsequent related request

for the datum, if none of the other nodes do so.

In related aspects of the invention, a node can utilize the bus, network or other media to
communicate to other nodes and/or the memory system updates to cached data and/or

extension tags.

‘Further aspects of the invention provide a system, e.g., as described above, in which one or more
nodes, includes a first level of cache that contains frequently and/or recently used data and/or
instructions, and at least a second level of cache that contains a superset of data and/or

instructions in the first level of cache.

Other aspects of the invention provide systems e.g., as described above, that utilize fewer or
greater than the two levels of cache within the nodes. Thus, for example, the system nodes may

include only a single level of cache, along with extension tags of the type described above.

Still further aspects of the invention provide systems, e.g., as described above, wherein the nodes
comprise, for example, processor modules, memory modules, digital data processing systems (or

interconnects thereto), and/or a combination thereof.
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Yet still further aspects of the invention provide such systems where, for example, one or more
levels of cache (e.g, the first and second levels) are contained, in whole or in part, on one or more

of the nodes, e.g., processor modules.

Advantages of digital data modules, systems and methods according to the invention are that all
system addresses are treated as if cached in the memory system. Accordingly an addressable
item that is present in the system—regardless, for example, of whether it is in cache memory,
physical memory (e.g., an attached flash drive or other mounted storage device)—has an entry in
one of the levels of cache. An item that is not present in any cache (and the memory system),
i.e., is not reflected in any of the cache levels, is then not present in the memory system. Thus
the memory system can be filled sparsely in a way that is natural to software and operating

system, without the overhead of tables on the processor.

Advantages of digital data modules, systems and methods according to the invention are that
they afford efficient utilization of memory, esp., where that might be limited, e.g., on mobile and

consumer devices.

Further advantages are that digital data modules, systems and methods experience performance
improvements of all memory being managed as cache without on-chip area penalty. This in turn
enables memory, e.g., of mobile and consumer devices, to be expanded by another networked
device. It can also be used, by way of further non limiting example, to manage RAM and

FLASH memory, e.g., on more recent portable devices such as net books.

General Purpose Processor With Dynamic Assignment of Events to Threads

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, in which a processing module comprises a plurality of processing units that each
execute processes or threads (collectively, “threads”). An event table maps events—such as, by
way of n‘on-limiting example, hardware interrupts, software interrupts and memory events—to
respective threads. Devices and/or software (e.g., applications, processes and/or threads) register,
e.g., with a default system thread or otherwise, to identify event-processing services that they

require and/or that they can provide. That thread or other mechanism continually matches those
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and updates the event table to reflect a mapping of events to threads, based on the demands and

capabilities of the overall environment.

Related aspects of the invention provide systems and methods incorporating a processor, €.g,, as
described above, in which code utilized by hardware devices or software to register their event-
processing needs and/or capabilities is generated, for example, by a preprocessor based on
directives supplied by a developer, manufacturer, distributor, retailer, post-sale support personnel,
end user or otherwise about actual or expected runtime environments in which the processor is or

will be used.

Further related aspects of the invention provide such a method in which such code can be

inserted into the individual applications' respective runtime code by the preprocessor, etc.

General Purpose Processor With Location-Independent Shared Execution Environment

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, that permit application and operating system-level threads to be transparently
executed across different devices (including mobile devices) and which enable such device to

automatically off load work to improve performance and lower power consumption.

Related aspects of the invention provide such modules, systems and methods in which events
detected by a processor executing on one device can be routed for processing to a processor, e.g.,

executing on another device.

Other related aspects of the invention provide such modules, systems and methods in which
threads executing on one device can be migrated, e.g.,, to a processor on another device and,
thereby, for example, to processor events local to that other device and/or to achieve load
balancing, both way way of example. Thus, for example, threads can migrated, e.g, to less busy

devices, to better suited devices or, simply, to a device where most of events are expected to occur.
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Further aspects of the invention provide modules, systems and methods, e.g., as described above
in which events are routed and/or threads are migrated between and among processors in

multiple different devices and/or among multiple processors on a single device.

Yet still other aspects of the invention provide modules, systems and methods, e.g., as described
above in which tables for routing events are implemented in novel memory/cache structures, e.g.,
such that the tables of cooperating processor modules (e.g., those on a local area network)

comprise single shared hierarchical table.

General Purpose Processor With Provision of Quality of Service Through Thread Instantiation, Maintenance

and Optimization

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, in which a processor comprises a plurality of processing units that each execute
processes or threads (collectively, “threads”). An event delivery mechanism delivers events—such
as, by way of non-limiting example, hardware interrupts, software interrupts and memory events
—to respective threads. A preprocessor (or other functionality), e.g., executed by a designer,
manufacturer, distributor, retailer, post-sale support personnel, end-user, or other responds to
expected core and/or site resource availability, as well as to user prioritization, to generate default
system thread code, link parameters, etc., that optimize thread instantiation, maintenance and

thread assignment at runtime.

Related aspects of the invention provide modules, systems and methods executing threads, e.g, a

default system thread, created as discussed above.

Still further related aspects of the invention provide modules, systems and methods executing

threads that are compiled, linked, loaded and/or invoked in accord with the foregoing.

Yet still further related aspects of the invention provide modules, systems and methods, e.g., as
described above, in which the default system thread or other functionality insures instantiation of
an appropriate number of threads at an appropriate time, e.g, to meet quality of service

requirements.
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Further related aspects of the invention provide such a method in which such code can be

inserted into the individual applications' respective source code by the preprocessor, etc.

General Purpose Processor with JPEG2000 Bit Plane Stripe Column Encoding

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, that include an arithmetic logic or other execution unit that is in
communications coupling with one or more registers. That execution unit executes a selected
processor-level instruction by encoding and storing to one (or more) of the register(s) a stripe
column for bit plane coding within JPEG2000 EBCOT (Embedded Block Coding with

Optimized Truncation).

Related aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the execution unit generates the encoded stripe column based on

specified bits of a column to be encoded and on bits adjacent thereto.

Further related aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the execution unit generates the encoded stripe column from four bits

of the column to be encoded and on the bits adjacent thereto.

Still further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the execution unit generates the encoded stripe column in response to
execution of an instruction that specifies, in addition to the bits of the column to be encoded and

adjacent thereto, a current coding state of at least one of the bits to be encoded.

Yet still further aspects of the invention provide processor modules, systems and methods, e.g, as

described above, in which the coding state of each bit to be encoded is represented in three bits.

Still further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the execution unit generates the encoded stripe column in response to

execution of an instruction that specifies an encoding pass that includes any of a significance

10
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propagation pass (SP), a magnitude refinement pass (MR), a cleanup pass, and a combined MR
and CP pass.

Yet still further related aspects of the invention provides processor modules, systems and methods,
e.g., as described above, in which the execution unit selectively generates and stores to one or

more registers an updated coding state of at least one of the bits to be encoded.

General Purpose Processor with [PEG2000 Binary Arithmetic Code Lookup

Further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which an arithmetic logic or other execution unit that is in communications
coupling with one or more registers executes a selected processor-level instruction by storing to

that/those register(s) value(s) from a JPEG2000 binary arithmetic coder lookup table.

Related aspects of the invention provide processor modules, systems and methods as described
above in which the JPEG2000 binary arithmetic coder lookup table is a Qe-value and probability

estimation lookup table.

Related aspects of the invention provide processor modules, systems and methods as describe
above in which the execution unit responds to such a selected processor-level instruction by
storing to said one or more registers one or more function values from such a lookup table, where

those functions are selected from a group Qe-value, NMPS, NLPS and SWITCH functions.

In further related aspects, the invention provides processor modules, systems and methods, e.g,, as
described above, in which the execution logic unit stores said one or more values to said one or

more registers as part of a JPEG2000 decode or encode instruction sequence.

General Purpose Processor with Arithmetic Operation Transpose Parameter

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, in which an arithmetc logic or other execution unit that is in communications
coupling with one or more registers executes a selected processor-level ‘instruction specifying

arithmetic operations with transpose by performing the specified arithmetic operations on one or

11
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more specified operands, e.g., longwords, words or bytes, contained in respective ones of the
registers to generate and store the result of that operadon in transposed format, e.g., across

multiple specified registers.

In related aspects, the invention provides processor modules, systems and methods, e.g, as
described above, in which the arithmetic logic unit writes the result, for example, as a one-quarter
word column of four adjacent registers or, by way of further example, a byte column of eight

adjacent registers.

In further related aspects, the invention provides processor modules, systems and methods, e.g., as
described above, in which the arithmetic logic unit breaks the result (e.g., longwords, words or
bytes) into separate portions (e.g., words, bytes or bits) and puts them into separate registers, e.g.,

at a specific common byte, bit or other location in each of those registers.

In further related aspects, the invention provides processor modules, systems and methods, e.g., as

described above, in which the selected arithmetic operation is an addition operation.

In further related aspects, the invention provides processor modules, systems and methods, e.g., as

described above, in which the selected arithmetic operation is a subtraction operation.

General Purpose Processor with Cache Control Instruction Set and Cache-Initiated Optimization

Further aspects of the invention provide processor modules, systems and methods, e.g, as
described above, with improved cache operation. A processor module according to such aspects,
for example, can include an arithmetic logic or other execution unit that is in communications
coupling with one or more registers, as well as with cache memory. Functionality associated with
the cache memory works cooperatively with the execution unit to vary utilization of the cache
memory in response to load, store and other requests that effect data and/or instruction

exchanges between the registers and the cache memory.

Related aspects of the invention provide processor modules, systems and methods, e.g., as

described above, in which the (aforesaid functionality associated with the) cache memory varies

12
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replacement and modified block writeback selectively in response to memory reference
instructions (a term that is used interchangeably herein, unless otherwise evident from context,

with the term “memory reference instructions”) executed by the execution unit.

Further related aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the (aforesaid functionality associated with the) cache memory varies a
value of a “reference count” that is associated with cached instructions and/or data selectively in

response to such memory reference instructions.

Still further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, in which the (aforesaid functionality associated with the) cache memory forces
the reference count value to a lowest value in response to selected memory reference instructions,

thereby, insuring that the corresponding cache entry will be a next one to be replaced.

Related aspects of the invention provide such processor modules, systems and methods in which
such instructions include paraméters (e.g., the “reuse/no-reuse cache hint”) for influencing the
reference counts accordingly. These can include, by way of example, any of load, store, “fill”
and “empty” instructions and, more particularly, by way of example, can include one or more of
LOAD (Load Register), STORE (Store to Memory), LOADPAIR (Load Register Pair),
STOREPAIR (Store Pair to Memory), PREFETCH (Prefetch Memory), LOADPRED (Load
Predicate Register), STOREPRED (Store Predicate Register), EMPTY (Empty Memory), and
FILL (Fill Memory) instructions.

Yet still further aspects of the invention provide processor modules, systems and methods, €.g,, as
described above, in which the (aforesaid functionality associated with the) cache memory works
cooperatively with the execution unit to prevent large memory arrays that are not frequently

accessed from removing other cache entries that are frequently used.

Other aspects of the invention provide processor modules, systems and methods with
functionality that varies replacement and writeback of cached data/instructions and updates in

accord with (a) the access rights of the acquiring cache, and (b) the nature of utilization of such

13
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data by in other processor modules. This can be effected in connection memory access
instruction execution parameters and/or via “automatic” operation of the caching subsystems

(and/or cooperating mechanisms in the operating system).

Still yet further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, that include a novel virtual memory and memory system architecture features in

which inter alia all memory is effectively managed as cache.

Other aspects of the invention provide processor modules, systems and methods, e.g, as
described above, in which the (aforesaid functionality associated with the) cache memory works
cooperatively with the execution unit to perform requested operations on behalf of an executing
thread. On multiprocessor systems these operations can span to non-local level2 and level2

extended caches.

General Purpose Processor and Digital Data Processing System Execnting a Pipeline of Software Components
That Replace a Like Pipeline of Hardware Components

Further aspects of the invention provide processor modules, systems and methods, e.g., as
described above, that execute pipelines of software components in lieu of like pipelines of

hardware components of the type normally employed by prior art devices.

Thus, for example, a processor according to the invention can execute software components
pipelined for video processing and including a H.264 decoder software module, a scalar and
noise reduction software module, a color correction software module, a frame race control
software module—all in lieu of a like hardware pipeline, namely, one including a semiconductor
chip that functions as a system controller with H.264 decoding, pipelined to a semiconductor
chip that functions as a scaler and noise reduction module, pipelined to a semiconductor chip
that functions for color correction, and further pipelined to a semiconductor chip that functions

as a frame rate controller.
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Related aspects of the invention provide such digital data processing systems and methods in
which the processing modules execute the pipelined software components as separate respective

threads.

Further related aspects of the invention provide digital data processing systems and methods, e.g,,
as described above, comprising a plurality of processing modules, each executing pipelines of

software components in lieu of like hardware components.

Yet further related aspects of the invention provide digital data processing systems and methods,
e.g., as described above, in which at least one of plural threads defining different respective
components of a pipeline (e.g, for video processing) is executed on a different processing module

than one or more threads defining those other respective components.

Still yet further related aspects of the invention provide digital data processing systems and
methods, e.g., as described above, in which at least one of the processor modules includes an
arithmetic logic or other execution unit and further includes a plurality of levels of cache, at least
one of which stores some information on circuitry common to the execution unit (i.e., on chip)

and which stores other information off circuitry common to the execution unit (i.e., off’ chip).

Yet still further aspects of the invention provide digital data processing systems and methods, e.g,,
as described above, in which plural ones of the processing modules include levels of cache as
described above. The cache levels of those respective processors .can, according, to related
aspects of the invention, manage the storage and access or data and/or instructions common to

the entire digital data processing system.

Advantages of processing modules, digital data processing systems, and methods according to the
invention are, among others, that they enable a single processor to handle all application, image,
signal and network processing—by way of example—of a mobile, consumer and/or other
products, resulting in lower cost and power consumption. A further advantage is that they avoid
the recurring complexity designing, manufacturing, assembling and testing hardware pipelines, as

well as that of writing software for such hardware pipelined-devices.

15
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These and other aspects of the invention are evident in the discussion that follows and in the

drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the invention may be attained by reference to the drawings,

in which:

Figure 1 depicts a system including processor modules according to the invention;

Figure 2 depicts a system comprising two processor modules of the type shown in Figure 1;
Figure 3 depicts thread states and transitions in a system according to the invention;

Figure 4 depicts thread-instruction abstraction in a system according to the invention;

Figure 5 depicts event binding and processing in a processor module according to the invention;
Figure 6 depicts registers in a processor module of a system according to the invention;

Figures 7-10 depict add instructions in a processor module of a system according to the

invention;

Figures 11-16 depict pack and unpack instructions in a processor module of a system according

to the invention;

Figures 17—18 depict bit plane stripe instructions in a processor module of a system according to

the invention;
Figure 19 depicts a memory address model in a system according to the invention;
Figure 20 depicts a cache memory hierarchy organization in a system according to the invention;

Figure 21 depicts overall flow of an L2 and L2E cache operation in a system according to the

invention;
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Figure 22 depicts organization of the L2 cache in a system according to the invention;
Figure 23 depicts the result of an L2E access hit in a system according to the invention;
Figure 24 depicts an L2E descriptor tree look-up in a system according to the invention;
Figure 25 depicts an L2E physical memory layout in a system according to the invention;

Figure 26 depicts a segment table entry format in a system according to the invention;

Figures 27-29 depict, respectively, L1, L2 and L2E Cache addressing and tag formats in an SEP

system according to the invention;
Figure 30 depicts an IO address space format in a system according to the invention;
Figure 31 depicts a memory system implementation in a system according to the invention;

Figure 32 depicts a runtime environment provided by a system according to the invention for

executing tiles;

Figure 33 depicts a further runtime environment provided by a system according to the

invention;
Figure 34 depicts advantages of processor modules and systems according to the invention;
Figure 35 depicts typical implementation of a consumer (or other) device for video processing;

Figure 36 depicts implementation of the device of Figure 35 in a system according to the

°

invention;

Figure 37 depicts use of a processor in accord with one practice of the invention for parallel

execution of applications and other components of the runtime environment;
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Figure 38 depicts a system according to the invention that permits dynamic assignment of events

to threads;

Figure 39 depicts a system according to the invention that provides a location-independent

shared execution environment;

Figure 40 depicts migration of threads in a system according to the invention with a location-

independent shared execution environment and with dynamic assignment of events to threads;
Figure 41 is a key to symbols used in Figure 40;

Figure 42 depicts a system according to the invention that facilitates the permits of quality of

service through thread instantiation, maintenance and optimization;

Figure 43 depicts a system according to the invention in which the functional units execute

selected arithmetic operations concurrently with transposes;

Figure 44 depicts a system according to the invention in which the functional units execute
processor-level instructions by storing to register(s) value(s) from a JPEG2000 binary arithmetic

coder lookup table;

Figure 45 depicts a system according to the invention in which the functional units execute
processor-level instructions by encoding a stripe column of values in registers for bit plane coding

within JPEG2000 EBCOT;

Figure 46 depicts a system according to the invention wherein a pipeline of instructions executing
on cores serve as software equivalents of corresponding hardware pipelines of the type

traditionally practiced in the prior art; and

Figures 47 and 48 show the effect of memory access instructions with and without a no-reuse

hint on caches in a system according to the invention.
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DETAILED DESCRIPTION OF THE LI USTRATED EMBODIMENT

OVERVIEW

Figure 1 depicts a system 10 including processor modules (generally, referred to as "SEP" and/
or as "cores" elsewhere herein) 12, 14, 16 according to one practice of the invention. Each of
these is generally constructed, operated, and utilized in the manner of the “processor module”
disclosed, e.g, as element 5, of Figure 1, and the accompanying text of United States Patents US
7,685,607 and US 7,653,912, entitled "General Purpose Embedded Processor" and "Virtual
Processor Methods and Apparatus With Unified Event Notficaton and Consumer-Producer
Memory Operations,” respectively, and further details of which are disclosed in Figures 2-26 and
the accompanying text of those two patents, the teachings of which figures and text are
incorporated herein by reference, and a copy of US 7,685,607 of which is filed herewith by

example as Appendix A, as adapted in accord with the teachings hereof.

Thus, for example, the illustrated cores 12-16 include functional units 12A—16A, respectively,
that are generally constructed, operated, and utlized in the manner of the “execution units” (or
“functional units”) disclosed, by way of non-limiting example, as elements 30-38, of Figure 1
and the accompanying text of aforementioned US Patents 7,685,607 and US 7,653,912, and
further details of which are disclosed, by way of non-limiting example, in Figures 13, 16 (branch
unit), 17 (memory unit), 20, 21-22 (integer and compare units), 23A—23B (floating point unit) and
the accompanying text of those two patents, the teachings of which figures and text (and others
of which pertain to the functional or execution units) are incorporated herein by reference, as
adapted in accord with the teachings hereof. The functional units 12A—16A are labelled “ALU”
for arithmetic logic unit in the drawing, although they may serve other functions instead or in

addition (e.g., branching, memory, etc.).

By way of further example, cores 12—16 include thread processing units 12B—16B, respectively,
that are generally constructed, operated, and utilized in the manner of the “thread processing
units (TPUs)” disclosed, by way of non-limiting example, as elements 10-20, of Figure 1 and the
accompanying text of aforementioned US Patents 7,685,607 and US 7,653,912, and further
details of which are disclosed, by way of non-limiting example, in Figures 3, 9, 10, 13 and the

20



WO 2012/174128 PCT/US2012/042274

accompanying text of those two patents, the teachings of which figures and text (and others of
which pertain to the thread processing units or TPUs) are incorporated herein by reference, as

adapted in accord with the teachings hereof.

Consistent with those teachings, the respective cores 12—-16 may have one or more TPUs and the
number of those TPUs per core may differ (here, for example, core 12 has three TPUs 12B; core
14, two TPUs 14B; and, core 16, four TPUs 16B). Moreover, although the drawing shows a
system 10 with three cores 12—16, other embodiments may have a greater or lesser number of

cores.

By way of still further example, cores 12—16 include respective event lookup tables 12C-16C,
which are generally constructed, operated and utilized in the manner of the “event-to-thread
lookup table” (also referred to as the “event table” or “thread lookup table,” or the like) disclosed,
by way of non-limiting example, as element 42 in Figure 4 and the accompanying text of
aforementioned US Patents 7,685,607 and US 7,653,912, the teachings of which figures and text
(and others of which pertain to the “event-to-thread lookup table”) are incorporated herein by
reference, as adapted in accord with the teachings hereof, e.g., to provide for matching events to

threads executing within or across processor boundaries (i.e., on other processors).

The tables 12C—-16C are shown as a single structure within each core of the drawing for sake of
convenience; in practice, they may be shared in whole or in part, logically, functionally and/or
physically, between and/or among the cores (as indicated by dashed linesy—and which, therefore,
may be referred to herein as “virtual” event lookup tables, “virtual” event-to-thread lookup
tables, and so forth. Moreover, those tables 12C~16C can be implemented as part of a single
hierarchical table that is shared among cooperating processor modules within a “zone” of the
type discussed below and that operates in the manner of the novel virtual memory and memory

system architecture discussed here.

By way of yet still further example, cores 12—16 include respective caches 12D—16D, which are
generally constructed, operated and utilized in the manner of the “instruction cache,” the “data

cache,” the “Levell (L1)” cache, the “Level2 (L2)” cache, and/or the “Level2 Extended (L2E)”
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cache disclosed, by way of non-limiting example, as elements 22, 24, 26 (26a, 26b) respectively, in
Figure | and the accompanying text of aforementioned US Patents 7,685,607 and US
7,653,912 , and further details of which are disclosed, by way of non-limiting example, in Figures
5,6,7,8,10, 11, 12, 13, 18, 19 and the accompanying text of those two patents, the teachings of
which figures and text (and others of which pertain to the instruction, data and other caches) are
incorporated herein by reference, as adapted in accord with the teachings hereof, e.g., to support
a novel virtual memory and memory system architecture features in which inter alia all memory

is effectively managed as cache, even though off-chip memory utilizes DDR DRAM or otherwise.

The caches 12D—-16D are shown as a single structure within each core of the drawing for sake of
convenience. In practice, one or more of those caches may constitute one or more structures
within each respective core that are logically, functionally and/or physically separate from one
another and/or, as indicated by the dashed lines connecting caches 12D-16D, that are shared in
whole or in part, logically, functionally and/or physically, between and/or among the cores. (As
a consequence, one or more of the caches are referred to elsewhere herein as “virtual”
instruction and/or data caches.) For example, as shown in Figure 2, each core may have its own
respective L1 data and L1 instruction caches, but may share L2 and L2 extended caches with

other cores.

By way of still yet further example, cores 12—16 include respective registers 12E-16E that are
generally constructed, operated and utilized in the manner of the general-purpose registers,
predicate registers and control registers disclosed, by way of non-limiting example, in Figures 9
and 20 and the accompanying text of aforementioned US Patents 7,685,607 and US 7,653,912,
the teachings of which figures and text (and others of which pertain to registers employed in the
processor modules) are incorporated herein by reference, as adapted in accord with the teachings

hereof.

Moreover, one or more of the illustrated cores 12-16 may include on-chip DRAM or other
“system memory” (as elsewhere herein), instead of or in addition to being coupled to off-chip
DRAM or other such system memory—as shown, by way of non-limiting example, in the

embodiment of Figure 31 and discussed elsewhere herein. In addition, one or more of those
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cores may be coupled to flash memory (which may be on-chip, but is more typically off-chip),
again, for example, as shown in Figure 31, or other mounted storage (not shown). Coupling of
the respective cores to such DRAM (or other system memory) and flash memory (or other
mounted storage) may be effected in the conventional manner known in the art, as adapted in

accord with the teachings hereof.

The illustrated elements of the respective cores, e.g., 12A-12G, 14A—-14G, 16A-16G, are coupled
for communication to one another directly and/or indirectly via hardware and/or software logic,
as well, as with the other cores, e.g,, 14, 16, as evident in the discussion below and in the other
drawings. For sake of simplicity, such coupling is not shown in Figure 1. Thus, for example, the
arithmetic logic units, thread processing units, virtual event lookup table, virtual instruction and
data caches of each core 12—-16 may be coupled for communication and interaction with other
elements of their respective cores 12—16, and with other elements of the system 10 in the manner

3 <C

of the “execution units” {or “functional units”), “thread processing units (TPUs),” “event-to-
thread lookup table,” and “instruction cache”/“data cache,” respectively, disclosed in the
aforementioned figures and text, by way of non-limiting example, of aforementioned,
incorporated-by-reference US Patents 7,685,607 and US 7,653,912, as adapted in accord with

the teachings hereof.

Cache-Controlled Memory System—Introduction

The illustrated embodiment provides a system 10 in which the cores 12—16 utlize a cache-
controlled system memory (e.g.,, cache-based management of all memory stores that form the
system, whether as cache memory within the cache subsystems, attached physical memory such
as flash memory, mounted drives or otherwise). Broadly speaking, that system can be said to
include one or more nodes, here, processor modules or cores 12—16 (but, in other embodiments,
other logic elements) that include or are otherwise coupled to cache memory, physical memory
(e.g., attached flash drives or other mounted storage devices) or other memory—collectively,
“system memory”’—as shown, for example, in Figure 31 and discussed elsewhere herein. The
nodes 12—16 (or, in some embodiments, at least one of them) provide a cache memory system

that stores data (and, preferably, in the illustrated embodiment, instructions) recently accessed
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(and/or expected to be accessed) by the respective node, along with tags specifying addresses and
statuses (e.g., modified, reference count, etc.) for the respective data (and/or instructions). The
data (and instructions) in those caches and, more generally, in the “system memory” as a whole
are preferably referenced in accord with a "system" addressing scheme that is common to one or

more of the nodes and, preferably, to all of the nodes.

The caches, which are shown in Figure 1 hereof for simplicity as unitary respective elements
12D-16D are, in the illustrated embodiment, organized in multiple hierarchical levels (e.g,, a
level 1 cache, a level 2 cache, and so forth)—each, for example, organized as shown in Figure 20

hereof.

Those caches may be operated as virtual instruction and data caches that support a novel virtual
memory system architecture in which. inter alia all system memory (whether in the caches,
physical memory or otherwise) is effectively managed as cache, even though for example, off-chip
memory may utilize DDR DRAM. Thus, for example, instructions and data may be copied,
updated and moved amo.ng and between the caches and other system memory (e.g., physical
memory) in a manner paralleling that disclosed, by way of example, patent publications of
Kendall Square Research Corporation, including, US 5,055,999, US 5,341,483, and US
5,297,265, including, by way of example, Figures 2A, 2B, 3, 6A—7D and the accompanying text
of US 5,055,999, the teachings of which figures and text (and others of which pertain to data
movement, copying and updating) are incorporated herein by reference, as adapted in accord
with the teachings hereof. The foregoing is likewise true of extension tags, which can also be
copied, updated and moved among and between the caches and other system memory in like

manner.

The system memory of the illustrated embodiment stores additional (or "extension") tags that can
be used by the nodes, the memory system and/or the operating system like cache tags. In
addition to specifying system addresses and statuses for respective data (and/or instructions), the
extension tags also specify physical address of those data in system memory. As such, they

facilitate translating system addresses to physical addresses, e.g., for purposes of moving data
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(and/or instructions) between physical (or other system) memory and the cache memory system

(a/k/a the “caching subsystem,” the “cache memory subsystem,” and so forth).

Selected extension tags of the illustrated system are cached in the cache memory systems of the
nodes, as well as in the memory system. These selected extension tags include, for example, those
for data recently accessed (or expected to be accessed) by those nodes following cache “misses”
for that data within their respective cache memory systems. Prior to accessing physical (or other
system memory) for data following a local cache miss (i.e., a cache miss within its own cache
memory system), such a node can signal a request for that data to the nodes, e.g,, along bus,
network or other media (e.g.,, the Ring Interconnect shown in Figure 31 and discussed elsewhere
herein) on which they are coupled. A node that updates such data or its corresponding tag can

likewise signal the other nodes and/or the memory system of the update via the interconnect.

Referring back to Figure 1, the illustrated cores 12-16 may form part of a general purpose
computing system, e.g., being housed in mainframe computers, mini computers, workstations,
desktop computers, laptop computers, and so forth. As well, they may be embedded in a
consumer, commercial or other device (not shbwn), such as a television, cell phone, or personal
digital assistant, by way of example, and may interact with such devices via various peripherals

interfaces and/or other logic (not shown, here).

A single or multiprocessor system embodying processor and related technology according to the
illustrated embodiment—which processor and/or related technology is occasionally referred to
herein by the mnemonic "SEP" and/or by the name “Paneve Processor,” “Paneve SDE” or the
like—is optimized for applications with large data processing requirements, e.g., real time
embedded applications which have a high degree of media processing requirements. SEP is

general purpose in multiple aspects:

+ Software defined processing, rather than dedicated hardware for special purpose
functions
o Standard languages and compilers like gcc

« Standard OS like Linux, no real time OS required
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* High performance for a large range of media and general purpose applications.

* Leverage parallelism to scale applications and performance on today’s and future
implementation. SEP is designed to scale single thread performance, thread parallel
performance and multiprocessor performance

*  Gain high efficiency of software algorithms and utilization of underlying hardware

capability.

The types of products and applications of SEP are limitless, but the focus of the discussion here
is on mobile products for sake of simplicity and without loss of generality. Such applications are

network- and Internet-aware and could include, by way of non-limiting example:

*  Universal Networked Display

* Networked information appliance

+  PDA & Personal Knowledge Navigator (PKIN) with voice and graphical user interface
with capabilities such as real time voice recognition, camera (still, video) recorder, MP3
player, game player, navigation and broadcast digital video (MP4?). This device might
not look like a PDA.

* G3 mobile phone integrated with other capabilities.

+ Audio and video appliances including video server, video recorder and MP3 server.

» Network-aware appliances in general

These exemplary target applications are, by way of non-limiting example, inherently parallel. In

addition, they have or include one or more of the following:

» High computational requirements

» Real time application requirements

*  Multi-media applications

»  Voice and graphical user interface

» Intelligence

» Background tasks to aid the user (like intelligent agents)
+ Interactive nature

+ Transparent Internet, networking and Peer to Peer (P2P access)
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*  Multiple applications executing concurrently to provide the device/user function.

A class of such target applications are multi-media and user interface-driven applications that are

inherently parallel at the multi-tasking and multi-processing levels (including peer-to-peer).

Discussed in the preceding sections and below are architectural, processing and other aspects of
SEP, along with structures and mechanisms in support of those features. It will be appreciated
that the processors, systems and methods shown in the illustrations and discussed here are
examples of the invention and that other embodiments, incorporating variations on those here,

are contemplated by the invention, as well.

The illustrated SEP embodiment directly supports 64 bit address, 64/32/18/8 bit data-types,
large general purpose register set and general purpose predicate register set. In preferred
embodiments (such as illustrated here), instructions are predicated to enable the compiler to
eliminate many conditional branches. Instruction encodings support multi-threading and

dynamic distributed shared execution environment features.

SEP simultaneous multi-threading provides flexible multiple instruction issue. High utilization of
‘execution units is achieved through simultaneous execution of multiple process or threads
(collectively, “threads”) and eliminating the inefficiencies of memory misses, and memory/branch

dependencies. High utilization yields high performance and lower power consumption.

Events are handled directly by the corresponding thread without OS intervention. This enables

real-time capability utilizing a standard OS like Linux. Real time OS is not required.

The illustrated SEP embodiment supports a broad spectrum of parallelism to dynamically attain

the right range and granularity of parallelism for a broad mix of applications, as discussed below.

*  Parallelism within an instruction
o Instruction set uniformly enables single 64 bit, dual 32 bit, quad 16 bit and octal 8 bit
operations to support high petformance image processing, video processing, audio

processing, network processing and DSP applications
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* Muldple Instruction Execution within a single thread

o Compiler specifies the instruction grouping within a single thread that can execute

during a single cycle. Instructdon encoding directly supports specification of
grouping. The illustrated SEP architecture enables scalable instruction level
parallelism across implementations- one or more integer, floating point, compare,

memory and branch classes.

* Simultaneous multi-threading

(@]

SEP implements the ability to simultaneously execute one or more instructiohs from
multiple threads. Each cycle, the SEP schedules one or more instructions from
multiple threads to optimally utilize available execution unit resources. SEP mult-
threading enables multiple application and processing threads to operate and
interoperate concurrently with low latency, low power consumption, high

performance and reduced implementation complexity. See "Generalized Events and

Muld-Threading," hereof.

* Generalized Event architecture

o

SEP provides to mechanisms that enable efficient multi-threaded, multiple processor
and distributed P2P environments: unified event mechanism and software
transparent consumer producer memory capability.

The largest degradation of real-time performance of standard OS, like Linux is that
all interrupts and events must be handled by the kernel before being handled by the
actual event or application event handler. This lowers the quality of real-time
applicadons like audio and video. Every SEP event is transparently wakes ﬁp the
appropriate thread without kernel intervention. Unified events enable all events (HW
interrupts, SW events and others) to be handled directly by the user level thread,
eliminating virtually all OS kernel latency. Thus the real time performance of
standard OS is significantly improved.

Synchronization overhead and programming difficulty of implemented the natural
data based processing flow between threads or processors (for multiple steps of
image processing for example) is very high. SEP memory instructions enable
threads to wait on the availability of data and transparently wake up when another
thread indicates the data is available. Software transparent consumer-producer
memory operations enables higher performance fine grained thread level parallelism

with an efficient data oriented, consumer-producer programming style.
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+ Single Processor replaces multiple embedded processors
o Most embedded systems require separate special purpose processors (or dedicated
hardware resources) for application, image, signal and network processing. Also, the
softwate development complexity with multiple special purpose processors is high.

In general multiple embedded processors adds to the cost and power consumption

of the end product.

o The multi-threading and generalized event architecture enables a single SEP
processor to handle all application image, signal and network processing for a mobile
product, resulting in lower cost and power consumption.

*  Cache based Memory System

o In preferred embodiments (such as illustrated here), all system memory is managed
as cache. This enables an efficient mechanism to manage a large sparse address and
memory space across a single and multiple mobile devices. This also eliminates
address translation bottleneck from first level cache and TLB miss penalty. Efficient
operation of SEP across multiple devices is an integrated feature, not an
afterthought.

»  Dynamic distributed shared execution environment (remote P2P technology)

o Generally, OS level threads and application threads cannot be transparently executed
across different devices. Generalized event, consumet-producer memory, multi-
threading enables seamless distributed shared execution environment actoss
processors including: distributed shared memory/objects, distributed shared events
and distributed shared execution. This enables the mobile device to automatically

off load work to improve performance and lower power consumption.
The architecture supports scalability, including:

« Instruction extension with additional functional units or programmable functional units

+ Increasing the number of functional units improves the performance of individual
threads more significantly the performance of simultaneously executing threads.

«  Multi-processor- Adding additional processors to an SEP chip.

» Increases in cache and memory size.

+ Improvements in semiconductor technology.
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GENERALIZED EVENTS AND MULTI-THREADING

Generalized SEP event and mult-threading model are both unique and powerful. A thread is a
stateful fully independent flow of control. Threads communicate through sharing memory, like a
shared memory multi-processor or through events. SEP has special behavior and instructions
that optimize memory performance, performance of threads interacting through memory and
event signaling performance. SEP event mechanism enables device (or software) events (like
interrupts) to be signaled directly to the thread that is designated to handled the event, without

requiring OS interaction.

The generalized multi-thread model works seamlessly across one or more physical processors.
Each processor 12, 14 implements one or more Thread Processing Units (TPU) 12B, 14B, which
are bound to one thread at any given instant. Thread Processing Units behave like virtual
processors and execute concurrently. As shown in the drawing, TPUs executing on a single
processor usually share levell (L1 Instruction & L1 Data) and level2 (L2) cache (which may be
shared with the TPU of the other processor, as well). The fact that they share caches is software
transparent, thus multiple threads can execute on a single or multiple processors in a transparent

manner.

Each implementation of the SEP processor has some number (e.g., one or more) of Thread
Processing Units (TPUs) and some number of execution (or functional) units. Each TPU
contains the full state of each thread including general registers, predicate registers, control

registers and address translation.

The foregoing may be appreciated by reference to Figure 2, which depicts a system 10°
comprising two processor modules of the type shown in Figure 1 and labelled, here, as 12, 14.
As discussed above, these include respective functional units 12A—14A, thread processing units
12B-14B, and respective caches 12D-14D, here, arranged as separate respective Levell
instruction and data caches for each module and as shared Level2 and Level2 Extended caches,
as shown. Such sharing may be effected, for example, by interface logic that is coupled, on the

on hand, to the respective modules 12—-14 and, more particularly, to their respective L1 cache
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circuitry and, on the other hand, to on-chip (in the case, e.g, of the L2 cache) and/or off-chip (in

the case, e.g, of the L2E cache) memory making up the L2 and L2E caches, respectively.

The processor modules shown in Figure 2 additionally include respective address translation
functionality 12G—14G, here, shown associated with the respective thread processing units 12B—
~ 14B, that provide for address translation in a manner like that disclosed, by way of non-limiting
example, in connection with TPU elements 10-20 of Figure 1, in connection with Figure 5 and
the accompanying text, and in connection with branch unit 38 of Figure 13 and the
accompanying text, all of aforementioned US Patents 7,685,607 and US 7,653,912, the
teachings of which figures and text (and others of which pertain to the address translation) are

incorporated herein by reference, as adapted in accord with the teachings hereof.

Those processor modules additionally include respective launch and pipeline control units 12F—
14F that that are generally constructed, operated, and utilized in the manner of the “launch and
pipeline control” or “pipeline control” unit disclosed, by way of non-limiting example, as
clements 28 and 130 of Figure 1 and 13-14, respectively and the accompanying text of
aforementioned US Patents 7,685,607 and US 7,653,912, the teachings of which figures and text
(and others of which pertain to the launch and pipeline control) are incorporated herein by

reference, as adapted in accord with the teachings hereof.

During each cycle the dispatcher schedules instructions from the threads in “executing” state in
the Thread Processing Units such as to optimize utilization of the execution units. In general
with a small number of active threads, utilization can typically be quite high, typically >80-90%.
During each cycle SEP schedules the TPUs requests for execution units (based on instructions) on
a round robin bases. Each cycle the starting point of the round robin is rotated among TPUs to
assure fairness. Thread priority can be adjusted on an individual thread basis to increase or
decrease the priority of an individual thread to bias the relative rate that instructions are

dispatched for that thread.
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Across implementations the amount of instruction parallelism within a thread and across a
thread can vary based on the number of execution units, TPUs and processors, all transparently

to software.

Contrasting superscalar vs. SEP multithreaded architecture, in a superscalar processor,
instructions from a single executing thread are dynamically scheduled to execute on available
execution units based on the actual parallelism and dependencies within the program. This
means that on the average most execution units are not able to be utilized during each cycle. As
the number of execution units increases the percentage utilization typically goes down. Also
execution units are idle during memory system and branch prediction misses/waits. In contrast,
multithreaded SEP instructions from multiple threads (shown in different colors) execute
simultaneously. Each cycle, the SEP schedules instructions from multiple threads to optimally
" utilize available execution unit resources. Thus the execution unit utilization and total

performance is higher, totally transparent to software.

The underlying rationales for supporting multiple active threads (virtual processors) per processor

are:

* Functional capability
o Enables single multi-threaded processor to replace multiple application, media,
signal processing and network processors
o Enable multiple threads corresponding to application, image, signal processing
and networking to operate and interoperate concurrently with low latency and
high performance. Context switch and interfacing overhead is minimized. Even
within a single image processing application like MP4 decode threads can easily
operate simultaneously in a pipelined manner to for example prepare data for
frame n+1 while frame n is being composed.
*  Performance
o Increase the performance of the individual processor by better utilizing functional
units and tolerating memory and other event latency. Itis not unusual to gain a

3x or more performance increase for supporting up to 4-6 simultaneously
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executing threads. Power consumption and die size increases are negligible so that
performance per unit power and price performance are improved.

o Lower the performance degradation due to branches and cache misses by having
another thread execute during these events

o Eliminates most context switch overhead

o Lowers latency for real time activities

o General, high performance event model.

* Implementation

o Simplification of pipeline and overall design

o No complex branch predication- another thread can run!!

o Lower cost of single processor hcip vs. multiple processor chips.

o Lower cost when other complexities are eliminated.

o Improve performance per unit power.

THREAD STATE

_Threads are disabled and enabled by the thread enable field of the Thread State Register
(discussed below, in connection with “Control Registers.”) When a thread is disabled: no thread
state can change, no instructions are dispatched and no events are recognized. System software
can load or unload a thread into a TPU by restoring or saving thread state, when the thread is
disabled. When a thread is enabled: instructions can be dispatched, events can be recognized

and thread state can change based on instruction completion and/or events.

Thread states and transitions are illustrated in Figure 3. These include:

+ Executing: Thread context is loaded into a TPU and is currently executing instructions.
o A thread transitions to waiting when a memory instruction must wait for cache to
complete an operation, e.g. miss or not empty/full (producer-consumer memory)
o A thread transitions to idle when a event instruction is executed.
»  Waiting: Thread context is loaded into a TPU, but is currently not executing

instructions. Thread transitions to executing when an event it is waiting for occurs:
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o Cache operation is completed that would allow the memory instruction to
proceed.
*  Waiting IO: Thread context is loaded into a TPU, but is currently not executing
instructions. Thread transitions to executing when one of the following events occurs:

o Hardware or software event.

Figure 4 ties together instruction execution, thread and thread state. The dispatcher dispatches
instructions from threads in “executing” state. Instructions either are retired- complete and
update thread state (like general purpose (gp) registers); or transition to waiting because the
instruction is not able to complete yet because it is blocked. Example of an instruction blocking
is a cache miss. When an instruction becomes unblocked, the thread is transitioned from waiting
to executing state and the dispatcher takes over from there. Examples of other memory

instructions that block are empty and full.

Next asynchronous signals, called events which can occur in idle or executing states is introduced.

EVENTS

Event is an asynchronous signal to a thread. SEP events are unique in that any type of event can
directly signal any thread, user or system privilege, without processing by the OS. In all other
systems, interrupts are signaled to the OS, which then dispatches the signal to the appropriate
process or thread. This adds the latency of the OS and latency of signaling another thread to
the interrupt latency. This typically requires a highly tuned real-time OS and advanced software
tuning for the application. For SEP, since the event gets delivered directly to a thread, the latency
is virtually zero, since the thread can responds immediately and the OS is not involved. A

standard OS and no application tuning is necessary.

Two types of SEP events are shown in Figure 5, which depicts event binding and processing in a
processor module, e.g, 12-16, according to the invention. More particularly, that drawing
illustrates functionality provided in the cores 12-16 of the illustrated embodiment and how they

are used to process and bind device events and software events to loaded threads (e.g, within the
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same core and/or, in some embodiments, across cores, as discussed elsewhere herein). Each
physical event or interrupt is represented as a physical event number (16 bits). The event table
maps the physical event number to a virtual thread number (16 bits). If the implementation has
more than one processor, the event table also includes an eight bit processor number. An Event
To Thread Delivery mechanism delivers the event to the mapped thread, as disclosed, by way of
non-limiting example, in connection with element 40—44 of Figure 4 and the accompanying text
of aforementioned US Patents 7,685,607 and US 7,653,912, the teachings of which figures and
text (and others of which pertain to event-to-thread delivery) are incorporated herein by
reference, as adapted in accord with the teachings hereof. The events are then queued. Each
TPU corresponds to a virtual thread number as specified in its corresponding ID register. The
virtual thread number of the event is compared to that of each TPU. If there is a match the
event is signaled to the corresponding TPU and thread. If there is not a match, the event is

signaled to the default system thread in TPU zero.

The routing of memory events to threads by the cores 12-16 of the illustrated embodiment is
handled in the manner disclosed, by way of non-limiting example, in connection with elements
44, 50 of Figure 4 and the accompanying text of aforementioned US Patents 7,685,607 and US
7,653,912, the teachings of which figures and text (and others of which pertain to memory event

processing) are incorporated herein by reference, as adapted in accord with the teachings hereof.

In order to process an event, a thread takes the following actions. If the thread is in waiting state,
the thread is waiting for a memory event to complete and the thread will recognize the event
immediately. If the thread is in waiting IO state, the thread is waiting for an 1O device
operation to complete and will recognize the event immediately. If the thread is in executing

state the thread will stop dispatching instructions and recognize the event immediately.

On recognizing the event, the corresponding thread saves the current value of Instruction
Pointer into System or Application Exception IP register and saves the event number and event
status into System or Application Exception Status Register. System or Application registers are
utilized based on the current privilege level. Privilege level is set to system and application trap

enable is reset. If the previous privilege level was system, the system trap enable is also reset.
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The Instruction Pointer is then loaded with the exception target address (Table 8) based on the

previous privilege level and execution starts from this instruction.
Operations of other threads are unaffected by an event.

Threads run at two privilege levels, System and Application. System threads can access all state
of its thread and all other threads within the processor. An application thread can only access
non-privileged state corresponding to it. On reset TPU 0 runs thread 0 at system privilege.

Other threads can be configured for privilege level when they are created by a system privilege
thread.

EVENT FORMAT FOR HARDWARE AND SOFTWARE EVENTS

3 32 31 16 15 4 3 201 i o
threadnum ‘ eventnum [ how ’ priv ’
:Bit :Field Description :
0 |pnv Privilege that the event will be signaled at:

1 System privilege

2 Application privilege

1 [how Specifies how the event is signaled if the thread is not in idle state.
If the thread is in idle state, this field is ignored and the event is
directly signalled

1 Wait for thread in idle state. All events after this event in the

queue wait also.

2 Trap thread immediately
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15:4 |eventnum Specifies the logical number for this event. The value of this field
is captured in detail field of the system exception status or

application exception status register.

31:16 |threadnum Specifies the logical thread number that this event is signaled to.

EXAMPLE EVENT OPERATIONS

Reset Event Handling
Reset event causes the following actions:

» Event handling queues are cleared.

* ‘Thread State Register for each thread has reset behavior as specified. System exception
status register will indicate reset. Thread 0 will start execution from virtual address 0x0.
Since address translation is disabled at reset, this will also be System Address 0x0. The
memcore is always configured as core 0, so 0x0 offset at memcore will address address 0x0
of flash memory. See sections “Addressing” and “Standard Device Registers” in “Virtual
Memory and Memory System,” hereof.

* Al other threads are disabled on reset.

+ No configuration for flash access after reset is required. Flash memory accessed directly by
processor address is not cached and placed directly into the thread instruction queue.

'« Cacheable address space must not be accessed until L1 instruction, L1 data and L2 caches
are initialized. Only a single thread should be utilized until caches are initialized. L1 caches
can be initialized through Instruction or Data Levell Cache Tag Pointer ICTP, DCTP) and
Instruction or Data Levell Cache Tag Entry ACTE, DCTE) control registers. Tag format is
provided in Cache organization and entry description section of "Virtual Memory and
Memory System," hereof. L2 cache can be initialized through L2 standard device registers

and formats described in "Virtual Memory and Memoty System," hereof
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Thread Event Handling

Reset event handling must configure the event queue. There is a single event queue per chip,

independent of the number of cores. The event queue is associated with core 0.

* For each event type, an entry is placed into event queue lookup table. All events with no
value in the event queue lookup table are queued to thread 0.

¢ Each time that a thread is loaded or unloaded from a thread processing unit (hardware

thread), the corresponding event queue lookup table entry should be updated. Sequence
should be:

o Remove entry from event queue lookup table

o Disable thread, unload thread. Note if an event is signaled in the window
between removing the entry and disabling the thread it will be presented to thread
0 for action.

o Add new entry event queue lookup table

o Load new thread into TPU.

+  Operation is identical for single and multiple threads and TPUs

Dynamic Assignment Of Events To Threads

Referring to Figure 38, an SEP processor module (e.g, 12) according to some practices of the
invention permits devices and/or software (e.g, applications, processes and/or threads) to
register, e.g., with a default system thread or other logic to identify event-processing services that
they require and/or event-handling capabilities they provide. That thread or other logic (e.g.,
event table manager 106°, below) continually matches those requirements (or “needs”) to
capabilities and updates the event-to-thread lookup table to reflect an optimal mapping of events
to threads, based on the requirements and capabilities of the overall system 10—so that, when
those events occur, the table can be used (e.g., by the event-to-thread delivery mechanism, as
discussed in the section “Events,” hereof) to map and route them to respective virtual threads and
to signal the TPUs that are executing them. In addition to matching to one another the needs
and capabilities registered with it by the devices and/or software, the default system thread or

other logic an match registered needs with other capabilities known to it (whether or not
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registered) and, likewise, can match registered capabilities with other needs known to it (again,

whether or not registered, per se).

This can be advantageous over matching of events to threads based solely on "hardcoded" or
fixed assignments. Those arrangements may be more than adequate for applications where the
software and hardware environment can be reasonably predicted by the software developers.
However, they might not best serve processing and throughput demands of dynamically changing
systems, e.g., where processing-capable devices (e.g, those equipped with SEP processing modules
or otherwise) come into and out of communications coupling with one another and with other
processing-demanding software or devices). By way of non-limiting example is a SEP core-
equipped phone for gaming applications. When the phone is isolated, it processes all gaming
threads (as well as telephony, etc., threads) on its own. However, if the phone comes into range of
another core-equipped device, it offloads appropriate software and hardware interrupt processing

to that other device.

Referring to Figure 38, a preprocessor of the type known in the art—albeit as adapted in
accord with the teachings hereof—inserts into source code (or intermediate code, or otherwise) of
applications, library code, drivers, etc. that will be executed by the system 10 event-to-thread
lookup table management code that upon execution (e.g,, upon interpretation and/or following
compilation, linking, etc.) causes the executed code to register event-processing services that it will
require and/or capabilities that it will provide at runtime. That event-to-thread lookup table
management code can be based on directives supplied by the developer (as well, potentially, by
the manufacturer, dism'butor, retailer, post-sale support personnel, end user or other) to reflect
one or more of: the actual or expected requirements (or capabilities) of the respective source,
intermediate or other code, as well as about the expected runtime environment and the devices
or software potentially available within that environment with potentially matching capabilities

(or requirements).

The drawing illustrates this by way of source code of three applications 100-104 which would
normally be expected to require event-processing services; although, that and other software may

provide event-handling capabilities, instead or in addition—e.g., as in the case of codecs, special-
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purpose library routines, and so forth, which may have event-handling capabilitdes for service
events from other software (e.g., high-level applications) or of devices. As shown, the exemplary
applications 100—104 are processed by the preprocessor to generate “preprocessed apps” 100°-
104°, respectively, each with event-to-thread lookup table management code inserted by the

Preprocessor.

The preprocessor can likewise insert into device driver code or the like (e.g., source, intermediate
or other code for device drivers) event-to-thread lookup table management code detailing event-
processing services that their respective devices will require and/or capabilities that those devices

will provide upon insertion in the system 10.

Alternatively or in addition to being based on directives supplied by the developer (manufacturer,
distributor, retailer, post-sale support personnel, end user or other), event-to-thread lookup table
management code can be supplied with the source, intermediate or other code by the developers
(manufacturers, distributors, retailers, post-sale support personnel, end users or other) themselves
—or, still further alternatively or in addition, can be generated by the preprocessor based on
defaults or other assumptions/expectations of the expected runtime environment. And, although
event-to-thread lookup table management code is discussed here as being inserted into source,
intermediate or other code by the preprocessor, it can, instead or in addition, be inserted by any
downstream interpreters, compilers, linkers, loaders, etc. into intermediate, object, executable or

other output files generated by them.

Such is the case, by extension, of the event table manger code module 106, i.e., a module that
| that, at runtime, updates the event-to-thread table based on the event-processing services and
event-handling capabilities registered by software and/or devices at runtime. Though that
module may be provided in source code format (e.g, in the manner of files 100—-104), in the
illustrated embodiment, it is provided as a prepackaged library or other intermediate, object or
other code module compiled and/or that is linked into the executable code. Those skilled in the
art will appreciate that this is by way of example and that, in other embodiments the

functionality of module 106’ may be provided otherwise.
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With further reference to the drawing, a compiler/linker of the type known in the art—albeit as
adapted in accord with the teachings hereof—generates executable code files from the
preprocessed apps 100’-104° and module 106’ (as well as from any other software modules)
suitable for loading into and execution by module 12 at runtime. Although that runtime code is
likely to comprise one or more files that are stored on disk (not shown), in L2E cache or
otherwise, it is depicted, here, for convenience, as threads 100”-106" it will ulimately be broken

into upon execution.

In the illustrated embodiment, that executable code is loaded into the instruction/data cache
12D at runtime and is staged for execution by the TPUs 12B (here, labelled, TPU[0,0]—
TPU[0,2]) of processing module 12 as described above and elsewhere herein. The
corresponding enabled (or active) threads are shown here with labels 100, 1027, 104>, That

-corresponding to event table manager module 106’ is shown, labelled as 106,

Threads 100””—104"" that require event-processing services (e.g., for software interrupts) and/or
that provide event-processing capabilities register, e.g., with event table manager module 106””,
here, by signalling that module to identify those needs and/or capabilities. Such registration/
signalling can be done as each thread is instantiated and/or throughout the life of the thread
(e.g., if and as its needs and/or capabilities evolve). Devices 110 can do this as well and/or can
rely on interrupt handlers to do that registration (e.g., signalling) for them. Such registration
(here, signalling) is indicated in the drawing by notification arrows emanating from thread 102””
of TPU[0,1] (labelled, here, as “thread regis” for thread registration); thread 104" of TPU[0,2]
(software interrupt source registration); device 110 Dev 0 (device O registration); and, device 1110
Dev 1 (device 1 registration) for routing to event table manager module 106””. In other

embodiments, the software and/or devices may register, e.g., with module 106””, in other ways.

The module 106 responds to the notifications by rﬁatching the respective needs and/or
capabilities of the threads and/or devices, e.g, to optimize operation of the system 10, e.g, on
any of many factors including, by way of non-limiting example, load balancing among TPUs
and/or cores 12—-16, quality of service requirements of individual threads and/or classes of

threads (e.g., data throughput requirements of voice processing threads vs. web data transmission
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threads in a telephony application of core 12), energy utilization (e.g., for battery operation or
otherwise), actual or expected numbers of simultaneous events, actual or expected availability of
TPUs and/or cores capable of processing events, and so forth, all by way of example). The
module 106 updates the event lookup table 12C accordingly so that subsequently occurring
events can be mapped to threads (e.g, by the event-to-thread delivery mechanism, as discussed in

the section “Events,” hereof) in accord with that optimization.

Location-Independent Shared Execution Environment

Figure 39 depicts configuration and use of the system 10 of Figure 1 to provide a location-
independent shared execution environment and, further, depicts operation of processor modules
12—-16 in connection with migration of threads across core boundaries to support such a location-
independent shared execution environment. Such configurations and uses are advantageous,
among other reasons, in that they facilitate optimization of operation of the system 10—e.g,, to
achieve load balancing among TPUs and/or cores 12-16, to meet quality of service
requirements of individual threads, classes of threads, individual events and/or classes of events, .
to minimize energy utilization, and so forth, all by way of example—both in static configurations
of the system 10 and in dynamically changing configurations, e.g., where processing-capable
devices come into and out of communications coupling with one another and with other
processing-demanding software or devices. By way of overview, the system 10 and, more
particularly, the cores 12—-16 provide for migration of threads across core boundaries by moving
data, instructions and/or thread (state) between the cores, e.g, in order to bring event-processing
threads to the cores (or nearer to the cores) whence those events are generated or detected, to
move event-processing threads to cores (or nearer to cores) having the capacity to process them,

and so forth, all by way of non-limiting example.

Operation of the illustrated processor modules in support of location-independent shared
execution environment and migration of threads across processor 12—16 boundaries is illustrated
_ in Figure 39, in which the following steps (denoted in the drawings as numbers in dashed-line
ovals) are performed. It will be appreciated that these are by way of example and that other

embodiments may perform different steps and/or in different orders:
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In step 120, core 12 is notified of an event. This may be a hardware or software event, and it
may be signaled from a local device (i.e., one directy coupled to core 12), a locally executing
thread, or otherwise. In the example, the event is one to which no thread has yet been assigned.
Such notification may be effected in a manner known in the art and/or utilizing mechanisms
disclosed in incorporated-by-reference patents US 7,685,607 and US 7,653,912, as adapted in

accord with the teachings hereof.

In step 122, the default system thread executing on one of the TPUs local to core 12, here,
TPU[0,0] is notified of the newly received event and, in step 123, that default thread can
instantiate a thread to handle the incoming event and subsequent related events. This can
include, for example, setting state for the new thread, identifying event handler or software
sequence to process the event, e.g.,, from device tables, and so forth, all in the manner known in
the art and/or utilizing mechanisms disclosed in incorporated-by-reference patents US 7,685,607
and US 7,653,912, as adapted in accord with the teachings hereof. (The default system thread
can, in some embodiments, process the incoming event directly and schedule a new thread for
handling subsequent related events.) The default system thread likewise updates the event-to-
thread table to reflect assignment of the event to the newly created thread, e.g., a manner known
in the art and/or utilizing mechanisms disclosed in incorporated-by-reference patents US

7,685,607 and US 7,653,912, as adapted in accord with the teachings hereof; see step 124.

In step 125, the thread that is handling the event (e.g., the newly instantiated thread or, in some
embodiments, the default system thread) attempts to read the next instruction of the event-
handling instruction sequence for that event from cache 12D. If that instruction is not present in
the local instruction cache 12D, it (and, more typically, a block of instruction “data” including it
and subsequent instructions of the same sequence) is transferred (or “migrated”) into it, e.g,, in
the manner described in connection with the sections entided “Virtual Memory and Memory
System,” “Cache Memory System Overview,” and “Memory System Implementation,” hereof,
all by way of example; see step 126. And, in step 127, that instruction is transferred to the TPU
12B to which the event-handling thread is assigned, e.g., in accord with the discussion at

“Generalized Events and Mult-Threading,” hereof, and elsewhere herein.
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In step 128a, the instruction is dispétched to the execution units 12A; e.g, as discussed in
“Generalized Events and Multi-Threading,” hereof, and elsewhere herein, for execution, along
with the data required for such execution—which the TPU 12B and/or the assigned execution
unit 12A can also load from cache 12D; see step 128b. As above, if that data is not present in the
local data cache 12D, it is transferred (or “migrated”) into it, e.g, in the manner referred to above

in connection with the discussion of step 126.

Steps 125~128b are repeated, e.g., while the thread is active (e.g., until processing of the event is
completed) or undl it is thrown into a waiting state, e.g., as discussed above in connection with
“Thread State” and elsewhere herein. They can be further repeated if and when the TPU 12B
on which the thread is executing is notified of further related events, e.g., received by core 12 and
routed to that thread (e.g., by the event-to-thread delivery mechanism, as discussed in the section

“Events,” hereof).

Steps 130-139 illustrate migration of that thread to core 16, e.g., in response to receipt of further
events related to it. While such migration is not necessitated by systems according to the
invention, it (migration) too can facilitate optimization of operation of the system as discussed
above. The illustrated steps 130—139 parallel the steps described above, albeit steps 130—139 are

executed on core 16.
Thus, for example, step 130 parallels step 120 vis-a-vis receipt of an event notification by core 16.

Step 132 parallels step 122 vis-a-vis notification of the default system thread executing on one of

the TPUs local to core 16, here, TPU[2,0] of the newly received event.

Step 133 parallels step 123 vis-a-vis instantiation of a thread to handle the incoming event.
However, unlike step 123 which instantiates a new thread, step 133 effects transfer (or migration)
of a pre-existing thread to core 16 to handle the event—in this case, the thread instantated in
step 123 and discussed above in connection with processing of the event received in step 120. To
that end, in step 133, the default system thread executing in TPU[2,0] signals and cooperates

with the default system thread executing in TPUJ0,0] to transfer the pre-existing thread’s register
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state, as well as of the remainder of thread state based in memory, as discussed in “Thread
(Virtual Processor) State,” hereof; see step 133b. In some embodiments, the default system
thread identifies the pre-existing thread and the core on which it is (was) executing, e.g, by
searching local and a remote components of the event lookup table show, e.g., in the breakout of
Figure 40, below. Alternatively, one or more of the operations discussed here, in connection with
steps 133 and 133b and be handled by logic (dedicated or otherwise) that is separate and apart
from the TPU’s, e.g., by the event-to-thread delivery mechanism (discussed in the section

“Events,” hereof) or the like.

Step 134 parallels step 124 vis-a-vis updating of the event-to-thread table of core 16 to reflect

assignment of the event to the transferred thread.

Steps 135-137 parallel steps 125-127, respective, vis-a-vis reading the next instruction of the
event-handling instruction sequence from the cache, here, cache 16D, migrating that instruction
to that cache if not already present there, and transferring that instruction to the TPU, here,

16B, to which the event-handling thread is assigned.

Steps 138a—138b parallel steps 128a—128b vis-a-vis dispatching of the instruction for execution

and loading the requisite data in connection therewith.

As above, steps 135—138b are repeated, e.g.,, while the thread is active (e.g., until processing of the
event is completed) or until it is thrown into a waiting state, e.g, as discussed above in connection
with “Thread State” and elsewhere herein. They can be further repeated if and when the TPU
16B on which the thread is executing is notified of further related events , e.g., received by core
16 and routed to that thread (e.g., by the event-to-thread delivery mechanism, as discussed in the

section “Events,” hereof).

Figure 40 depicts further systems 10’ and methods according to practice of the invention
wherein the processor modules (here, all labelled 12 for simplicity) of Figure 39 are embedded in
consumer, commercial or other devices 150-164 for cooperative operation—e.g., routing and

processing of events among and between modules within zones 170~174. The devices shown in
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the illustration are televisions 152, 164 and set top boxes 154 cell phones 158, 162, and personal
digital assistants 168, remote controls 156, though, these are only by way of example. In other
embodiments, the modules may be embedded in other devices instead or in addition; for

example, they may be included in desktop, laptop, or other computers.

The zones 170-174 shown in the illustradon are defined by local area networks, though, again,
these are by way of example. Such cooperative operation may occur within or across zones that
defined in other ways. Indeed, in some embodiments, cooperative operation is limited to cores
12 within a given device (e.g., within a television 152), while in other embodiments that operation
extends across networks even more encompassing (e.g., wider ranging) than LANs or less

encompassing.

The embedded processor modules 12 are generally denoted in Figure 40 by the graphic symbol
shown in Figure 41A. Along with those modules are symbolically depicted peripheral and/or
other logic with which those modules 12 interact in their respective devices (i.e., within the
respective devices within which they are embedded). The graphic symbol for those peripheral
and/or other logic is provided in Figure 41B, but the symbols are otherwise left unlabeled in

Figure 40 to avoid clutter.

A detailed breakout (indicated by dashed lines) of such a core 12 is shown in the upper left of
Figure 40. That breakout does not show caches or functional units (ALU’s) of the core 12 for
ease of illustration. However, it does show the event lookup table 12C of that module (which is
generally constructed, operated and utilized as discussed above, e.g., in connection with Figures 1
and 39) as including two components: a local event table 182 to facilitate matching events to
locally executing threads (i.e., threads executing on one of the TPUs 12B of the same core 12)
and a remote event table 184 to facilitate matching events to remotely executing threads (i.e.,
threads executing on another or the cores—e.g.,, within the same zone 170 or within another
zone 172-174, depending upon implementation. Though shown as two separate components
182, 184 in the drawings, these may comprise a greater or lesser number of components in other

embodiments of the invention.
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Moreover, though described here as “tables,” it will be appreciated that the event lookup tables
may comprise or be coupled with other functional components—such as, for example, an event-
to-thread delivery mechanism, as discussed in the section “Events,” hereoff—and that those
tables and/or components may be entirely local to (i.e., disposed within) the respective core or
otherwise. Thus, for example, the remote event lookup table 184 (like the local event lookup
table 182) may comprise logic for effecting the lookup function. Moreover, table 184 may include
and/or work cooperatively with logic resident not only in the local processor module but also in
the other processor modules 14—16 for exchange of information necessary to route events to
them (e.g,, thread id’s, module id’s/addresses, event id’s, and so forth). To this end, the remote

event lookup “table” is also referred to in the drawing as a “remote event distribution module.”

The results of matching locally occurring events, e.g., local software event 186 and local memory
event 188, against the local event table 182 are depicted in the drawing. Specifically, as indicated
by arrow labelled “in-core processing” those events are routed to a TPU of the local core for
processing by a pre-existing or newly created thread. This is reflected in detail in the upper left of

Figure 41.

Conversely, if a locally occurring event does not an entry in the local event table 182 but does
match one in the remote event table 184 (e.g., as determined by parallel or in seratim applications
of an incoming event ID against those tables), the latter can return a thread id, module id/
address (collectively, “address”) of the core and thread responsible for processing that event. The
event-to-thread delivery mechanism and/or the default system thread (for example) of the core in
which the event is detected can utilize that address to route the event for processing by that
responsible core/thread. This is reflected in Figure 40, by way of example, by hardware event
190, which matches an entry in table 184, which returns the address of a remote core responsible
for handling that event—in this case, a core 12 embedded in device 154. The event-to-thread
delivery mechanism and/or the default system thread (or other logic) of the core 12 that detected
the event 190 utlizes that address to route the event to that remote core, which processes the

event, e.g., as described above, e.g., in connection with steps 120-128b.
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While routing of events to which threads are already assigned can be based on “current” thread
location, that is, on the location of the core 12 on which the assigned thread is currently resident,
events can be routed to other modules instead, e.g, to achieve load balancing (as discussed
above). In some embodiments, this is true for both “new” events, i.e., those to which no thread is
yet assigned, as well as for events to which threads are already assigned. In the latter regard (and,
indeed, in both regards), the cores can utlize thread migration (e.g,, as shown in Figure 39 and
discussed above) to effect processing of the event of the module to which the event is so routed.
This is illustrated, by way of non-limiting example, in the lower right-hand corner of Figure 40,
wherein device 158 and, more particularly, its respective core 12, is shown transferring a
“thread” (and, more precisely, thread state, instructions, and so forth—in accord with the

discussion of Figure 39).

In some embodiments, a "master” one of the processor modules 12 within a zone 170-174 and/
or within the system as a whole (depending on implementation), however, is responsible for
routing events to preexisting threads and for choosing which modules/devices (including,
potentially, the local module) will handle new events—e.g,, in cooperation with default system
threads running on the cores 12 within which those preexisting threads are executing (e.g., as
discussed above in connection with Figure 39. Master status can be conferred on an ad hoc basis
or otherwise and, indeed, it can rotate (or otherwise dynamically vary) among processors within a
zone. Indeed, in some embodiments distribution is effected on a peer-to-peer basis, e.g,, such
that each module is responsible for routing events that it receives (e.g., assuming the module does

not take up processing of the event itself).

Systems constructed in accord with the invention can effect downloading of software to the
illustrated embedded processor modules. As shown in Figure 40, this can be effected from a
“vendor” server to modules that are deployed “in the field” (i.e., embedded in devices that are
installed in business, residences or otherwise). However, it can similarly be effected to modules
pre-deployment, e.g., during manufacture, distribution and/or at retail. Moreover, it need be
effected by a server but, rather, can be carried out by other functionality suitable for transmitting
and/or installing requisite software on the modules. Regardless, as shown in the upper-right

corner of Figure 40, the software can be configured and downloaded, e.g., in response to requests
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from the modules, their operators, installers, retailers, distributers, manufacturers, or otherwise,
that specify requirements of applications necessary (and/or desired) on each such module and
the resources available on that module (and/or within the respective zone) to process those
applications. This can include, not only the processing capabilities of the processor module to
which the code will be downloaded, but also those of other processor modules with which it

cooperates in the respective zone, e.g., to offload and/or share processing tasks.

General Purpose Embedded Processor With Provision Of Quality Of Service Through

Thread Instantiation, Maintenance And Optimization

In some embodiments, threads are instantiated and assigned to TPUs on an as-needed basis.
Thus, for example, events (including, for example, memory events, software interrupts and
hardware interrupts) received or generated by the cores are mapped to threads and the
respective TPUs are notfied for event processing, e.g., as described in the section “Events,”
hereof. If no thread has been assigned to a particular event, the default system thread is notified,
and it instantiates a thread to handle the incoming event and subsequent related events. As noted
above, such instantiation can include, for example, setting state for the new thread, identifying
event handler or software sequence to process the event, e.g., from device tables, and so fortﬁ, all
in the manner known in the art and/or utilizing mechanisms disclosed in incorporated-by-
reference patents US 7,685,607 and US 7,653,912, as adapted in accord with the teachings

hereof.

Such as-needed instantiation and assignment of events to threads is more than adequate for
many applications. However, in an overly burdened system with one or more cores 12-16, the
overhead required for setting up a thread and/or the reliance on a single critical service-
providing thread may starve operations necessary to achieve a desired quality of service. By way
of example is use of an embedded core 12 to support picture-in-a-pkicture display on a television.
While a single JPEG 2000 decoding thread may be adequate for most uses, it may be best to
instantiate multiple such threads if the user requests an unduly large number of embedded
pictures—Ilest one or more of the displays appears jagged in the face of substantial on-screen

motion. Another example might be a lower-power core 12 that is employed as the primary
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processor in a cell phone and that is called upon to provide an occasional support processing role
when the phone is networked with a television (or other device) that is executing an intensive
gaming application on a like (though, potentially more powerful, core). If the phone's processor
1s too busy in its support role, the user who is inidating a call may notice degradation in phone

responsiveness.

To this end, an SEP processor module (e.g.,, 12) according to some practices of the invention,
utilizes a preprocessor of the type known in the art—albeit as adapted in accord with the
teachings hereof—to insert into source code (or intermediate code, or otherwise) of applications,
library code, drivers, or otherwise that will be executed by the system 10 thread management
code that, upon execution, causes the default system thread (or other functionality within system
10) to optimize thread instantiation, maintenance and thread assignment at runtime. This can
facilitate instantiation of an appropriate number of threads at an appropriate time, €.g., to meet
quality of service requirements of individual threads, classes of threads, individual events and/or
classes of events with respect to one or more of the factors identified above, among others, and

including, by way of non-limiting example

* data processing requirements of voice processing events, applications and/or threads,

* data throughput requirements of web data transmission events, applications and/or threads,

* data processing and display requirements of gaming events, applications and/or threads,

¢ data processing and display requirements of telepresence events, applications and/or
threads,

 decoding, scaler & noise reduction, color correction, frame rate control and other processing
and display requirements of audiovisual (e.g, television or video) events, applications and/or
threads,

*  energy utilization requirements of the system 5, as well as of events, applications and/or
threads processed thereon, and/or

»  processing of actual or expected numbers of simultaneous events by individual threads,
classes of threads, individual events and/or classes of events

* priotitization of the processing of threads, classes of threads, events and/or classes of

events over other threads, classes of threads, events and/or classes of events
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Referring to Figure 42, this is illustrated by way of source code modules of applicatons 200
204, the functions performed by which, during execution, have respective quality-of-service
requirements. Paralleling the discussion above in connection with Figure 38, as shown in Figure
42, the applications 200—204 are processed by preprocessor of the type known in the art—albeit
as adapted in accord with the teachings hereof—to generate “preprocessed apps” 200°-204’,
respectively, into which preprocessor inserts thread management code based on directives
supplied by the developer, manufacturer, distributor, retailer, post-sale support personnel, end
user or other about one or more of: quality-of-service requirements of functions provided by the
respective applications 200-204, the frequency and duration with which those functions are
expected to be invoked at runtime (e.g., in response to actions by the end user or otherwise), the
expected processing or throughput load (e.g., in MIPS or other suitable terms) that those
functions and/or the applications themselves are expected to exert on the system 10 at runtime,
the processing resources required by those applications, the relative prioritization of those

functions as to each other and to others provided within the executing system, and so forth.

Alternatively or in addition to being based on directives, event management code can be supplied
with the application 200-204 source or other code itself—or, stll further alternatively or in
addition, can be generated by the preprocessor based on defaults or other assumptions/
‘expectations about one or more of the foregoing, e.g, quality-df-service requirements of the
applications functions, frequency and duration of their use at runtime, and so forth. And,
although event management code is discussed here as being inserted into source, intermediate or
other code by the preprocessor, it can, instead or in addition, be inserted by any downstream
interpreters, compilers, linkers, loaders, etc. into intermediate, object, executable or other output

files generated by them.

Such is the case, by extension, of the thread management code module 206’, i.e., a module that
that, at runtime, supplements the default system thread, event management code inserted into
preprocessed applications 200°-204°, and/or other functionality within system 10 to facilitate
thread creation, assignment and maintenance so as to meet the quality-of-service requirements of
functions of the respective applications 200~204 in view of the other factors identified above

(frequency and duration of their use at runtime, and so forth) and in view of other demands on
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the system 10, as well, as its capabilities. Though that module may be provided in source code
format (e.g,, in the manner of files 200-204), in the illustrated embodiment, it is provided as a
prepackaged library or other intermediate, object or other code module compiled and/or that is
linked into the executable code. Those skilled in the art will appreciate that this is by way of
example and that, in other embodiments, the functionality of module 206’ may be provided

otherwise.

With further reference to the drawing, a compiler/linker of the type known in the art—albeit as
adapted in accord with the teachings hereof—generates executable code files from the
preprocessed applications 200°-204’ and module 206’ (as well as from any other software
modules) suitable for loading into and execution by module 12 at runtime. Although that
runtime code is likely to comprise one or more files that are stored on disk (not shown), in L2E
cache or otherwise, it is depicted, here, for convenience, as threads 200”-206 it will ultimately

be broken into upon execution.

In the illustrated embodiment, that executable code is loaded into the instruction/data cache
12D at runtime and is staged for execution by the TPUs 12B (here, labelled, TPU([0,0]—
TPU[0,2]) of processing module 12 as described above and elsewhere herein. The
corresponding enabled (or active) threads are shown here with labels 20077-204””. That

corresponding to thread management code 206’ is shown, labelled as 206”.

Upon loading of the executable, thread instantiation and/or throughout their lives, threads
2007”-204""” cooperate with thread management code 206" (whether operating as a thread
independent of the default system thread or otherwise) to insure that the quality-of-service
requirements of functions provided by those threads 200””-204”” is met. This can be done a
number of ways, e.g., depending on the factors identfied above (e.g., frequency and duration of
their use at runtime, and so forth), on system implementation, demands on and capabilities of the

system 10, and so forth.

For example, in some instances, upon loading of the executable code, thread management code

206> will generate a software interrupt or otherwise invoke threads 200”-204"”—potentally,
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long before their underlying functionality is demanded in the normal course, e.g., as a result of
user action, software or hardware interrupts or so forth—hence, insuring that when such demand

occurs, the threads will be more immediately ready to service it.

By way of further example, one or more of the threads 200°°-204"” may, upon invocation by
module 2067 or otherwise, signal the default system thread (e.g, working with the thread
management code 206" or otherwise) to instantiate multiple instances of that same thread,
mapping each to different respective upéoming events expected occur, e.g., in the near future.
This can help insure more immediate servicing of events that typically occur in batches and for
which dedication of additional resources is appropriate, given the quality-of-service demands of
those events. C.f the example above regarding use of JPEG 2000 decoding threads for support of

picture-in-a-picture display.

By way of stll further example, the thread management code 206’ can periodically, sporadically,
episodically, randomly or otherwise or generate software interrupts or otherwise invoke one or
more of threads 200””—204”” to prevent them from going inactive, even after apparent
termination of their normal processing following servicing of normal events incurred as a result
of user action, software or hardware interrupts or so forth—again, insuring that when such

events occurs, the threads will be more immediately ready to service it.

PROGRAMMING MODEL

ADDRESSING MODEL AND DATA ORGANIZATION

The illustrated SEP architecture utilizes a single flat address space. The SEP supports both big-
endian and little-endian addresses spaces and are configured through a privileged bit in the
processor configuration register. All memory data types can be aligned at any byte boundary, but

performance is greater if a memory data type is aligned on a natural boundary.
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eqemmme-ere;ecec---cescssccccccaccccrsecrrcannnenen,

iAddress space

Signed and unsigned Integer Byte (8 2% bytes
bits)

Signed and unsigned Integer s Word  |2%% V4 words
(16 bits)

Signed and unsigned Integer /2 Word
(32 bits)

262 15 words

Signed and unsigned Integer Word (64 |2°! words
bits)

IEEE single precision floating point 262 1/, words
format (32bits)

IEEE double precision floating point ~ |2°%! words
format (64bits)

Instruction Doubleword

260 doublewords

Compressed instructions- Huffman

encoded Byte stream in Memory

26% bytes (not implemented)

In the illustrated embodiment, all data addresses are byte address format; all data types must be

aligned by natural size and addresses by natural size; and, all instruction addresses are instruction

doublewords. Other embodiments may vary in one or more of these regards.

THREAD (VIRTUAL PROCESSOR) STATE

Each application thread includes the register state shown in Figure 6.

provides pointers to the remainder of thread state based in memory. Threads at both system and

application privilege levels contain identical state, although some thread state 1s only visible when

at system privilege level.

Register Sizing implementation note:
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feemeacccccascmcasmsesarareranannasann Aesececcmmecrenenrn-ma yemeorrramamsum e qememccemcncnnenannn,

iArchitectural Resource iArchiteCture éMin Goal éDesired
e Size : N Goal
Thread General Purpose 128 --------- 4864 ----------------
Registers

Predicate Registers ’ 64 24 32
Number active threads 256 6 8
Pending memory event table 1512 16 16
Pending memory events/ 2

thread

Event Queue 256
Event to Thread lookup table |256 16 32

General Purpose Registers

Each thread has up to 128 general purpose registers depending on the implementation. General
Purpose registers 3-0 (GP[3:0]) are visible only at system privilege level and can be utilized for

event stack pointer and working registers during early stages of event processing.

GP registers are organized and normally accessed as a single or adjacent pair of registers
analogous to a matrix row. Some instructions have a Transpose (T) option to write the
destination as a Ya word column of 4 adjancent registers or a byte column of 8 adjacent registers.

This option can be useful for accelerated matrix transpose and related types of operations.
Predication Registers

The predicate registers are part of the general purpose illustrated SEP predication mechanism.
The execution of each instruction is conditional based on the value of the reference predicate

register.

The illustrated SEP provides up to 64 one bit predicate registers as part of thread state. Each
predicate register holds what is called a predicate, which is set to 1 (true) or reset to 0 (false) based

on the result of executing a compare instruction. Predicate registers 3-1 (PR[3:1]) are visible at
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system privilege level and can be utilized for working predicates during early stages of event
processing. Predicate register O is read only and always reads as 1, true. It is by instructions to

make their execution unconditional.
Control Registers

Thread State Register

poecmcacn remesem . R R L gacam=-a gacace goemmeea=a Freee== R R —— pevecyemcava=== e mmmeman yeeocasean .
1

163 i23 5155145133 12 : 11 :10: 9 : 8 7 5 4:3: 2 1 : 0

db dadd iadd |alig|endia| m |Threa Threa pri | tenabl | atrape | strape
mod see . d
g r r | n n |step |d bias v e n n
. state
A e Desig
n
Privileg iUsea
Bit :Field :Description e Per ige
0 | strapen |System trap enable. On reset system_r |Threa [Branc
w d h

cleared. Signalling of system trap
resets this bit and atrapen until it is
set again by software when it isvonce
again re-entrant.

1 System traps disabled

2 Events enabled
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atrapen

Application trap enable. On reset
cleared. Signalling of application
trap resets this bit until it is set again
by software when it is once again re-
entrant. Application trap is cause by
an event that is marked as application
level when the privilege level is also
application level

1 Events disabled (events are
disabled on event delivery to thread)

2 Events enabled

app_rw

Threa

tenable

Thread Enable. On reset set for

thread 0, cleared for all other threads i

Thread operation is disabled.
System thread can load or store
thread state.

Thread operation is enabled.

System_r

Threa

Branc

priv

Privilege level. On reset cleared.
1 System privilege

2 Application privilege

System_r
w

App_r

Threa

Branc

54

state

Thread State. On reset set to
“executing” for thread0, set to “idle”
for all other threads.

1 Idle

2 reserved

3 Waiting

4 Executing

System_r
w

Threa

Branc
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7:6

bias

Thread execution bias. Higher value
gives a bias to the corresponding
thread for dispatching instructions.

A high bias guarantees a higher
dispatch rate, but the exact rate is
determined by bias of other active

threads

System_r

Threa

Pipe

Memste
pl

Memory step1- Unaligned memory
reference instructions which cross L1
cache block boundry require two L1
cache cycles to complete. Indicates
the first step of a load or store
memory reference instruction has
completed. For IO space reads,
indicates that the data is available.
Memory Reference Staging Register
(MRSR) contains the special state

when Memstepl is set.

App_rw

Threa

Mem

endian

Endian Mode- On reset cleared.
1 little endian
2 big endian

System_r

App_r

Proc

Mem

10

align

Alignment check- When clear,
unaligned memory references are
allowed. When set, all un-aligned
memory references result in
unaligned data reference fault. On

reset cleared.

System_r

App_r

Proc

Mem

11

iaddr

Instruction address translation
enable. On reset cleared.

1 disabled

2 enabled

System_r
w

App_r

Proc

Branc
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12

daddr

Data address translation enable. On
reset cleared.

1 disabled

2 enabled

System_r
w

App_r

Proc

Mem

13

s€e

Enable Software event enqueue for
application privilege for
corresponding thread. When
executing at system privilege sw
events are always enabled.

1 Disabled- Corresonding thread,
when executing at application
privilege can not directly enqueue sw
events.

2 Enabled — Corresponding
thread, when executing at application
privilege can directly enqueue sw
events through the enqueue sw event

control register

System_r
w

App_r

Threa

Branc

14

dbg

Debug enable. On reset cleared.
0- Disabled- debug mode disabled
1- Enabled- debug mode enabled

System_r
w

Proc

Branc

15

Reserved
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23:1 | mod[7:0 |GP Registers Modified. Cleared on |App_rw |Threa |Pipe
6 ] reset. d
bit modified for registers
8 registers 0-15
9 registers 16-31
10 registers 32-47
11 registers 48-63
12 registers 63-79
13 registers 80-95
14 registers 96-111
15 registers 112-127
ID Register
63 32 (39 3231 16 i15 817 0 :
{ [ [ thread_id id \ type l
Bit |Field [Description Privilege |Per
7:0 type |Processor type and revision[7:0] read only |Proc
15:8 id Processor ID[7:0]- Virtual processor number {read only |Threa
d
31:1 | thread_i | Virtual Thread Number[15:0] System_r |Threa
d w d
App_ro
Instruction Pointer Register
e T s [
4 ‘1 0

...................................................................................................
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Doubleword

Specifies the 64 bit virtual address of the next instruction to be executed.

iBit {Field  Descripton  [Privil {Per |
: : : ‘ege
63:4 | Doubleword | Doubleword address of instrucdon |- app  |thread
doubleword
4:1 | Mask2:0 |Indicates which instructions within app thread
instruction doubleword remain to be
executed.
¢ Bit0- first instruction doubleword 0,
bit[40:00]
* Bitl- second instruction doubleword 0,
bit[81:41]
¢ Bit2- third instruction doubleword 0,
bit[122:82]
0 reserved
System Exception Status Register
63 st 635 323 0
\ detail ‘ etype tstate
Bit iFiel iDescription Privile {Per |
: id {ge
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3 timer event

4 SW event

5 reset

6 SystemCall

7 Single Step

8 Protection Fault

9 Protection Fault, system call
10 Memory reference Fault

11 HW fault

12 others

31:0 |tstate | Thread State register at time of exception read Threa
only d
35:3 |etype |Exception Type read Threa
2 only d
1 none
2 event

51:3 |detail | Fault details- Valid for the following exception
types:
* Memory reference fault details (type 5)
1 None
2 page fault
3 waiting for fill
4 waiting for empty
5 waiting for completion of cache miss

6 memory reference error

» event (type 1) - Specifies the 16 bit event number

Application Exception Status Register
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’ detail etype tstate
éBit :Flel :D(;-S(-:r.lptlon --------------------------------------------- Pr1v1le Per
'_ id : ;ge
31:0 W tstate | Thread State register at time of exception read Threa
only d
35:3 |etype | Exception Type read Threa
2 only d
1 none
2 event
3 timer event
4 SW event
5 Others
51:3 |detail | Protection Fault details- Valid for the following
6 exception types:
* event (type 1) - Specifies the 16 bit event number

System Exception IP
63 61 4 3 1 0
62 .
mask5:4 Quadword Mask2:0

Address of instruction corresponding to signaled exception to system privilege.

‘Bi¢ [Field  [Description Privile Per |
: ge ,
Doubleword|Quadwork address of instruction system thread

doubleword with address[63:62] equal zero.
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3:1 | Mask2:0 |Indicates which instructions within system |thread
instruction doubleword remain to be
executed.

* Bit0- first instruction doubleword 0,
bit[40:00]

* Bitl- second instruction doubleword 0,
bit[81:41]

* Bit2- third instruction doubleword 0,

bit[122:82]

0 reserved

Address of instruction corresponding to signaled exception.

Application Exception IP

Quadword

Mask2:0

Address of instruction corresponding to signaled exception to application privilege.

FEET TR Jer-sseacccevemmmana @--eeecsaccssesmssmsssemscassessermmsoc---sesesermmsssc=ceascsace geememmecacesegmesronmanny,

iBit gField iDescription iPrivileg : Per

61:5 | Doubleword |Quadwork address of instruction doubleword with [system  |thread

address[63:62] equal zero.

3:1 Mask2:0  |Indicates which instructions within instruction system  |thread

doubleword remain to be executed.
* Bit0- first instruction doubleword 0, bit[40:00]

* Bitl- second instruction doubleword 0, bit[81:41]

* Bit2- third instruction doubleword 0, bit[122:82]
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0 reserved

Exception Mem Address

Address

Address of memory reference that signaled exception. Valid only for memory faults. Holds the
address of the pending memory operation when the Exception Status register indicates memory

reference fault, waiting for fill or waiting for empty.

Instruction Seg Table Pointer (ISTP), Data Seg Table Pointer (DSTP)

Utlized by ISTE and ISTE registers to specify the ste and field that is read or written.

Bic (Field Description iPrivileg (Per |
e :
0 ffed | Specifies the low (0) or high (1) portion of Segment |system  |thread
Table Entry
5:1 ste number |Specifies the STE number that is read into STE system  [thread
Data Register.

Instruction Segment Table Entry (ISTE), Data Segment Table Entry (DSTE)

.............................................................................................................
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When read the STE specified by ISTE register 1s placed in the destination general register.
When written, the STE specified by ISTE or DSTE i1s written from the general pupose source
register. The format of segment table entry is specified in "Virtual Memory and Memory

System," hereof, section titled Translation Table organization and entry description.

Instruction or Data Levell Cache Tag Pownter (ICTE DCTP)

Y 15 3 6 S
32 114 7 2 0 :
reserved index [ bank ‘ ‘

rBltFleld ----------- g-ﬁ;ascription iPrivileg iPer l
: : : e :
62 ---------- b ank - épeciﬁes the bank that is read from Levell Cache |system  [thread
Tag Entry. The first implementation has valid banks
0x0-f.
13:7 index Specifies the index address within a bank that is read [System  [thread

from Levell Cache Tag Entry

Instruction or Data Levell Cache Tag Entry (ICTE, DCTE)
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When read the Cache Tag specified by ICTP or DCTP register is placed in the destination
general register. When written, the Cache Tag specified by ICTP or DCTP is written from the
general pupose source register. The format of cache tag entry is specified in "Virtual Memory
and Memory System," hereof, section titled Translation Table organization and entry

description.

Memory Reference Staging Register (MRSR0, MRSR1)

Memory Reference Staging Registers provide a 128 bit staging register for some memory

operations. MRSRO corresponds to low 64 bits.

Instruction Condition Usage .
Load, Aligned access or Not used
LoadPair, alignAed access which

Store, StorePair {does not cross a levell

cache block
Load, LoadPair | Unaligned access which [Holds the portion of the load from the

crosses a levell cache lower addressed cache block which the

block upper address cache block is accessed

Store, StorePair |Unaligned access which [Not used

crosses a levell cache

block
Load, LoadPair |IO Space Holds the value of 10 space read
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Engueue SW Event Register

reserved Eventnum

Writing to the enqueue SW Event register en-queues an event onto the Event Queue to be

handled by a thread.

Fo=mmae ge=esmcresrrmrana P L L L L L L L L L T T T Nremsesenen gecereancns,

gBit éField Description gPrivil gPer

.................................................................................................

15:0 |Eventnum |Number of clock cycles since processor reset |See ese |proc

63:1 |reserved Reserved for expansion of event number See ese proc

Timers And Performance Monitor

All dmer and performance monitor registers are accessible at application privilege.

Clock
63
O i
[ clock ‘
’Blt B Fleld ----- Description Privileg | Per .
. | ‘e |
[63:0 |clock {Number of clock cycles since processor reset [app ]proc l
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Instructions executed

63 R £/ o :
count

:Bit :Field iDescription iPrivil |Per

. : : ‘ege |

31:0 |count Saturating count of the number of app thread

instructon executed. Cleared on read.

Value of all 1’s indicates that the count has

overflowed.

Thread execution clock

163 31
132 0 :
active
{Bit Field  iDescription :Privile {Per |
o | ge |
31:0 |active Saturating count of the number of cycles  |app threa
the thread is in active-executing state. d

Cleared on read. Value of all 1’s indicates

that the count has overflowed.
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Wait Timeout Counter

163 131
132 0 :

timeout
Bit Field Description Privileg Per
L = e = -
31:0 |timeout Count of the number of cycles remaining until a app thread

timeout event is signaled to thread. Decrements by

one, each clock cycle.

INSTRUCTION SET OVERVIEW

OVERALL CONCEPTS

Thread Is Basic Control Flow Of Instruction Execution

The thread is the basic unit of control flow for illustrated SEP embodiment. It can execute
multi-threads concurrently in a software transparent manner.  Threads can communicate
through shared memory, producer-consumer memory operations or events independent of
whether they are executing on the same physical processor and/or active at that instant. The
natural method of building SEP applications is through communicating threads. This is also a
very natural style for Unix and Linux. See "Generalized Events and Multi-Threading," hereof,

and/or the discussions of individual instructions for more information.
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Instruction Grouping And Ordering

The SEP architecture requires the compiler to specify what instructions can be executed within a
single cycle for a thread. The instructions that can be executed within a single cycle for a single
thread are called an instruction group. An instruction group is delimited by setting the stop bit,
which is present in each instruction. The SEP can execute the entire group in a single cycle or
can break that group up into multiple cycles if necessary because of resource constraints,
simultaneous multi-thread or event recognition. There is no limit to the number of instructions
that can be specified within an instruction group. Instruction groups do not have any alignment

requirements with respect to instruction doublewords.

In the illustrated embodiment, branch targets must be the beginning of an instruction

doubleword; other embodiments may vary in this regard.

Result Delay

Instruction result delay is visible to instructions and thus the compiler. Most instructions have no
result delay, but some instructions have 1 or 2 cycle result delay.  If an instruction has a zero
result delay, the result can be used during the next instruction grouping. If an instruction has a
result delay of one, the result of the instruction can be first utilized after one instruction
grouping. In the rare occurance that no instruction that can be scheduled within an instruction
grouping, a one instruction grouping consisting of a NOP (with stop bit set to delininate end of

group) can be used. The NOP instruction does not utilize any processor execution resources.

Predication

In addition to general purpose register file, SEP contains a predicate register file. In the
illustrated embodiment, each predicate register is a single bit (though, other embodiments may
vary in this regard). Predicate registers are set by compare and test instructions. In the illustrated

embodiment, every SEP instruction specifies a predicate register number within its encoding

71



WO 2012/174128 PCT/US2012/042274

(and, again, other embodiments may vary in this regard). If the value of the specified predicate
register is true the instruction is executed, otherwise the instruction is not executed. The SEP
compiler utilizes predicates as a method of conditional instruction execution to eliminate many

branches and allow more instructions to be executed in parallel than might otherwise be possible.

Operand Size And Elements

Most SEP instructions operate uniformly across a single word, two 2 words, four s words and

eight bytes. An element is a chuck of the 64 bit register that is specified by the operand size.

Low Power Instruction Set

The instruction set is organized to minimize power consumption- accomplishing maximal work

per cycle rather than minimal functionality to enable maximum clock rate.

Exceptions

Exceptions are all handled through the generalized event architecture. Depending on how event
recognition is set up, a thread can handle it own events or a designated system thread can handle

an events. This event recognition can be set up on an individual event basis.

Just In Time Compilation Parallelism

The SEP architecture and instruction set is a powerful general purpose 64 bit instruction set.
When couple with the generalized event structure, high performance virtual environments can be

set up to execute Java or ARM for example.

INSTRUCTION CLASSES

This section will be expanded to overview the instruction classes
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Memory Access

Instruction Description

Lood | Load memory operand into general purpose register

Store Store memory operand from general purpose
register

Load Pair Load two word memory operand into two general
purpose registers

Store Pair Store two word memory operand from two general
purpose fegisters

Prefetch Hint to memory system that memory address will be

required soon

Translation probe

Indicates whether a specified System Address has
access privilege in this thread in a specific thread

context (privileged)

Load predicate

Loads the predicate registers from memory

Store predicate

Stores the predicate registers to memory

Empty

Usually executed by the consumer of a memory
object to indicate that object at the corresponding

address has been consumed

Fill Usually executed by the producer of a memory
object to indicate that the object at the
corresponding address has been consumed.

Cache Allocate Software based cache allocation.

Compare And Test

Parallel compares eliminates the artificial delay in evaluating complex conditional relationships.
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CMPMS Compare multple integer elements and set predicate

register based on summary of compares

CMPM Compare multple integer elements and set general

purpose register with the result of compares

FCMP Compare floating point element and set predicate
registers
FCMPM Compare multiple floating point elements and set

general purpose register with the result of compares

FCLASS Classify floating point elements and set predicate
registers based on result

FCLASSM Classify multiple floating point elements and set
general purpose register based on result.

TESTB Test specified bit and set predicate registers based on
result

TESTBM Test specified bit of each element and set general

purpose register based on result.

Operate And Immediate

feessscec-mmecenvmnumcecancnaannao fececasrserreccmmcaessmcecsceraTreacmm-m-sesamssssscsemmacsancnanssy,

‘Instruction :Description

aop ] Addinteger clements

LOGIC Logical and, or, xor or andc between integer
elements

SHIFTBYTE Shift integer elements the specified number of bytes.

SHIFT Shift integer elements the specified number of bits.

PACK Two registers are concatenated and elements packed

into a single destination register

UNPACK Each element of source is unpacked to the next

larger size.

EXTRACT A field is extract from each element and right

justified in each element of destination
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DEPOSIT Bit field for each element of 2" source is merged
with first source

SPLAT Contents a source element are extended and placed
in each element of destination.

POP Count the number of bits set to value 1.

FINDF For each element find the first chunk that match
criterion.

MUL Muluply integer elements

MULSEL Multiply integer elements and select result field for
each element

MIN/MAX integer minimum and maximum for each element

AVE Add the elements from two sources and calculate
average for each element

FMIN/FMAX Floating point minimum and maximum

FROUND Round floating point elements

CONVERT Convert to or from floating point elements to integer
elements

EST Floating point estimate functions including
reciprocal, reciprocal square root, log and power.

FADD Floating point addition.

FMULADD Multiply and add floating point elements

MULADD Multiply and add integer elements

MULSUM Multiply and sum integer elements

SUM Sum integer elements

MOVI Integer and floating point move immediate, 21 or 64
bits

Control field Modifies specific control register fields

MOVECTL Move to or from control register and general register.

Branch, SW Events

Instruction Description
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BR Branch instruction
Event Poll the event queue
SWEVENT Initiate a software event
INSTRUCTION SET
MEMORY ACCESS INSTRUCTIONS
LOAD REGISTER LOAD
a2 137 3534 {27 2625 1232321120 3 6 0 |
38 136 128 124 ‘14 17 ‘1 ;

8000 Isize dreg * caech Is2 0| ireg breg ps |stop

8000 Isize dreg dé]sp B caech Is2 disp(7:0] breg ps |[stop

(1)000 Zach dreg * 01 0 0| ireg breg ps |stop

?OOO zaCh dreg fig]Sp Bl o1 o disp[7:0] | breg | ps |stop

Format: ps LOAD Isize.cache dreg, bregu, ireg {,stop} register index form
ps LOAD.size.cache dreg , breg.u, disp, {,stop} displacement form
ps LOAD.splat32.cache dreg, bregu, ireg {,stop} splat32 register index form
ps LOAD splat32.cache dreg , breg.u, disp, {,stop} splat32 displacement form

Description: A value consisting of Isize is read from memory starting at the effective address.

The lsize value is then sign or zero extended to word size and placed in dreg

(destination register). Splat32 form loads a '/2 word into both the low and high /2

words of dreg.

For the register index form, the effective address is calculated by adding breg (base
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byte:
Y4 word:
Y2 word:

word:

Double-word:

register) and ireg (index register). For the displacement form, the effective address
is calculated by adding breg (base register) and disp (displacement) shifted by Isize:
EA = breg[63:0] + disp[9:0]
EA = breg[63:0] + (disp[9:0] < 1)
EA = breg[63:0] + (disp[9:0] < 2)
EA = breg[63:0] + (disp[9:0] < 3)

EA = breg[63:0] + (disp[9:0] < 4)

Both aligned and unaligned effective address are supported. Aligned and
unaligned access which does not cross an L1 cache block boundry execute in a
single cycle. Unaligned access requires a second cycle to access the second cache
block.. Aligned effective address is recommended where possible, but unaligned

effective addressing is statistically high performance.

Offset with respect to ;| Probability within Ll

Ll block Eblock

}}Jr'l'ci;}}{""";'e'é,{jé}{é;l""
Isize within across access access
Byte 0-127 none 100% 100%
Y+ word 0-126 127 99% 98%
/2 word 0-124 125-127 98% 96%
word 0-120 121-127 95% 94°%
double 0-112 113-127 88% 88%
word

Operands and Fields:

s

stop

The predicate source register that specifies whether the instruction is executed. If
true the instruction is executed, else if false the instruction is not executed (no side

effects).

0 Specifies that an instruction group is not delineated by this instruction.
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1 Specifies that an instruction group is delineated by this instruction.
cache 0 read only with reuse cache hint

1 read/write with reuse cache hint

2 read only with no-reuse cache hint

3 read/write with no-reuse cache hint
u 0 Base register (breg) is not modified

1 Write base register (breg) with base plus index register (or displacement)
address calculation..

lsize[2:0] 0 Load byte and sign extend to word size

1 Load "4 word and sign extend to word size
Load '/2 word and sign extend to word size
Load word
Load byte and zero extend to word size
Load s word and zero extend to word size
Load 2 word and zero extend to word size

Load pair into (dreg[6:1],0) and (dreg[6:1],1)

N Oy v oW W N

wreg Specifies the index register of the instruction.
breg Specifies the base register of the instruction.

disp[9:0] Specifies the two-s complement displacement constant (10 bits) for memory

reference instructions.

dreg Specifies the destination register of the instruction.

Exceptions:  TLB faults

Page not present fault

'STORE TO MEMORY STORE

............................................ frespecmeccrencseaceqeemrmmastep e anaaasaanpananna,

42 37 135134 27 25 24 23 2221120 13 6 0
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O """" I I Y SR R
1000 size 0| slreg * Jru| 0 pz2u |0 ireg breg predicat stop
?000 size | 1| slreg dg]sp ® ruf 0 sz2ju | disp[7:0] | breg Eredlcat stop
Format: ps STORE size.ru slreg, bregu, ireg {,stop} register index form
ps STORE.size.ru slreg , breg.u, disp,{,stop} displacement form
Description: A value consisting of least significant ssize bits of the value in slreg is written to
memory starting at the effective address. For the register index form, the effective
address is calculated by adding breg (base register) and ireg (index register). For
the displacement form, the effective address is calculated by adding breg (base
register) and disp (displacement) shifted by lsize:
byte: EA = breg[63:0] + disp[9:0]
s word: EA = breg[63:0] + (disp[9:0] < 1)
'/2 word: EA = breg[63:0] + (disp[9:0] < 2)
word: EA = breg[63:0] + (disp[9:0] < 3)

Double-word:

EA = breg[63:0] + (disp[9:0] < 4)

Both aligned and unaligned effective address are supported. Aligned and
unaligned access which does not cross an L1 cache block boundry execute in a
single cycle. Unaligned access requires a second cycle to access the second cache
block.. Aligned effective address is recommended where possible, but unaligned

effective addressing is statistically high performance.

Offset with respect to Probabxlxty within Ll

Ll block block ;
o Jsequendial ]
Isize within across access access
Byte 0-127 none 100% 100%

Y4 word 0-126 127 99% 98%
Y2 word 0-124 125-127 98% 96%
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word 0-120 121-127 95% 94%
double 0-112 113-127 88% 88%
word
Operands and Fields:
bs The predicate source register that specifies whether the instruction is executed. If
true the instruction is executed, else if false the instruction is not executed (no side
effects).
stop 0 Specifies that an instruction group is not delineated by this instruction.
1 Specifies that an instruction group is delineated by this instruction.
T 0 resuse cache hint
1 no-reuse cache hint
u 0  Base register (breg) is not modified
1 Write base register (breg) with base plus index register (or displacement)
address calculation..
stze[2:0] 0 Store byte
1 Store /4 word
2 Store 2 word
3 Store word
4-6 reserved 4
7 Store register pair (dreg[6:1],0) and (dreg[6:1],1) into memory
ireg Specifies the index register of the instruction.
breg Specifies the base register of the instruction.
disp Specifies the two-s complement displacement constant (10 bits) for memory
reference instructions
slreg Specifies the register that contains the first operand of the instruction.
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Exceptions:  TLB faults

Page not present fault

CACHE OPERATION CACHEOP

{42 (373534 28127 24123 22 122 20 14113 76 1.0 |
538 : : . H H . H . : H
00001 | 010 dreg ¥k * 10 |1 * breg ps stop

00001 | 010 dreg | Sl B O slreg breg ps stop

Format: ps.CacheOp.pr dreg = breg {,stop} address form
ps.-CacheOp.pr dreg = breg,slreg {,stop} address-source form

Description:  Instructs the local level2 and level2 extended cache to perform an operation on
behalf of the issuing thread. On multiprocessor systems these operations can
span to non-local level2 and level2 extended caches. Breg specifies the operation
and address corresponding to the operation. The optional slreg specifies an
additional source operand which depends on the operation. The return value
specified by the issued CacheOp is placed into dreg. CacheOp always causes he

corresponding thread to transition from executing to wait state.

Table 2- CacheOp breg format

Cache Allocate Page address 0x0000
reserved * 0x0001-0x3fft
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Table 3- CacheOp operand description
: iAddress Source isreg idreg h
iform form :
iprivilege  iprivilege
Cache Allocate system reserved reserved See Table 4
reserved reserved reserved reserved
Table 4- Cache Allocate dreg description
A 1 99 13
130 114 10
Success reserved L2E page number 0x0000
Already
allocated Reserved L2E page number 0x0001
No space * * 0x0002
available
reserved * * 0x0003-0x 3ttt
Operands and Fields:
ps The predicate source register that specifies whether the instruction is executed. If

true the instruction is executed, else if false the instruction is not executed (no side

effects).

stop 0  Specifies that an instruction group is not delineated by this instruction.
1 Specifies that an instruction group is delineated by this instruction.

slreg Specifies the source register for the address-source version of CacheOp
instruction.

dreg Specifies the destination register for the CacheOp instruction.

Exceptions:

Privilege exception when accessing system control field at application privilege level.
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OPERATE INSTRUCTIONS

Most operate instructions are very symmetrical, except for the operation performed.

ADD INTEGER OPERATIONS ADD, SUB, ADDSATU, ADDSAT, SUBSATU,
SUBSAT, RSUBSATU, RSUBSAT, RSUB

Figure 43 depicts a core 12 constructed and operated as discussed elsewhere herein in which the
functional units 12A, here, referred to as ALUs (arithmetic logic units), execute selected

arithmetic operations concurrently with transposes.

In operation, arithmetic logic units 12A of the illustrated core 12 execute conventional arithmetic
instructions, including unary and binary arithmetic instructions which specify one or more
operands 230 (e.g., longwords, words or bytes) contained in respective registers by storing
results of the designated operations in in a single register 232, e.g., typically in the same format
as one or more of the operands (e.g., longwords, words or bytes). An example of this is shown

in the upper right of Figure 43 and more examples are shown in Figures 7-10.

The illustrated ALUs, however, execute such arithmetic instructions that include a transpose (T)
parameter (e.g., as specified, here, by a second bit contained in the addop field—but, in other
embodiments , as specified elsewhere and elsewise) by transposing the results and storing them
across multiple specified registers. Thus, as noted below, when the value of the T bit of the
addop field is 0 (meaning no transpose), the result is stored in normal (i.e., non-transposed)
register format, which is logically equivalent to a matrix row. However, when that bit is 1
(meaning transpose), the result is stored in transpose format, i.e., across multiple registers 234—
240, which is logically equivalent to storing the result in a matrix column—as further discussed
below. In this regard, the ALUs apportion results of the specified operations across multiple
specified registers, e.g., at a common word, byte, bit or other starting point. Thus, for example,
an ALU may execute an ADD (with transpose) operation that write the results, for example, as a

one-quarter word column of four adjacent registers or, by way of further example, a byte column
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of eight adjacent registers. The ALUs similarly execute other arithmetic operations—binary,

unary or otherwise—with such concurrent transposes.

Logic gates, iming, and the other structural and operational aspects of operation of the ALUs

12E of the illustrated embodiment effectung arithmetic operations with optional transpose in
response to the aforesaid instructions may be implemented in the conventional manner of known

in the art as adapted in accord with the teachings hereof.

42 137 B35i34 27 i26 21i20  14i13 6 .
138 136 ¢ 128 : 122 7 i1 :
01010 | osize [0 dreg 0 |addop| O s2reg slreg predicate |stop
01010 | osize |1 dreg 0 laddop| immediate8 slreg predicate |stop
00010 | osize 0 dreg immediatel4 slreg predicate |stop
Format: ~  ps.addop.Tosize. dreg = slreg, s2reg {,stop} register form
ps.addop.T.osize dreg = slreg, immediate8, {,stop} immediate form
ps.add. T.osize dreg= slreg, immediate14 {,stop} long immediate form

Description: The two operands are operated on as specified by addop and osize fields and the
result placed in destination register dreg. The add instruction processes a full 64
bit word as a single operation or as multiple independent operations based on the

natural size boundaries as specified in the osize field and illustrated in Figures 7—

10.

Operands and Fields:
addop
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{addop[5: Mnemoni |Description ‘Register usage ;
o] e ' '

07000 ADD  [signed add dreg=slreg + s2reg
dreg=slreg + immediate8
0T001 reserved
0T010 |ADDSAT |signed saturated add |dreg=slreg + s2reg
dreg=slreg + immediate
0T011 {ADDSAT |unsigned saturated dreg=slreg + s2reg
U add dreg=slreg + immediate
0T100 SUB  |signed subtract dreg=slreg - s2reg
dreg=slreg - immediate
0T101 reserved
0T110 [SUBSAT |signed saturated dreg=slreg - s2reg
dreg=slreg - immediate
subtract
0T111 | SUBSAT [unsigned saturated dreg=slreg - s2reg
U dreg=slreg - immediate
subtract
10000 | RSUB |[reverse signed subtract|dreg=s2reg —slreg
dreg=immediate — slreg
10001 reserved
10010 |RSUBSA |reverse signed dreg=s2reg — slreg
T saturated subtract dreg=immediate — slreg
10011 | RSUBSA |reverse unsigned dreg=s2reg — slreg
U saturated subtract dreg=immediate — slreg
10100 | Addhigh |Take the carry out of |dreg=carry(slreg + s2reg)
= +
unsigned addition and | Te8=Cary(sireg
immediate)
place it into result
register
10101 | Subhigh |Take the carry out of |dreg=carry(slreg - s2reg)
unsigned subtract and .dregzc.a rry(slreg -
immediate)
place it into result
register
10110 Logic instructions
11111 reserved for other
instructions
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ps The predicate source register that specifies whether the instruction is executed. If

true the instruction is executed, else if false the instruction is not executed (no side

effects).
stop 0 Specifies that an instruction group is not delineated by this instruction.
1 Specifies that an instruction group is delineated by this instruction.
osize 0 Eight independent byte operations
1 Four independent /s word operations

2 Two independent '/2 word operations
3 Single word operation

immediate8  Specifies the immediate8 constant which is zero extended to operation size for
unsigned operations and sign extended to operation size for signed operations.

Applied independently to each sub operation.

Immediate] 4 Specifies the immediate14 constant which is sign extended to operation size.

Applied independently to each sub operation.
slreg Specifies the register that contains the first source operand of the instruction.
s2reg Specifies the register that contains the second source operand of the instruction.
dreg Specifies the destination register of the instruction.

T (transpose)

-------------- P AL EE L EE L L LD R el bbbl
Transpos :Mnemonic :Description :

e[0] = = i

........................................................................................

0 nt Default. Store result in normal register

r
.
.
.
.

format, which would be logically equivalent

to a matrix row.
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éTranspos ‘Mnemonic :Description :
ie[0] '
1 t Store result in transpose format. Transpose

format is logically equivalent to storing the
result in a matrix column. Valid for osize
equal O (byte operations) or 1 (/& word
operations).

For byte operations, the destnation for each
byte is specified by [dreg[6:3],byte[2:0]],
where byte[2:0] is the corresponding byte in
the destination. Thus only one byte in 8
contingous registers is updated.

For Vs word operations, the destination for
each /s word 1s specified by
[dreg[6:2],qw[1:0]], where qw[1:0] is the
corresponding /s word in the destination.
Thus only one /4 word in 4 contigous

registers is updated.

TRANSPOSE BITS ~ TRAN

42 37 3534 27 . 122 2120 13 6 0 |
38 36 128 123 14 17 i1 :
01010 | mode [0 dreg 11000 {m;)d 1 s2reg slreg predicate |stop
01101 | 01 gw dreg s3reg s2reg slreg predicate |stop
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Format: ps.tran.mode dreg = slreg, s2reg {,stop} fixed form

ps.tran.qw dreg = slreg, s2reg, s3reg {,stop} variable form

Description:  For the fixed form, bits within each /s word (QW) or byte element are bit
transposed based on mode to the dreg register. For the variable form, bits within
each 2 word (QW) or byte element are are bit transposed based on qw and s3reg

bit positions to the dreg register.

See Figures 11-16

mode

‘mode[2:0] :Mnemonic ‘Description
100 PackB Within for the n® bit in the m'" byte
element:

For bit dreg[(n*8)+m] = slreg[(m*8)+n]

101 reserved

110 VPackB S2reg specifies the bit position within
each byte of sreg for each byte within
dreg.

Within for the n® bit in the m" Vs word
element:

For bit dreg[(n*8)+m] =
slreg[(m*8)+s2reg[(m*8)+2:(m*8)]]

111 reserved
000 PackQW_Low  [Within for the n' bit in the m* Vi word

element:
* For bit dreg[(n*16)+m] =
slreg[(m*16)+n]
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............... qesesemseccacccacesmmsamspecncmsecacasecnerere e e e e st manan———
Il

mode[2:0] :Mnemonic :Description

010 UnPackQW_Low | Within for the n® bit in the m*™ Y4 word

r
»
.
.

element:

» For bit dreg[(m*16)+n] =
slreg[(n*16)+m]

001 PackQW_High |Within for the n bit in the m* %+ word

element:

* For bit dreg[(n*16)+m] =
slreg[(m*16)+n+8]

011 UnPackQW_High |Within for the n' bit in the m™ "4 word

element:
* For bit dreg[(m*16)+n] =
slreg[(n*16)+m+8]

Fremmememm—aaana Aeccccsacccsnncasacanscne Femesewerermmcccsmacmemmssssc-caa-sasacscacccasscass -
.

:Qw[0] :Mnemonic Description

"""" 0 | VPackQW  [Letsreg[i27:0]= |
(s2reg[63:0],s1reg[63:0])

S3reg specifies the bit position within
each QW of sreg for each byte within
dreg.

Within for the n'! bit in the m*™ Vs word
element:

» For bit dreg[(n*8)+m] =
sreg[(m*16)+s3reg[(m*8)+3:(m*8)]]
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PR A A=---eccs-ecemsmacsvamnns P L L D L L L LT P, -

:Qw[0] :Mnemonic :Description
""""" U VUnPackW  [Lersregliorol = ]
(s2reg[63:0],s1reg[63:0])

S3reg specifies which /2 byte goes into
each bit postion of each QW of dreg.
Within for the n bit in the m*™ byte
element:

» For bit dreg[(m*16)+n] =
sreg[sreg3[(n*8)+3:(n*8)]+m)]

stop 0 Specifies that an instruction group is not delineated by this instruction.
1 Specifies that an instruction group is delineated by this instruction.
slreg Specifies the register that contains the first source operand of the instruction.
s2reg Specifies the register that contains the second source operand of the instruction.
s3reg Specifies the register that contains the third source operand of the instruction.
dreg Specifies the destination register of the instruction.
BINARY ARITHMETIC CODER LOOKUP BAC

Figure 44 depicts a core 12 constructed and operated as discussed elsewhere herein in which the
functional units 12A, here, referred to as ALUs (arithmetic logic units), execute processor-level
instructions (here, referred to as BAC instructions) by storing to register(s) 12E value(s) from a

JPEG2000 binary arithmetic coder lookup table.

More particularly, referring to the drawing, the ALUs 12A of the illustrated core 12 execute
processor-level instructions, including JPEG2000 binary arithmetic coder table lookup
instructions (BAC instructions) that facilitate JPEG2000 encoding and decoding. Such

instructions include, in the illustrated embodiment, parameters specifying one or more function
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values to lookup in such a table 208, as well as values upon which such lookup is based. The
ALU responds to such an instruction by loading into a register in 12E (Figure 44) a value from a

JPEG2000 binary arithmetic coder Qe-value and probability estimation lookup table.

In the illustrated embodiment, the lookup table is as specified in Table 7.7 of Tinku Acharya &
Ping-Sing Tsai, “JPEG2000 Standard for Image Compression: Concepts, Algorithms and
VLSI Architectures”, Wiley, 2005, reprinted in Appendix C hereof. Moreover, the functions are
the Qe-value, NMPS, NLPS and SWITCH function values specified in that table. Other
embodiments may utilize variants of this table and/or may provide lesser (or additional)
functions. A further appreciation of the aforesaid functions may be appreciated by reference to

the cited text, the teachings of which are incorporated herein by reference.

The table 208, whether from the cited text or otherwise, may be hardcoded and/or may; itself, be
stored in registers.  Alternatively or in addition, return values generated by the ALUs on

execution of the instruction may be from an algorithmic approximation of such a table.

Logic gates, timing, and the other structural and operational aspects of operation of the ALUs
12E of the illustrated embodiment effecting storage of value(s) from a JPEG2000 binary
arithmetic coder lookup table in response to the aforesaid instructions implement the lookup
table specified in Table 7.7 of Tinku Acharya & Ping-Sing Tsai, “JPEG2000 Standard for Image
Compression: Concepts, Algorithms and VLSI Architectures”, Wiley, 2005, which table i1s
incorporated herein by reference and a copy of which is attached Exhibit D hereto. The ALUs
of other embodiments may employ logic gates, timing, and other structural and operational

aspects that implement other algorithmic such tables.

A more complete understanding of an instruction for effecting storage of value(s) from a
JPEG2000 binary arithmetic coder lookup table according to the illustrated embodiment may be

attained by reference to the following specification of instruction syntax and effect:

................................... qeseseses-sgasmcmcscenpecamqessucscsmsmssmomectdamsseeqeceenenan g assnna)
1

142 37136 3534 27 123 (2120 13 6 {0

.......................................................................................................................
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000010
0

predicate |stop

Format: ps.bac.fs dreg = s2reg {,stop} register form

Description: A table lookup, as specified by #ype, of the value range 0-46 in s2reg is placed into
corresponding element of dreg. Returned values for s2reg outside the value range

are undefined.

Operands and Fields:

bype

‘type ‘Mnemonic EDescript-i-(;n
00 {bac.qe MQ-coder binary arithmetic coder probability function.

Returns a 16 bit value. See table 7.7 of Tinku Acharya
& Ping-Sing Tsai, “JPEG2000 Standard for Image
Compression: Concepts, Algorithms and VLSI

Architectures”, Wiley, 2005
01 bac.nmps NMPS function. (See Acharya, et al, supra). Returns a

value between 0-46.

10 |bac.nlps NLPS function. (See Acharya, et al, supra). Returns a

value between 0-46.

11 bac.switch  |SWITCH function. (See Acharya, et al, supra). Returns
0x0 or Ox1.

ps The predicate source register in element 12E that specifies whether the instruction
is executed. If true the instruction is executed, else if false the instruction is not

executed (no side effects).

stop 0  Specifies that an instruction group is not delineated by this instruction.

1 Specifies that an instruction group is delineated by this instruction.
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S2reg Specifies the register in element 12E that contains the second source operand of

the instruction.

dreg Specifies the destination register in element 12E of the instruction.

BIT PLANE STRIPE COLUMN CODE BPSCCODE

Figure 45 depicts a core 12 constructed and operated as discussed elsewhere herein in which the
functional units 12A, here, referred to as ALUs (arithmetic logic units), execute processor-level
instructions (here, referred to as BPSCCODE instructions) by encoding a stripe column of values
in registers 12E for bit plane coding within JPEG2000 EBCOT (or, put another way, bit plane
coding in accord with the EBCOT scheme). EBCOT stands for “Embedded Block Coding with
Optimal Truncation.” Those instructions specify, in the illustrated embodiment, four bits of the
column to be coded and the bits immediately adjacent to each of those bits. The instructions
further specify the current coding state (here, in three bits) for each of the four column bits to be

encoded.

As reflected by element 210 of the drawing, according to one variant of the instruction (as
determined by a so-called “cs” parameter), the ALUs 12E of the illustrated embodiment respond
to such instructions by generating and storing to a specified register the column coding specified
by a "pass" parameter of the instruction. That parameter, which can have values specifying
significance propagation pass (SP), a magnitude refinement pass (MR), a cleanup pass, and a
combined MR and CP pass, determines the stage of encoding performed by the ALUs 12E in

response to the instruction.

As reflected by element 212 of the drawing, according to another variant of the instruction
(again, as determined by the “cs” parameter), the ALUs 12E of the illustrated embodiment
respond to an instruction as above by alternatively (or in addition) generating and storing to a

register updated values of the coding state, e.g., following execution of a specified pass.
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Logic gates, iming, and other structural and operational aspects of ALUs 12E of the illustrated
embodiment for effecting the encoding of stripe columns in response to the aforesaid instructions
implement an algorithmic/methodological approach disclosed in Amit Gupta, Saeid Nooshabadi
& David Taubman, “Concurrent Symbol Processing Capable VLSI Architecture for Bit Plane
Coder of JPEG2000”, IEICE Trans. Inf. & System, Vol. E88-D, No. 8, August 2005, the
teachings of which are incorporated herein by reference, and a copy of which is attached
Exhibit D hereto. The ALUs of other embodiments may employ logic gates, timing, and other
structural and operational aspects that implement other algorithmic and/or methodological

approaches.

A more complete understanding of an instruction for encoding a stripe column for bit plane
coding within JPEG2000 EBCOT according to the illustrated embodiment may be attained by

reference to the following specification of instruction syntax and effect:

42 37 35i3¢ i97 a2 2120 3 6 0 |
138 36 128 123 : 114 17 i1 _
01010 | pass {0 dreg 11010 { cs |1 } s2reg ‘ slreg predicate |stop

Format: ps.bpsccode.pass.cs dreg = slreg, s2reg {,stop} register form

Description:  Used to encode a 4 bit stripe column for bit plane coding within JPEG2000
EBCOT(Embedded Block Coding with Optimized Truncation). (See Amit
Gupta, Saeid Nooshabadi & David Taubman, “Concurrent Symbol Processing
Capable VLSI Architecture for Bit Plane Coder of JPEG2000”, IEICE Trans. Inf.
& System, Vol. E88-D, No. 8, August 2005). Slreg specifies the 4 bits of the
column from registers 12E (Figure 45) to be coded and the bits immediately
adjacent to each of these bits. S2reg specifies the current coding state (3 bits) for
each the 4 column bits. Column coding as specified by pass and cs is returned in

dreg, a destination in registers 12E.
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See Figures 17-18.
Operands and Fields:

ps The predicate source register that specifies whether the instruction is executed. If
true the instruction is executed, else if false the instruction is not executed (no side

effects).

pass 0 Significance propagation pass (SP)
1 Magnitude refinement pass (MR)
2 Cleanup pass (CP)

3 combined MR and CP
0

cs Dreg contains column coding, GS, D pairs.

1 Dreg contains new value of state bits for column.
stop 0 Specifies that an instruction group is not delineated by this instruction.
1 Specifies that an instruction group is delineated by this instruction.
slreg Specifies the register in element 12E (Figure 45) in that contains the first source

operand of the instruction.

S2reg Specifies the register in element 12E that contains the first source operand of the
instruction.
dreg Specifies the destination register in element 12E of the instruction.

VIRTUAL MEMORY AND MEMORY SYSTEM

SEP utlizes a novel Virtual Memory and Memory System architecture to enable high

performance, ease of programming, low power and low implementation cost. Aspects include:

* 64 bit Virtual Address (VA)
* 64 bit System Address (SA). As we shall see this address has different characteristics than

a standard physical address.
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*  Segment model of Virtual Address to System Address translation with a sparsely fill VA
or SA.

* The VA to SA translation is on a segment basis. The System addresses are then cached in
the memory system. So a SA that is present in the memory system has an entry in one of
the levels of cache. An SA that is not present in any cache (and the memory system) is
then not present in the memory system. Thus the memory system is filled sparsely at the
page (and subpage) granularity in a way that is natural to software and OS, without the
overhead of page tables on the processor.

»  All memory is effectively managed as cache, even thought off chip memory utilizes DDR
DRAM. The memory system includes two logical levels. The levell cache, which is
divided into separate data and instruction caches for optimal latency and bandwidth.
The level2 cache includes an on chip portion and off chip portion referred to as level2
extended. As a whole the level2 cache is the memory system for the individual SEP
processor(s) and contributes to a distributed all cache memory system for multiple SEP
processors. The multiple processors do not have to be physically sharing the same

memory system, chips or buses and could be connected over a network.

Some additional benefits of this architecture are:

» Directly supports Distributed Shared:
o Memory (DSM)
o Files (DSF)
o Objects (DSO)
o Peer to Peer (DSP2P)
» Scalable cache and memory system architecture
» Segments can easily be shared between threads
 Fast levell cache since lookup is in parallel with tag access, no complete virtual to physical

addpress translation or complexity of virtual cache.
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VIRTUAL MEMORY OVERVIEW

Referring to Figure 19, virtual address is the 64 bit address constructed by memory reference
and branch instructions. The virtual address is translated on a per segment basis to a system
address which is used to access all system memory.and 10 devices. Table 6 specifies system

address assienments. Each segment can vary in size from 22* to 28 bytes.
assign gm y

The virtual address is used to match an entry in the segment table. The matched entry specifies
the . corresponding system address, segment size and privilege. System memory is a page level
cache of the System Address space. Page level control is provided in the cache memory system,
rather at address translation time at the processor. The operating system virtual memory
subsystem controls System memory on a page basis through L2 Extended Cache (L2E Cache)
descriptors. The advantage of this approach is that the performance overhead of processor page

tables and page level TLB is avoided.

When the address translation is disabled, the segment table is bypassed and all addresses are

truncated to the low 32 bits and require system privilege.

CACHE MEMORY SYSTEM OVERVIEW

Introduction

With reference to Figure 20, the data and instruction caches of cores 12—16 the illustrated
embodiment are organized as shown. L1 data and instruction caches are both 8-way associative.
Each 128 byte block has a corresponding entry. This entry describes the system address of the
block, the current 1.1 cache state, whether the block has been modified with respect to the 12 cache
and whether the block has been referenced. The modified bit is set on each store to the block.
The referenced bit is set by each memory reference to the block, unless the reuse hint indicates
no reuse. The no-reuse hint allows the program to access memory locations once, without them
displacing other cache blocks that will be reused. The referenced bit is periodically cleared by the
L2cache controller to implement a levell cache working set algorithm. The modified bit is clear

when the L2 cache control updates its data with the modified data in the block.
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The level2 cache consists of an on-chip and off chip extended L2 Cache (L2E). The on-chip L2
cache, which may be self-contained on respective core, distributed among multiple cores, and/or
contained (in whole or in part) on DDRAM on a “gateway” (or “IO bridge™) interconnects to
other processors (e.g, of types other than those shown and discussed here) and/or systems,
consists of the tag and data portions. Each 128 byte data block is described by a corresponding
descriptor within the tag portion. The descriptor keeps track of cache state, whether the block
has been modified with respect to L2E, whether the block is present in L1 cache, an LRU count

to keep how often the block is being used by L1 and tag mode.

The off-chip DDR dram memory is called L2E Cache because it acts as an extension to the L2
cache. The L2E Cache may contained within a single device (e.g, a memory board with an
integral controller (e.g., a DDR3 controller) or distributed among multiple devices associated with
the respective cores or otherwise. Storage within the L2E cache is allocated on a page basis and
data is transferred between L2 and L2E on a block basis. The mapping of System Address to a
particular L2E page is specified by an L2E descriptor. These descriptors are stored within fixed
locations in the System Address space and in external ddr2 dram. The ‘L2E descriptor specifies

the location with system memory or physical memory (e.g., an attached flash drive or other |
mounted storage device) that the corresponding page is stored. The operating system is
responsible for initializing and maintaining these descriptors as part of the virtual memory
subsystem of the OS. As a whole, the L2E descriptors specify the sparse pages of System
Address space that are present (cached) in physical memory. If a page and corresponding L2E

descriptor is not present in, then a page fault exception is signaled.

The L2 cache references the L2E descriptors to search for a specific system address, to satisfy a
L2 miss. Utilizing the organization of L2E descriptors the L2 cache is required to access 3 blocks
to access the referenced block, 2 blocks to traverse the descriptor tree and 1 block for the actual
data. In order to optimize performance the L2 cache, caches the most recently used descriptors.
Thus the L2E descriptor can most likely be referenced by the L2 directly and only a single L2E

reference is required to load the corresponding block.

98



WO 2012/174128 PCT/US2012/042274

L2E descriptors are stored within the data portion of a L2 block as shown in Figure 85. The tag-
mode bit within an L2 descriptor within the tag indicates that the data portion consists of 16 tags
for 'Extended L2 Cache. The portion of the L2 cache which is used to cache L2E descriptors is
set by OS and is normally set to one cache group, or 256 blocks for a 0.5m L2 Cache. This
configuration results descriptors corresponding to 212 L2E pages being cached, this is equivalent

to 256 Mbytes.

Although shown in use in connecton with like processor modules (e.g., of the type detailed
elsewhere herein), it will be appreciated that caching structures, systems and/or mechanisms
according to the invention practiced with other processor modules, memory systems and/or

storage systems, e.g., as illustrated Figure 31.
Advantages of embodiments utilizing caching of the type described herein are

* Caching of in memory directory

* Eliminating translation lookahead buffer (TLB) & TLB overhead at processor
* Single sparse address space enables single level store

*  Encompassing dram, flash & cache as single optimized memory system

* Providing distributed coherence & working set management

* Affording Transparent state management
»  Accelerating performance and lowing power by dynamically keeping data close to where it is

needed and being able to utilize lower cost denser storage technologies.

Cache Memory System Continued

Levell caches are organized as separate levell instruction cache and levell data cache to
maximize instruction and data bandwidth. Both levell caches are proper subsets of level2 cache.
The overall SEP memory organization is shown in Figure 20.  This organization is

parameterized within the implementation and is scalable in future designs.

The L1 data and instruction caches are both 8 way associative. Each 128 byte block has a

corresponding entry. This entry describes the system address of the block, the current L1 cache
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state, whether the block has been modified with respect to the L2 cache and whether the block
has been referenced. The modified bit is set on each store to the block. The referenced bit is set
by each memory reference to the block, unless the reuse hint indicates no reuse. The no-reuse
hint allows the program to access memory locations once, without them displacing other cache
blocks that will be reused. The referenced bit is periodically cleared by the L2 cache controller to
implement a levell cache working set algorithm. The modified bit is clear when the L2 cache

control updates its data with the modified data in the block.

The level2 cache includes an on-chip and off chip extended L2 Cache (L2E). The on-chip L2
cache includes the tag and data portions. Each 128 byte data block is described by a
corresponding descriptor within the tag portion. The descriptor keeps track of cache state,
whether the block has been modified with respect to L2E, whether the block is present in Ll
cache, an LRU count to keep how often the block is being used by L1 and tag mode. The

organizadon of the L2 cache is shown in Figure 22.

The off chip DDR DRAM memory is called L2E Cache because it acts as an extension to the L2
cache. Storage within the L2E cache is allocated on a page basis and data is transferred between
L2 and L2E on a block basis. The mapping of System Address to a particular L2E page is
specified by an L2E descriptor. These descriptors are stored within fixed locations in the System
Address space and in external ddr2 dram. The L2E descriptor specifies the location within
offchip L2E DDR DRAM that the corresponding page is stored. The operating system is
responsible for initializing and maintaining these descriptors as part of the virtual memory
subsystem of the OS. As a whole, the L2E descriptors specify the sparse pages of System
Address space that are present (cached) in physical memory. If a page and corresponding L2E

descriptor is not present in, then a page fault exception is signaled.

L2E descriptors are organized as a tree as shown in Figure 24.

Figure 25 depicts an L2E physical memory layout in a system according to the invention;
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The L2 cache references the L2E descriptors to search for a specific system address, to satisfy a
L2 miss. Utilizing the organization of L2E descriptors the L2 cache is required to access 3 blocks
to access the referenced block, 2 blocks to traverse the descriptor tree and 1 block for the actual
data. In order to optimize performance the L2 cache, caches the most recently used descriptors.
Thus the L2E descriptor can most likely be referenced by the L2 directly and only a single L2E

reference is required to load the corresponding block.

L2E descriptors are stored within the data portion of a L2 block as shown in Figure 23. The
tag-mode bit within an L2 descriptor within the tag indicates that the data portion includes 16
tags for Extended L2 Cache. The portion of the L2 cache which is used to cache L2E
descriptors is set by OS and is normally set to one cache group (SEP implementations are not
required to support caching L2E descriptors in all cache groups. A minimum of 1 cache group is
required), or 256 blocks for a 0.5m L2 Cache.  This configuration results descriptors
corresponding to 2!? L2E pages being cached, this is equivalent to 256 Mbytes.

Figure 21 illustrates overall flow of L2 and L2E operation. Psuedo-code summary of L2 and

L2E cache operation:

L2_tag lookup;
if (L2_tag miss) {
L2E_tag_lookup;
if (L2E_tag_miss) {
L2E_descriptor_tree_lookup;
if (descriptor_not_present) {
signal_page_fault;
break;
} else allocate_L2E_tag;
}
allocate_L2_tag;

load_dram_data_into_12
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}

respond_data_to_l1_cache;

TRANSLATION TABLE ORGANIZATION AND ENTRY DESCRIPTION

Figure 26 depicts a segment table entry format in an SEP system according to one practice of

the invention.

CACHE ORGANIZATION AND ENTRY DESCRIPTION

Figures 27-29 depict, respectively, L1, L2 and L2E Cache addressing and tag formats in an

SEP system according to one practice of the invention.

The Ref (Referenced) count field is utilized to keep track of how often an L2 block is referenced
by the L1 cache (and processor). The count is incremented when a block is move into L1. It can
be used likewise in the L2E cache (vis-a-vis movement to the L2 cache) and the L1 cache (vis-a-

vis references by the functional units of the local core or of a remote core).

In the illustrated embodiment, the functional or execution units, e.g., 12A~16A within the cores,
e.g., 1216, execute memory reference instructions that influence the setting of reference counts
within the cache and which, thereby, influence cache management including replacement and
modified block writeback. Thus, for example, the reference count set in connection with a typical
or normal memory access by an execution unit is set to a middle value (e.g., in the example
below, the value 3) when the corresponding entry (e.g., data or instruction) is brought into cache.
As each entry in the cache is referenced, the reference count is incremented. In the background
the cache scans and decrements reference counts on a periodic basis. As new data/instructions
are brought into cache, the cache subsystem determines which of the already-cached entries to
remove based on their corresponding reference counts (i.e., entries with lower reference counts

are removed first).

The functional or execution units, e.g., 12A, of the illustrated cores, e.g., 12, can selectively force

the reference counts of newly accessed data/instructions to be purposely set to low values,
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thereby, insuring that the corresponding cache entries will be the next ones to be replaced and
will not supplant other cache entries needed longer term. To this end, the illustrated cores, e.g,,
12, support an instruction set in which at least some of the memory access instructions include

parameters (e.g., the “no-reuse cache hint”) for influencing the reference counts accordingly.

In the illustrated embodiment, the setting and adjusting of reference counts—which, themselves,
are maintained along with descriptors of the respective data in the so-called tag portions (as
opposed to the so-called data portions) or the respective caches—is automatically carried out by
logic within the cache subsystem, thus, freeing the functional units, e.g., 12A-16A, from having to
set or adjust those counts themselves. Put another way, in the illustrated embodiment, execution
of memory feference instructions (é.g., with or without the no-reuse hint) by the functional or
execution units, e.g., 12A—16A, causes the caches (and, particularly, for example, the local L2 and
L2E caches) to perform operations (e.g, the setting and adjustment of reference counts in accord
with the teachings hereof) on behalf of the issuing thread. On multicore systems these operations

can span to non-local level2 and level2 extended caches.

The aforementioned mechanisms can also be utilized, in whole or part, to facilitate cache-
initiated performance optimization, e.g, independently of memory access instructions executed
by the processor. Thus, for example, the reference counts for data newly brought into the
respective caches can be set (or, if already set, subsequently adjusted) in accord with (a) the access
rights of the acquiring cache, and (b) the nature of utilization of such data by the processor

modules—local or remote.

By way of example, where a read-only datum brought into a cache is expected to be frequently
updated on a remote cache (e.g., by a processing node with write rights), the acquiring cache can
set the reference count low, thereby, insuring that (unless that datum is access frequently by the
acquiring cache) the corresponding cache entry will be replaced, obviating the need for needless
updates from the remote cache. Such setting of the reference count can be effected via memory
access instructions parameters (as above) and/or “cache initiated” via automatic operation of the

caching subsystems (and/or cooperating mechanisms in the operation system).
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By way of further example, where a write-only datum maintained in a cache is not shared on a
read-only (or other) basis in any other cache, the caching subsystems (and/or cooperating
mechanisms in the operation system) can delay or suspend entirely signalling to the other caches
or memory system of updates to that datum, at least, until the processor associated with the

maintaing cache has stopped using the datum.

The foregoing can be further appreciated with reference to Figure 47, showing the effect on the
L1 data cache, by way of non-limiting example, o‘f execution of a memory “read” operation sans
the no-reuse hint (or, put another way, with the re-use parameter set to “true”) by application,
e.g., 200 (and, more precisely, threads thereof, labelled 200”””) on core 12. Particularly, the virtual
address of the data being read, as specified by the thread 200, is converted to a system address,
e.g., in the manner shown in Figure 19, by way of non-limiting example, and discussed elsewhere

herein.

If the requested datum is in the L1 Data cache, an L1 Cache lookup and, more specifically, a
lookup comparing that system address against the tag portion of the L1 data cache (e.g, in the
manner paralleling that shown in Figure 22 vis-a-vis the L2 Data cache) results in a hit that
returns the requested block, page, etc. (depending on implementation) to the requesting thread.
As shown in the right-hand corner of Figure 47, the reference count maintained in the descriptor

of the found data is incremented in connection with the read operation.

On a periodic basis the reference count is decremented if it is still present in L1 (e.g., assuming it
has not been accessed by another memory access operation). The blocks with the highest
reference counts have the highest current temporal locality within L2 cache. The blocks with the
lowest reference counts have been accessed the least in the near past and are targeted as
replacement blocks to service L2 misses, i.e., the bringing in of new blocks from L2E cache. In
the illustrated embodiment, the ref count for a block is normally initialized to a middling value of
3 (by way of non-limiting example), when the block is brought in from L2E cache. Of course,
other embodiments may vary not only as to the start values of these counts, but also in the

amount and timing of increases and decreases to them.
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As noted above, setting of the referenced bit can be influenced programmatcally, e.g., by
applicaton 200", e.g., when it uses memory access instructions that have a no-reuse hint that

13

indicates “no reuse” (or, put another way, a reuse parameter set to “false”), i.e., that the
referenced data block will not be reused (e.g,, in the near term) by the thread. For example, in the
illustrated embodiment, if the block is brought into a cache (e.g, the L1 or L2 caches) by a
memory reference instruction that specifies no-reuse, the ref count is initialized to a value of 2
(instead of 3 per the normal case discussed above)—and, by way of further example, if that block
is already in cache, its reference count is not incremented as a result of execution of the
instruction (or, indeed, can be reduced to, say, that start value of 2 as a result of such execution).
Again, of course, other embodiments may vary in regard to these start values and/or in setting or

timing of changes in the reference count as a result of execution of a memory access instruction

with the no-reuse hint.

This can be further appreciated with reference to Figure 48, which parallels Figure 47 insofar as
it, too, shows the effect on the data caches (here, the L1 and L2 caches), by way of non-limiting
example, of execution of a memory “read” operation that includes a no-reuse hint by application
thread 200 on core 12. As above, the virtual address of the data requested, as specified by the
thread 200", is converted to a system address, e.g., in the manner shown in Figure 19, by way of

non-limiting example, and discussed elsewhere herein.

If the requested datum is in the L1 Data cache (which is not the case shown here), it is returned
to the requesting program 200””, but the reference count for its decriptor is not updated in the
cache (because of the no-reuse hint)—and, indeed, in some embodiments, if it is greater than the

default initialization value for a no-reuse request, it may be set to that value, here, 2).

If the requested datum is not in the L1 Data cache (as shown here), that cache signals a miss and
passes the request to the L2 Data cache. If the requested datum is in the L2 Data cache, an L2
Cache lookup and, more specifically, a lookup comparing that system address against the tag
portion of the L2 data cache (e.g, in the manner shown in Figure 22) results in a hit that returns
the requested block, page, etc. (depending on implementation) to the L1 Data cache, which

allocates a descriptor for that data and which (because of the no-reuse hint) sets its reference
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count to the default initialization value for a no-reuse request, it may be set to that value, here, 2).

The L1 Data cache can, in turn, pass the requested datum back to the requesting thread.

It will be appreciated that the operations shown in Figures 47 and 48, though, shown and
discussed here for simplicity with respect to read operations involving two levels of cache (L1 and
L2) can likewise be extended to additional levels of cache (e.g,, L2E) and to other memory
operations, as well, e.g,, write operations. In the illustrated embodiment, other such operations
can include, by way of non-limiting example, the following memory access instructions (and their
respective reuse/no-reuse cache hints), e.g,, among others: LOAD (Load Register), STORE
(Store to Memory), LOADPAIR (Load Register Pair), STOREPAIR (Store Pair to Memory),
PREFETCH (Prefetch Memory), LOADPRED (Load Predicate Register), STOREPRED (Store
Predicate Register), EMPTY (Empty Memory), and FILL (Fill Memory) instructions. = Other
embodiments may provide other instructions, instead or instead or in addition, that utilize such
parameters or that otherwise provide for influencing reference counts, e.g,, in accord with the

principles hereof.

Table 5- Level2 (L2) and Level2 Extended (L2E) block state

Nmeumonic  |Value ‘Description
Tovalid | 000  |twand T
reserved 001 reserved

c_empty_ro 010 Copy, Empty, read only

c_full_ro 011 Copy, Full, read only

o_empty_ro 100 Owner, Empty, Read Only

o_empty_rw 101 Owner, Empty, Read/Write

o_full_ro 110 Owner, Full, Read Only

o_full_rw 111 Owner Full, Read/Write

Level2 Extended (L2E) Cache tags are addressed in a indexed, set associative manner. L2E data

can be placed at arbitrary locations in off-chip memory.
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ADDRESSING

Figure 30 depicts an IO address space format in an SEP system according to one practice of the

invention.

Table 6- System Address Ranges

‘Range Description |
0x0000000000000000-0xOfFFFFFFFFERFY IO Devices
0x1000000000000000-0x FFFFFFFFFFFFF Cache Memory

Table 7- 10 Address Space Ranges

‘Device (SA[46:41]) ' 'Description ;
0x00 ' Flash memory

0x01-0x3f 10 Device 1-63

Table 8- Exception target address

iAddress iDescription ‘
0x0000000000000000 System privilege exception address
0x0000000001000000 : Application privilege exception

address

STANDARD DEVICE REGISTERS

IO devices include standard device registers and device specific registers. Standard device

registers are described in the next sections.

Device Type Register
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63 {31 15 '
116 16 0

device specific revision device type

Indentifies the type of device. Enables devices to be dynamically configured by software reading

the type register first. Cores provide a device type of 0x0000 for all null devices.

pomemamcaa femeccenncacancas qeeesec-md-camc-sseecesmmememmss-m-mecs-ssessasascassesessmessmomsmmnasans Ameesmemsvamananes,

‘Bit

Description

Value indentifies the type of device. read-only

Value Description .

0x0000Null device

0x0001L2 and L2E memory controller

0x0002Event Table
0x0003DRAM Memory
0x0004DMA Controller
0x0005FPGA-Ethernet
0x0006FPGA-DVI
0x0007HDMI
0x0008LCD Interface
0x0009PCI

0x000aATA

0x000b USB2
0x000c1394

0x000d Ethernet
0x000eFlash memory
0x000f Audio out
0x0010Power Management
0x0011-0xffif Reserved
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31:16 |revision Value indentifies device revision read-only
63:32 |device Additonal device specific information read-only
specific
10 DEVICES

For each IO device the functionality, address map and detailed register description are provided.

Event Table

Table 9- Event Table Addressing

0x00000000-0x0000fHF Device type register
0x00010000-0x000 1 fift Event Queue Register
0x00020000-0x00021HF Event Queue Operation Register
0x00030000-0x0003ft Event-Thread Lookup Register

0x00040000-0xfHIHT Reserved
Event Queue Register
63 T s :
116 0
reserved { event ‘

The Event Queue Register (EQR) enables read and write access to the event queue. The Event
Queue location is specified by bits[15:0] of the device offset of IO address. First implementation

contains 16 locations.
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i Bit gField ‘Description ‘Privil :Per
. : : lege |
15:0 event For writes specifies the virtual event number |system |proc

written or pushed onto the queue. For read
operations contains the event number read

from the queue

63:1 | Reserved |Reserved for future expansion of virtual System |proc

event number

Event Queue Operation Register

The Event Queue Operation Register (EQR) enables an event to be pushed onto or popped from
the event queue. Store to EQR is used for push and load from EQR is used for pop.

:Bit :Field :Description :Privil :Per
: : : lege |
15:0 event  |For writes specifies the event number written {system |proc

or pushed onto the queue. For read
operations contains the event number read

from the queue
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16 empty |For pop operation indicates whether the system |proc
queue was empty prior to the current
operation. If the queue was empty for pop
operation, the event field is undefined. For
push operation indicates whether the queue
was full prior to the push operation. If the

queué was full for the push operation, the

push operation is not completed.

Euvent-Thread Lookup Table Register

The Event to Thread lookup table establishes a mapping between an event number presented by
a hardware device or event instruction and the preferred thread to signal the event to. Each
entry in the table specifies an event number and a corresponding virtual thread number that the
event is mapped to. In the case where the virtual thread number is not loaded into a TPU, or the
event mapping is not present, the event is then signaled to the default system thread. See

"Generalized Events and Multi-Threading," hereof, for further description.

The Event-Thread Lookup location is specified by bits[15:0] of the device offset of 1O address.

First implementation contains 16 locations.

Bit iField  iDescription {Privil [Per |
o . ege |

.....................................................................................................
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15:0 event  |For writes specifies the event number written |system |proc
at the specified table address. For read
operations contains the event number at the

speciﬁéd table address

31:1 thread  |Specifies virual thread number System |proc

corresponding to event

L2 And L2E Memory Controller

Table 10- L2 and L2E Memory Controller

................................... Feeceacessessemmescacccmssstctsecaccccancnensenananann
1

frDevice Offset ‘Register

0x00000000-0x0000fFF _|Device type register
0x00010000-0x00ftH Reserved

0x01000000-0x0 1 fHift L2 Tag

0x02000000-0x02fHHT L2E Tag and Data

0x03000000-0xfHHHT Reserved

Power Management

SEP utilizes several types of power management:

+ SEP processor instruction scheduler puts units that are not required during a given cycle
in a low power state.
» IO controllers can be disabled if not being used
¢ Overal Power Management includes the following states
o Off- All chip voltages are zero

o Full on- A chip voltages and subsystems are enabled
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o Idle- Processor enters a low power state when all threads are in WAITING_IO

state
o Sleep- Clock timer, some other misc registers and auto-dram refresh are enabled.

All other subsystems are in a low power state.

EXAMPLE MEMORY SYSTEM OPERATIONS

Adding The Removing Segments

SEP utilizes variable size segments to provide address translation (and privilege) from the Virtual
to System address spaces. Specification of a segment does not in itself allocate system memory
within the System Address space. Allocation and deallocation of system memory is on a page

basis as described in the next section.
Segments can be viewed as mapped memory space for code, heap, files, etc.

Segments are defined on a per-thread basis. Segments are added enabling an instruction or data
segment table entry for the corresponding process. These are managed explicitly by software
running at system privilege.  The segment table entry defines the acess rights for the
corresponding thread for the segment. Virtual to System address mapping for the segment can

be defined arbitrary at the size boundry.

A segment is removed by disabling the corresponding segment table entry.

Allocating And Deallocating Pages

Pages are allocated on a system wide basis. Access privilege to a page is defined by the segment
table entry corresponding to the page system address. By managing pages on a system shared
basis, coherency is automatically maintained by the memory system for page descriptors and
page contents. Since SEP manages all memory and corresponding pages as cache, pages are

allocated and deallocated at the shared memory system, rather than per thread.
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Valid pages and the location where they are stored in memory are described by the in memory
hash table shown in figure 86, L2E Descriptor Tree Lookup. For a specific index the descriptor
tree can be 1, 2 or 3 levels. The root block starts are 0 offset. System software can create a
segment that maps virtual to system at 0x0 and create page descriptors that directly map to the

address space so that this memory is within the kernel address space.

Pages are allocated by setting up the corresponding NodeBlock, TreeNode and L2E Cache Tage.
The TreeNode describes the largest SA within the NodeBlocks that it points to. The TreeNodes
are arranged within a NodeBlock in increasing SA order. The physical page number specifies the

storage location in dram for the page. This is effectively a b-tree organization.

Pages are deallocated by marking the entries invalid.

MEMORY SYSTEM IMPLEMENTATION

Referring to Figure 31, the memory system implementation of the illustrated SEP architecture
enables an all-cache memory system which is transparently scalable across cores and threads.

The memory system implementation includes:

* Ring Interconnect (RI) provides packet transport for cache memory system operations.
Each device includes a RI port. Such a ring interconnect can be constructed, operated,
and utilized in the manner of the “cell interconnect” disclosed, by way of non-limiting
example, as elements 10-13, in Figure 1 and the accompanying text of United States
Patent US 5,119,481, entitled "Register Bus Multiprocessor System with Shift," and
further details of which are disclosed, by way of non-limiting example, in Figures 3-8
and the accompanying text of that patent, the teachings of which are incorporated herein
by reference, and a copy of which is filed herewith by example as Appendix B, as adapted
in accord with the teachings hereof.

« External Memory Cache Controller provides interface between the RI and external
DDR3 dram and flash memory.

+ Level2 Cache Controller provides interface between the RI and processor core.
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* IO Bridge provides a DMA and programmed IO interface between the RI and IO busses

and devices.

The illustrated memory system is advantageous, e.g, in that it can serve to combine high
bandwidth technology with bandwidth efficiency, and in that it scales across cores and/or other
processing modules (and/or respective SOCs or systems in which they ma;y respectively be

embodied) and external memory (DRAM & flash)

RING INTERCONNECT (RI) GENERAL OPERATION

RI provides a classic layered communication approach:

* Caching protocol- provides integrated coherency for all-cache memory system including
support for events |

* Packet contents- Payload consisting of data, address, command, state and signalling

+ Physical transport- Mapping to signals. Implementations can have different levels of

parallelism and bandwidth

PACKET CONTENTS

Packet includes the following fields:

+ SystemAddress[63:7] — Block address corresponding the data transfer or request. All
transfers are in units of a single 128 byté block.

* RequestorID[31:0]- RI interface number of requestor. ReqID[2:0] implemented in first
implementation, remainder reserved. The value of each Rl is hardwired as part of the
RI interface implementation.

*  Command

Value :Command iState  iData |
Field
00 Nep T Invalid | invalid
Ox1 Read only request Invalid | invald
0x2 Writable read request : Invalid | invalid
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0x3 Exclusive read request Invalid | invalid
Ox4 Invalidate Invalid | invalid
0x5 Update Invalid valid

0x6 Response ro request Valid valid

0x7 Response writeable request Valid Valid

0x8 Response exclusive request Valid valid

0x9 Read IO request Invalid | invalid
Oxa Response 1O Invalid valid

Oxb - Write 10 Invalid valid

Oxc-0Oxf |reserved

State- Cache state associated with the command.

‘Value iState & Description \

o0 Tovaid T ‘

0x1 Reserved

0x2 C_EMPTY_RO- Read only copy, empty

0x3 C_FULL_RO- Read only copy, full

0x4 O_EMPTY _RW- Owner, writeable, empty

0x5 O_EMPTY_RWE- Ownert, writeable, no other copies .
0x6 O_FULL_RW- Ownet, writeable, full

0x7 O_FULL-RWE- Owner, writeable, no other copies

+ Early Valid- Boolean that indicates that the corresponding packet slot contains a valid
command. Bit is present early in the packet. Both early and late valid Booleans must be
true for packet to be valid.

 Early Busy- Boolean that indicates that the command could not be processed by RI
interface. The command must be re-tried by initiator. The packet is considered busy if
either early busy or late busy is set.

+ Late Valid — Boolean that indicated that the corresponding packet slot contains a valid
command. Bit is present late in the packet. Both early and late valid Booleans must be
true for packet to be valid. When an Rl interface is passing a packet through it should

attempt clear early valid if late valid is false.
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* Late Busy- Boolean that indicates that the command could not be processed by RI
interface. The command must be re-tried by the initiator. ‘The packet is considered busy
if either early busy or late busy is set. When an Rl interface is passing a packet through it

should attempt to set early busy if late busy is true.

PHYSICAL TRANSPORT

The Ring Interconnect bandwidth is scalable to meet the needs of scalable implementations

beyond 2-core. The RI can be scaled hierarchically to provide virtually unlimited scalability.

The Ring Interconnect physical transport is effectively a rotating shift register.  The first
implementation utilizes 4 stages per RI interface. A single bit specifies the first cycle of each

packet (corresponding to cycle 1 in table below) and is initialized on reset.

For a two-core SEP implementation, example, there can be a 32 byte wide data payload path and

a 57 bit address path that also multiplexes command, state, flow control and packet signaling.

rCycle --E-l-);ta payload path (32 bytes Addresspayload path (57 :
; iwide) bits)

1 Previous packet.... SystemAddress[63:7]

2 Databytes[31:0] Command, ReqID[31:0]],State,

EarlyValid, EarlyBusy
3 Databytes[63:32] Not used
Databytes[95:64] LateValid, LateBusy
5 Databytes[127:96] Next packet......

INSTRUCTION SET EXPANDABILITY

Provides a capability to define programmable instructions, which are dedicated to a specific

applicatilon and/or algorithm. These instructions can be add in two ways:
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* Dedicated functional unit- Fixed instruction capability. This can be an additional
functional unit or an addition to an existing unit.

*  Programmable functional unit- Limited FPGA type functionality to tailor the hardware
unit to the specifics of the algorithm. This capability is loaded from a privileged control

register and is available to all threads.

ADVANTAGES AND FURTHER EMBODIMENTS

Systems constructed in accord with then invention can be employed to provide a runtime
environment for executing tiles, e.g, as illustrated in Figure 32 (sans graphical details identifying

separate processor or core boundaries):

Those tiles can be created, e.g., applications, attendant software libraries, etc., and assigned to
threads in the conventional manner known in the art, e.g., as discussed in US 5,535,393 (“System
for Parallel Processing That Compiles a [Tiled] Sequence of Instructions Within an Iteration
Space”), the teachings of which are incorporated herein by reference. Such tiles can beneficially
utilize memory access instructions discussed herein, as well those disclosed, by way of non-
limiting example, in Figures 24A-24B and the accompanying text (e.g., in the section entitled
“CONSUMER-PRODUCER MEMORY?) of incorporated-by-reference patents US 7,685,607
and US 7,653,912, the teachings. of which figures and text (and others of which pertain memory
access instructions and particularly, for example, the Empty and Fill instructions) are incorporated

herein by reference, as adapted in accord with the teachings hereof.

A exemplary, non-limiting software architecture utilizing a runtime environment of the sort
provided by systems according to the invention is shown in Figure 33, to wit, a TV/set-top
application providing simultaneously running one or more of television, telepresence, gaming
and other applications (apps) by way of example, that (a) execute over a common applications
framework of the type known in the art as adapted in accord with the teachings hereof and that,
in turn (b) executes on media (e.g., video streams, etc.) of the type known in the art utilizing a

media framework (e.g, codecs, OpenGL, scaling and noise reduction functionality, color
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conversion & correction functionality, and frame rate correction functionality, all by way of
example) of the type known in the art (e.g, Linux core services) as adapted in accord with the
teachings hereof and that, in turn, (c) executes on core services of the type known in the art as
adapted in accord with the teachings hereof and that, in turn, (d) executes on a core operating

system (e.g., Linux) of the type known in the art as adapted in accord with the teachings hereof.

Processor modules, systems and methods of the illustrated embodiment are well suited for
executing digital cinema, integrated telepresence, virtual hologram based gaming, hologram-
based medical imaging, video intensive applications, face recognition, user-defined 3D presence,
software applications, all by way of non-limiting example, utilizing a software architecture of the

type shown in Figure 33.

Advantages of processor modules and systems according to the invention are that, among other
things, they provide the flexibility & programmability of “all software” logic solutions combined
with the performance equal or better to that of “all hardware” logic solutions, as depicted in

Figure 34.

A typical implementation of a consumer (or other) device for video processing using a prior art
processor is shown in Figure 35. Generally speaking, such implementations demand that new
hardware (e.g., additional hardware processor logic) be added for each new function in the
device. By comparison, there is shown in Figure 36 a corresponding implementation using a
processor module of the illustrated embodiment. As evident from comparing the drawings, what
has typically required a fixed hardwired solution in prior art implementations can be effected by
a software pipeline in solutions in accord with the illustrated embodiment. This is also shown in
Figure 46, wherein a pipeline of instructions executing on each or cores 12—16 serve as software
équivalents of corresponding hardware pipelines of the type traditionally practiced in the prior
art. Thus, for example, a pipeline of instructions 220 executing on the TPUs 12B of core 12
perform the same functionality as and take place of a hardware pipeline 222; software pipeline
224 executing on TPUs 14B of core 14 take perform the same functionality as and take place of

a hardware pipeline 226; and, software pipeline 228 executing on TPUs 14B of core 14 take
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perform the same functionality. as and take place of a hardware pipeline 230, all by way of non-

limiting example.

In addition to executing software pipelines that perform the same functionality as and take place
of corresponding hardware pipelines, new functions can be added to these cores 12—16 without
the addition of new hardware as those functions can often be accommodated via the software

pipeline.

To these ends, Figure 37 illustrates use of an SEP processor in accord with the invention for
parallel execution of applications, ARM binaries, media framework (here, e.g., H.264 and JPEG
2000 logic) and other components of the runtime environment of a system according to the

invention, all by way of example.

Referring to Figure 46, the illustrated cores are general purpose processors capable of executing
pipelines of software components in lieu of like pipelines of hardware components of the type
normally employed by prior art devices. Thus, for example, core 14 executes, by way of non-
limiting example, software components pipelined for video processing and including a H.264
decoder software module, a scalar and noise reduction software module, a color correction
software module, a frame race control software module, e.g., as shown. This is in lieu of
inclusion execution of a like hardware pipeline 226 on dedicated chips, e.g.,, a semiconductor
chip that functions as a system controller with H.264 decoding, pipelined to a semiconductor
chip that functions as a scaler and noise reduction module, pipelined to a semiconductor chip
that functions for color correction, and further pipelined to a semiconductor chip that functions

as a frame rate controller.

In operation, each of the respective software components, e.g., of pipeline 224, executes as one
or more threads, all of which for a given task may execute on a single core or which may be

distributed among multiple cores.

To facilitate the foregoing, cores 12—16 operate as discussed above and each supports one or

more of the following features, all by way of non-limiting example, dynamic assignment of
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events to thréads, a location-independent shared execution environment, the provision of quality
of sevice through thread instantiation, maintenance and optimization, JPEG2000 bit plane stripe
column encoding, JPEG2000 binary arithmetic code lookup, arithmetic operation transpose, a
cache control instruction set and cache-initiated optimization, and a cache managed memory

system.

Shown and described herein are processor modules, systems and methods meeting the objects set
forth above, among others. It will be appreciated that the illustrated embodiments are merely
examples of the invention and that other embodiments embodying changes thereto fall within

the scope of the invention.
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GENERAL PURPOSE EMBEDDED
PROCESSOR

This application is a continuation of, and claims the benefit
of priority of, copending, commonly-assigned U.S. patent
application Ser. No. 10/449,732, filed May 30, 2003, entitled
“Virual Processor Methods and Apparatus with Unified
Event Notification And Consumer-producer Memory Opera-
tions,” the teachings of which are incorporated herein by
reference.

BACKGROUND

The invention pertains to digital data processing and, more
particularly, to embedded processor architectures and opera-
tion. The invention has application in high-definition digital
television, game systems, digital video recorders, video and/
or audio players, personal digital assistants, personal knowl-
edge navigators, mobile phones, and other multimedia and
non-multimedia devices.

Prior art embedded processor-based or application systems
typically combine: (1) one or more general purpose proces-
sors, e.g., of the ARM, MIPs or x86 variety, for handling user
interface processing, high level application processing, and
operating system tasks, with (2) one or more digital signal
processors (DSPs), including media processors, dedicated to
handling specific types of arithmetic computations at specific
interfaces or within specific applications, on real-time/low
latency bases. Instead of, or in addition to, the DSPs, special-
purpose hardware is often provided to handle dedicated needs
that a DSP is unable to handle on a programmable basis, e.g.,
becausc the DSP cannot handle multiple activities at once or
because the DSP cannot meet needs for a very specialized
computational clement.

Examples of these prior art systems include personal com-
puters, which typically combine a main processor with a
separate graphics processor and a separate sound processor;
game systems, which typically combine a main processorand
scparately programmed graphics processor; digital video
recorders, which typically combine a general purpose proces-
sor, mpeg?2 decoder and encoder chips, and special-purpose
digital signal processors; digital televisions, which typically
combine a general purpose processor, mpeg2 decoder and
encoder chips, and special-purpose DSPs or media proces-
sors; mobile phones, which typically combine a processor for
uscr interface and applications processing and special-pur-
pose DSPs for mobile phone GSM, CDMA or other protocol
processing.

Prior art patents include U.S. Pat. No. 6,408,381, disclos-
ing a pipeline processor utilizing snapshot files with cntrics
indicating the state of instructions in the various pipeline
stages. As the instructions move within the pipelinc, the cor-
responding snapshot file entries are changed. By monitoring
those files, the device determines when interim results from
one pipe-line stage can be directly forwarded to another stage
over an internal operand bus, e.g., without first being stored to
the registers.

The prior art also includes U.S. Pat. No. 6,219,780, which
concerns improving the throughput of computers with mul-
tiple execution units grouped in clusters. This patent suggests
identifying “consumer” instructions which are dependent on
results from “producer” instructions. Multiple copies of each
producer instruction are then executed, one copy in each
cluster that will be subsequently used to execute dependent
consumer instructions. .

The reasons for the gencral prior art approach—combining
general purpose processors with DSPs and/or special-pur-
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posc hardware—is the need to handle multiple activities (¢.g.,
events or threads) simuitaneously on a real-time basis, where
each activity requires a different type of computational ele-
ment. FHowever, no single prior art processor has the capacity
to handle all of the activitics. Moreover, some of the activities
are of such a nature that no prior art processor is capable of
properly handling more than a single one of them. This is
particularly true of real-time activities, to which timely per-
formance is degraded, if not wholly prevented, by operating
system intervention.

One problem with the prior art approach is hardware design
complexity, combined with software complexity in program-
ming and interfacing heterogeneous types of computing ele-
ments. Another problem is that both hardware and software
must be re-engineered for every application. Moreover, prior
art systems do not load balance: capacity cannot be trans-
ferred from one hardware element to another.

An object of this invention is to provide improved appara-
tus and methods for digital data processing. A further object
of the invention is to provide such apparatus and methods as
support multiple activities, real-time or otherwise, to be
executed on a single processor, as well to provide multiple
such processors that are capable of working together. A
related object is to provide such apparatus and methods as are
suitable for an embedded environment or application.
Another related object is to provide such apparatus and meth-
ods as facilitate design, manufacture, time-to-market, cost
and/or maintenance.

A further object of the invention is to provide improved
apparatus and methods for embedded (or other) processing
that meet the computational, size, power and cost require-
ments of today’s and future appliances, including by way of
non-limiting example, digital televisions, digital video
recorders, video and/or audio players, personal digital assis-
tants, personal knowledge navigators, and mobile phones, to
name but a few.

Yet another object is to provide improved apparatus and
methods that support a range of applications.

Still yet another object is to provide such apparatus and
methods which are low-cost, low-power and/or support
robust rapid-to-market implementations.

SUMMARY

These and other objects are attained by the invention which
provides, in one aspect, an embedded processor comprising a
plurality of processing units that each execute processes or
threads (collectively, “threads™). One or more execution units
are shared by the processing units and execute instructions
from the threads. An event delivery mechanism delivers
events—such as, by way of non-limiting example, hardware
interrupts, software-initiated signaling events (“softwarc
events”") and memory events—to respective threads without
execution of instructions. Each event can be processed by the
respective thread without execution of instructions outside
that thread.

According to related aspects of the invention, the threads
need not be constrained to exccute on the same respective
processing units during the lives of those threads. In still other
related aspects, the execution units exccute instructions from
the threads without needing to know what threads those
instructions are from.

The invention provides, in other aspects, an embedded
processor as described above that additionally comprises a
pipeline control unit which launches instructions from plural
threads for concurrent cxecution on plural execution units.
That pipeline control unit can comprise a plurality of instruc-
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tion queues, each associated with a respective onc of the
virtual processing units, from which queues instructions are
dispatched. In addition to decoding instruction classes from
the instruction queues, the pipeline control unit can control
access by the virtual processing units to a resource that pro-
vides source and destination registers for the dispatched
nstructions.

According to other related aspects, among the plural
execution units is a branch execution unit. This is responsible
for any of instruction address generation, address translation
and instruction fetching. The branch execution unit can also
maintain state for the virtual processing units. It can be con-
trolled by the pipeline control unit, which signals the branch
exccution unit as cach virtual processing unit instruction
queue is emptied.

According to other aspects of the invention, plural virtual
processing units as discussed above can execute on one
embedded processor. While, in related aspects, those plural
virtual processing units can execute on multiple embedded
processors.

Further aspects of the invention provide an embedded pro-
cessor comprising a plurality of processing units, each
executing one or more threads, as described above. An event
delivery mechanism delivers events as described above to
respective threads with which those events arc associated,
without execution of instructions. As above, the processing
units can be virtual processing units. And, as above, they can
execute on oae or more embedded processors.

Embedded processors and systems as described above are
capable of executing multiple threads and processing mul-
tiple events simultaneously with little or no latency and with
no operating system switching overhead. Threads can range
from real time video processing, to Linux operating system
functions, to end-use applications or games. As such, embed-

ded processor and systems have application, by way of non- 3

limiting example, in supporting the direct exccution of the
diverse functions required for multimedia or other devices,
like a high-definition digital television, game systems, digital
video recorders, video and/or audio players, personal digital
assistants, personal knowledge navigators, mobilc phones,
and other multimedia and non-multimedia devices
Moreover, embedded processors and systems as described
above enable all functions to be developed and executed in a
single programming and execution environment without the
necd for special purpose hardware accelerators, special pur-
pose DSPs, special purpose processors or other special pur-
pose hardware. Where multiple such embedded processors
are added together, they work seamlessly, providing greater
overall capacity including both more execution capacity and

more concurrent thread handling capacity. The addition of 3

those processors is transparent from the perspective of both
threads and cvents that are directed to specific threads. Load
balancing is also transparent, in part, because of the way the
processor assigns events and threads for processing

Other aspects of the invention provide digital data process-
ing system having structures and operating as described
above, albeit not in an embedded platform.

Yet further aspects of the invention provide methods par-
alleling the operation of the systems described above.

These and other aspects invention are evident in the draw-
ings and the description follows.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the invention may be
attained by reference to the drawings, in which:

o
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FIG. 1 depicts a processor module constructed and oper-
ated in accord with one practice of the invention;

FIG. 2 contrasts thread processing by a conventional super-
scalar processor with that by a processor module constructed
and operated in accord with one practice of the invention;

FIG. 3 depicts potential states of a thread executing in a
virtual processing unit (or thread processing unit (TPU)) in a
processor constructed and operated in accord with one prac-
tice of the invention;

FIG. 4 depicts an event delivery mechanism in a processor
module constructed and operated in accord with one practice
of invention;

FIG. 5 illustrates a mechanism for virtual address to system
address translation in a system constructed and operated in
accord with one practice of the invention;

FIG. 6 depicts the organization of Levell and Level2
caches in a system constructed and operated in accord with
one practice the invention;

FIG. 7 depicts the L2 cache and the logic used to perform
a tag lookup in a system constructed and operated in accord
with one practice of invention;

FIG. 8 depicts logic used to perform a tag lookup in the L2
extended cache in a system constructed and operated in
accord with one practice invention;

FIG. 9 depicts general-purpose registers, predicate regis-
ters and thread state or control registers maintained for cach
thread processing unit (TPU) in a system constructed and
operated in accord with one practice of the invention;

FIG. 10 depicts a mechanism for fetching and dispatching
instructions executed by the threads in a system constructed
and operated in accord with one practice of the invention;

FIGS. 11-12 illustrate a queue management mechanism
used in system constructed and operated in accord with one
practice of the invention;

FIG. 13 depicts a system-on-a-chip (SoC) implementation
of the processor module of FIG. 1 including logic for imple-
menting thread processing units in accord with one practice
of the invention;

FIG. 14 is a block diagram of a pipeline control unit in a
system constructed and operated in accord with one practice
of the invention;

FIG. 15 is a block diagram of an individual unit queucin a
system constructed and operated in accord with one practice
of the invention;

FIG. 16 is a block diagram of the branch unit in a system
constructed and operated in accord with one practice of the
invention;

FIG. 17 is a block diagram of a memory unit in a system
constructed and operated in accord with one practice of the
invention;

FIG. 18 is a block diagram of a cache unit implementing
any of the L1 instruction cache or L1 data cache in a system
constructed and operated in accord with one practice of the
invention;

FIG. 19 depicts an implementation of the L2 cache and
logic of FIG. 7 in a system constructed and operated in accord
with one practice of the invention,

FIG. 20 depicts the implementation of the register file in a
system constructed and operated in accord with once practice
of the invention;

FIGS. 21 and 22 are block diagrams of an integer unit and
a compare unit in a system'constructed and operated in accord
with one practice of the invention;

FIGS. 23A and 23B are block diagrams of a floating point
unit in a system constructed and operated in accord with one
practice of the invention;
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FIGS. 24A and 24B illustratc use of consumer and pro-
ducer memory instructions in a system constructed and oper-
ated in accord with one practice of the invention;

FIG. 25 is a block diagram of a digital LCD-TV subsystem
in a system constructed and operated in accord with one
practice of the invention; and

FIG. 26 is a block diagram of a digital LCD-TV or other
application subsystem in a system constructed and operated
in accord with one practice of the invention.

DETAILED DESCRIPTION

FIG. 1 depicts a processor module 5 constructed and oper-
ated in accord with one practice of the invention and referred
to occasionally throughout this document and the attached
drawings as “SEP”. The module can provide the foundation
for a general purpose processor, such as a PC, workstation or
mainframe computer—though, the illustrated embodiment is
utilized as an embedded processor.

The module 5, which may be used singly or in combination
with one or more other such modules, is suited inter alia for
devices or systems whose computational requirements are
parallel in nature and that benefit from multiple concurrently
executing applications and/or instruction level parallelism.
This can include devices or systems with rcal-time require-
ments, those that execute multi-media applications, and/or
those with high computational requirements, such as image,
signal, graphics and/or network processing. The module is
also suited for intcgration of multiple applications on a single
platform, e.g., where there is concurrent application use. It
provides for seamless application execution across the
devices and/or systems in which it is embedded or otherwise
incorporated, as well as across the networks (wired, wireless,
or otherwise) or other medium via which those devices and/or
systems are coupled. Moreover, the module is suited for peer-
to-peer (P2P) applications, as well as those with user interac-
tivity. The foregoing is not intended to be an extensive listing
of the applications and environments to which the module 5 is
suited, but merely one of examples.

Examples of devices and systems in which the module 5
can be embedded include inter alia digital LCD-TVs, e.g.,
type shown in FIG. 24, wherein the module 5 is embodied in
a system-on-a-chip (SOC) configuration. (Of coursc, it will
be appreciated that the module need not be embodied on a
single chip and, rather, can be may be embodied in any of a
multitude of form factors, including multiple chips, one or
more circuit boards, one or more separately-housed devices,
and/or a combination of the foregoing). Further examples
include digital video recorders (DVR) and servers, MP3 serv-
ers, mobile phones, applications which integrate still and
video cameras, game platforms, universal networked displays
(e.g., combinations of digital LCD-TV, networked informa-
tion/Internet appliance, and general-purpose application plat-
form), G3 mobile phones, personal digital assistants, and so
forth.

The module 5 includes thread processing units (TPUs)
10-20, level one (L1) instruction and data caches 22, 24, level
two (L2) cache 26, pipeline control 28 and execution (or
functional units) 30-38, namely, an integer processing unit, a
floating-point processing unit, a compare unit, a memory unit,
and a branch unit. The units 10-38 are coupled as shown in the
drawing and more particularly detailed below.

By way of overview, TPUs 10-20 are virtual processing
units, physically implemented within processor module 5,
that are each bound to and process one (or more) process(cs)
and/or thread(s) (collectively, thread(s)) at any given instant.
The TPUs have respective per-thread state represented in
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general purpose registers, predicate registers, control regis-
ters. The TPUs share hardware, such as launch and pipeline
control, which launches up to five instructions from any com-
bination of threads each cycle. As shown in the drawing, the
TPUs additionally share execution units 30-38, which inde-
pendently execute launched instructions without the need to
know what thread they are from.

By way of further overview, illustrated L2 cache 26 is
shared by all of the thread processing units 10-20 and stores
instructions and data on storage both internal (local) and
extemal to the chip on which the module 5§ is embodied.
THustrated L1 instruction and data caches 22, 24, too, are
shared by the TPUs 10-20 and are based on storage local to the
aforementioned chip. (Of course, it will be appreciated that,
in other embodiments, the levell and level2 caches may be
configured differently—e.g., entirely local to the module 5,
centirely external, or otherwise).

The design of module 5 is scalable. Two or more modules
S may be “ganged” in an SoC or other configuration, thereby,
increasing the number of active threads and overall process-
ing power. Because of the threading model used by the mod-
ule 5 and described herein, the resultant increase in TPUs is
software transparent. Though the illustrated module 5 has six
TPUs 10-20, other embodiments may have a greater number
of TPUs (as well, of course, as a lesser number). Additional
functional units, moreover, may be provided, for example,
boosting the number of instructions launched per cycle from
five to 10-15, or higher. As evident in the discussion below of
L1 and L2 cache construction, these 100 may be scaled.

Illustrated module § utilizes Linux as an application soft-
ware environment. In conjunction with multi-threading, this
enables real-time and non-real-time applications to run on
one platform. It also permits leveraging of open source soft-
ware and applications to increase product functionality.
Morcover, it enables exccution of applications from a varicty
of providers.

Multi-Threading

As noted above, TPUs 10-20 are virtual processing units,
physically implemented within a single processor modulc S,
that are each bound to and process one (or more) thread(s) at
any given instant. The threads can embody a wide range
applications. Examples useful in digital LCD-TVs, for
example, include MPEG2 signal demultiplexing, MPEG2
video decoding, MPEG audio decoding, digital-TV user
interface operation, operating system execution (e.g,. Linux).
Of course, thesc and/or other applications may be useful in
digital LCD TVs and the range of other devices and systems
in which the module 5 may be embodied.

The threads executed by the TPUs are independent but can
communicate through memory and events. During each cycle
of processor module 5, instructions are launched from as
many active-executing threads as necessary to utilize the
cxecution or functional units 30-38. In the illustrated embodi-
ment, a round robin protocol is imposed in this regard to
assure “fairness” to the respective threads (though, in other
embodiments, priority or other protocols can be used instead
or in addition). Although one or more system threads may be
executing on the TPUs (e.g., to launch application, facilitate
thread activation, and so forth), no operating system interven-
tion is required to execute active threads.

The underlying rationales for supporting multiple active
threads (virtual processors) per processor are:

Functional Capability

Multiple active threads per processor cnables a single
multi-threaded processor to replace multiple application,
media, signal processing and network processors. It also
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enables multiple threads corresponding to application,
image, signal processing and networking to operate and inter-
operate concurrently with low latency and high performance.
Context switching and interfacing overhead is minimized.
Even within a single image processing application, like MP4
decode, threads can easily operate simultaneously in a pipe-
lined manner to for example prepare data for frame n+1 while
frame n is being composed.

Performance

Multiple active threads per processor increases the perfor-
mance of the individual processor by better utilizing func-
tional units and tolerating memory and other event latency. It
is not unusual to gain a 2xperformance increase for support-
ing up to four simultaneously executing threads. Power con-
sumption and die size increases are negligible so that perfor-
mance per unit power and price performance are improved.
Multiple active threads per processor also lowers the perfor-
mance degradation due to branches and cache misses by
having another thread execute during these events. Addition-
ally, it eliminates most context switch overhead and lowers
latency for real-time activities. Morcover, it supports a gen-
eral, high performance event model.

Implementation

Multiple active threads per processor leads to simplifica-
tion of pipeline and overall design. There is no need for a
complex branch predication, since another thread can run. It
leads to lower cost of single processor chips vs. multiple
processor chips, and to lower cost when other complexities
are eliminated. Further, it improves performance per unit
power.

FIG. 2 contrasts thread processing by a conventional super-
scalar processor with that of the illustrated processor module
5. Referring to FIG. 2A, in a supcfscalar processor, instruc-
tions from a single executing thread (indicated by diagonal
stippling) are dynamically scheduled to execute on available
execution units based on the actual parallelism and depen-
dencies within the code being executed. This means that on
the average most execution units arc not able to be utilized
during each cycle. As the number of execution units increases
the percentage utilization typically goes down. Also execu-
tion units are idle during memory system and branch predic-
tion misses/waits.

In contrast, referring to FIG. 2B, in the module 5, instruc-
tions from multiple threads (indicated by different respective
stippling patterns) execute simultaneously. Each cycle, the
module 5 schedules instructions from multiple threads to
optimally utilize available execution unit resources. Thus the
execution unit utilization and total performance is higher,
while at the same time transparent to software.

Events and Threads

In the itlustrated cmbodiment, eveats include hardware (or
device) events, such as interrupts; software events, which are
equivalent to device events but are initiated by software
instructions and memory events, such as completion of cache
misses or resolution of memory producer-consumer (full-
emply) transitions. Hardware interrupts are translated into
device events which are typically handled by an idle thread
(e.g., a targeted thread or a thread in a targeted group). Soft-
ware events can be used, for example, to allow onc thread to
directly wake another thread.

Each event binds to an active thread. If a specific thread
binding doesn’t exist, it binds to the default system thread
which, in the illustrated embodiment, is always active. That
thread then processes the event as appropriate including
scheduling a new thread on a virtual processor. If the specific
thread binding does exist, upon delivery of a hardware or
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software event (as discussed below in connection with the
event delivery mechanism), the targeted thread is transitioned
from idle to executing. If the targeted thread is already active
and executing, the event is directed to default system thread
for handling.

In the illustrated embodiment, threads can become non-
executing (block) due to: Memory system stall (short term
blockage), including cache miss and waiting on synchroniza-
tion; Branch miss-prediction (very short term blockage);
Explicitly waiting for an event (either sofiware or hardware
generated); and System thread explicitly blocking application
thread.

In preferred embodiments of the invention, events operate
across physical processors modules 5 and networks providing
the basis for efficient dynamic distributed execution environ-
ment. Thus, for cxample, a module 5 executing in an digital
LCD-TV or other device or system can execute threads and
utilize memory dynamically migrated over a network (wire-
less, wired or otherwise) or other medium from a server or
other (remote) device. The thread and memory-based events,
for example, assure that a thread can execute transparently on
any module 5 operating in accord with the principles hereof.
This cnables, for example, mobile devices to leverage the
power of other networked devices. It also permits transparent
execution of peer-to-peer and multi-threaded applications on
remote networked devices. Benefits include increased perfor-
mance, increased functionality and lower power consumption

Threads run at two privilege levels, System and Applica-
tion. System threads can access all state of its thread and all
other threads within the processor. An application thread can
only access non-privileged state corresponding to itself. By
default thread 0 runs at system privilege. Other threads can be
configured for system privilege when they are created by a
system privilege thread.

Referring to FIG. 3, in the illustrated embodiment, thread
states are:

Idle (or Non-active)

Thread context is loaded into a TPU and thread is not
executing instructions. An Idle thread transitions to
Executing, e.g., when a hardware or software event
occurs.

Waiting (or Active, Waiting)

Thread context is loaded into a TPU, but is currently not
executing instructions. A Waiting thread transitions to
Executing when an event it is waiting for occurs, e.g., a
cache operation is completed that would allow the
memory instruction to proceed.

Exccuting (or Active, Exccuting)

Thread context is loaded into a TPU and is currently
executing instructions. A thread transitions to Waiting,
e.g., when a memory instruction must wait for cache to
complete an operation, e.g. a cache miss or an Empty/
Fill (producer-consumer memory) instruction cannot be
completed. A thread transitions to idle when a event
instruction is executed

A thread enable bit (or flag or other indicator) associated
with each TPU disables thread execution without disturbing
any thread state for software loading and unloading of a
thread onto a TPU.

The processor module 5 load balances across active threads
based on the availability of instructions to execute. The mod-
ule also attempts to keep the instruction queucs for cach
thread uniformly full. Thus, the threads that stay active the
most will execute the most instructions.

Events

FIG. 4 shows an cvent delivery mechanism in a system
according to the one practice of the invention. When an event

Appendix A - Page 33



WO 2012/174128

PCT/US2012/042274

US 7,685,607 B2

9

is signaled to a thread, the thread suspends cxecution (if
currently in the Exccuting state) and recognizes the event by
executing the default event handler, e.g., at virtual address
0x0.

In the illustrated embodiment, there are five different event
types that can be signaled to a specific thread:

Event Description Thread Delivery

Thread wait  The timeout value from a wait thread,

timeout instruction executed by
thread,, has expired

Thread Executing instruction has thread,

exception signaled exception.

HW Event  Event (like interrupt) gener- thread,, as determined by
ated by hardware device. event to thread lookup

SW Event Event (like sw internupt) instruction specifies thread.
signaled by sw event If that thread is not Active,
instruction Waiting or Idle delivered

to default system thread
Memory All pending memory opera- thread,,
Event tions for a thread,, have

completed.

Illustrated Event Queue 40 stages events presented by
hardware devices and software-based event instructions (e.g.,
software “interrupts™) in the form of tuples comprising virtual
thread number (VIN) and event number:

63 321 31 16 | 15 43 2] 1 0
threadnum eventnum how {priv
Bit  Field Description
0  priv Privilege that the event will be signaled at:
0. System privilege
1. Application privilege
1 how Specifies how the event is signaled if the thread is
not in idle state. If the thread is in idle state, this
ficld is ignored and the event is directly signalled
0. Wait for thread in idle state, All events after
this event in the queue wait also.
1. Trap thread immediately
15:4 evenmum Specifies the logical number for this event. The

value of this field is captured in detail field of the
system exception status or application exception
status register.

Specifies the logical thread number that this event is
signaled to.

31:16 threadnum

Of course, it will be appreciated that the events presented
by the hardware devices and software instructions may be
preseated in other forms and/or containing other information.

The event tuples are, in turn, passed in the order received to
the event-to-thread lookup table (also referred to as the event
table or thread lookup table) 42, which determines which
TPU is currently handling each indicated thread. The events
are then presented, in the form of “TPU events” comprised of
event numbers, to the TPUs (and, thereby, their respective
threads) via the event-to-thread delivery mechanism 44. If no
thread is yet instantiated to handle a particular event, the
corresponding event is passed to a default system thread
active on one of the TPUs.

The event qucuc 40 can be implemented in hardware, soft-
ware and/or a combination thereof. In the embedded, system-
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on-a-chip (SoC) implementation represented by module 5,

the queue is implemented as a series of gates and dedicated

buffers providing the requisite queuing function, In alternate
embodiments, it is implemented in software (or hardware)
linked lists, arrays, or so forth.

The table 42 establishes a mapping between an event num-
ber (e.g., hardware interrupt) presented by a hardware device
or event instruction and the preferred thread to signal the
event to. The possible cases are:

No entry for event number: signal to default system thread.

Present to thread: signal to specific thread number if thread

is in Executing, Active or ldle, otherwise signal to speci-
fied system thread

The table 42 may be a single storage area, dedicated or
otherwise, that maintains an updated mapping of events to
threads. The table may also constitute multiple storage areas,
distributed or otherwise. Regardless, the table 42 may be
implemented in hardware, software and/or a combination
thereof. In the embedded, SoC implementation represented
by module 5, the table is implemented by gates that perform
“hardware” lookups on dedicated storage area(s) that main-
tains an updated mapping of events to threads. That table is
software-accessible, as well—for example, by sysiem-level
privilege threads which update the mappings as threads are
newly loaded into the TPUs 10-20 and/or deactivated and
unloaded from them. In turn embodiments, the table 42 is
implemented by a software-based lookup of the storage area
that maintains the mapping.

The event-to-thread delivery mechanism 44, too, may be
implemented in hardware, software and/or a combination
thereof. In the embedded, SoC implementation represented
by module 5, the mechanism 44 is implemented by gates (and
latches) that route the signaled events to TPU queues which,
themselves, are implemented as a series of gates and dedi-
cated buffers 46-48 for queuing be delivered events. As
above, in alternate embodiments, the mechanism 44 is imple-
mented in software (or other hardware structures) providing
the requisite functionality and, likewisc, the qucues 46-48 are
implemented in software (or hardware) linked lists, arrays, or
so forth.

An outline of a procedure for processing hardware and
software events (i.e., software-initiated signalling events or
“softwarc interrupts”) in the illustrated cmbodiment is as
follows:

. Event is signalled to the TPU which is currently execut-
ing active thread.

. That TPU suspends execution of active thread. The
Exception Status, Exception IP and Exception MemAd-
dress control registers are set to indicate information
corresponding to the event based on the type of cvent.
All—Thread Statc is valid.

. The TPU initiatcs execution at system privilege of the
default event handler at virtual address 0x0 with event
signaling disabled for the corresponding thread unit. GP
registers 0-3 contain and predicate registers 0-1 are uti-
lized as scratch 20 registers by the event handlers and are
system privilege. By convention GP[0] is the event pro-
cessing stack pointer.

. The event handler saves enough state so that it can make
itself re-entrant and re-enable event signaling for the
corresponding thread execution unit.

. Event handler then processes the event, which could just

be posting the event to a SW based queuc or taking some

other action.

The event handler then restores state and retums to

execution of the original thread.
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Memory-related events are handled only somewhat differ-
ently. The Pending (Memory) Event Table (PET) 50 holds
entrics for memory operations (from memory reference
instructions) which transition a tread from executing to wait-
ing. The table 50, which may be implemented like the event-
to-thread lookup table 42, holds the address of the pending
memory operation, state information and thread 1D which
initiated the reference. When a memory operation is com-
pleted corresponding to an entry in the PET and no other
pending operations are in the PET for that thread, an PET
event is signaled to the corresponding thread.

An outline of memory event processing according to the
illustrated embodiment is as follows:

1. Event s signal to unit which is currently cxecuting active

thread

2. If the thread is in-active-wait state and the event is a

Memory Event the thread transitions to active-executing
and continues execution at the current IP. Otherwise the
event is ignored.

As further shown in the drawing, in the illustrated embodi-
ment, thread wait timeouts and thread exceptions are sig-
nalled directly to the threads and are not passed through the
event-to-thread delivery mechanism 44.

Traps

The goal of multi-threading and events is such that normal
program execution of a thread is not disturbed. The events and
interrupts which occur get handled by the appropriate thread
that was waiting for the event. There are cases where this is
not possible and normal processing must be interrupted. SEP
supports trap mechanism for this purpose. A list of actions
based on event types follows, with a full list of the traps
enumerated in the System Exception Status Register.

Event Type Thread State Privilege Level Action
Application event Idle Applicationor  Recognize event by
System transitioning to
cxecute state,
application priv
System event Idle Applicationor  System trap to
System recognize event,
transition to execute
. state
Application event Waiting or Applicationor  Event stays queued
(wait for idle) executing System unti] idle
Application event  Whiting or Applicationor  Application trap to
(trap if not idle)  executing System recognize event
Systern event Waiting or Application System trap to
executing recognize event
System event Waiting or System Event stays queued
(wait for idle) executing untit idle
System event Waiting or System System trap to
(trap if not idle)  executing recognize event
ApplicationTrap  Any Application Application trap
Application Trap  Any System System trap
System Trap Any Application System trap, system
privilege level
System Trap Any System System trap

INlustrated processor module 5 takes the following actions
when a trap occurs:

1. The IP (Instruction Pointer) specifying the next instruc-
tion to be executed is loaded in the Exception IP register.

2. The Privilege Level is stored into bit0 of Exception IP
register.

3. The Exception type is loaded into Exception State reg-
ister
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4. If the exception is rclated to a memory unit instruction,
the memory address corresponding to exception is
loaded into Exception Memory Address register.

5. Current privilege level is set to system.

6. IP (Instruction Pointer) is cleared (zero).

7. Execution begins at IP 0.

Virtual Memory and Memory System

The illustrated processor module 5 utilizes a virtval
memory and memory system architecturc having a 64-bit
Virtual Address (VA) space, a 64-bit System Address (SA)
(having diffcrent characteristics than a standard physical
address), and a segment model of virtual address to system
address translation with a sparsely filled VA or SA.

All memory accessed by the TPUs 10-20 is effectively
managed as cache, even though off-chin memory may utilize
DDR DRAM or other forms of dynamic memory. Referring
back to FIG. 1, in the illustrated embodiment, the memory
system consists of two logical levels. The levell cache, which
is divided into separate data and instruction caches, 24, 22,
respectively, for optimal latency and bandwidth. Illustrated
level2 cache 26 consists of an on-chip portion and off-chip
portion referred to as level2 extended. As a whole, the
level2 cache is the memory system for the individual SEP
processor(s) 5 and contributes to a distributed “all cache”
memory system in implementations where multiple SEP pro-
cessors 5 are used. Of course, it will be appreciated that those
multiple processors would not have to be physically sharing
the same memory system, chips or buses and could, for
example, be connected over a network or otherwise.

FIG. § illustrates VA to SA translation used in the illus-
trated system, which translation is handled on a segment
basis, where (in the illustrated embodiment) those segments
can be of variable size, e.g., 22%-2*® bytes. The SAs are cached
inthe memory system. So an SA that is present in the memory
system has an entry in one of the levels of cache 22/24,26. An
SA that is not present in any cache (and the memory system)
is effectively not present in the memory system. Thus, the
memory system is filled sparsely at the page (and subpage)
granularity in a way that is natural to software and OS, with-
out the overhead of page tables on the processor.

In addition to the foregoing the virtual memory and
memory system architecture of the illustrated embodiment
has the following additional features: Direct support for dis-
tributed shared: Memory (DSM), Files (DSF), Objects
(DSO), Peer 10 Peer (DSP2P); Scalable cache and memory
system architecture; Segments that can be shared between
threads; Fast levellcache, since lookup is in paralle] with tag
access, with no complete virtual-to-physical address transla-
tion or complexity of virtual cache.

Virtual Memory Overview

A virtual address in the illustrated system is the 64-bit
address constructed by memory reference and branch instruc-
tions. The virtual address is translated on a per segment basis
to a system address which is used to access all system
memory and 10 devices. Each segment can vary in size from
2% 10 2*® bytes. More specifically, referring to FIG. S, the
virtual address 50 is used 10 match an entry in a scgment table
52 in the manner shown in the drawing. The matched entry 54
specifies the corresponding system address, when taken in
combination with the components of the virtual address iden-
tificd in drawing. In addition, the matched cntry 54 specifies
the corresponding segment size and privilege. That system
address, in turn, maps in to the system memory—which in the
illustrated cmbodiment comprises 2% bytes sparsely filled.
The illustrated embodiment permits address translation to be
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disabled by threads with system privilege in which case the
scgment table is bypassed and all addresses arc truncated to
the low 32 bits.

Illustrated segment table 52 comprises 16-32 entries per
thread (TPU). The table may be implemented in hardware,
software and/or a combination thereof. In the embedded, SoC
implementation represented by module 5, the table is imple-
mented in hardware, with separated entries in memory being
provided for each thread (e.g., a separate table per thread). A
segment can be shared among two or more threads by setting
up a separate entry for each thread that points to the same
system address. Other hardware or software structures may
be used instead, or in addition, for this purpose.

Cache Memory System Overview

As noted above, the Levell cache is organized as separate
levell instruction cache 22 and levell data cache 24 to maxi-
mize instruction and data bandwidth.

Referring to FIG. 6, the on-chip L2 cache 26a consists of
the tag and data portions. In the illustrated embodiment, it is
0.5-1 Mbytes in size, with 128 blocks, 16-way associative.
Each block stores 128 bytes data or 16 extended .2 tags, with
64 kbytes are provided to store the extended L2 tags. A
tag-mode bit within the tag indicates that the data portion
consists of 16 tags for Extended L2 Cache.

The extended L2 cache 26) is, as noted above, DDR
DRAM-based, though other memory types can be employed.
In the illustrated embodiment, it is up to 1 gbyte in size,
256-way associative, with 16 k byte pages and 128 byte
subpages. For a configuration of 0.5 mbyte L2 cache 26a and
1 gbyte L2 extended cache 265, only 12% of on-chip L2 cache
is required to fully describe L2 extended. For larger on-chip
L2 or smaller L2 extended sizes the percentage is lower. The
aggregation of L2 caches (on-chip and extended) make up the
distributed SEP memory system.

In the illustrated embodiment, both the L1 instruction
cache 22 and the L1 data cache 24 are 8-way associative with
32 k bytes and 128 byte blocks. As shown in the drawing, both
levell caches are proper subsets of level2 cache. The level2
cache consists of an on-chip and off chip extended L2 Cache.

FIG. 7 depicts the L2 cache 26a and the logic used in the
illustrated embodiment 1o perform a tag lookup in L2 cache
26a to identify a data block 70 matching an L2 cache address
78. In the illustrated embodiment, that logic includes sixteen
Cache Tag Array Groups 72a-72p, corresponding Tag Com-
parc elements 74a-74p and corresponding Data Array Groups
76a-76p. These are coupled as indicated to match an L2 cache
address 78 against the Group Tag Arrays 72a-72p, as shown,
and to sclect the data block 70 identified by the indicated Data
Array Group 76a-76p, again, as shown.

The Cache Tag Array Groups 72a-72p, Tag Compare ele-
ments 74a-74p, corresponding Data Array Groups 76a-76p
may be implemented in hardware, software and/or a combi-
nation thereof. In the embedded, SoC implementation repre-
sented by module 5, these are implemented in as shown in
FIG. 19, which shows the Cache Tag Array Groups 72a-72p
embodied in 32x256 single port memory cells and the Data
Array Groups 76a-76p embodied in 128%x256 single port
memory cells, all coupled with current state control logic 190
as shown. That element is, in turn, coupled to state machine
192 which facilitates operation of the L2 cache unit 26a in a
manner consistent herewith, as well as with a request quene
192 which buffers requests from the L1 instruction and data
caches 22, 24, as shown.

The logic element 190 is further coupled with DDR
DRAM control interface 26¢ which provides an interface to
the off-chip portion 264 of the L2 cache. [tis likewise coupled
to AMBA interface 264 providing an interface to AMBA-
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compatible components, such as liquid crystal displays
(LCDs), audio out interfaces, video in interfaces, video out
interfaces, network interfaces (wireless, wired or otherwise),
storage device interfaces, peripheral interfaces (e.g., USB,
USB2), bus interfaces (PCI, ATA), to name but a few. The
DDR DRAM interface 26¢c and AMBA interface 264 are
likewise coupled to an interface 196 to the L1 instruction and
data caches by way of L.2 data cache bus 198, as shown.

FIG. 8 likewise depicts the logic used in the illustrated
embodiment to perform a tag lookup in L2 extended cache
264 and to identify a data block 80 matching the designated
address 78. In the illustrated embodiment, that logic includes
Data Array Groups 82a-82p, corresponding Tag Compare
clements 84a-84p, and Tag Latch 86. These arc coupled as
indicated to match an L.2 cache address 78 against the Data
Array Groups 72a-72p, as shown, and to sclect a tag from onc
of thosc groups that matches the corresponding portion of the
address 78, again, as shown. The physical page number from
the matching tag is combined with the index portion of the
address 78, as shown, to identify data block 80 in the off chip
memory 26b.

The Data Amray Groups 82a-82p and Tag Compare ele-
ments 84a-84p may be implemented in hardware, software
and/or a combination thereof. In the embedded, SoC imple-
mentation represented by module 5, these are implemented in
gates and dedicated memory providing the requisite lookup
and tag comparison functions. Other hardware or software
structures may be used instead, or in addition, for this pur-
pose.

The following is a pseudo-code illustrates 1.2 and L2E
cache operation in the illustrated embodiment:

L2 tag lookup, if hit respond back with data to L1 cache

clse L2E tag lookup, if hit

allocate tag in L2;

access L2E data, store in corresponding L2 entry;
respond back with data to L1 cache;

else extended L2E tag lookup

allocate L2E tag;

allocate tag in L.2;

access L2E data, store in corresponding L2 entry;
respond back with data to L1 cache;

Thread Processign Unit State .

Referring to FIG. 9, the illustrated embodiment has six
TPUs supporting up to six active threads. Each TPU 10-20
includes general-purpose registers, predicate registers, and
control registers, as shown in FIG. 9. Threads at both system
and application privilege levels contain identical state,
although some thread statc information is only visible when
at system privilege level—as indicated by the key and respec-
tive stippling patterns. In addition to registers, each TPU
additionally includes a pending memory event table, an event
queue and an event-to-thread lookup table, none of which are
shown in FIG. 9.

Depending on the embodiment, there can be from 48 (or
fewer) to 128 (or greater) general-purpose registers, with the
illustrated embodiment having 128; 24 (or fewer) to 64 (or
greater) predicate registers, with the illustrated cmbodiment
having 32; six (or fewer) to 256 (or greater) active threads,
with the illustrated embodiment having 8; a pending memory
eventlable of 16 (or fewer) 10 512 (or greater) entries, with the
illustrated embodiment having 16; a number of pending
memory events per thread, preferably of at least two (though
potentially less); an cvent queuc of 256 (or greater, or fewer);
and an cvent-to-thread lookup table of 16 (or fewer) to 256 (or
greater) entries, with the illustrated embodiment having 32.
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Gencral Purpose Registers

In the illustrated embodiment, cach thread has up to 128
general purpose registers depending on the implementation.
General Purpose registers 3-0 (GP[3:0]) are visible at system
privilege level and can be utilized for event stack pointer and
working registers during early stages of event processing.

Predication Registers

The predicate registers are part of the general purpose SEP
predication mechanism. The execution of each instruction is

conditional based on the value of the reference predicate 10

register.

16

The SEP provides up to 64 one-bit predicate registers as
part of thread state. Each predicate register holds what is
called a predicate, which is set to 1 (true) or reset to 0 (false)
based on the result of executing a compare instruction. Predi-
cate registers 3-1 (PR[3:1]) are visible at system privilege
level and can be utilized for working predicates during early
stages of event processing. Predicate register 0 is read only
and always reads as 1, true. It is by instructions to make their
execution unconditional.

Control Registers

Thread State Register

63 20] 19 18

17 16 |15 8|6]s 413 2 1 0

daddr

iaddr

align | endian mod Thread |priv| tenable | atrapen

state

strapen

Bit Field

Description

Design

Privilege Per Usage

0 strapen

System trap enable. On reset cleared. Signalling

system_rw  Thread Branch

of system trap resets this bit and atrapen

until it is set again by software when it is once
again re-entrant.

0- System traps disabled

1- Events enabled

1 atrapen

Application trap enable. On reset cleared.

app_rw Thread

Signalling of application trap resets this bit
until it is set again by software when it is once
again re-entrant. Application trap is cause by
an event that is marked as application level
when the privilege lovel is also application

level

0- Events disabled (events are disabled
on event delivery to thread)
1- Events enabled

2 tenable

Thread Enable. On reset set for thread 0,

System_rw Thread Branch

cleared for all other threads

0- Thread operation is disabled. System
thread can load or store thread state.

1- Thread operation is enabled.

3 priv

Privilege level. On reset cleared.
0- System privilege

System_rw Thread Branch

App_r

1- Application privilege

Thread State. On reset set to “executing” for

System_sw Thread Branch

thread0, sct to “idle” for all other threads.

0- Idle

1- reserved
2- Waiting
3- Exccuting

15:8 mod[7:0]

GP Registers Modified. Cleared on resct.

App_rw Thread Pipe

bit 8 registers 0-15

bit 9 registers 16-31

bit 10 registers 32-47
bit 11 registers 48-63
bit 12 registers 63-79
bit 13 registers 80-95
bit 14 registers 96-111
bit 15 registers 112-127

16 endian

Endian Mode-On reset cleared.
0- little endian

System_rw  Proc

App_r

1- big endian

17 align

Alignment check-When clear, unaligned
memory references are allowed. When set, all

System__rw Mem

App_r

un-aligned memory references result in
unaligned data reference faull. On reset

clearcd.
Instruction address translation enable. On
reset cleared.

18 iaddr

System_rw Branch

App_r

0- disabled
1- enabled

Data address translation cnable. On reset
cleared.

System_rw
App_r

0- disabled
1- enabled
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ID Resister
-continued
Bit Field Description Privilege  Per
63 3239 32)31 16§15 817 0
— 5 15:4 detail Fault details- Valid for the
thread_id [id type following exception types:
Memory reference fault details
(type 5)
1. None
2. waiting for fill
10 3. waiting for empty
4, waiting for completion of cache
Bit  Field Description Privilege Per miss
5. memory reference error
7:0  type Prof:gssor type and read only Proc event (type 1) - Specifies the 12
revision[7:0] bit event number
15:8  id Processor ID{7:0)- Virtua!  read only Thread ¢
processor number
H id H . - . \ .
31:16 thread_id  Thread ID[15:0] iys{em—rw Thread Application Exception Status Register
pp_ro
Instruction Pointer Register 20 63 4115 413 0
detail ctype
63 43 1|0
Doubleword |mask 0
25
. L. . . Bit Field Description Privilege  Per
Specifies the 64-bit virtual address of the next instructionto -
be executed. 3:0 etype g,xccpnon Type read only Thread
. none
30 1. event
2. timer event
3. SystemCall
Bit Field Description Privilege  Per 4. Single Step
5. Protection Fault
63:4 Doubleword Address of instruction app thread 6. Protection Fault, system call
doubleword 35 7. Memory reference Fault
3:2 mask Indicates which instructions  app thread 8. SW cvent
within instruction doubleword 9. HW fault
remain to be executed. 10. Others
Bitl- first instruction 15:4 detail Protection Fault details- Valid for the
doubleword bit[40:00] following exception types:
Bit2- second instruction 40 event {type 1) - Specifies the 12
doubleword bit[81:41) - bit event number
Bit3- third instruction
doubleword, bit[122:82)
0 Always read as zero 2pp thread System Exception 1P
. . 45
System Exception Status Register
63 413 1]0
Doubleword |mask priv
63 4115 413 0
detail etype 50
Address of instruction corresponding to signaled exception
to system privilege. Bit[0] is the privilege level at the time of
the exception.
55
Bit Field Description Privilege  Per
3:0 etypc  Exception Type read only  Thread Bit Field Description Privilege  Per
0. none
1. event 63:4 Doubleword Address of instruction system thread
2. timer event 50 doubleword which signaled
3. SystemCall exception
4. Single Step 3:1 mask Indicates which instructions  system thread
5. Protection Fault within instruction doubleward
6. Protection Fault, system call remain to be executed.
7. Metnory reference Fault Biti- first instruction
8. SW event doubleword bit[40:00]
9. HW fault 65 Bit2- second instruction
10. others doubleword bit[81:41]
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19 20
Utilized by ISTE and ISTE rcgisters to specify the ste and
-continued field that is read or written.
Bit Field Description Privilege  Per s
Bit Field Description Privilege  Per
Bit3- third instruction . N
. 0 field Specifies the low (0) or high (1)  system thread
doubleword, bit[122:82] portion of Segment Table
0 priv Privilege level of thread at ~ system  thread Entry
R i 10 S:1stenumber  Specifies the STE numberthatis  system thread
time of exception read into STE Data Register.
Address of instruction corresponding to signaled excep- Instruction Segment Table Entry (ISTE), Data Segment
tion. Bit[0] is the privilege level at the time of the exception. ¢ Table Entry (DSTE)
Application Exception IP
63 0
63 413 110 data
20
Doubleword mask

Address of instruction corresponding to signaled exception
2

to application privilege.

Bit Field Description Privilege  Per
63:4 Doubleword Address of instruction system thread
doubleword which signaled
exception
3:1 mask Indicates which instructions  system thread

within instruction doubleword
remain to be executed.

Bitl- first instruction
doubleword bit[40:00]

Bit2- second instruction
doubleword bit[81:41}

Bit3- third instruction
doublewond, bit[122:82]

Address of instruction corresponding to signaled excep-
tion. Bit[0] is the privilege level at the time of the exception.

Exception Mem Address

63 0

Address

Address of memory reference that signaled exception.
Valid only for memory faults. Holds the address of the pend-
ing memory operation when the Exception Status register
indicates memory reference fault, waiting for fill or waiting
for empty.

Instruction Seg Table Pointer (ISTP), Data Seg Table
Pointer (DSTP)

63 32131 6|5 H Y

reserved ste number | field

30

IS
o

45

50

60

65

When read the STE specified by ISTE register is placed in
the destination general register. When written, the STE speci-

s fied by ISTE or DSTE is written from the general purpose

source register. The format of segment table entry is specified
in Chapter 6-section titled Translation Table organization and
entry description.

Instruction or Data Levell Cache Tag Pointer (ICTP,
DCTP)

63 32|15 13 716 2|1 0

reserved index

Specifics the Instruction Cache Tag cntry that is read or

written by the ICTE or DCTE.
Bit Field  Description Privilege  Per
6:2 bank Specifies the bank that is read from  system thread
Levell Cache Tag Entry. The first
implementation has valid
banks 0x0-f.
13:7 index  Specifies the index address System thread

within a bank that is read from
Levell Cache Tag Entry

Instruction or Data Levell Cache Tag Entry (ICTE, DCTE)

63 0

data

When read the Cache Tag specified by ICTP or DCTP
register is placed in the destination general register. When
written, the Cache Tag specified by ICTP or DCTP is written
from the general purpose source register. The format of cache
tag entry is specified in Chapter 6-section titled Translation
Table organization and entry description.
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Event Queue Control Register

63 32]31 18

address offset event

reg_op

The Event Queue Control Register (EQCR) enables nor-
mal and diagnostic access to the event queue. The sequence
for using the register is a register write followed by a register
read. The contents of the reg_op field specifies the operation
for the write and the next read. The actual register modifica-
tion or read is triggered by the write.

Bit Field Description Privilege  Per

1:0 Specifics the register operation

for that write and the next read.

Valid for register read.

0- read

1- write

2- push onto queue

3- pop from queue

For writes and push specifies the
cvent number written or pushed onto
the queue. For read and pop
operations contains the event number
read or popped from the queue
Indicates whether the queue was
empty prior to the current operation.
Specifies the address for read and |
write queue operations. Address field
is don’t care for push and pop
operations,

reg_op system proc

17:2 event system proc

18 empty system proc

31:19 address system proc

Event-Thread Lookup Table Control

63 9148 41 33 32 110

address thread event reg_op

The Event to Thread lookup table establishes a mapping
between an event number presented by a hardware device or
event instruction and the preferred thread to signal the event
to. Each entry in the table specifies an event number with a bit
mask and a corresponding thread that the event is mapped to.

Bit Field Description Privilege  Per

Specifics the register operation
for that write and the next read.
Valid for register read.

0- read

1- write

For writes specifies the event
number wrilten at the specified
table address, For read
operations contains the event
number at the specified

table address

Specifies whether the
corresponding event bit

is significant.

0- significant

1- don’t care

0 reg_op system proc

16:1 event[15:0] system proc

32:17 mask[15:0] system proc
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-continued
Bit Fietd Description Privilege  Per
40:33 thread
48:41 address Specifies the table address for system proc

read and write operations.
Address field is don’t care
for push and pop operations.

Timers and Performance Monitor

In the illustrated embodiment, all timer and performance
monitor registers are accessible at application privilege.

Clock
63 0
clock
Bit Field Description Privilege  Per
63:0 clock Number of clock cycles since processor  app proc
reset
Instructions Executed
63 32{31 0|
count
Bit Field Description Privilege  Per
31:0 count Samrating count of the number of app thread
instruction executed. Cleared on read.
Value of all 1’s indicates that the
count has overflowed.
Thread Execution Clock
63 32{31 0)
active
Bit Field Description Privilege  Per
31:0 active Saturating count of the number of app thread

cycles the thread is in active-execut-
ing state. Cleared on read. Vatue of
all 1’s indicates that the count has
overflowed.
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Wait Timeout Counter
63 32{31 [}
timeour
Bit Field Description Privilege  Per
31:0 timeout Count of the number of cycles app thread

remaining until a timeout event is
signaled to thread, Decrements by
one, each clock cycle.

Virtual Processor and Thread ID

In the illustrated embodiment, each active thread corre-
sponds to a virtual processor and is specificd by a 8-bit active
thread number (activethread[7:0]). The module 5 supports a
16-bit thread ID (threaded[15:0]) to enable rapid loading
(activation) and unloading (de-activation) of threads. Other
embodiments may support thread IDs of different sizes.

Thread-lInstruction Fetch Abstraction

As noted above, the TPUs 10-20 of module 5 share L1
instruction cache 22, as well as pipeline control hardware that
launches up to five instructions each cycle from any combi-
nation of the threads active in those TPUs. FIG. 10 is an
abstraction of the mechanism employed by module § to fetch
and dispatch those instructions for execution on functional
units 30-38.

As shown in that drawing, during each cycle, instructions
are fetched from the L1 cache 22 and placed in instruction
queues 10a-20qa associated with each respective TPU 10-20.
This is referred to as the fetch stage of the cycle. In the
illustrated embodiment, three to six instructions are fetch for
cach single thread, with an overall goal of keeping thread
queues 10a-20a at equal levels. In other embodiments, dif-
ferent numbers of instructions may be fetched and/or differ-
ent goals set for relative filling of the queucs. Also during the
fetch stage, the module 5 (and, specifically, for example, the
event handling mechanisms discussed above) recognize
events and transition corresponding threads from waiting to
executing.

During the dispatch stage—which executes in parallel with
the fetch and execute/retire stages—instructions from each of
oncor more cxecuting threads are dispatched to the functional
units 30-38 based on a round-robin protocol that takes into
account best utilization of those resources for that cycle.
These instructions can be from any combination of threads.
The compiler specifies, e.g., utilizing “stop™ flags provided in
the instruction set, boundaries between groups of instructions
within a thread that can be launched in a single cycle. Inother
embodiments, other protocols may be employed, e.g., ones
that prioritize certain threads, ones that ignore resource utili-
zation, and so forth.

During the execute & retire phase—which executes in
parallel with the fetch and dispatch stages—multiple instruc-
tions arc cxecuted from one or more threads simultancously.
As noted above, in the illustrated embodiment, up to five
instructions are launched and executed cach cycle, c.g., by the
integer, floating, branch, compare and memory functional
units 30-38. In other embodiments, greater or fewer instruc-
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tions can be launched, for example, depending on the number
and type of functional units and depending on the number of
TPUs.

An instruction is retired after execution if it completes: its
result is written and the instruction is cleared from the instruc-
tion queue.

On the other hand, if an instruction blocks, the correspond-
ing thread is transitioned from cxccuting to waiting. The
blocked instruction and all instructions following it for the
corresponding thread are subsequently restarted when the
condition that caused the block is resolved. FIG. 11 illustrates
a three-pointer queue management mechanism used in the
illustrated embodiment to facilitate this.

Referring to that drawing, an instruction queue and a set of
three pointers is maintained for each TPU 10-20. Here, only a
single such quene 110 and set of pointers 112-116 is shown.
The queue 110 holds instructions fetched, executing and
retired (or invalid) for the associated TPU—and, more par-
ticularly, for the thread currently active in that TPU. As
instructions are fetched, they are inserted at the queue’s top,
which is designated by the Insert (or Fetch) pointer 112. The
next instruction for execution is identified by the Extract (or
Issue) pointer 114. The Commit pointer 116 identifics the last
instruction whose execution has been committed. When an
instruction is blocked or otherwise aborted, the Commit
pointer 116 is rolled back to quash instructions between Com-
mit and Extract pointers in the execution pipeline. Con-
versely, when a branch is taken, the entire queue is flushed and
the pointers reset.

Though the queue 110 is shown as circular, it will be
appreciated that other configurations may be utilized as well.
The queuing mechanism depicted in FIG. 11 can be imple-
mented, for example, as shown in FIG. 12. Instructions are
stored in dual ported memory 120 or, alternatively, in a series
of registers (not shown). The write address at which each
newly fetched instruction is stored is supplied by Fetch
pointer logic 122 that responds to a Fetch command (e.g.,
issued by the pipeline control) to generate successive
addresses for the memory 120. Issued instructions are taken
from the other port, here, shown at bottom. The read address
from which each instruction is taken is supplied by Issuc/
Commit pointer logic 124. That logic responds to Commit
and Issue commands (e.g., issued by the pipeline control) to
generate successive addresses and/or to resct, as appropriate.

Processor Module Implementation

FIG. 13 depicts an SoC implementation of the processor
module 5 of FIG. 1 including, particularly, logic for imple-
menting the TPUs 10-20. As in F1G. 1, the implementation of
FIG. 13 includes L1 and L2 caches 22-26, which are con-
structed and operated as discussed above. Likewise, the
implementation includes functional units 30-34 comprising
an integer unit, a floating-point unit, and a compare unit,
respectively. Additional functional units can be provided
instead or in addition. Logic for implementing the TPUs
10-20 includes pipe-line control 130, branch unit 38, memory
unit 36, register file 136 and load-store buffer 138. The com-
ponents shown in FIG. 13 are interconnected for contro] and
information transfer as shown, with dashed lines indicating
major control, thin solid lines indicating predicate value con-
trol, thicker solid lines identifying a 64-bit data bus and still
thicker lines identifying a 128-bit data bus. It will be appre-
ciated that FIG. 13 represents one implementation of a pro-
cessor module 5 according to invention and that other imple-
mentations may be realized as well.
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Pipeline Control Unit

In the illustrated embodiment, pipeline control 130 con-
tains the per-thread queues discussed above in connection
with FIGS. 11-12. There can be parameterized at 12, 15 or 18
instructions per thread. The control 130 picks up instructions
from those queues on a round robin basis (though, as also
noted, this can be performed on other bases as well). It con-
trols the sequence of accesses to the register file 136 (whichis
the resource which provides source and destination registers
for the instructions), as well as to the functional units 30-38.
The pipeline control 130 decodes basic instruction classes
from the per-thread queucs and dispatches instructions to the
functional units 30-38. As noted above, multiple instructions
from one or more threads can be scheduled for execution by
those functional units in the same cycle. The control 130 is
additionally responsible for signaling the branch unit 38 as it
empties the per-thread construction queues, and for idling the
functional units when possible, e.g., ona cycle by cycle basis,
to decrease our consumption.

FIG. 14 is a block diagram of the pipeline control unit 130.
The unit includes control logic 140 for the thread class
queues, the thread class (or per-thread) queues 142 them-
sclves, an instruction dispatch 144, a longword decode unit
146, and functional units queues 148a-148e, connected to one
another (and to the other components of module 5) as shown
in the drawing. The thread class (per-thread) queues are con-
structed and operated as discussed above in connection with
FIGS. 11-12. The thread class queue control logic 140 con-
trols the input side of those queues 142 and, hence, provides
the Insert pointer functionality shown in FIGS. 11-12 and
discussed above. The control logic 140 is also responsible for
controlling the input side of the unit queues 148a-148¢, and
for interfacing with the branch unit 38 to control instruction
fetching. In this latter regard, logic 140 is responsible for
balancing instruction fetching in the manner discussed above
(c.g., so as to compensate for those TPUs that are retiring the
most instructions).

The instruction dispatch 144 evaluates and determines,
each cycle, the schedule of available instructions in each of
the thread class queues. As noted above, in the illustrated
embodiment the queues are handled on a round robin basis
with account taken for queues that are retiring instnictions
more rapidly. The instruction dispatch 144 also controls the
output side of the thread class queues 142. In this regard, it
manages the Extract and Commit pointers discussed above in
connection with FIGS. 11-12, including updating the Commit
pointer wind instructions have been retired and rolling that
pointer back when an instruction is aborted (c.g., for thread
switch or exception).

The longword decode unit 146 decodes incoming instruc-
tion longwords from the L1 instruction cache 22. In the illus-
trated embodiment, each such longword is decoded into the
instructions. This can bc parameterized for decoding one or
two longwords, which decode into three and six instructions,
respectively. The decode unit 146 is also responsible for
decoding the instruction class of each instruction.

Unit queucs 148a-148¢ queuc actual instructions which are
to be executed by the functional units 30-38. Each queue is
organized on a per-thread basis and is kept consistent with the
class queues. The unit queues are coupled to the thread class
queue conirol 140 and to the instruction dispatch 144 for
control purposes, as discussed above. Instructions from the
queues 148a-148e are transferred to corresponding pipelines
1504-1505 en route to the functional units themscelves 30-38.
The instructions are also passed to the register file pipeline
152.
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FIG.15is a block diagram of an individual unit queue, e.g.,
148a. This includes one instruction queue 154a-154e for each
TPU. These are coupled to the thread class quene control 140
(labeled tcqueue_ctl) and the instruction dispatch 144 (la-
beled idispatch) for control purposes. These are also coupled
to the longword decode unit 146 (labeled lwdecode) for
instruction input and to a thread selection unit 156, as shown.
That unit controls thread selection based on control signals
provided by instruction dispatch 144, as shown. Output from
unit 156 is routed to the corresponding pipeline 150a-150e, as
well as to the register file pipeline 152.

Referring back to FIG. 14, integer unit pipelinc 1504 and
floating-point unit pipeline 1505 decode appropriate instruc-
tion fields for their respective functional units, Each pipeline
also times the commands to that respective functional units.
Morcover, each pipeline 150a, 1505 applies squashing to the
respective pipeline based on branching or aborts. Moreover,
each applies a powerdown signal to its respective functional
unit when it is not used during a cycle. Hlustrated compare
unit pipeline 150¢, branch unit pipeline 150d, and memory
unit pipeline 150e, provide like functionality for their respec-
tive functional units, compare unit 34, branch unit 38 and
memory unit 36. Register file pipeline 150 also provide like
functionality with respect to register file 136.

Referring, now, back to FIG. 13, illustrated branch unit 38
is responsible for instruction address generation and address
translation, as well as instruction fetching. In addition, it
maintains state for the thread processing units 10-20. FIG. 16
is a block diagram of the branch unit 38. It includes control
logic 160, thread state stores 162a-162e, thread selector 164,
address adder 166, segment translation content addressable
memory (CAM) 168, connected to one another (and to the
other components of module 5) as shown in the drawing.

The control logic drives 160 unit 38 based on a command
signal from the pipeline control 130. It also takes as input the
instruction cache 22 state and the L2 cache 26 acknowledg-
ment, as illustrated. The logic 160 outputs a thread switch to
the pipeline control 130, as well as commands to the instruc-
tion cache 22 and the L2 cache, as iltustrated. The thread state
stores 162a-162¢ store thread state for each of the respective
TPUs 10-20. For each of those TPUs, it maintains the general -
purpose registers, predicate registers and control registers
shown in FIG. 3 and discussed above.

Address information obtained from the thread state stores
is routed to the thread sclector, as shown, which selects the
thread address from which and address computation is to be
performed based on a control signal (as shown) from the
control 160. The address adder 166 increments the selected
address or performs a branch address calculation, based on
output of the thread selector 164 and addressing information
supplied by the register file (labelled register source), as
shown. In addition, the address adder 166 outputs a branch
result. The newly cornputed address is routed to the segment
translation memory 168, which operates as discussed above
in connection with FIG. 5, which generates a translated
instruction cache address for use in connection with the next
instruction fetch.

Functional Units

Turning back to FIG. 13, memory unit 36 is responsible for
memory referents instruction execution, including data cache
24 address generation and address translation. In addition,
unit 36 maintains the pending (memory) event table (PET) 50,
discussed above. FIG. 17 is a block diagram of the memory
unit 36. It includes control logic 170, address adder 172, and
scgment translation content addressable memory (CAM)
174, connected to onc another (and to the other components
of module 5) at shown in the drawing.
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The control logic drives 170 unit 36 based on a command
signal from the pipeline control 130. It also takes as input the
data cache 22 state and the L2 cache 26 acknowledgment, as
illustrated. The logic 170 outputs a thread switch to the pipe-
line control 130 and branch unit 38, as well as commands to
the data cache 24 and the L2 cache, as illustrated. The address
adder 172 increments addressing information provided from
the register file 136 or performs a requisite address calcula-
tion. The newly computed address is routed to the segment
translation memory 174, which operates as discussed above
in connection with FIG. 5, which generates a translated
instruction cache address for use in connection with a data
access. Though not shown in the drawing, the unit 36 also
includes the PET, as previously mentioned.

FIG. 18 is a block diagram of a cache unit implementing
any of the L1 instruction cache 22 or L2 data cache 24. The
unit includes sixteen 128x256 byte single port memory cells
180a-180p serving as data arrays, along with sixteen corre-
sponding 32x56 byte dual port memory cells 1824a-182p serv-
ing as tag arrays. Thesc are coupled to L1 and L2 address and
data buses as shown. Control logic 184 and 186 are coupled to
the memory cells and to L1 cache control and L2 cache
control, also as shown.

Returning, again, to F1G. 13, the register file 136 serves as
the resource for all source and destination registers accessed
by the instructions being executed by the functional units
30-38. The register file is implemented as shown in FIG. 20.
As shown there, to reduce delay and wiring overhead, the unit
136 is decomposed into a scparate register file instance per
functional unit 30-38. In the illustrated embodiment, each
instance provides forty-eight 64-bit registers for each of the
TPUs. Other embodiments may vary, depending on the num-
ber of registers allotted the TPUs, the number of TPUs and the
sizes of the registers.

Each instance 200a-200e has five write ports, as illustrated
by the arrows coming into the top of cach instance, via which
each of the functional units 30-38 can simultaneously write
output data (thereby insuring that the instances retain consis-
tent data). Each provides a varying nsumber of read ports, as
illustrated by the arrows eminating from the bottom of cach
instance, via which their respective functional units obtain
data. Thus, the instances associated with the integer unit 30,
the floating point unit 32 and the memory unit all have three
read ports, the instance associated with the compare unit 34
has two read ports, and the instance associated with the
branch unit 38 has one port, as illustrated.

The register file instances 200-200¢ can be optimized by
having all ports read for a single thread cach cycle. In addi-
tion, storage bits can be folded under wires to port access.

FIGS. 21 and 22 are block diagrams of the integer unit 30
and the compare unit 34, respectively. FIGS. 23A and 23B are
block diagrams, respectively, of the floating point unit 32 and
the fused multiply-add unit employed therein. The construc-
tion and operation of these units is evident from the compo-
nents, interconnections and labelling supplied with the draw-
ings.

Consumer-Producer Memory

In prior ant multiprocessor systems, the synchronization
overhead and programming difficulty to implement data-
based processing flow between threads or processors (for
multiple steps of image processing for example) is very high.
The processor module 5 provides memory instructions that
permit this to be done easily, enabling threads to wait on the
availability of data and transparently wake up when another
thread indicates the data is available. Such software transpar-
ent consumer-producer memory operations enable higher
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performance fine grained thread level parallelism with an
efficient data oriented, consumer-producer programming
style.

The illustrated embodiment provides a “Fill” memory
instruction, which is used by a thread that is a data producer to
load data into a selected memory location and to associate a
state with that location, namely, the “full” state. If the location
is already in that state when the instruction is executed, an
exception is signalled.

The embodiment also provides an “Empty” instruction,
which is used by a data consumer to obtain data from a
selected location. If the location is associated with the full
state, the data is read from it (e.g., to a designated register) and
the instruction causes the location to be associated with an
“empty” state. Converscly, if the location is not associated
with the full state at the time the Empty instruction is
executed, the instruction causes the thread that executed it to
temporarily transition to the idle (or, in an alternative embodi-
ment, an active, non-executing) state, re-transitioning it back
to the active, executing state—and executing the Empty
instruction to completion—once it is becomes so associated.
Using the Empty instruction enables a thread to execute when
its data is available with low overhead and software transpar-
ency.

In the illustrated embodiment, it is the pending (memory)
event table (PET) 50 that stores status information regarding
memory locations that arc the subject of Fill and Empty
operations. This includes the addresses of those locations,
their respective full or empty states, and the identities of the
“consumers” of data for those locations, i.e., the threads that
have exccuted Empty instructions and are waiting for the
locations to fill. It can also include the identities of the pro-
ducers of the data, which can be uscful, for example, in
signalling and tracking causes of exceptions (e.g., as where to

5 successive Fill instructions are executed for the same address,

with no intervening Empty instructions).

The data for the respective locations is not stored in the
PET 50 but, rather, remains in the caches and/or memory
system itself, just like data that is not the subject of Fill and/or
Empty instructions. In other embodiments, the status infor-
mation is stored in the memory system, e.g., alongside the
locations to which it pertains and/or in separate tables, linked
lists, and so forth.

Thus, for example, when an Empty instruction is executed
on a given memory location, the PET is checked to determine
whether it has an entry indicating that same location is cur-
rently in the full state. If so, that entry is changed to empty and
a read is effected, moving data from the memory location to
the register designated by the Empty instruction.

If, on the other hand, when the Empty instruction is
executed, there no entry in the PET for the given memory
location (or if any such entry indicates that the location is
currently empty) then an entry is created (or updated) in the
PET to indicate that the given location is empty and to indi-
cate that the thread which executed the Empty instruction is a
consumer for any data subsequently stored to that location by
a Fill instruction.

When a Fill instruction is subsequently exccuted (presum-
ably, by another thread), the PET is checked is checked to
determine whether it has an entry indicating that same loca-
tion is currently in the empty state. Upon finding such an
entry, its state is changed to full, and the cvent delivery
mechanism 44 (FIG. 4) is used to route a notification to the
consumer-thread identified in that entry. If that thread is in an
active, waiting state in a TPU, the notification goes to that
TPU, which enters active, executing statc and reexecutes the
Empty instruction——this time, to completion (since the
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memory location is now in the full state). If that thread is in the
idle state, the notification goes to the system thread (in what-
ever TPU itis currently executing), which causes the thread to
be loaded into a TPU in the executing, active state so that the
Empty instruction can be reexccuted.

In the illustrated embodiment, this use of the PET for
consumer/producer-like memory operations is only effected
with respect to selected memory instructions, e.g., Fill and
Empty, but not with the more conventional Load and Store
memory instructions. Thus, for example, even if a Load
instruction is executed with respect to a memory location that
is currently the subject of an Empty instruction, no notifica-
tion is made to the thread that executed that Empty instruction
so that the instruction can be reexecuted. Other embodiments
may vary in this regard.

FIGS. 24A depicts three interdependent threads, 230, 232
and 234, the synchronization of and data transfer between
which can be facilitated by Fill and Empty instructions
according to the invention. By way of example, thread 230 is
an MPEG2 demuitiplexing thread 230, responsible for
demultiplexing an MPEG2 signal obtained, for example,
from an MPEG2 source 236, e.g., a tuner, a streaming source
or otherwise. It is assumed to be in an active, exccuting state
on TPU 10, to continue the example. Thread 232 is a video
decoding Step 1 thread, responsible for a first stage of decod-
ing a video signal from a demultiplexed MPEG2 signal. It is
assumed to be in an active, exccuting state on TPU 12. Thread
234 is a video decoding Step 2 thread, responsible for a
second stage of decoding a video signal from a demultiplexed
MPEG?2 signal for output via an LCD interface 238 or other
device. It isassumed to be in an active, executing stateon TPU
14.

To accommodate data streaming from the source 236 in
real-time, each of the threads 230-234 continually process
data provided by its upstream source and does so in parallel
with the other threads. FIG. 24B illustrates use of the Fill and
Empty instructions to facilitate this in a manner which insures
synchronization and facilitates data transfer between the
threads.

Referring to the drawing, arrows 240a-240g indicate fill
dependencies between the threads and, particularly, between
data locations written to (filled) by one thread and read from
(emptied) by another thread. Thus, thread 230 processes data
destined for address AO, while thread 232 exccutes an Empty
instruction targeted to that location and thread 234 cxecutes
an Empty instruction targeted to address BO (which thread
232 will ultimately Fill). As aresult of the Empty instructions,
thread 232 cnters a wait state (e.g., active, non-cxccuting or
idle) while awaiting completion of the Fill of location A0 and
thread 234 enters a wait siate while awaiting completion of
the Fill of location B0.

On completion of thread 230’s Fill of A0, thread 232’s
Empty completes, allowing that thread to process the data
from A0, with the result destined for B0 via a Fill instruction.
Thread 234 remains in a wait state, still awaiting completion
of that Fill. In the meanwhile, thread 230 begins processing
data destined for address Al and thread 232 executes the
Empty instruction, placing it in a wait state whilc awaiting
completion of the Fill of Al. )

‘When thread 232 executes the Fill demand for B0, thread
234’s Empty completes allowing that thread to process the
data from B0, with the result destined for C0, whence it is read
by the LCD interface (not shown) for display to the TV
viewer. The three threads 230, 232, 234 continue process and
executing Fill and Empty instruction in this manner—as illus-
trated in the drawing—until processing of the entire MPEG2
stream is completed.
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A further appreciation of the Fill and Empty instructions
may be attained by review of their instruction formats.

Empty
Format: ps EMPTY.cache.threads dreg, breg, ireg {,stop}

Description: Empty instructs the memory system to check
the state of the effective address. If the state is full, empty
instruction changes the state to empty and loads the value into
dreg. If the state is already empty, the instruction waits until
the instruction is full, with the waiting behavior specified by
the thread field.

Operands and Fields:
ps The predicate source register that specifies whether the

instruction is exccuted. If true the instruction is executed, else if
false the instruction is not executed (no side effects).
stop 0 Specifies that an instruction group is not delincated
by this instruction.
1 Specifies that an instruction group is delineated by
this instruction.
thread 0 unconditional, no thread switch
1 unconditional thread switch
2 conditional thread switch on stall (block execution of thread)
3 reserved
scache 0 thd with reusc cache hint
1 read/write with reuse cache hint
2 tbd with po-reuse cache hint
3 read/write with no-reuse cache hint
im 0 Specifies index register (ireg) for address calculation
1 Specifies disp for address calculation
ireg Specifies the index register of the instruction.
breg Specifies the base regjster of the instruction.
disp Specifies the two-s 1 displ {8-bits)
for memory reference instructions
dreg Specifies the destination register of the instruction.
Fill
Format: ps FILL.cache.threads slreg, breg, ireg {,stop}
Description: Register slreg is written to the word in
memory at the effective address. The effective address is
calculated by adding breg (base register) and either ireg (in-
dex register) or disp (displacement) based on the im (imme-
diate memory) field. The state of the effective address is
changed to full. If the state is already full an exception is
signaled.
Opcrands and Fields:
ps The predicate source register that specifies whether the
instruction is executed. If true the instruction is executed, elsc if
false the instruction is not executed (no side effects).

stop O Specifics that an instruction group is not delincated by this

instruction.
1 Specifies that an instruction group is delineated by this
instruction.

thread O unconditional, no thread switch
1 unconditional thread switch
2 conditional thread switch on stall (block execution of thread)
3 reserved

scache O tbd with reusc cache bint
1 read/write with reuse cache hint
2 tbd with no-reuse cache hint
3 read/write with no-reuse cache hint

im 0 Specifies index register (ireg) for address calculation
1 Specifies disp for address calculation

ireg Specifies the index register of the instruction.

breg Specifies the buse register of the instruction.

disp Specifies the two-s ph lisp! (8-bits)
for memory reference instructions

slreg Specifies the register that contains the first operand of the
instruction,
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Software Events
A more complete understanding of the processing of hard-
ware and software events may be attained by review of their
instruction formats:

Event

Format: ps EVENT slreg{,stop}

Description: The EVENT instruction polls the event queue
for the executing thread. If an event is present the instruction
completes with the event status loaded into the exception
status register. If no cvent is present in the event queue, the
thread transitions to idle state.

Operands and Fields:

The predicate source register that specifies whether the

instruction is executed. If true the instruction is execcuted, else if

false the instruction is not executed (no side effects).

0 Specifies that an instruction group is not delineated by this
instruction.

1 Specifies that an instruction group is delinearcd by this
instruction.

Specifies the register that contains the first source operand of the

instruction.

ps

stop

slreg

SW Event
Format ps SWEVENT slreg {,stop}

Description: The SWEvent instruction en-qucues an event
onto the Event Queue to be handled by a thread. See xxx for
the event format.

Operands and Fields:

The predicate source register that specifies whether the

instruction is executed. If true the instruction is executed, else if

false the instruction is not executed (o side effects).

0 Specifies that an instruction group is not delineated by this
instruction.

1 Specifies that an instruction group is delineated by this
instruction.

Specifies the register that contains the first source operand of the

instruction.

ps

stop

slreg

CHUFLD

Format: ps.CtIFld.ii cficld, {,stop}

Description: The Control Field instruction modifies the
control field specified by cfield. Other fields within the con-
trol register are unchanged.

Operands and Ficlds:

The predicate source register that specifies whether the
instruction is executed. If true the instruction is executed, else if
false the instruction is not executed (no side effects).
0 Specifies that an instruction group is not delineated by
this instruction.
1 Specifies that an instruction group is delineated by this
instruction.
ti 0 Specifies access to this threads control registers.
1 Specifies uccess to control register of thread specified
by ID.t_indirect ficld. (thread indirection) (privileged)
cfield cfield[4:0] control ficld privilege

ps

stop

0
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000nn Thread stare application

nn value

00 idle

ot reserved

10 waiting

1l exccuting
00108 System trap cnable system
00118 Application trap enable application
01008 Thread Enable system
01018 Privilege Level System
01108 Registers Modified application
01118 Instruction address translation enable system
10008 Data address translation enable system
10018 Alignment Check System
10108 Endian Mode system
10118 reserved
11%%8

S = Oclear,
S=1set

Devices Incorporating Processor Module 5

FIG. 25 is a block diagram of a digital LCD-TV subsystem
242 according to the invention embodied in a SoC format.
The subsystem 242 includes a processor module 5 con-
structed as described above and operated to cxecute simulta-
neously execute threads providing MPEG2 signal demulti-
plexing, MPEG2 video decoding, MPEG audio decoding,
digital-TV user interface operation, and operating system
execution (e.g,. Linux), ¢.g., as described above. The module
5 is coupled to DDR DRAM flash memory comprising the
off-chip portion of the L2 cache 26, also as discussed above.
The module includes an interface (not shown) to an
AMBAAHB bus 244, via which it communicates with “intel-
lectual property” or “IP” 246 providing interfaces to other
components of the digital LCD-TV, namely, a video input
interface, a video output interface, an audio output interface
and LCD interface. Of course other IP may be provided in
addition or instead, coupled to the module 5 via the AHB bus
S or otherwise. For example, in the drawing, illustrated mod-
ule 5 communicates with optional IP via which the digital
LCD-TV obtains source signals and/or is controlled, such as
DMA engine 248, high speed 1/0 device controller 250 and
low speed device controllers 252 (via APB bridge 254) or
otherwise.

FIG. 26 is a block diagram of a digital LCD-TV or other
application subsystem 256 according to the invention, again,
cmbodied in a SoC format. The illustrated subsystem is con-
figured as above, except insofar as it is depicted with APB and
AHB/APB bridges and APB macros 258 in lieu of the specific
1P shown 246 shown in FIG. 24. Depending on application
needs, elements 258 may comprise a video input interface, a
video output interface, an audio output interface and an LCD
interface, as in the implementation above, or otherwise.

The illustrated subsystem further includes a plurality of
modules 5, e.g., from one to twenty such modules (or more)
that are coupled via an interconnect that interfaces with and,
preferably, forms part of the off-chip L2 cache 265 utilized by
the modules . That interconnect may be in the form of a ring
interconnect (RI) comprising a shift register bus shared by the
modules § and, more particularly, by the L2 caches 26. Alter-
natively, it may be an interconnect of another form, propri-
ctary or otherwise, that facilitates the rapid movement of data
within the combined memory system of the modules §.
Regardless, the L2 caches are preferably coupled so that the
L2 cache for any onc module 5 is not only the memory system
for that individual processor but also contributes to a distrib-
uted all cache memory system for all of the processor mod-
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ules 5. Of course, as noted above, the modules § do not have
to physically sharing the sarc memory system, chips or buses
and could, instead, be connected over a network or otherwise.
Described above is are apparatus, systems and methods
meeting the desired objects. It will be appreciated that the
embodiments described herein are examples of the invention
and that other embodiments, incorporating changes therein,
fall within the scope of the invention, of which we claim:

The invention claimed is:

1. An embedded processor, comprising

A. a plurality of processing units, each of which execute
one or more processes or threads (which one or more
processes or threads are collectively referred to as
“threads™) and one or more of which execute a plurality
of threads,

B. one or more execution units that are shared by, and in
communication coupling with, the plurality of process-
ing units, the execution units executing instructions
from the threads,

C. an event delivery mechanism that delivers events to
respective threads with which those events are associ-
ated, wherein a said event is any of (i) a hardware inter-
rupt generated other than by the processing unit that is
executing the thread to which that hardware interrupt is
delivered, (ii) a software interrupt generated other than
by the thread to which that software interrupt is deliv-
ered, wherein the event delivery mechanism
i. is in communication coupling with the plurality of

processing units, and
ii. delivers each such event to the respective thread with-
out execution of instructions by said processing units.

2. The embedded processor of claim 1, wherein the thread
to which an event is delivered processes that event without
execution of instructions outside that thread.

3. The embedded processor of claim 1, wherein the execu-
tion units execute instructions from the threads without need
to know what thread they are from.

4. The embedded processor of claim 1, wherein each thread
is any of constrained or not constrained to execute on a same
processing unit during a life of that thread.

5. The embedded processor of claim 1, wherein at least one
of the processing units is a virtual processing unit.

6. An embedded processor, comprising

A. a plurality of virtual processing units, each executing
one or more processes or threads (which one or more
processes or threads are collectively referred to as
“threads’), wherein each thread is any of constrained or
not constrained to execute on a same processing umit
during a life of that thread,

B. a plurality of execution units,

C. a pipeline control that is in communication coupling
with the plurality of processing units and with the plu-
rality of execution units, the pipeline control launching
instructions from plural ones of the threads for concur-
rent execution on plural ones of the execution units,

D. an event delivery mechanism that is in communication
coupling with the plurality of processing units and that
delivers events to respective threads with which those
events are associated without execution of instructions
by said processing units, where the events include any of
(i) a hardware interrupt generated other than by the
processing unit that is executing the thread to which that
hardware interrupt is delivered, (ii) a software interrupt
generated other than by the thread to which that software
interrupt is delivered,
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E. whercin a thread to which such an event is delivered
processes that event without execution of instructions
outside that thread.
7. The embedded processor of claim 6, where the pipeline
control comprises a plurality of instruction queues, each asso-
ciated with a respective virtual processing unit.
8. The embedded processor of claim 7, where the pipeline
control decodes instruction classes from the instruction
queues.
9. The embedded processor of claim 7, where the pipeline
control controls access by the processing units to a resource
providing source and destination registers for the instructions
dispatched from the instruction queues.
10. The embedded processor of claim 7, wherein the execu-
tion units include a branch execution unit responsible for any
of instruction address generation, address translation and
instruction fetching.
11. The embedded processor of claim 10, wherein the
branch execution unit maintains state for the virtual process-
ing units.
12. The embedded processor of claim 6, where the pipeline
control controls access by the virtual processing units to the
execution units.
13. The embedded processor of claim 6, where the pipeline
control signals a branch execution unit that is shared by the
virtual processing unit as the instruction queue for each vir-
tual processing unit is emptied.
14. The embedded processor of claim 6, where the pipeline
control idles the execution units to decrease power consump-
tion.
15. The embedded processor of claim 6, wherein the plu-
rality of execution units include any of integer, floating,
branch, compare and memory units.
16. An embedded processor system, comprising
A. a plurality of embedded processors,
B. a plurality of virtual processing units executing on the
plurality of embedded processors, each virtual process-
ing executing one or more processes or threads (which
one or more processes or threads are collectively
referred to as “threads™) such that one or more embed-
ded processors has plural threads executing thereon,
each thread being any of constrained or not constrained
to execute on a same virtual processing unit and/or a
same processor during a life of that thread,
C. one or more execution units that are shared by, and in
communication coupling with, the plurality of virtual
processing units, the execution units executing instruc-
tions from the threads, the execution units including any
of integer, floating, branch, compare and memory execu-
tion units,
D. an cvent delivery mechanism that delivers events to
respective threads with which those events are associ-
ated, wherein a said event is any of (i) a hardware inter-
rupt generated other than by the processing unit that is
exccuting the thread to which that hardware interrupt is
delivered, (ii) a software interrupt generated other than
by the thread to which that software interrupt is deliv-
ered, wherein the event delivery mechanism
i. is'in communication coupling with the plurality of
virtual processing units, and

ii. delivers each such event to the respective thread with-
out execution of instructions by said virtual process-
ing units.

17. The embedded processor system of claim 16, wherein
the thread to which an event is delivered processes that event
without execution of instructions outside that thread.
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18. The embedded processor system of claim 17, wherein
the branch unit is responsible for fetching instructions that arc
to be executed for the threads.

19. The embedded processor system of claim 18, wherein
the branch unit is additionally responsible for any of instruc-
tion address generation and address translation.

20. The embedded processor system of claim 19, wherein
the branch unit comprises thread state stores that store thread
state for each of the respective virtual processing units.

21. The embedded processor system of claim 17, compris-
mng

A. a pipeline control that is in communication coupling
with the plurality of processing units and with the plu-
rality of execution units, the pipeline control dispatching
instructions from plural ones of the threads for concur-
rent execution on plural ones of the execution units,

B. the pipeline control comprises a plurality of instruction
queues, each associated with a respective virtual pro-
cessing unit, and wherein

C. instructions fetched by the branch execution unit are
placed in the instruction queues associated with the
respective virtual processing unit in which the corre-
sponding thread is executed.

22. The embedded processor system of claim 21, wherein
one or more instructions are fetched at a time for a said thread
with a goal of keeping the instructions queues at equal levels.

23. The embedded processor system of claim 22, wherein
the pipeline control dispatches one or more instructions at a
time from a given instruction queue for execution.

24. The embedded processor system of claim 23, wherein
anumber of instructions dispatched by the pipeline control at
a given time from a given instruction queue is controlled by a
stop flag in a sequence of instructions in that qucue.

25. The embedded processor system of claim 21, wherein
the pipeline control launches, and the execution units execute,
multiple instructions from one or more threads simulta-
neously.

26. An embedded processor, comprising

A. a plurality of processing units, each of which execute
one or more processes or threads (which one or more
processes or threads are collectively referred to as
“threads”) and one or more of which execute a plurality
of threads,

B. an event delivery mechanism that delivers events to
respective threads with which those events are associ-
ated, wherein a said event is any of (i) a hardware inter-
rupt generated other than by the processing unit that is
executing the thread to which that hardware interrupt is
delivered, (ii) a sofiware interrupt generated other than
by the thread to which that software interrupt is deliv-
ered, and wherein the event delivery mechanism
i. is in communication coupling with the plurality of

processing units, and
ii. delivers each such event to the respective thread with-
out execution of instructions by said processing units.

27. The embedded processor of claim 26, wherein the
thread to which an event is delivered processes that event
without execution of instructions outside that thread.

28. The embedded processor of claim 26, wherein each
thread is any of constrained or not constrained to execute on
a same processing unit during a life of that thread.

29. The embedded processor of claim 26, whercin at least
one of the processing units is a virtual processing unit.

30. An embedded processor system, comprising

A. a plurality of embedded processors,

B. a plurality of virtual processing units executing on the
plurality of embedded processors, each virtual process-
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ing executing one or morc processes or threads (which
onc or more proccsses or threads are collectively
referred to as “threads™) such that one or more embed-
ded processors has plural threads executing thereon,

C. an event delivery mechanism that delivers events to
respective threads with which those events are associ-
ated, wherein a said event is any of (i) a hardware inter-
rupt generated other than by the processing unit that is
executing the thread to which that hardware interrupt is
delivered, (ii) a software interrupt generated other than

. by the thread to which that software interrupt is deliv-
ered, and wherein the event delivery mechanism
i. is in communication coupling with the plurality of
virtual processing units, and
ii. delivers each such event to the respective thread with-
out execution of instructions by said virtual process-
ing units.

31. The embedded processor system of claim 30, wherein
the thread to which an event is delivered processes that cvent
without execution of instructions outside that thread.

32. The embedded processor system of claim 31, wherein
each thread is any of constrained or not constrained to execute
on a same processing unit during a life of that thread.

33. A method of embedded processing, comprising the
steps of

A. executing one or more processes or threads (which one
or more processes or threads are collectively referred to
as “threads”) on each of a plurality of processing units,
such that plural threads are executing on one or more of
those processing units,

B. cxecuting instructions from the threads in one or more
execution units that are shared by the plurality of pro-
cessing units, .

C. delivering events to respective threads with which those
events are associated, wherein a said event is any of (i) a
bardware interrupt generated other than by the process-
ing unit that is executing the thread to which that hard-
ware interrupt is delivered, (ii) a software interrupt gen-
erated other than by the thread to which that softiware
interrupt is delivered

D. wherein step (C) is effected without executing instruc-
tions by said processing units.

34. The method of claim 33, comprising the step of pro-
cessing the event by the thread to which the event is delivered
without execution of instructions outside that thread.

35. The method of claim 33, wherein the step of executing
instructions from the threads in one or more execution units
does not necessitate the execution units knowing what threads
the respective instructions are from.

36. The method of claim 33, wherein each thread is any of
constrained or not constrained to execute on a same process-
ing unit during a life of that thread.

37. The method of claim 33, wherein at least one of the
processing units is a virtual processing unit.

38. A method of embedded processing, comprising the
steps of

A. executing one or more processes or threads (which one
or more processes or threads are collectively referred to
as “threads™) on each of a plurality of virtual processing
units, wherein each thread is any of constrained or not
constrained to execute on a same processing unit during
a life of that thread,

B. launching instructions from plural ones of the threads
for concurrent execution on a plurality of execution
units,

C. delivering cvents to respective threads with which those
events are associated without execution of instructions
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by said virtual processing units, where the cvents
include any of (i) a hardware interrupt generated other
than by the processing unit that is executing the thread to
which that hardware interrupt is delivered, (ii) a software
interrupt generated other than by the thread to which that
software interrupt is delivered, and

D. processing the event to which the thread is delivered
without execution of instructions outside that thread.

39. The method of claim 38, where the launching step
includes decoding instruction classes from the instruction
queues.

490. The mcthod of claim 38, where the launching step
includes controlling access by the virtual processing units to
a resource providing source and destination registers for the
instructions dispatched from the instruction queucs.

41. The method of claim 38, comprising executing any of
the steps of instruction address generation, address transla-
tion and instruction fetching using a branch execution unit
that is shared by all of the virtual processing units.

42. The method of claim 41, comprising maintaining state
for the virtual processing units using the branch execution
unit.

43. The method of claim 38, wherein the execution units
include any of integer, floating, branch, compare and memory
units.

44. A method of embedded processing, comprising the
steps of

A. executing a plurality of virtual processing units on a
plurality of embedded processors,

B. executing one or more processes or threads (which one
or more processes or threads are collectively referred to
as “threads™) on each of a plurality of virtual processing
units such that one or more embedded processors has
plural threads executing thereon, each thread being any
of constrained or not constrained to execute on a same
virtual processing unit and/or a same embedded proces-
sor during a life of that thread,

C. executing instructions from the threads in one or more
execution units that are shared by the plurality of virtual
processing units, the execution units including any of
integer, floating, branch, compare and memory execu-
tion units, and

D. delivering events to respective threads with which those
events are associated without execution of instructions
by said virtual processing units, wherein a said event is
any of (i) a hardware interrupt generated other than by
the processing unit that is executing the thread to which
that hardware interrupt is delivered, (ii) a software inter-
rupt gencrated other than by the thread to which that
software interrupt is delivered, and

E. wherein step (D) is effected without executing instruc-
tions by said processing units.

45. The method of claim 44, comprising processing the
event by the thread to which the event is delivered without
execution of instructions outside that thread.

46. The method of claim 45, comprising fetching instruc-
tions that are to be executed for the threads using the branch
execution unit.

47. The method of claim 46, comprising excouting with the
branch execution unit any of instruction address generation
and address translation.

48. The method of claim 45, comprising

A. dispatching instructions from plural ones of the threads
for concurrent execution on plural ones of the execution
units,

B. the dispatching step including placing instructions
fetched for each of the respective threads in instruction
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queues associated with the virtual processing units in
which that thread is executed.

49. The method of cluim 48, wherein the dispatching step
includes fetching one or more instructions at a time fora given
thread with a goal of keeping the instructions queues at equal
levels.

50. The method of claim 49, wherein the dispatching step
includes dispatching one or more instructions at a time from
a given instruction queue for execution by the execution units.

51. The method of claim 50, wherein a number of instruc-
tions dispatched by the pipeline control at a given time from
a given instruction queue is controlled by a stop flag in a
sequence of instructions in that queue.

52. The method of claim 48, comprising launching and
exccuting multiple instructions from onc or more threads
simultaneously.

53. A method of embedded processing, comprising the
steps of

A. executing one or more processes or threads (which one
or more processes or threads are collectively referred to
as *“threads™) on each of a plurality of processing units
such that plural threads are executing on one or more
processing units,

B. delivering events to respective threads with which those
events are associated without execution of instructions
by said processing units, wherein a said event is any of
(i) a hardware interrupt generated other than by the
processing unit that is executing the thread to which that
hardware interrupt is delivered, (ii) a software interrupt
generated other than by the thread to which that software
interrupt is delivered.

54. The method of claim 53, comprising the step of pro-
cessing the event to which the thread is delivered without
execution of instructions outside that thread.

55. The method of claim 53, wherein each thread is any of
constrained or not constrained to execute on a same process-
ing unit during a life of that thread. )

56. The method of claim 53, wherein at least one of the
processing units is a virtual processing unit.

57. A method of embedded processing, comprising the
steps of

A. executing a plurality of virtual processing units on a
plurality of embedded processors,

B. executing one or more processes or threads (which onc
or more processes or threads are collectively referred to
as “threads™) on each of a plurality of virtual processing
units such that one or more embedded processors has
plural threads exccuting thereon, and

C. delivering cvents to respective threads with which those
events are associated without execution of instructions
by said virtual processing units, wherein a said event is
any of (i) a hardware interrupt generated other than by
the processing unit that is executing the thread to which
that hardware interrupt is delivered, (ii) a software inter-
rupt generated other than by the thread to which that
software interrupt is delivered.

$8. The method of claim 57, wherein processing the cvent
by the thread 1o which the event is delivered without execu-
tion of instructions outside that thread.

59. The method of claim 58, wherein each thread is any of
constrained or not constrained 1o execute on a same virtual
processing unit and/or a same embedded processor during a
life of that thread.

60. An embedded processor, comprising

A. a plurality of processing units, cach of which execute
one or more processes or threads (which one or more
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processes or threads arc collectively referred to as
“threads”) and one or more of which execute a plurality
of threads,

B. an event dclivery mechanism that delivers events to
respective threads with which those events are associ-
ated, wherein a said event is any of (i) loading of cache
memory following a cache miss by the thread to which
that event is delivered, (ii) filling of a memory location
by a thread, other than the thread to which that notifica-
tion is delivered, in response to a memory instruction
issued by the thread to which that notification is deliv-
ered, and wherein the event delivery mechanism:
i. is in communication coupling with the plurality of
processing units, and
ii. delivers each such event to the respective thread with-
out execution of instructions by said processing units.

40
61. A method of embedded processing, comprising the

steps of

A. executing one or more processes or threads (which one
or more processes or threads are collectively referred to
as “threads™) on each of a plurality of processing units
such that plural threads are executing on one or more
processing units,

B. delivering events to respective threads with which those
events are associated without execution of instructions
by said processing units, wherein a said event is any of
(i) loading of cache memory following a cache miss by
the thread to which that event is delivered, (ii) filling of
a memory location by a thread, other than the thread to
which that notification is delivered, in response to a
memory instruction issued by the thread to which that
notification is delivered.

* * * * *
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REGISTER BUS MULTIPROCESSOR SYSTEM
WITH SHIFT

This is a continuation of copending Application Ser. §

No. 509,480 filed 13 Apr., 1990, which is abandoned,
and which is a continuation of Patent Application Ser.
No. 136,701 filed 22 Dec., 1987, which is abandoned.

BACKGROUND OF THE INVENTION

This invention relates generally to digital data pro-
cessing systems, and, in particular. to a bus structure
suitable for use with multiprocessor computer systems.

Multiprocessor computer sysiems provide multiple
independent central processing units (CPUs) which can
be coherently interconnected. Recent efforts in the
multiprocessor field have concentrated on multiproces-
sor systems wherein each of a plurality of processors is
equipped with a dedicated random access or cache
memory unit. These multiple processors typically com-
municate with one another via a common system bus
structure (i.e. shared bus systems), or by signalling
within a shared memory address area (i.e. shared ad-
dress space systems).

In recent years, a wide range of structures and meth-
ods have been proposed or developed to interconnect
the processors of a shared bus system multiprocessor.

One such shared bus multiprocessing computer sys-
tem is disclosed in United Kingdom Patent application
No. 2,178,205 (published Feb. 4, 1987). That system is
understood to comprise a plurality of processors, each
having its own dedicated cache memory, and wherein
the cache memories are connected to one another over
a shared bus.

Conventional shared bus systems, however, lack ade-
quate bandwidth to provide multiple processors with
short effective access times during periods of high bus
contention. Although a number of caching schemes

have been proposed and developed for the purpose of 4

reducing bus contention, bus saturation still limits the
speed and size of multiprocessor computers.

Additionally, the speed of a conventional bus struc-
ture is limited by the speed of light and by bus length. in
particular, as more processors are linked to a conven-
tional bus, bus length increases and thus the time re-
quired for signal transfer increases.

Another class of interconnection systems, known as
crossbar networks. avoid some of the limitations of
conventional bus systems. In a crossbar network, how-
ever, the path taken by a given signal cannot be
uniquely specified. Moreover, cost increases as the
square of the number of interconnected processors.
These characteristics make crossbar networks unsuit-
able for multiprocessor systems.

There accordingly exists a need for an interconnec-
tion system for multiprocessor computer systems which
can accommodate the large volume of interconnect
access requests generated by multiple processors. In
particular, there exists a need for an interconnection
system in which transfer speed is independent of the
number of interconnected processors.

It is thus an object of the invention to provide an
improved multiprocessor digital data processing sys-
tem.

It is another object of the invention to provide an
interconnection system for a multiprocessor digital
computer structure which can provide multiple proces-

2
sors with short effective access times under ail operai-
ing conditions.

It is yet another object of the invention to provide an
interconnection system having the above characteristics
which is applicable to both shared memory and non-
shared memory multiprocessors.

It is a further object of the invention to provide an
interconnection system having high bandwidth and the
capability of transferring signals at rates sufficient 10

10 allow multiprocessors to operate at full speed.

It is another object of the invention to provide an
interconnection system for a multiprocessor wherein
bandwidth increases in proportion to the number of
processors.

5 It is a further object of the invention to provide an
interconnection system wherein transfer speed is inde-
pendent of the number of interconnected processors,
and is limited only by the switching speed of an individ-
ual interconnect.

20 Other general and specific objects of the invention

will in part be obvious and will in part appear hereinaf-
ter.

SUMMARY OF THE INVENTION

25  The aforementioned objects are attained by the in-

vention, which provides a digital data processing appa-
ratus having a bus structure for transferring informa-
tion-representative digital signals, the bus structure
including a shift register element having a set of digital

30 storage and transfer stages connected in series, for se-

quentially storing and transferring said information-
representative digital signals. The invention also in-
cludes a plurality of processing cells, connected in a
ring configuration to the bus structure, wherein at least
one of the cells includes a central processing unit, an
associated memory element for storing information-
representative digital signals, coupled with the central
processing unit for information transfer therebetween,
and associated cell interconnect units, connected in
circuit with the shift register element, and with an asso-
ciated central processing unit, for transferring informa-
tion-representative signals onto the shift register ele-
ment.

In accordance with one aspect of the invention, the

&

45 bus structure comprises unidirectional information-

representative signal flow paths, and the cell intercon-
nect units include elements for driving information-
representative signals along the flow path defined by
the bus structure.

50  In another aspect of the invention, each stage of the

shift register element includes latch and register ele-
ments for storing a digital information-representative
signal word of (n) digital bits, where (n) is a positive
integer, and the cell interconnect units include timing
control elements responsive to applied digital clock
cycle signals for sequentially driving information-
representative digital words through successive stages
of the shift register element at a rate controlled by the
digital clock cycle rate. In accordance with this aspect

“»

60 of the invention, the shift register element includes ele-

ments for storing in a given stage of the shift register
element a given digital word for one applied digital
clock cycle, and transferring a given digital word to a
succeeding stage of the shift register element after an
applied digital clock cycle. Moreover. in this aspect of
the invention, each cell interconnect unit has associated
therewith a subset of (s) stages of the shift register struc-
ture, where (s) is a positive integer, so that a given

w
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digital word is resident in a stage associated with each
cell interconnect unit for (s) applied digital clock cycles.

In another aspect of the invention. the shift register
structure includes elements for sequentially transferring
digital signal packets comprising (w) corresponding
digital words. where (w) is a positive integer. so that a
digital word corresponding to a given digital signal
packet is resident in at least one stage associated with a
given cell interconnect unit for (s) +(W-1) digital clock
cycles.

The invention further provides data processing appa-
ratus wherein the shift register structure includes ele-
ments for simultaneously transferring to successive shift
register stages (p) digital signal Packets, where (p)is a
positive integer given by

Pr=(cXsW/(w)

where (¢) is the number of cell interconnect units, (s) is
the number of shift register stages associated with each
cell interconnect unit and (w) is the number of digital
words in each digital signal packet. In accordance with
the invention. as the number of cell interconnect units in
a ring is increased, the flux of transfer operations
through the ring is constant, and the number of bus
operations which can be executed during a complete
bus cycle increases linearly.

Another aspect of the invention provides data pro-
cessing apparatus wherein at least one of the processing
cells described above includes elements for generating
and transmitting to an associated cell interconnect unit
a cell interconnect control signal representative of a
request 1o store an information-representative signal in a
first associated stage of the shift register structure.

In accordance with this aspect of the invention, at
least one of the processing cells includes elements for
generating and transmitting to an associated cell inter-
connect unit a cell interconnect control signal represen-
tative of a request for access to an information-represen-
tative signal stored in a first associated stage of the shift
register structure. The associated cell interconnect unit
in turn includes elements, responsive to the cell inter-
connect control signal, for extracting the information-
representative signal stored in the first associaled stage
of the shift register structure and for transferring the
extracted information-representative signal to the asso-
ciated cell.

In a digital data processing apparatus of the type
described above, the associated cell interconnect unit
can also include an element, responsive to the cell inter-
connect control signal, for replicating the information-
representative signal stored in the first associated stage
of the shift register structure and for transferring the
replicated information-representative signal to the cell.

In yet another aspect of the invention, at least one of
the processing cells includes an element for generating
and transmitting to an associated cell interconnect unit,
a cell interconnect control signal representative of a
request to transfer, unchanged, an information-
representative signal stored in a first associated stage of
the shift register structure 10 a second, succeeding asso-
ciated stage of the shift register structure.

In accordance with this aspect of the invention, the
associated cell interconnect unit can include an element,
responsive to the cell interconnect control signal, for
enabling transfer to the second, succeeding associated
stage of the shift register structure the information-

H
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representative signal stored in the first associated stage
of the shift register structure.

The invention further contemplates data processing
apparatus of the type described above. wherein at least
one of the processing cells include an element for gener-
ating and transmitting to an associated cell interconnect
means a cell interconnect contro! signal representative
of a request 1o identify a given digital word stored in an
associated stage of the shift register structure as the first
word of a data packet. In accordance with this aspect of
the invention, the associated cell interconnect unit can
include means, responsive to the cell interconnect con-
trol signal, for setting a portion of the given digital
word to a selected value identifying the given digital
word as the first word of the data packet.

Yet another aspect of the invention provides a digital
data processing apparatus having a bus structure and
plurality of processing cells of the rype described above,
wherein at least one of the cells includes an associated
cell interconnect unit, connected in circuit with the shift
register structure, and with an associated central pro-
cessing unit, for transferring information-representative
signals onto the shift register structure. the cell inter-
connect unit comprising a subset of serially connected
stages of the shift register structure.

The invention accordingly comprises apparatus em-
bodying features of construction, combinations of ele-
ments and arrangements of parts as exemplified in the
following detailed disclosure. and the scope of the in-
vention is indicated in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and objects
of the invention, reference should be made 1o the fol-
lowing detailed description and the accompanying
drawings, in which:

FIG. 1 depicts the structure of a multiprocessor com-
puter system constructed in accordance with the inven-
tion;

FIG. 2 comprising 2A and 2B depicts detail of the
structure of a processing cell illustrated in FIG. 1;

FIG. 3 depicts a plurality of the processing cells of
FIG. 2 interconnected by a bus system constructed in
accordance with the invention;

FIG. 4 comprising 4A, 4B, 4C and 4D depicts detail
of the structure of a cell interconnect of FIG. 3;

F1G. 5 comprising SA, 5B and 5C depicts detail of the
structure of a cell interconnect unit in the cell intercon-
nect of FIG. 4;

FIG. 6 depicts the shift register stages associated with
the cell interconnects of FIG. 3:

FIG. 7 depicts clock signal distribution in the em-
bodiment of FIG. 3; and

FIG. 8 depicts the contents of an exemplary data
packet processed by the embodiment of FIG. 3.

DESCRIPTION OF THE ILLUSTRATED
EMBODIMENT

Structure

FIG. 1 depicts a multiprocessor computer utilizing a
bus system constructed in accordance with the inven-
tion. The multiprocessor system is hierarchically con-
structed from processors, cells and domains. Each of
the processing cells 0, 1, 2 and 3 contains a processor
and cache memory, as discussed below in connection
with FIG. 2. The cells 0-3 are interconnected by cell
interconnects (Cls) 10-13 and bus 8, thereby collec-
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tively forming Domain 0. Domains. in turn. are inter-
connected by domain interconnects (not shown), to
form a complete system. The structure of cell intercon-
nects is described hereinafter in connection with FIGS.
4 and 5. and the structure and operation of the illus-
trated multiprocessor system is more fully discussed in
U.S. patent application Ser. No. 136.930 filed on even
date herewith, and incorporated herein by reference.

FIG. 2 depicts the components of processing cell 0,
including processor (PROC) 50, cache 40 and cell inter-
connect (CI) 10. Data, parity. and control signals
Passed between processor S0. cache 40 and cell inter-
connect 10 are indicated in FIG. 2. The datapath width
associated with each respective signal is indicated by
numerals in brackets. For exampie, cache data signals
(cache_data [64]) passed between cell interconnect 10
and cache 40 have a 64 bit datapath width, as do proces-
sor data signals (p-.data{64]) passed between cache 40
and processor 50.

As FIG. 2 illustrates, cell interconnect 10 receives
and transmits DOMAIN DATA signals (dmn_data),
DOMAIN PARITY signals dmn_parity), DOMAIN
EMPTY signals (dmn_empty), DOMAIN HEADER
signals (dmn_hdr), DOMAIN CELL ADDRESS sig-

nals (dmn_cell_addr). and DOMAIN CLOCK signals 2

(dmn..clk50) discussed in greater detail hereinafter. In
addition, cell interconnect 10 processes cache arbitra-
tion, routing, operation, and parity signals as indicated
in FIG. 2. The structure of cell interconnect 10 is dis-
cussed in greater detail below in connection with FIG.
4. Moreover, further understanding of the logic compo-
nents and structure of cache 40 and processor 50 may be
had by reference to the schematics incorporated herein
as Appendix A, and by reference to U.S. Ser. No.
136,930. Cell interconnect 10 provides interconnection
of cell 0 into a multiple-cell domain like that depicted in
FIG. 3.

FIG. 3 illustrates the configuration of a ten cell do-
main, containing cells 0-9 interconnected in accordance
with the invention in a dual ring bus structure organized
as ring A and ring B. Utilizing plural rings is an impor-
tant feature of the invention, which enables the system
to continue operating in the event of single point com-
ponent failures, and increases the bandwidth of the
interconnection system. In a preferred practice of the
invention, utilizing two rings, A and B, ring A is config-
ured for transfers involving even page addresses in
memory, and ring B for odd page addresses in memory.
This interleaving mode is discussed in greater detail
hereinafter. Those skilled in the art will understand that
the invention may be practiced in an embodiment hav-
ing more than two rings.

Rings A and B are preferably 50 megahertz synchro-
nous shift registers having plural data storage stages
with a 128 bit datapath width, as indicated in FIG. 3.
Each of the cells 0-9 communicates with rings A and B
through two associated Cell Interconnects (Cls). As
FIG. 3 illustrates, cell interconnects 10-19 connect cells
0-9, respectively, to ring B, while cell interconnects
20-29 connect cells 0-9, respectively, to ring A.

A preferred cell interconnect structure is illustrated
in FI1G. 4. Two cell interconnect units (CIUs) 72 and 73
and two 64K x 4 static RAMs (SRAMs) 70 and 71 are
configured in pairs to form a single cell interconnect 20.
Similarly, cell interconnect units 62 and 63. and SRAMs
60 and 61 are utilized to form cell interconnect 10. Each
cell interconnect presents two 64 bit data connections
from its cell to a respective ring (dmn_data) and one 64
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bit connection 10 its cell cache bus (cache data). The
structure and operation of such a cell cache bus are
described in U.S. Ser. No. 136.930. Through these con-
nections, the cell interconnect moves requests and re-
sponses between the cell and a respective ring.

The ring connections of each cell interconnect col-
lectively form an input port and an output port. In
operation, each cell interconnect moves the data on its
input port through two stages (comprising four latches),
modifies the data as required by a given cell intercon-
nect unit operation and presents the data on its output
port. Accordingly, when a number of cell interconnects
are linked in a loop, the delay stages form a shift register
such as Ring A or Ring B. Each cell interconnect re-
ceives data from the previous cell interconnect in its
ring and forwards data to the next. An insertion and
extraction protocol described in greater detail hereinaf-
ter allows the cell interconnects to pass data between
cells.

As FIG. 4 illustrates, each cell interconnect unit (CI)
is formed by two cell interconnect units (CIUs), and
associated SRAMs for storing state bits. Each cell inter-
connect unit (CIU), in turn, is constructed from a plu-
rality of integrated circuits. The integrated circuits
which form cell interconnect unit (CIU) 72 are depicted
in FIG. 8.

The cache bus connection of the cell interconnect is
a bi-directional interface. The cell interconnect receives
data from the cache bus to send to the ring and places
data it receives from the ring onto the cache bus to be
serviced by the cache control unit or domain routing
unit. The structure and operation of preferred cache
control and domain routing units are described in U.S.
Ser. No. 136,930.

As illustrated in FIG. 6. each cell interconnect con-
tributes two shift register stages to the shift register
structures of rings A and B. For example, a ring with
ten cell interconnects, such as rings A and B shown in
FIG. 6, consists of twenty pipeline stages. Each pipeline
stage is capable of selectively storing and transferring
an information-representative signal representing one
data word. All data words circulate through the ring by
progressing, in parallel, at the rate of one stage per
applied clock cycle. It is this feature of the invention
which allows each cell to uniquely identify the source
and destination of each data word on the bus, and deter-
mine appropriate processing steps for each data word.
One example of a preferred clock signal distribution
configuration is depicted in FIG. 7.

In accordance with the invention, cell interconnect
unit (CIU) 72 is constructed from periphery unit 80,
CIU tag unit 81, SRAM control unit 82, cache bus
control unit 83, CIU data path unit 84, CIU master
control unit 85, and CIU directory unit 86. The inte-
grated circuits illustrated in FIG. S5 contain latches,
FIFO buffers, multiplexors (MUXs) and other conven-
tional logic elements.

In particular, the CIU datapath associated with CIU
datapath circuit 84 is a 36 bit wide datapath including
low and high cache group units, an extract FIFO and an
insert FIFO. These four units cotlectively provide paths
for (i) moving addresses from the domain intercon-
nected by rings A and B, and from the cache bus, to the
directory for address lookup, (ii) moving packets
through the two pipeline stages of each CIU, (iii) mov-
ing packets from the domain to the cache bus, and (iv)
moving packets from the cache bus to the domain.
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The low and high cache group units direct appropri-
ate addresses to the CIU directory circuit 86 for lookup.
and provide modification of directory entries. In partic-
ular, the cache group units can pass domain, cache or
recirculated addresses for lookup operations. modify
directory entries, and move data from directory 86 to
the associated cache bus.

The extract FIFO unit moves data from the CIU
‘domain inputs into a holding register file, and subse-
quently passes the data to the associated cache bus. The
insert FIFO unit moves data from the cache bus inputs
into a holding register file, and subsequently passes this
data to the CIU domain outputs. Additionally, the insert
FIFO unit provides for modifying packets on the do-
main formed by rings A and B. The datapath control
section associated with CIU datapath unit 84 receives
commands from the master control unit 85 and converts
them into command signals for use by the elements of
the CIU datapath. Detailed schematics and timing dia-
grams for the elements of these integrated circuits are
set forth in Appendix A, incorporated herein.

Top level control of the CIU 72 is managed by the
C1IU master control circuit 85 the SRAM control circuit
82, and the cache bus control circuit 83. The master
control circuit 85 receives PACKET HEADER and
EMPTY STATUS bits, and provides sequencing to the
directory block to perform address lookups. The master
control circuit 85 utilizes the results of these lookup
operations to determine which of the PASS, EX-
TRACT and INSERT operations, discussed in greater
detail hereinafter, is appropriate. The master control
circuit 85 performs these operations based upon signals
from the CIU data path circuit 84 and cache bus control
circuit 33.

The SRAM control circuit 82 generates control sig-
nals for addressing the external SRAMS 70 and 71 used
by the CIU 72 and illustrated in FIG. 4. The cache bus
control circuit 83 manages arbitration and flow control
on the cache bus, as described in U.S. Ser. No. 136,930.
The cache bus control circuit 83 receives command
signals from the master control circuit 85, and in turn,
transmits status report signals to the master control
circuit 85.

SIGNALS AND FIELDS

As FIG. 7 illustrates, a single domain clock signal
(h.]), generated by clock generator 30, is distributed to
the entire domain interconnect formed by rings A and
B. Domain clock (h,]) provides 50 mhz synchronous
timing information to the cell interconnects within the
domain interconnect formed by rings A and B.

By properly distributing domain clock (h,1), the effec-
tive clock skew for a cell interconnect such as, for ex-
ample, the cell interconnect 14 corresponding to cell 4,
is the clock skew between that cell interconnect’s input
stage 14.0 and prior adjacent cell interconnect (cell 2)
and its output stage 14.1 and next adjacent cell (cell 6).
An important advantage of the invention is that clock
skew is not accumulative, and propagation time be-
tween cell interconnects is independent of the number
of cell interconnects or stages.

The fundamental result is that the clock cycle time
—i.e. the inverse of the clock frequency —of the do-
main interconnect is simply the cycle time between two
adjacent cell interconnects. The clock cycle time does
not increase and frequency does not decrease as the
aumber of cell interconnects is increased. Thus, as the
number of cell interconnects in a ring is increased, the
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flux of operations through the ring is constant. while the
number of bus operations which can be executed during
a complete bus cycle increases linearly. This is an im-
portant feature of the invention, which is ideally suited
for multiprocessor structures.

The high speed nature of a domain interconnect con-
structed in accordance with the invention is further
enhanced by two topological factors. First, the output
(i.e. second) stage of each cell interconnect drives a
single load, the input stage of the adjacent cell intercon-
nect. Second, each cell interconnect requires connec-
tion to only its two neighboring cell interconnects,
allowing close proximity of all directly connected cell
interconnects. This combination of absolute minimal
loading and very short physical distance between adja-
cent cells minimizes propagation time between cell
interconnects.

Those skilled in the art will understand that while the
embodiment described above in connection with F1G. 7
utilizes a synchronous clock. the invention can be prac-
ticed in connection with an asynchronous or self-timed
clock configuration.

In accordance with the invention, data circulating
through a given ring is divided into data packets of ten
data words, corresponding to ten shift register ring
stages. The number of shift register stages must be an
exact multiple of the number of data words in a data
packet. Given, for example, a ring with twenty cells and
two register stages per cell, the ring consists of forty
stages. Thus, four ten-word Packets can be transferred
simultaneously in this ring. This property is generalized
below in Table I.

TABLE |
Number of C! Number of Stages Number of Packets
S 10 1
10 20 2
1S 30 3
20 0 4

The invention is preferably practiced in connection
with the packet configuration shown in FIG. 8. The
first data word in each half is an address, the second
data word is a command and the remaining data words
are data, as indicated in F1G. 8. Those skilled in the art
will understand that alternative packet configurations
are possible and within the scope of the invention.

In addition to the operations described above, a cell
interconnect can modify the command field of a packet.
For example, a cell interconnect can extract a packet by
copying the packet from the ring and changing the
command field 1o EMPTY. Alternatively, if a cell inter-
connect merely copies a packet, the command field
would remain unchanged, allowing the packet to con-
tinue to circulate through the ring.

All packets circulate through the domain intercon-
nect only once. This property results from an opera-
tional protocol in which each operation is created and
retired by the same cell interconnect. Cells which ex-
tract a packet to add response data must later re-insert
the packet.

The operations that the cell interconnect units can
perform on packets thus include the following:

PASS PACKET: The cell interconnect unit passes a
packet from its ring inputs to its ring outputs without
any modification if the packet specifies an address of
which the cell interconnect has no knowledge.
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EXTRACT PACKET: The cell interconnect unit
extracts a Packet from the ring if it represents a request
the cell interconnect unit made to the ring or contains
an address the cell interconnect unit must act upon.
When a cell interconnect unit extracts a packet from the
ring it modifies the command of the packet to indicate
the extraction.

SEND PACKET to the Cache Bus: The cell inter-
connect unit sends each packet that it extracts from the
ring to the cache bus for service by the cache control-
ler.

RECEIVE PACKET from the Cache Bus: The
cache controller can send a packet to the cell intercon-
nect unit for insertion into the ring. The cell intercon-
nect unit receives these packets and retains them until
they can be inserted into the ring.

INSERT PACKET: The cell interconnect unit in-
_serts a packet into the ring whenever it has a packet
awaiting insertion and the current ring packet is marked
as EMPTY.

In a preferred embodiment of the invention, the do-
main interconnect formed by rings A and B supports
two sets of fields, referred to as the domain fields and
the cell interconnect unit fields. The domain fields are
established by serial connections from one cell intercon-
nect to the next cell interconnect, which form a ring.
Each cell interconnect has a separate receive and trans-
mit port for the domain fields, as indicated in FIG. 4.
The cell interconnect unit fields provide communica-
tion among the cell interconnect units of the cell. The
domain fields are summarized below in Table II:

TABLE I1

DOMAIN FIELDS

DOMAIN DATA
DOMAIN ECC
DOMAIN HEADER
DOMAIJN CLOCK
Ciu 1D

CIU CELL ADDRESS
CIU EXTRACT

The DOMAIN DATA and DOMAIN ECC fields
are responsible for moving the data of ring operations.
Each operation is a packet of ten domain bus transfers.
The DOMAIN HEADER field marks the beginning of
an operation. The DOMAIN CLOCK field provides
timing for the shift register structure in cooperation
with the clock generator illustrated in F1G. 7. The CIU
ID field identifies the type of cell interconnect unit
involved in a given transfer. The CIU CELL AD-
DRESS field identifies the domain local address of the
cell. The CIU EXTRACT field communicates informa-
tion between cell interconnect units.

In operation, the DOMAIN DATA field transmits
the address, command, and data information corre-
sponding to an operation. The configuration of the
DOMAIN DATA field consists first of an address, then
a command, and finally eight data values, one or more
of which may be empty.

The DOMAIN ECC field transmits a Hamming
based error correction code (ECC) word for each do-
main data transfer. DOMAIN ECC is not generated or
checked by the cell interconnect units, but passed un-
changed to the target units.

The DOMAIN HEADER field designates a given
word in the current domain data transfer as the first
word of a packet.
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The assertion of the DOMAIN RESET signai by the
domain structure or domain power controller causes
each cell interconnect and corresponding cell to enter a
reset state. The reset state is described in U.S. Ser. No.
136.930.

The assertion of CELL RESET by a cell causes the
corresponding cell and cell interconnect to reset. When
reset. cell interconnects perform only PASS PACKET
operations.

The cell interconnect unit controt fields provide for
communication specific to the cell interconnect units.
These cell interconnect unit control fields are summa-
rized below in Table 111

TABLE 111
C1U Control Fields

CiU 1D
CIU EXTRACT
CIU CELL ADDRESS

THE CIU ID field for each CIU is established by the
configuration of electrical connections from the CIU to
power and ground terminals. This configuration estab-
lishes a unique CIU identification number for each CIU.
The interpretation of the identification number depends
upon whether the plural ring structure is configured in
a two-way or 2 four-way memory interleaving mode.
Normally, ring A is configured for even page addresses
in memory and ring B for odd page addresses in mem-
ory. However, those skilled in the art will appreciate
that the shift register structure can be configured 10 pass
all addresses on either ring. Page address interleaving is
normally configured at system configuration time by
control locations in the cell interconnects. Table IV

below summarizes interpretation of id numbers in the
two-way interleaved mode.
TABLE IV
TWO WAY INTERLEAVED
ID VALUE DEFINITION

0 Masier CIU )

1 Master CIU 1

2 Slave CIU D

k] Slave CIU |

Table V below summarizes interpretation of id numbers
in the four-way interleaved mode:
TABLE V
FOUR WAY INTERLEAVED
ID VALUE DEFINITION

0 MASTER 0

Master C1U |
Master CJU 2
Masier CIU 3

1
2
]

When two CIUs are partnered as master and slave,
the slave cell interconnect unit drives a one-bit CIU
EXTRACT signal which is read by its partner master
cell interconnect unit. The CIU EXTRACT signal is
asserted or de-asserted according to whether the slave
CIU identifies the current operation as requiring re-
moval from the shift register structure.

The CIU CELL ADDRESS signal represents the
address within the domain of the cell asserting the sig-
nal.

In accordance with the invention, all domain inter-
connect transfers form a single packet. The domain
interconnect formed by the plural rings is initialized to
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contain a fixed number of packets based on the number
of cell interconnects. For example, a twenty cell do-
main interconnect contains eight packets per ring. Thus,
in this example, eight packets per ring, or sixteen pack-
ets per domain interconnect, can be transferred in paral-
lel.

In a preferred practice of the invention in conjunc-
tion with a multiprocessor structure like that described
in U.S. Ser. No. 136,930, the cell interconnect performs
two levels of interpretation in order to determine how
to operate on a packet. First, the cell interconnect ex-
amines the address specified in the packet. The cell
interconnect may be configured to operate as a Positive
or a negative filter. As a positive filter, it operates on

any System Virtual Address (SVA) that has an entry in !

its cache descriptors. The interaction of SV A addresses
and cache descriptors is further described in U.S. Ser.
No. 136,930. The positive filter configuration is used
when a cell interconnect is connected to a cache ¢ither
directly or by a remote interface. The negative filter
configuration is used when the cell interconnect is con-
nected to a router. In either configuration. the cell inter-
connect operates on SVA addresses directed to it.

Secondly, having recognized an address, the cell
interconnect examines the command portion of the
packet to determine if it can modify the response field of
the command and allow the packet to proceed. or
whether it must extract the packet from the domain
interconnect.

A cell interconnect can insert a packet into the ring
when an empty packet arrives. An empty packet is
indicated by an IDLE operation type in the command
word of the packet. Evenly distributed usage of the
packets of the ring is provided by the invention because
no cell interconnect can use a packet that it has just
emptied by an extraction operation. In order to perform
an insertion, the cell interconnect must place its opera-
tion into the ten consecutive stages of the empty packet.

It will be understood that given the plural ring struc-
ture of the invention, the cell interconnect which ini-
tially injects a particular operation into the ring will
eventually receive that operation back. At that time, the
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cell interconnect destroys the operation by changing
the command word 1o IDLE. Any cell interconnect
that removes an operation it did not create must return
that operation to the ring.

A cell interconnect extracts an operation from the
ring by copying its contents from the ten consecutive
stages of its packet and writing the IDLE operation
type into the command word of the packet. Any cell
interconnect that extracts an operation it did not create
must return that operation to the ring.

The bus structures are initialized in two steps. First,
the domain stages are formatted into ten word packets
by initializing the domain header signal. Secondly, each
packet is initialized to an IDLE state. If the number of
stages in either ring is not an even multiple of ten stages,
or if the circular path is logically broken, the ring will
not initialize.

In a preferred embodiment of the invention, bus ini-
tialization is performed by software, with cell intercon-
nect assist. Within each cell interconnect is a DOMAIN
HEADER STATUS bit which indicates whether the
domain is properly formatted by verification of the
DOMAIN HEADER signal. If the DOMAIN
HEADER STATUS bit indicates that a given ring is
improperly formatted, then a SETUP DOMAIN com-
mand issued by a given cell to a cell interconnect per-
forms domain initialization.

It will thus be seen that the invention efficiently at-
tains the objects set forth above, among those made
apparent from the preceding description. It will be
understood that changes may be made in the above
construction and in the foregoing sequences of opera-
tion without departing from the scope of the invention.
It is accordingly intended that all matter contained in
the above description or shown in the accompanying
drawings be interpreted as illusirative rather than in a
limiting sense.

It is also understood that the following claims are
intended to cover all of the generic and specific features
of the invention as described herein, and all statements
of the scope of the invention which. as a matter of lan-
guage, might be said to fall therebetween.

U.S. Patent Application for
INTERCONNECTION SYSTEM FOR MULTIPROCESSOR STRUCTURE

STEVEN J. FRANK
HENRY J. BURKHARDT III.
FREDERICK D. WEBER

APPENDIX A

Cell Interconnect Schematics
and Clock Diagrams
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SCHEMATICS and DIAGRAMS
1. CI
2. CIU
3. directory
4. cache group
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Having described the invention, what is claimed as
new and secured by Letters Patent is:

1. A digital data processing apparatus comprising

A. bus means for transferring packets of information-
representative digital signals, said bus means in-
cluding shift register means comprising a plurality
of digital storage and transfer stages connected in
series in a ring configuration for sequentially stor-
ing and transferring said information-representa-
tive digital signals. wherein each said stage within
said shift register means includes means for storing
an information-representative signal of (M) bits,
where (M) is greater than one,

B. a plurality of processing ceils. connected in a ring
configuration through said bus means, each pro-
cessing cell being in communication with an associ-
ated subset of (N) said stages, where (N) is greater
than one, at least one of said cells having associated
memory means coupled thereto for storing a plu-
rality of information-representative digital signals.

C. said at least one said processing cell further includ-
ing cell interconnect means, connected to said asso-
ciated subset of stages and said associated memory
means, for selectively transferring information-
representative signals between said associated sub-
set of stages and said associated memory means,

D. said cell interconnect means including means for
performing at least one of modifying, extracting,
replicating and transferring a packet of digital in-
formation-representative signals, wherein at least a
portion of said packet is stored within said associ-
ated subset of stages, based on an association. if
any, between an information-representative signal
identified in that packet and one or more informa-
tion-representative signals of said plurality of infor-
mation-representative signals stored in said associ-
ated memory means, and

E. said cell interconnect means including means re-
sponsive to applied digital clock cycle signals for
simultaneously transferring at least a seiected digi-
tal signal packet through successive stages of said
associated subset O stages, at a rate responsive to
said digital clock cycle rate, while performing said
at least one modifying, extracting, replicating and
transferring operation on that same digital signal
packet.

2. A digital data processing apparatus according to
claim 1, wherein said at least one processing cell in-
cludes

A. directory means for storing signals representative
of one or more information-representative digital
signals of said plurality of information-representa-
tive signals stored in said associated memory
means,

B. means coupled with said cell interconnect means
and with said directory means for generating a cell
interconnect control signal based on a comparison
of said information-representative signal identified
in said packet with those represented in said direc-
tory means, and

C. said cell interconnect means includes means selec-
tively responsive to said cell interconnect control
signal for performing said at least one modifying,
extracting, replicating and transferring operation
on said digital signal packet.

3. A digital data processing apparatus comprising

A. bus means for transferring packets of information-
representative digital signals, said bus means in-

46

cluding shift register means comprising a plurality
of digital storage and transfer stages connected in
series in a ring configuration for sequentially stor-
ing and transferring said information-representa-
tive digital signals, wherein each said stage within

5 said shift register means includes means for storing
an information-representative signal of (M) bits.
where (M) is greater than one.

B. a plurality of processing cells, connected in a ring
configuration through said bus means. each pro-
cessing cell being in communication with an associ-
ated subset of (N) said stages, where (N) is greater
than one, at least one of said cells having associated
memory means coupled thereto for storing infor-
mation-representative digital signals,

C. said at least one said processing cell further inciud-
ing cell interconnect means, connected to said asso-
ciated subset of stages and said associated memory
means, for selectively transferring information-
representative signals between said associated sub-
set of stages and said associated memory means,
and

D. said cell interconnect means including means re-
sponsive to applied digital clock cycle signals for

25 simultaneously transferring at least a selected digi-

tal signal packet through successive stages of said
associated subset of stages. at a rate responsive to
said digital clock cycle rate, while performing at
least one modifying, extracting, replicating and

30 transferring operation on that same digital signal

packet. ‘ '

4. A data processing apparatus according to any of
claims 1 - 3, wherein said at least one processing cell
includes

35 A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet store re-
quest, and

B. said associated cell interconnect meéans includes

means responsive to said packet store request signal
for storing a selected information-representative
signal to an associated stage of said shift register
means.

4 5. A data processing apparatus according to any of

claims 1 - 3, wherein said at least one processing cell

includes

A, means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet access
request, and

B. said associated ceil interconnect means includes

means responsive to said packet access request
signal for providing said processing cell access to

55 an information-representative signal stored in an

associated stage of said shift register means.

6. A data processing apparatus according to any of
claims 1 - 4, wherein said at least one processing cell
includes

A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet extraction
request, and

B. said associated cell interconnect means includes
65 means responsive 1o said packet extraction request

signal for extracting an information-representative
signal stored in an associated stage of said shift

20

50

60
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register means and for transferring that extracted
information-representative signal to said associated
processing cell.

7. A data processing apparatus according to any of
claims 1 - 3, wherein said at least one processing cell
includes

A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet replication
request, and

B. said associated cell interconnect means includes

means responsive to said packet replication request
signal for replicating an information-representative
signal stored in an associated stage of said shift
register means and for transferring that replicated
information-representative signal to said associated
processing cell.

8. A data processing apparatus according to any of
claims 1 - 3, wherein said at least one processing cell
includes

A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet transfer
request, and

B. said associated cell interconnect means includes

means responsive to said packet transfer request
signal for transferring unchanged and information-
representative signal stored in a first associated
stage of said shift register means to a second, suc-
ceeding associated stage of said shift register
means.

9. A data processing apparatus according to any of
claims 1 - 3, wherein said at least one processing cell
includes

A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet identify
request, and

B said associated cell interconnect means includes

means responsive to said packet identify request
signal to identify a given digital information-
representative signal stored in an associated stage
of said shift register means as the first information-
representative signal of a digital signal packet.

10. A digital data processing apparatus according to
claim 9, wherein said cel! interconnect means includes

A. means for generating and transmitting to the asso-

ciated cell interconnect means a cell interconnect
control signal representative of a packet identify
command, and

B. said cell interconnect means includes means re-

sponsive to said packet identify command signal
for setting a digital information-representative sig-
nal stored in an associated stage of said shift regis-

20

25

30

35

45

65

48

ter 10 a selected value identifying that information-
representative signal as the first such signal in a
digital signal packet.

11. A digital data processing apparatus according to
any of claims 1 - 3, wherein said cell interconnect in-
cludes means for assembling a digital signal packet in-
cluding at least one digital information-representative
signal representative of a memory address. at least one
digital information-representative signal representative
of a command, and at least one digital information-
representative signal representative of data.

12. A digital data processing apparatus according to
claims 1-3, wherein said shift register means includes

A. means for storing a given digital word in a firs

stage of said shift register means, and

B. means responsive to said applied digitai clock

signal for transferring said digital word stored in
said first stage to a succeeding stage of said shift
register means.

13. A digital data processing apparatus according 10
claim 12 wherein

a given digital word is resident in said subset of stages

associated with said cell interconnect means for
(N) applied digital clock cycles.

14. A digital data processing apparatus according to
claim 13, wherein said shift register means includes
means for simultaneously transferring to successive said
stages (p) digital signal packets, where (p) is a positive
integer given by

(pr=(cXNV(w)

where (c) is the number of said cell interconnect means
connected to said bus means and (w) is the number of
digital words in each digital signal packet.

15. A digital data processing apparatus according 1o
claim 13, wherein as the number of stages of said shift
register means increases, the flux of said digital words
through said stages of said shift register means remains
constant.

16. A digital data processing apparatus according to
claim 13, wherein clock cycle skew associated with said
at least one set of digital clock cycles remains substan-
tially constant with reference to each of said (N) stages
of said shift register means as the number (N) increases.

17. A digital data processing apparatus according to
any of claims 1 - 3, wherein said cell interconnect means
includes at least one of

A. insert buffer means for storing at least a selected

digital signal packet for transfer to at least one
stage of said associated subset of stages for inser-
tion into said shift register means, and

B. second buffer means for storing at least a selected

digital signal packet extracted from said associated
subset of stages.

. &« s 5
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 5,119,481 Page' 1 of 2
DATED : June 2, 1992
INVENTOR(S) : Steven J. Frank, Henry Burkhardt, II1I, and
Frederick D. Weber
hhcwﬂkdmmenmaw%mthamWeMmmwdmmmaMtMtnMmeuhwmkhﬂwy
carrected as shown below: N

Title Page, item [54], lines 1-2, and Col. 1, lines 2-3, replace
title "REGISTER BUS MULTIPROCESSOR SYSTEM WITH SHIFT" with --
MULTIPROCESSOR SYSTEM WITH SHIFT REGISTER BUS --,

Column 3, line 14, replace "Packets" with -~ packets --.
Column 5, line 12, replace Passed with -- passed --.

Column 6, line 1, replace " (cache data)" with
-- (cache_data) =--.

Column 8, line 30, replace "ten-word Packets" with
-- ten-word packets --.

Column 11, line 13, replace "as a Positive" with
-- as a positive --,

Column 45, line 19, replace "signals." with -- signals, --
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 5,119,481 Page 2 of 2
DATED : June 2, 1992

INVENTOR(S) : Steven J. Frank
Frederick D.aaeﬁegenry Burkhardt, III, and

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
carrected as shown below:

Column 45, line 41, replace "subset o stages" with
-- subset of stages --.

Column 48, line 13, replace "word in a firs" with
-- word in a first --,

Signed and Sealed this
Thirty-first Day of August, 1993

Attest: @M W

BRUCE LEHMAN

Anesting Officer Commissioner of Patenis and Trademarks
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Table 7.7 BAC Qe-value nnd Probabllity Estimation Lookup Tabile

Index. | Qe NMPS  NLIPS  SWITCH
0 0x5601 1 ) T
1 0x3401 2 6 0
2 0x1801 3 0 0
3| 0x0ACH 4 12 0
4 0x0521 5 20 0
5 0x0221 38 33 )
6 0x5601 * 6 1
7 0x5401 8 14 0
8 0x4801 9 14 ]
9 0x3801 10 14 0
10 0x3001 11 17 0
1| ox2401 12 18 0
12| ox1Cc01 13 20 0
13 | oxtco 29 21 0
14 | ox5601 15 14 1
15 | 0x5401 16 14 0
16 | 0x6101 7 16 0
17 | ox4sm 18 16 0
18 0x3801 19 17 0
19 | Ox3401 20 18 0
20 | 0x3001 21 19 0
21 | 0x2801 22 19 0
22 | 0x2401 2% 0 0
2 | oxnol 24 21 0
24 | 0x1C01 25 22 0
25 | ox1801 2% 2% 0
26 | ox1601 27 24 0
27 | ox1401 25 25 0
28 | 0x1201 29 26 0
20 | ox1not 30 27 0
30 | 0x0ACI 31 28 0
31 | ox09C1 32 29 0
32 | ox08A1 33 30 0
33 0x0521 34 31 0
34 Ox0441 35 32 0
35 | 0x02A1 36 33 0
36 | ox0221 37 34 0
37 | ox014) 38 35 0
38 | 0x0111 39 36 0
39 | oxooss 40 a7 0
40 Ox0049 41 38 0
41 | ox0025 42 39 0
42 0x0015 43 40 0
43 0x0009 44 41 0
44 0x0005 45 42 0
45 0x0001 45 43 0
46 | 0x5601 46 46 0
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Concurrent Symbol Processing Capable VLSI Archltecture for B1t

Plane Coder of JPEG2000*

Amit Kumar GUPTA'®, Sacid NOOSHABADI', and David TAUBMAN!, Nonmembers

SUMMARY  JPEG2000 image p i dard is designed to
cater the nceds of a large span of applications including numerous con-
sumer products. However, its use is restricted due to the high hardware
cost involved in its implementation. Bit Plane Coder (BPC) Is the main
resource intensive component of JPEG2000. Its throughput plays a key
role in deciding the overall throughput of a JPFGZ()OO encoder. In this pa-
per we present the algorithm and p lined VLSI archi for
8PC which p $55 & pl s!npe- i concurrently during every
pass. The hardwan: requiremcnts and the critical path delay of the proposed
technique are compared with the existing solutions. The experimental re-
sults show that the proposed architecture has 2.6 times greater throughput
than existing architectures, with a comparatively small increase in hardware
cost.

key words: JPEG2000, concurrent symbol processing, bit plane coder,
VLSI architecture

1. Introduction

JPEG2000 image compression standard [3] possesses a rich
set of features to efficiently cater the requirements of several
application areas such as digital imaging products, scanners,
efficient remote browsing and transmission of images etc.
The high level functional block diagram of JPEG2000 en-
coder is shown in Fig. 1. The embedded block coding al-
gorithm of JPEG2000 is a part of EBCOT algorithm, pro-
posed in [1]. Tt consists of Bit Plane Coding (BPC) and
Arithmetic Coding (AC) modules. The BPC is one of the
main resource intensive components of JPEG2000. It ac-
counts for nearly 50% [4] of the total computation time of
JPEG2000 encoding process. The BPC module encodes
the so-called code-block of quantized wavelet coefficients,
and provides Context-Data (CxD) pair to be encoded by the
arithmetic coder. BPC works sequentially on each bit-plane
of the code-block starting from the most significant magni-
tude bit-plane. For every sample to be coded, as explained
in Sect.2, BPC sends the context and the data bits to the
arithmetic coder, for further processing. BPC generates the
context depending on the significance state of the neigh-
boring locations. The significance state is dynamically up-
dated throughout encoding of the samples depending on the
data bits. The other run-time event is the distribution of the
sample-locations to three different coding passes. Due to

" Manuscript received October 9, 2004.
Manuscript revised February 3, 2005,
tThe authors are with the Faculty of Electrical Engineering at
UNSW, Sydney, Australia.
* A part of this paper is presented at [EEE MWSCAS 2004 con-
ference.
a) E-mail; amigupta@student.unsw.edu.au
DO 10.1093/ictisy/e88—d.8.1878

EBCOT.
" Enmbedded Block
Coding

Fig.1 The block diagram of JPEG2000 encoder.

these dynamic events, the existing VLSI architectures [4],
[5] for the BPC module, employ sequential single sample
processing and generate at most one Context-Data (CxD)
pair in a single clock-cycle.

In this paper, we propose the Concurrent Symbol
Processing (CSP) algorithm to process a complete stripe-
column concurrently during each coding pass. The algo-
rithm exploits the fact that the coding pass membership of
multiple sample-locations can be calculated concurrently.
We also review the coding pass membership tests described
in [4] and propose necessary amendments. In addition, we
present the VLSI architecture of a BPC module based on
CSP algorithm which generates up to 10 CxD pairs in a sin-
gle clock-cycle. An Altera APEX20KE FPGA is used as a
common platform to examine the hardware cost and critical
path performance of the proposed architecture in compari-
son to existing architectures.

The rest of the paper is organized as follows. In Sect. 2
we explain the BPC algorithm and existing architectures. In
Sect. 3 we introduce the proposed algorithm and architec-
ture. The results are presented in Sect. 4 and we discuss the
impact of the proposed architecture on the overall through-
put of the embedded block coder in Sect. 5.

2. Bit Plane Coder and Existing Architectures

The BPC module works independently on so called code-
blocks of quantized wavelet coefficients. It encodes the
code-block by generating the context for each bit (except in
the run-mode) to be coded by AC module. The coefficients
are represented in the sign-magnitude form, The BPC mod-
ule encodes the magnitude bit-plane by bit-plane, starting
with the most significant bit-plane for a given code-block
(Fig. 2 (a)). The encoding of sign bit-plane is dynamically
distributed among the magnitude bit-planes depending on
the coefficients.

Each bit at every location is coded in one of three non-
overlapping passes: the Significance Propagation (SP) Pass;

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers
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Fig.2  High level processing flow of bit-plane encoding algorithm; (a) Flow chart showing bit-plane
by bit-plane processing order; (b) 3 Pass scanning order for encoding a bit-plane, and (¢} Stripe-column

based processing flow within a pass.

the Magnitude Refinement (MR) Pass; and the Cleanup (CP)
Pass (Fig.2(b)). A significance state is defined for every
sample-location which, along with the significance state of
the cight neighboring locations in the 3 x 3 context-window
(Fig. 3), governs its pass membership. All locations are as-
signed insignificant state initially at the start of code-block.
A location becomes significant immediately after its first
non-zero bit has been coded. A sample-location belongs to:
SP pass, if it is currently insignificant but at least one of its
neighbors (neighboring locations in the context-window) is
significant;

MR pass, if the location is significant and has not been coded
in the SP pass; and

CP pass, if the location has not been coded in either the SP
or MR passes.

Within a bit-plane, for all the three passes, the data is
scanned in stripe fashion, with 4 rows per stripe, column-
by-column order from left to right (Fig.3). One of the
three different coding primitives, Zero Coding, Run-length
Coding and Magnitude Refinement Coding ure used to gen-
erate the context for a data bit depending on the sample-
location’s pass membership. The context for coding the sign
bit of each sample-location is generated immediately after
the sample-location becomes significant using Sign Coding
primitive. The Zero Coding primitive, used in the SP and CP
passes, generates the context depending on the significant
state values of the neighboring 8 locations in the context-
window (HO, H1, VO, V1, DO, D1, D2, and D3 as shown
in Fig. 3 (b)). The MR coding primitive is used in MR pass,
and apart from the significant state values of the neighbor-
ing 8 locations, requires the information to indicate if the
relevant sample-location is to be encoded for the first time
in the MR pass. Run-length coding is used in the CP pass in
the special case when all the 4 locations in the stripe-column
are insignificant and have insignificant neighbors. The Sign

Code Block Width e
® ® ® ©® & o © © o
o

T
4 g}:ﬁi—:’?x’ﬁn j

I
&
Eﬁf
s
i

LE R LT

)

Fig.3 (a) The stripe based scanning order for every pass; (b) Context
window for a sample location (The context-window shown is for the sample
location represented by empty circle in the stripe and named ‘c” in the 3% 3
array).

Coding primitive requires the sign and significance states
of vertical and horizontal neighbors in the context-window
(HO, H1, VO and V1).

Two main architectures have been proposed to date.
Both employ stripe-column based processing (Fig. 2 (c)), as
suggested in [2]. The architectures mainly differ in their im-
plementation of code stripe-column block of Fig. 2(c). The
first architecture is a single sample architecture (5] which
checks each sample-location for its membership to the cur-
rent pass, and if the sample-location belongs to the current
pass, its context is generated. The second architecture [4]
is more eflicient as it eruploys a sample-skipping strategy
to skip those samples, within a stripe-column, which do not
belong to the current pass. Both the architectures generate at
most one CxD pair in a clock-cycle but the first architecture
wastes a clock-cycle whenever it encounters a sample which
does not belong to the current coding pass.
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Fig.4 Context-window for stripe-column processing and respective
context-window for each sample Jocation in stripe-columa ¢; of stripe s;.

3. Proposed Algorithm and Architecture

Our proposed algorithm processes a complete stripe-column
in a single clock-cycle during each coding pass. Thus it
generates any where between 0 and 10 CxD pairs in a single
clock-cycle. The extreme case of 10 CxD pairs happens only
during the CP pass when the run-mode condition is satisfied
but a run-interrupt occurs immediately at the first sample-
location in the stripe-column.

To explain the algorithm, we define 3 state bits, a Sig-
nificant State (SS) bit, a Magnitude Refinement (MR) bit
and a Coding State (CS) bit, for each sample-location. For
all locations, the SS and MR bits are initialized to zero be-
fore coding the first bit-plane for the code block, while the
CS bit is initialized to zero before coding each bit-plane.
The SS bit maintains the significance status of the location;
it becomes 1 after the first non-zero bit of the location has
been coded. The MR status bit maintains a delayed version
of the SS bit. More specifically the MR bit is set to 1 for a
location when it is first coded in the MR pass. The CS bit
maintains the coding state of a location; it will be set to 1
when a location has been coded in a bit-plane. The state bits
associated with a sample-location are updated immediately
when it gets encoded.

The overall context-window for stripe-column based
processing of Normal mode of BPC module is shown in
Fig.4. JPEG2000 also defines Causal mode of operation
in which the context-window does not have any dependency
on the significance state of locations from future stripes (lo-
cations F, H and N of stripe 5;,1). We discuss the algorithm
for normal mode of operation. The algorithm is applica-
ble for causal mode as well by taking the SS bits of loca-
tions of future stripe to be zero. We also assume that the
(c;, 5;) is the current stripe-column c;, of stripe sy, to-be-
coded. Pass membership of all the 4 sample-locations in
the current stripe-column is required to be able to process a
complete stripe-column concurrently. This requires the ac-
cess to the two 18-bit sets representing SS and sign bits of
locations {A —N , 0-3}; and three 4-bit sets representing MR,

PCT/US2012/042274
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CS and data bits for locations {03} as shown in the overall
context-window for a stripe-column in Fig.4. We use the
following terminology:

j - A location in the cument stripe-column’s context-
window, j € (0-3,A - N}.

v[j] - data bit at location j.

o[ /] - significance state of location j before coding the cur-
rent stripe-column during the current pass.

o {j] - significance state of location j after coding the cur-
rent stripe-column during the current pass. This value may
differ from o[ j] only for locations {0-3).

n{j] - CS bit at location j.

Ko{j] - single bit variable which signifies if any sample-
location in the context-window of sample-location j is sig-
nificant or not.

Pflagl j] - pass flag of location j. A single bit variable with
value 1 means the location j belongs to the current pass.

| - bit-wise OR operation.

& - bit-wise AND operation.

~ - bit-wise negation.

In the proposed algorithm the overall processing flow,
up to stripe-column encoding (Fig. 2), is similar as used in
previously proposed architectures [4], {5]. The block code
stripe-column is ueated in a different way. To encode a
stripe-column, doring every pass, we calculate:

1. Pass flags for each sample-location.

2. A Personalized Set of SS Bits (PSSB) for each sample-
location. The meaning and significance of the PSSB is ex-
plained later in this section.

3. Run-mode eligibility, using the Ko{j] bits of ali sample-
locations in the current stripe-column.

4, Run-interruption, using the data bits of all the sample-
locations in the current stripe-column.

S. The context of each sample-location, from its PSSB.

6. The updated value of state bits for all the sample-
locations.

Concurrent pass membership testing of the stripe-
column’s sample-locations is the fundamental idea in the
proposed algorithm. The strategy suggested in [4] has an
inherent assumption that the significance state of none of
the sample-locations in the stripe-column will change dur-
ing the current pass under consideration. Thus this algo-
rithm fails to take the effect of significance propagation into
account. In the proposed algorithm we also consider the data
bits to be coded for the sample-location {0, 1, 2} (Fig.4) in
order to correctly deduce the coding pass membership for
all four sample-locations in the stripe-column concurrently.

3.1 Concurrent Membership Testing

To contrast the proposed pass membership testing method-
ology with that in [4], we first present the pseudo code to
concurrently generate the membership of all the sample-
locations in a stripe-column during the SP pass. While gen-
erating the membership for location j € {1,2,3}, we also
consider the possibility that the (j—1)th location may belong
to the SP pass and may turn significant in this bit-plane. In
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if (o{3]) Pass = MR,

elseif (Ko[3]) Pass = SP;

elseif (((Ko[0}&u[ODIKo(1))&u[1]))Ko{2])&u(2]) Pass =
SP;

else Pass = CP;

It is important to point out that the above pseudo-
code intentionally contains an extra separate ‘elseif condi-
tion emphasizing the effect of significant propagation, which
may originate from any of the previous samples in the stripe-
column. The logic equations for the current pass member-
ship tests based on the pseudo-code are:

SP Pass:

Pflagl0] = (Kor[0]) & ("o[0D).
Pflag(1] = (Ko[1]| (Pfag[0] & v[0)) & ("a[1]).

Pflagi2] = (Kor[2] | (Pfiagl1] & v[1}) & (“of2). (¥
Pfiag[3] = (Kor(3] | (Pflag(2] & v[2])) & ("cr{3]).
MR pass:
Pfagl] = oli1 & (L Vj € {0,1,2,3). @
CP pass:
Pflaglj] =" nljl;Vj € 0,1,2.3). @

The equations for Pflag[j] presented above take into
account the fact that in the SP pass o[ j] values, and con-
sequently, Ko[f]bits are updated, and may change, as we
move down the stripe-column.

3.2  Generation of the Personalized Set of SS Bits

By PSSB of a sample-location, we mean the set of SS bits
for locations in its context-window, generated while taking
care of the possibility that the significance state of an imme-
diate top neighbor may also change during the current pass.
Specifically, for sample-locations 1, 2, and 3, we must take
into account the possible change of significance in location
0, 1, and 2, respectively, during the current pass. The PSSBs
are as follows:

WO 2012/174128 PCT/US2012/042274
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other words, we take note of the fact that, as o f] changes 11010 )
in the SP pass, it can change the membership of the four ojofo [i]
neighbors which have not yet been visited, in the current o ]o0o]o 1]
bit-plane. : 01 o0} o
Location 0: olo6]o’
if (o[0]) Pass = MR; i 0 0
elseif (Ka[0]) Pass = SP;
else Pass=CP; @ ®
Location 1: oo’ ol1]o
if (o{1]) Pass = MR; 3010 o100
elseif (K[ 1]) Pass = SP; elseif (Ko[0]&v[0]) Pass = SP;
else Pass = CP; olc|o 0jo0 o
Location 2: PSSB(0] pssppy ()
if (o{2]) Pass = MR; ;
elseif (Ko[2]) Pass = SP; o B 011y®
elseif (Ko [0]&v[ODIKor[11)&u[1]) Pass = SP; 0 (0|0 01070
else Pass = CP; 00 [0 1 |00
Location 3: PSSB(2] PSSB[3]

Flg.5 Anexample: (a) o bits for the stripe-column context window, (b)
v bits for the current strip 1 and (c) G d PSSB using the up-
dated o value as per Eg. (4).

PSSB{0)={c(B], o1/}, oG], o(1], ofA), ol!), o[K]. o(CI}
PSSB{1}={o[C], o{X], 0”[0), o{2), o1 B], o)), o[ L), o{ D]}
PSSB(2]={o[D], o[L}, 0°[1], {3}, o[C), o[ K], 0{ M), o[ ET};
PSSB[3]=(olE], o(M]). o’ [2), o[H], oD}, o[L). N}, o{F]};
where, the updated SS bit ¢”[j} for location j and can be
generated as:

'] = (Pflaglj1&vDlo(/).¥j € (0,1,2} @

Thus instead of updating the state bits immediately after en-
coding each sample-location in the stripe-column, we up-
date the state bits of all the sample-locations concurrently
after encoding the stripe-column. The PSSB of the sample-
locations takes into account the possible change in the state
bits within the stripe-column.

3.3 An Example

To explain the algorithm further, we take a sample combina-
tion of o (Fig. 5 (a)) bits for the stripe-column context win-
dow and v bits (Fig. 5 (b)) for the current stripe-column (lo-
cations 0-3 of Fig. 4). We assume that the current pass is SP
pass 1o demonstrate the significant propagation as well. The
Pflags are generated using Eq. (1). The Pflags for all loca-
tions 0-3 (Fig. 4) are 1 and thus all tocations in the current
stripe-column belong to the SP pass. The PSSBs are gener-
ated using the update valurs of o as per Eq.(4) (Fig. 5(c)).
Itis to be noted that locations 1 and 2 belong to the SP pass
only due to the generation of significant propagation wave
starting from location 0 (location O turns significant during
this pass). Once the Pflags and PSSBs for all locations are
generated, the contexts are generated using the JPEG2000
context-lookup tables [3]. Since the locations 0-3 are turn-
ing significant, sign-contexts corresponding to the sign bits
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are also generated. In total there are 8 valid CxD pairs (4
CxD pairs for the vbits and 4 CxD pairs for the sign bits)
for this stripe-column.

The proposed algorithm generates 11 output CxD pairs,
ze[3 : 0], sc[3 : 0}, and rc[2 : 0), their corresponding ac-
tive signal vectors zc.active[3 : 0], sc.active[3 : 0], and
re.active[2 : 0]; and the current coding pass. Each zc(i],
(i € {0,1.2,3)), corresponds to the CxD pair generated by
the Zero coding (during SP and CP passes) or MR coding
(during MR pass) primitive for the bit-location { of the cur-
rent stripe-column. Each sc[i] vector corresponds to the
CxD pair generated by Sign coding primitive for bit-location
i. The re[0] is the run-mode CxD pair generated by Run-
length coding primitive. The remaining two CxD vectors,
ref1] and rcf2], are run-interrupt CxD vectors generated by
the Run-length coding primitive. Depending on the coding
pass and the significance state of the neighboring locations
in the context-window, anywhere between 0 to 10 CxD vec-
tors among the total 11 CxD vectors are valid. To identify
the valid CxD vectors, the BPC module generates the cor-
responding 1-bit active signal vectors. The CxD vector is
valid if its active signal is 1 else not. The context-active sig-
nals are calculated based on the current coding pass, the data
bits of the stripe-column and the SS bits of stripe-column’s
context-window.

3.4 VLSI Architecture

The block diagram of the proposed architecture is shown in
Fig. 6. We use a 3 stage pipelined architecture, operating
at a single clock, to optimize the critical path. Stage O is
the control unit, providing the interface to the main control
unit of the JPEG2000 encoder system. It also controls the
memory read and write addresses generation for data, sign
and state bits and coding pass information.

Stage | is responsible for generating intermediate vari-
ables; it consists of the following blocks:
Boundary Handler: This block takes care of boundary con-
ditions. For the first stripe-column in every stripe, the SS

bits of column | in the stripe-column’s context-window
should be taken to be 0. Similarly for the last stripe-column
in every stripe, the SS bits in column 3 in the context-
window are taken to be 0. The first and the last stripe in
the code-block have similar boundary requirements for the
top and the bottom row of the context-window, respectively.
This block reads from the SS bit register and generates SS
bits for columns 1 and 3, in accordance with these boundary
conditions. The BPC module reads a new stripe-column ev-
ery clock-cycle (assuming there is no stall generated from
the AC module). This helps to avoid investing an extra
clack-cycle at stripe boundaries and aids in creating smooth
memory access patterns for data, sign and state bits. The
other boundary condition corresponding to the case where
the last stripe does not contain all 4 rows, is handled by as-
signing 1 to the CS state bits of the out-of-bound sample-
locations.

Pflag Generation: This block generates the pass member-
ship flags, using the logic Egs.(1)<(3) given in Sect.3.1.
The Pflags are all generated in one clock-cycle.
KSig(Ko[j]) Generation. This block generates Ko{], for
all sample-locations in the stripe-column. It is used by the
Run Mode Signal Generation block and MR Context Gen-
eration block.

Sample Sigma Generation: This block generates the PSSB
for all sample-locations in the stripe-column.

State Regs Updaie Logic: This block updates the state bits of
all sample-locations, depending on their pass membership.
Run Mode Signal Generation: This block generates run-
mode and run-interrupt signal, using Ko'[ j] and the data bits.
The run-mode signal specifies whether the current stripe-
cotumn will enter run-mode or not. The run-interrupt signal
signals run interruption in the current stripe-column.

Stage 2 is responsible for calculating the contexts, de-
pending on the PSSB, MR, sign and data bits. It contains
processing blocks for generating ZC contexts, MR contexts,
sign contexts and run-length contexts. It also generates the
context-active signal, depending on the current pass, run-
mode signal, run-interrupt signal, pass membership flags,
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and data bits to identify the active context-data pairs. A
multiplexer is also required to select between the ZC and
MR contexts, depending on the current pass.

4. Implementation Resulis

We used an Altera APEX20KE FPGA (Table 1) to imple-
ment the proposed architecture. To compare the perfor-
mance of our architecture, we also implemented the sequen-
tial single sample [5] and sample-skipping [4] architectures
on the same platform. Number of clock cycles required for
coding a code-block, critical path defay and hardware cost
(number of cells) are used as the basis for comparison. The
state, data and sign memories are not included in the hard-
ware cost analysis, since they are present in all the three
architectures.

4.1 Critical Path Delay and Throughput Analysis

We use the following parameters for throughput analysis:
Size of code block = [64, 64).

Bit depth of wavelet coefficients = 16 (1 sign, 15 data bits).
Average # of empty columns (from [2]) = 23634,

In the single sample architecture [S] each location is
checked three times for its membership once during each
pass. The stripe-column based sample-skipping architec-
ture [4] processes only those samples in a stripe-column
which belong to the current pass, by calculating the pass
membership of all 4 samples in a stripe-column concur-
rently. The proposed architecture consumes only sin-
gle clock-cycle for each stripe-column during each pass.
Table 2 presents the number of cycles/code-blocks for
the above mentioned code-block parameters. As shown
the sample-skipping architecture requires approximately 2
times more clock-cycles compared to the proposed archi-
tecture. Table 2 also presents the clock frequency, and the
aggregate throughput values for the three architectures. The
proposed architecture has a 34% improvement in the oper-
ating frequency. The main reason behind the critical path
improvement is the absence of extra sequential logic for the
multiplexers used to skip samples [4], Another reason is the
efficient use of pipelining. The results show that the pro-

posed BPC architecture has approximately 2.6 times higher
throughput than existing architectures.

4.2 Hardware Cost Analysis

As shown in Table 2, the hardware cost for CSP of the
proposed architecture is just 1.3 times that of the sample-
skipping architecture. The extra cost is nominal due to two
main reasons. Firstly, the additional hardware required for
the concurrent generation of the CxD pairs are small combi-
national blocks. Secondly, the control unit which accounts
for nearly 70% of the total hardware cost is similar in all
the three architectures (as all employ stripe-column based
processing).

4.3 Figure of Merit Analysis

In order to compare the overall efficiency of each archi-
tecture we define a Figure of Merit (FoM) as the ratio of
throughput to hardware cost, The FoM and the relative val-
ues of FoM are presented in Table 2. As shown, the FoM
for our proposed architecture is 2 and 2.5 times better than
the sample-skipping and single sample architectures respec-
tively.

5. Discussion

Up to this point we have ignored the impact of arithmetic
coder on the overall throughput of embedded block coder.
The overall throughput depends on the throughput of both
the bit plane and arithmetic coder as well as the interme-
diate buffering used to couple them. Traditional arithmetic
coder architectures can only accept at most one CxD pair
per clock-cycle. It is possible, however, to realize CSP
technique in the arithmetic coder [7] with some extra hard-
ware cost. Recently a VLSI architecture of concurrent
symbol processing capable AC module, which accepts 2
CxDs/clock-cycle, is reported in [8). Our preliminary sim- -
ulation results show that the proposed BPC architecture can
fulfill the high input demands of a maultiple symbol arith-
metic coder resulting in nearly a 66% increasc in overall
throughput. However existing BPC architectures cannot re-
alize such improvemeats, due to the absence of concurrent
symbol processing. Additionally our architecture can also

Tablel APEX20KE FPGA spe c\ﬁcm:‘:g be augmented with speedup techniques like multiple col-
’I\/p:;?éales Ap ”;;20% umn skipping [4] and parallel context modelling [6]). The
Maximum System Ciates ‘_53-',,024 concurrent symbol proccssn:ng tcc}}niquc can also be scaled
RAM Bits 311,296 to be able to process multiple stripe-column concurrently.
Speed Grades 32,1 Our ongoing work addresses the impact of employing such
Operating Voltage 18V speedup techniques, intermediate buffer length, and extra
Table 2 Performance and cost analysis. 7
Architecture Area Cycles Cik ‘Throughput FoM Rel. -
(#cells) | /code-block | (MHz) | (x10%sampl 3 | (x10° ™ ghput/Area) | FoM
Single Sample 631 156590 51.7 117 1.85 039
sample-skipping 710 89170 386 1.77 2.4 0.50
Proposed 956 46080 IR 4.59 4.8 J 1
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hardware cost involved, in improving the overall through-
put of the embedded block coder.

6. Conclusions

We have presented an algorithm and VLS! architecture for a
BPC engine which processes a complete stripe-column dur-
ing each pass concurrently. The architecture is efficiently
designed to handle the boundary conditions and is pipelined
to enhance the clock rate. The results show that the proposed
architecture has 2.6 times higher throughput, with respect to
the best existing architecture, with little extra hardware cost.
The Figure of merit for our design is 2 times better than
the best existing architecture. Also, the proposed architec-
ture enables the use of multi-symbol arithmetic encoders to
realize a high throughput embedded block encoder. Addi-
tionally, the proposed architecture takes care of the bound-
ary conditions in an efficient way, which in turn results in a
smooth memory access pattern.

References

{1] D. Taubman, “High performance scalable image compression with
EBCOT,” TEEE Trans. Image Process., vol. 9, pp.1158-1170, July
2000.

[2} D.S. Taubman and M. W. Marcellin, JPEG 2000: Image Compression,
Fundamentals, Standards and Practice. Norwetl, Kluwer, MA, 2002.

{3} JPEG 2000 Part I Final Committee Draft Version 1.0, ISO/IEC
ITC1/SC29/WG1 N1646R, March 2000,

{4) C.-J. Lian, K.-F. Chen, H.-H. Chen, and L.-G. Chen, “Analysis and ar-
chitecrure design of block-coding engine for EBCOT in JPE(2000,”
IEEE Trans. Circuits Syst. Video Technol, vol.13, pp.219-230,
March 2003.

(51 K. Andra, T. Acharya, and C. Chakrabarti, “Efficient VLSI implemen-
tation of bit plane coder of JPEG2000," Proc. SPIE Int. Conf, Applica-
tions of Digital Image Processing XX1V, vol4472, pp.246-257, Dec.
2001,

{6] Y.Li, R.E. Aly, B. Wilson, and M.A, Bayoumi, “Analysis and en-
hancements for EBCOT in high speed JPEG2000 architectures,” Mid-
west Symp. on Ckts. and Systems, vol.2, pp.207-210, Aug. 2002.

[7] D. Taub E. O ich, M. Weinberger, G. S i, 1. Ueno,
and F. Ono, “Embedded block coding in JPEG2000,” Proc. 2000 fa-

ternational Conf on Image P ing, vol.2, pp.33-36, Sept.
2000.
8] M. Dyer, D. Tauh and S. Nooshabadi, “I d throughp

arithmetic coder for JPEG2000," accepted in IEEE Int. Conf. Image
Processing, pp.2817-2820, 2004,

PCT/US2012/042274

Institute of Electronics, Information, and Comnunication Engineers

IEICE TRANS. INE. & SYST., VOL.E&8-D, NO.8 AUGUST 2005

Amit Kumar Gupta received his B.Tech
in Electrical Engincering from Indian Institute
of Technology, Kanpur, India in 2000. From
2000 to 2003, he worked as DSP engineer at
Hughes Software Systems, India, Presently he is
a PhD candidate in image processing and micro-
electronics in University of New South Wales,
Australia. He received “Letter of Excellence™
for his woark at Hughes Network Systems, USA.
He also won Student Paper Contest for financial
support from ISCAS 2005 for his paper, “Opti-
mal 2 sub-bank memory architecture for Bit Plane Coder of JPEG2000.”
His major research interests are in the area of image processing, VLSI ar-
chitecture of image and video processing.

Saeid Nooshabadi received Ph.D. degrees
in electrical enginecring from the India Institute
of Technology, Delhi, ladia, in 1992. Currently,
he is a Senior Lecturer in microelectronics and
digital systems design in the School of Electri-
cal Engineering and Tel ions, Uni-
versity of New South Wales, Sydney, Austratia.
Prior to his current appointment, he held aca-
demic positions at the Northem Territory Uni-
versity and the University of Tasmania, between
1993-2000. In 1992, he was a Research Scien-
tist at the CAD Lat y, Indian Institute of Sci Bengalore, India,
working on the design of VLSI chips for TV ghost cancellation in digital
TV. In 1996 and 1997, he was a Visiting Faculty and Researcher, at the
Centre for Very High Speed Microclectronic Systems, Edith Cowan Uni-
versity, Western Australla, working on high performance GaAs circuits;
and Curtin University of Technology, Westem Australia, working on the de-
sign of high speed-high frequency mod His h include
very high-speed integrated circuit and application-specified integrated cir-
cuit design for high-speed telecommunication and image processing sys-
tems, low-power design of circuits and sy , and Iow-po bedd:
systems.

David Taubman received B.S. and B.E.
(Electrical) degrees in 1986 and 1988 from the
University of Sydney, and M.S. and Ph,D. de-
grees in 1992 and 1994 from the University of
California at Berkeley. From 1994 to 1998 he
worked at Hewlett-Packard’s Research Labora-
torics in Palo Alto, California, joining the Uni-
versity of New South Wales in 1998, where be is
an Associate Professor in the School of Electri-
cal Engincering and Tel jcati Dr.
Taubman is author with M. Marcellin of the
book, “JPEG2000: Image compression fundamentals, standards and prac-
tice” His research interests include hnghly scalable image and video
comptession, inverse problems in i ptual modeling, joint

jch codmg. and multimedi dlsmhuuon systems. Dr. Taubman
was awurded the University Medal from the University of Sydney, the In-
stitute of Engineers, Australia, Prize and the Texas Instruments Prize for
Digital Signal Processing, all in 1998. Hc has reccived two Best Paper
awards: from the IEEE Circuits and Systems Society for the 1996 paper,
“A Common Framework for Rate and Distortion Based Scaling of Highly
Scalable Compressed Video;” and from the TEEE Signal Processing Soci-
ety for the 2000 paper, “High Performance Scalable Image Compression
with EBCOT”

NII-Electreonic Library Service

Appendix D - Page 8



WO 2012/174128 PCT/US2012/042274

CILAIMS

In view of the foregoing, what we claim is:

Digital Data Processor with Cache-Managed Memory

1. A digital data processor or processing system comprising
A. one or more nodes that are communicatively coupled to one another,
B. one or more memory elements ("physical memory") communicatively coupled to at least

one of the nodes,

C. at least one of the nodes includes a cache memory that stores at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

D. wherein the cache memory additionally stores tags specifying addresses for respective data

or mstructions in the physical memory.

2. The digital data processor or processing system of claim 1, comprising system memory

that includes the physical memory and cache memory.

3. The digital data processor or processing system of claim 2, wherein the system memory

comprises the cache memory of multiple nodes.

4. The digital data processor or processing system of claim 3, wherein the tags stored in the

cache memory specify addresses for respective data or instructions in system memory.

5. The digital data processor or processing system of claim 3, wherein the tags specity one

or more statuses for the respective data or instructions.

6. The digital data processor or processing system of claim 5, where those statuses include

any of a modified status and a reference count status.
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The digital data processor or processing system of claim 1, wherein the cache memory

comprises multiple hierarchical levels.

The digital data processor or processing system of claim 7, wherein the multiple
hierarchical levels include at least one of a level 1 cache, a level 2 cache and a level 2

extended cache.

The digital data processor or processing system of claim 1, wherein the addresses
specified by the tags form part of a system address space that is common to multiple ones

of the nodes.

The digital data processor or processing system of claim 9, wherein the addresses
specified by the tags form part of a system address space that is common to all of the

nodes.

A digital data processor or processing system comprising

one or more nodes that are communicatively coupled to one another, at least one of

which nodes a processing module,

one or more memory elements ("physical memory") communicatively coupled to at least

one of the nodes,

at least one of the nodes includes a cache memory that stores at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

wherein at least the cache memory stores tags ("extension tags") specifies a system address
and a physical address for each of at least one datum or instruction that is stored in

physical memory.

The digital data processor or processing system of claim 11, comprising system memory

that includes the physical memory and cache memory.

123



13.

14.

15.

16.

17.

18.

19.

WO 2012/174128 PCT/US2012/042274

The digital data processor or processing system of claim 12, comprising system memory

that includes the physical memory and cache memory of multiple nodes.

The digital data processor or processing system of claim 12, wherein a said system
address specified by the extension tags form part of a system address space that is

common to multiple ones of the nodes.

The digital data processor or processing system of claim 14, wherein a said system
address specified by the extension tags form part of a system address space that is

common to oll of the nodes.

The digital data processor or processing system of claim 3, wherein the tags specity one

or more statuses for a said respective data or instruction.

The digital data processor or processing system of claim 16, where those statuses include

any of a modified status and a reference count status.

The digital data processor or processing system of claim 11, wherein at least one said
node comprises address translation that utilizes a said system address and a saidphysical
address specified by a said extension tag to translate a system addresses to a physical

addresses.

A digital data processor or processing system comprising

one or more nodes that are communicatively coupled to one another, at least one of

which nodes a processing module,

one or more memory elements ("physical memory") communicatively coupled to at least
one of the nodes, where one or more of those memory elements includes any of flash

memory or other mounted drive,
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at least one of the nodes includes a cache memory that stores at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

the physical memory and cache memory of the nodes together comprising system

memory,

the cache memory of each node storing at least one of data and instructions any of
accessed and expected to be accessed by the respective node and, additionally, storing tags
specifying addresses for at least one respective datum or instructions in physical memory,
wherein at least one of those tags ("extension tag") a system address and a physical

address for each of at least one datum or instruction that is stored in physical memory.

The digital data processor or processing system of claim 19, in which multiple said

extension tags are organized as a tree in system memory.

The digital data processor or processing system of claim in which one or more of the

extension tags are cached in the cache memory system of one or more nodes.

The digital data processor or processing system of claim 21, wherein the one or more of
the extension tags that are cached in the cache memory system of one or more nodes are
extension tags for any of data and instructions recently accessed or expected to be

accessed by the respective node.

A digital data processor or processing system comprising

a plurality of nodes that are communicatively coupled to one another by a bus, network

or other media (collectively, "interconnect"),

one or more memory elements ("physical memory") communicatively coupled to at least
one of the nodes, where one or more of those memory elements includes any of flash

memory or other mounted drive,
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at least one of the nodes includes a cache memory that stores at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

the physical memory and cache memory of the nodes together comprising system

memory,

the cache memory of each node storing at least one of data and instructions any of
accessed and expected to be accessed by the respective node and, additionally, storing tags
specifying addresses for at least one respective datum or instructions in physical memory,
wherein at least one of those tags ("extension tag") a system address and a physical

address for each of at least one datum or instruction that is stored in physical memory.

The digital data processor or processing system of claim 23, wherein the interconnect

comprises a ring interconnect.

The digital data processor or processing system of claim 24, wherein the ring

interconnect 1s a rotating shift register.

The digital data processor or processing system of claim 23, wherein a said node signals a
request for any of a datum and instruction along that bus, network or other media

following a cache miss within its own cache memory.

The digital data processor or processing system of claim 26, wherein said request may be

satisfied from physical memory, if not from the cache memory of one of the other nodes.

The digital data processor or processing system of claim 26, wherein a said node utilize
the bus, network or other media to communicate to update any of data and instructions

cached in any of the other nodes or other system memory.

The digital data processor or processing system of claim 26, wherein a said node utilize
the bus, network or other media to communicate to update extension tags cached in any

of the other nodes or other system memory.
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A method of digital data processing comprising

providing one or more nodes that are communicatively coupled to one another, at least

one of which nodes includes a processing module,

communicatively coupling one or more memory elements ("physical memory") to at least

one of the nodes,

storing in a cache memory of at least one of the nodes at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

wherein the storing step additionally includes storing in the cache memory tags specifying

addresses for respective data or instructions in the physical memory.

The method of claim 29, wherein the storing step includes storing in the cache memory
tags specifying addresses that form part of a system address space that is common to

multiple ones of the nodes.

The method of claim 30, comprising organizing and accessing the cache memory

hierarchically.

A method of digital data processing, comprising

providing one or more nodes that are communicatively coupled to one another,

communicatively coupling one or more memory elements ("physical memory") to at least

one of the nodes,

storing in a cache memory of at least one of the nodes at least one of data and

instructions any of accessed and expected to be accessed by the respective node,
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wherein the storing step includes storing in the cache memory tags ("extension tags")
specifying a system address and a physical address for each of at least one datum or

instruction that is stored in physical memory.

General Purpose Processor With Dynamic Assignment of Events to Threads

A digital data processor or processing system comprising,

one or more processing units that each execute processes or threads (collectively,

“threads™),

an event table that is coupled to the plurality of processing units and that maps events

thereto,

one or more of hardware and software that is communicatively coupled to logic executing
on the system and that registers with that logic any of event-processing needs and/or

capabilities of that hardware or software, and

wherein that logic updates the event table based on matching those registered needs and

capabilities to one another and/or to those of components of the system.

The digital data processor or processing system of claim 33, wherein a default system

thread executing on one of the processing units provides said logic.

The digital data processor or processing system of claim 34, wherein said logic matches
event processing needs and capabilities to reflect an optimal mapping based on the

requirements and capabilities of the overall system.

The digital data processor or processing system of claim 35, wherein said logic updates

the event table to reflect that optimal mapping.
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The digital data processor or processing system of claim 33, comprising a preprocessor
that inserts event table management code into software that will be executed by the

system.

The digital data processor or processing system of claim 37, wherein, upon execution, the
event table management code causes software into which it is inserted to register its event-

processing needs capabilities at runtime.

The digital data processor or processing system of claim 37, wherein the code is based on

directives supplied by a developer or other.

The digital data processor or processing system of claim 39, wherein the directives reflect

actual or expected requirements of the software into which it is inserted.

The digital data processor or processing system of claim 39, wherein the directives reflect

an expected runtime environment.

The digital data processor or processing system of claim 39, wherein the directives reflect
expected devices or software available within the environment capabilities or

requirements matching that of the software into which that code is inserted.

The digital data processor or processing system of claim 33, wherein said logic comprises

a library or other intermediate, object or other code module.

A method of digital data processing, comprising,

providing one or more processing units that each execute processes or threads (collectively,

“threads™),

utilizing an event table to map events to those threads,
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registering event-processing needs and/or capabilities of any of hardware or software

communicatively coupled to the system,

matching those needs and/or capabilities to one another and/or to those of other those

of components of the system, and

updating the event table based on results of that matching step.

The method of claim 44, wherein the registering step comprises registering the event-
processing needs and/or capabilities with a default system thread executing on the

system.

The method of claim 45, wherein the matching step includes matching event processing
needs and capabilities to reflect an optimal mapping based on the requirements and

capabilities of the overall system.

The method of claim 44, comprising utilizing a preprocessor to insert event table

management code into software that will be executed by the system at runtime.

The method of claim 47, comprising executing the event table management code at
runtime to cause software into which it is inserted to register its event-processing needs

capabilities.

The method of claim 47, comprising basing the code on directives supplied by a

developer or other.

The method of claim 49, wherein the directives reflect actual or expected requirements of

the software into which it is inserted.

The method of claim 49, wherein the directives reflect an expected runtime environment.
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The method of claim 49, wherein the directives reflect expected devices or software
available within the environment capabilities or requirements matching that of the

software into which that code 1s inserted.

General Purpose Processor With Location-Independent Shared Execution Environment

A method of digital data processing, comprising

providing, in each of one or more devices that are coupled for communication, at least

one processing unit that executes processes or threads (collectively, “threads™),

receiving, with the processing unit of a first one of the devices, notification of a first

event,

instantiating, in the processing unit that first device, a first thread to handle that first and

subsequent related events,

migrating from memory associated with the processing unit of another of the devices to
to the processing unit of the first device at least one instruction of an instruction sequence

for handling that event,

executing the migrated instruction as part of the first thread.

The method of claim 21, comprising repeating steps (D)—(E) until processing of the event

is completed.

The method of claim 21, comprising repeating steps (D)—(E) until processing of the event

until the first thread enters into a wait state.

The method of claim 21, comprising migrating the instantiated thread to the processing

unit of a second device for execution by it.
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The method of claim 47, comprising receiving notification of a related event with the

prosecution unit of the second device.

The method of claim 58, instantiating, in the processing unit that second device, a second

thread to handle the related events.

The method of claim 60, migrating from memory associated with the processing unit of
first device to the processing unit of the second device at least one mstruction of the

mnstruction sequence for handling the first event and subsequent related events.

The method of claim 60, executing the migrated instruction as part of the second thread.

The method of claim 21, comprising repeating the following steps until processing of the

second event 13 complete:

migrating from memory associated with the processing unit of first device to the
processing unit of the second device at least one instruction of the instruction sequence

for handling the first event and subsequent related events.

executing the migrated instruction as part of the second thread.

The method of claim 21, comprising repeating the following steps until the second thread

enters into a wait state:

migrating from memory associated with the processing unit of first device to the
processing unit of the second device at least one instruction of the instruction sequence

for handling the first event and subsequent related events.

executing the migrated instruction as part of the second thread.

A digital data processor or processing system comprising,
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one or more devices that are coupled for communication, each of which has at least one

processing unit that executes processes or threads (collectively, “threads™),

the processing unit of at least a first one of the devices being communicatively coupled to
an event table that maps events to threads executing on the processing unit of a second

one of the devices, and

the first device being responsive to receipt of an event that maps to a thread executing on
the processing unit of the second device by routing the event to that device for processing

thereby.

The digital data processor or processing system of claim 64, wherein the event table maps

events to threads executing on the processing unit of the first devices.

The digital data processor or processing system of claim 65, wherein the first device 1s
responsive to receipt of an event that maps to a thread executing on the processing unit of

the first device by routing the event that processing unit.

The digital data processor or processing system of claim 66, wherein the event table
responds to a request to match an event by returning at least one of a thread id and an

address of a processing unit responsible for processing for processing that event.

The digital data processor or processing system of claim 64, wherein the event table maps
events to threads executing on processing units of one or more devices in a same zone as

the first device.

The digital data processor or processing system of claim 68, wherein the zone comprises a

local area network.

The digital data processor or processing system of claim 64, wherein the devices comprise
any of televisions, set top boxes, cell phones, personal digital assistants and remote

controls.
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General Purpose Processor With Provision of Quality of Service Throngh Thread Instantiation, Maintenance

and Optimization

71. A digital data processor or processing system comprising,

A. one or more devices that are coupled for communication, each of which has at least one

processing unit that executes processes or threads (collectively, “threads™),

B. an event delivery mechanism delivers interrupts and other events to the processing units,
and
C. logic executing in one or more of the processing units that, at runtime, optimizes at least

one of thread instantiation, maintenance and thread assignment.

72.  The digital data processor or processing system of claim 71, where the aforesaid logic
optimizes at least one of thread instantiation, maintenance and thread assignment to
meet quality of service requirements of individual threads, classes of threads, individual

events, and/or classes of events.

73.  The digital data processor or processing system of claim 72, wherein those quality of

service requirements include one or more of

* data processing requirements of voice processing events, applications and/or threads,

+ data throughput requirements of web data transmission events, applications and/or

threads,

» data processing and display requirements of gaming events, applications and/or

threads,

* data processing and display requirements of telepresence events, applications and/or

threads,
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* decoding, scaler & noise reduction, color correction, frame rate control and other
processing and display requirements of audiovisual (e.g., television or video) events,

applications and/or threads,

* energy utilization requirements of the system 75, as well as of events, applications and/

or threads processed thereon, and/or

* processing of actual or expected numbers of simultaneous events by individual threads,

classes of threads, individual events and/or classes of events

* prioritization of the processing of threads, classes of threads, events and/or classes of

events over other threads, classes of threads, events and/or classes of events

The digital data processor or processing system of claim 71, wherein the logic optimizes
at least one of thread instantiation, maintenance and thread assignment by invoking one

or more event-handling threads in advance of demand for them in the normal course.

The digital data processor or processing system of claim 74, wherein the one or more
event-handling threads invoked in advance of demand are available to service ready to

service user action, software and/or hardware interrupts when that demand does arise.

The digital data processor or processing system of claim 71, wherein the logic optimizes
at least one of thread instantiation, maintenance and thread assignment by instantiating
multiple instances of a thread and mapping each to different respective upcoming events

that are expected occur in the future.

The digital data processor or processing system of claim 76, wherein the multiple
instantiated threads insure more immediate servicing of the upcoming events when they

do occur.

The digital data processor or processing system of claim 76, wherein different respective

upcoming events are events that typically occur in batches.
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The digital data processor or processing system of claim 71, wherein the logic optimizes
at least one of thread instantiation, maintenance and thread assignment by periodically,
sporadically, episodically, randomly or otherwise generating interrupts to prevent one or

more threads from going inactive.

The digital data processor or processing system of claim 79, wherein the logic generates
those interrupts to prevent those one or more threads from going inactive even after

apparent termination of their normal processing.

The digital data processor or processing system of claim 80, wherein the logic generates
those interrupts to insure more immediate servicing of the upcoming events by those one

or more threads.

A method of digital data processing, comprising

providing, in each of one or more devices that are coupled for communication, at least

one processing unit that executes processes or threads (collectively, “threads™),

delivering interrupts and other events to the processing units,

executing thread management code in one or more of the processing units that optimizes

at least one of thread instantiation, maintenance and thread assignment.

The method of claim 82, wherein step (C) includes inserting the thread management

code into software that will be executed by the one or more processing units.

The method of claim 83, inserting that thread management code into that software

during any of pre-processing, compiler/linker or loading.

The method of claim 82, where the thread management code optimizes at least one of

thread instantiation, maintenance and thread assignment to meet quality of service
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requirements of individual threads, classes of threads, individual events, and/or classes of

events.

The method of claim 85, wherein those quality of service requirements include one or

more of

* data processing requirements of voice processing events, applications and/or threads,

+ data throughput requirements of web data transmission events, applications and/or

threads,

» data processing and display requirements of gaming events, applications and/or

threads,

* data processing and display requirements of telepresence events, applications and/or

threads,

* decoding, scaler & noise reduction, color correction, frame rate control and other
processing and display requirements of audiovisual (e.g., television or video) events,

applications and/or threads,

* energy utilization requirements of the system 75, as well as of events, applications and/

or threads processed thereon, and/or

* processing of actual or expected numbers of simultaneous events by individual threads,

classes of threads, individual events and/or classes of events

* prioritization of the processing of threads, classes of threads, events and/or classes of

events over other threads, classes of threads, events and/or classes of events.
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The method of claim 82, wherein the thread management logic optimizes at least one of
thread mstantiation, maintenance and thread assignment by invoking one or more event-

handling threads in advance of demand for them in the normal course.

The method of claim 87, wherein the one or more event-handling threads invoked in
advance of demand are available to service ready to service user action, software and/or

hardware interrupts when that demand does arise.

The method of claim 84, wherein the thread management logic optimizes at least one of
thread instantiation, maintenance and thread assignment by instantiating multiple
instances of a thread and mapping each to different respective upcoming events that are

expected occur 1n the future.

The method of claim 89, wherein the multiple instantiated threads insure more

immediate servicing of the upcoming events when they do occur.

The method of claim 89, wherein different respective upcoming events are events that

typically occur in batches.

The method of claim 84, wherein the thread management logic optimizes at least one of
thread mstantiation, maintenance and thread assignment by periodically, sporadically,
episodically, randomly or otherwise generating interrupts to prevent one or more threads

from going inactive.

The method of claim 92, wherein the thread management logic generates those
interrupts to prevent those one or more threads from going inactive even after apparent

termination of their normal processing.

The method of claim 93, wherein the thread management logic generates those
interrupts to insure more immediate servicing of the upcoming events by those one or

more threads.
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General Purpose Processor with JPEG2000 Bit Plane Stripe Column Encoding

95. A digital data processor comprising

Al one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a selected processor-level instruction by encoding and storing

to one or more of the register(s) a stripe column for bit plane coding within JPEG2094
Embedded Block Coding with Optimized Truncation (EBCOT).

96.  The digital data processor of claim 95, in which the execution unit generates the encoded
stripe column based on specified bits of a column to be encoded and on bits adjacent

thereto.

97.  The digital data processor claim 96, wherein at least one of the bits of a column to be
encoded and on bits adjacent thereto are specified as parameters of the processor-level

mstruction.

98.  The digital data processor of claim 95, in which the execution unit generates the encoded
stripe column from four bits of the column to be encoded and on the bits adjacent

thereto.

99.  The digital data processor of claim 95, in which the execution unit generates the encoded
stripe column in response to an instruction that specifies, in addition to the bits of the
column to be encoded and adjacent thereto, a current coding state of at least one of the

bits to be encoded.

100.  The digital data processor of claim 99, in which the coding state of each bit to be

encoded is represented in three bits.
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101.  The digital data processor of claim 95, in which the execution unit generates the encoded
stripe column in response to execution of an instruction that specifies an encoding pass
that includes any of a significance propagation pass (SP), a magnitude refinement pass

(MR), a cleanup pass, and a combined MR and CP pass.

102.  The digital data processor of claim 101, in which the execution unit selectively generates
and stores to one or more registers an updated coding state of at least one of the bits to

be encoded.

103. A method of digital data processing comprising

Al providing one or more registers,

B. providing an execution unit that is in communications coupling with the one or more
registers,

C. executing, on the execution unit, a selected processor-level instruction by encoding and

storing to one or more of the register(s) a stripe column for bit plane coding within

JPEG2102 Embedded Block Coding with Optimized Truncation (EBCOT).

104. The method of claim 103, in which the executing step includes generating the encoded
stripe column based on specified bits of a column to be encoded and on bits adjacent

thereto.

105.  The digital data processor claim 104, wherein at least one of the bits of a column to be
encoded and on bits adjacent thereto are specified as parameters of the processor-level

mstruction.

106.  The method of claim 103, in which the executing step includes generating the encoded
stripe column from four bits of the column to be encoded and on the bits adjacent

thereto.
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107.  The method of claim 103, in which the executing step includes generating the encoded
stripe column 1n response to an instruction that specifies, in addition to the bits of the
column to be encoded and adjacent thereto, a current coding state of at least one of the

bits to be encoded.

108.  The method of claim 107, in which the coding state of each bit to be encoded 1s

represented in three bits.

109. The method of claim 103, in which the executing step includes generating the encoded
stripe column 1n response to execution of an instruction that specifies an encoding pass
that includes any of a significance propagation pass (SP), a magnitude refinement pass

(MR), a cleanup pass, and a combined MR and CP pass.

110.  The method of claim 109, in which the executing step includes selectively generating and
storing to one or more registers an updated coding state of at least one of the bits to be

encoded.

General Purpose Processor with [JPEG2000 Binary Arithmetic Code Lookup

111. A digital data processor comprising

Al one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a selected processor-level instruction by encoding and storing

to one or more of the register(s) by storing to those register(s) one or more values from a

JPEG2000 binary arithmetic coder lookup table.

112. The digital data processor of claim 111, wherein the JPEG2000 binary arithmetic coder

lookup table 1s a Qe-value and probability estimation lookup table.
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113.  The digital data processor of claim 111, in which the execution unit responds to such a
selected processor-level instruction by storing to said one or more registers one or more

function values from such a lookup table.

114.  The digital data processor of claim 113, wherein the function value is a QQe-value function

value.

115.  The digital data processor of claim 113, wherein the function value is NMPS function

value.

116.  The digital data processor of claim 113, wherein the function value is an NLPS function

value.

117.  The digital data processor of claim 113, wherein the function value is a SWITCH

function value.

118.  The digital data processor of claim 111, in which the execution unit stores said one or
more values to said one or more registers as part of a JPEG2000 decode or encode

instruction sequence.

119.  The digital data processor of claim 111, in which the execution unit generates the one or
more values from any of a hardcoded table, a table contained in the registers, and/or

algorithmic approximation of the table.

120. A method of digital data processing comprising

Al providing one or more registers,
B. providing an execution unit that is in communications coupling with the one or more
registers,
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C. executing, on the execution unit, a selected processor-level instruction by encoding and
storing to one or more of the register(s) by storing to those register(s) one or more values

from a JPEG2009 binary arithmetic coder lookup table.

121.  The method of claim 120, wherein the JPEG2009 binary arithmetic coder lookup table 1s

a Qe-value and probability estimation lookup table.

122. The method of claim 120, in which the executing step includes responding to such a
selected processor-level instruction by storing to said one or more registers one or more

function values from such a lookup table.

123. The method of claim 122, wherein the function value is a Qe-value function value.

124.  The method of claim 122, wherein the function value is NMPS function value.

125.  The method of claim 122, wherein the function value is an NLPS function value.

126.  The method of claim 122, wherein the function value is a SWITCH function value.

127.  The method of claim 120, in which the executing step includes storing said one or more
values to said one or more registers as part of a JPEG2009 decode or encode instruction

sequence.

128.  The method of claim 120, in which the which the executing step includes generating the
one or more values from any of a hardcoded table, a table contained in the registers,

and/or algorithmic approximation of the table.

General Purpose Processor with Arithmetic Operation Transpose Parameter

129. A digital data processor comprising
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A. one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a processor-level instruction that specifies a selected

arithmetic operation and that specifies that operation is to be performed with a transpose
by performing the specified arithmetic operation on one or more specified operands and

by storing to one or more of the registers a result of that operation in transposed format.

130.  The digital data processor of claim 129, in which the specified operands are registers and

in which the execution unit stores the result of the operation across multiple registers.

131.  The digital data processor of claim 130, in which the specified operands are logically
equivalent of matrix rows and in which the execution unit stores the result of the

operation in a logical equivalent to a matrix column.

132.  The digital data processor of claim 129, in which the execution unit writes the result of
the operation any of (i) as a one-quarter word column of four adjacent registers, (i1) a byte

column of eight adjacent registers, all by way of example.

133.  The digital data processor of claim 129, in which the execution unit breaks the result of
the operation into separate portions and puts them into separate registers at a specific

common byte, bit or other location.

134.  The digital data processor of claim 129, in which the operation is any of an addition or

subtraction operation.

135. A digital data processor comprising

A. one or more registers,

B. an execution unit that is in communications coupling with the one or more registers,

144



WO 2012/174128 PCT/US2012/042274

C. the execution unit executing a processor-level instruction that specifies a selected
arithmetic operation by performing the specified arithmetic operation on one or more
specified operands and by storing a result thereof in any of a non-transposed and a

transposed format, depending on a setting of a transpose parameter of the instruction.

136. The digital data processor of claim 135, in which the specified operands are registers and
in which the execution unit stores the result of the operation within a register, if the
transpose parameter is not set and across multiple registers, if the transpose parameter 1s

set.

187.  The digital data processor of claim 136, in which the specified operands are logically
equivalent of matrix rows and in which the execution unit stores the result of the
operation in a logical of equivalent of a matrix row, if the transpose parameter is not set,

and 1n a logical equivalent to a matrix column, if the transpose parameter is set.

138. A method of digital data processor comprising

Al providing one or more registers,

B. providing an execution unit that is in communications coupling with the one or more
registers,

C. executing, with the execution unit, a processor-level instruction that specifies a selected

arithmetic operation and that specifies that operation is to be performed with a transpose
by performing the specified arithmetic operation on one or more specified operands and

by storing to one or more of the registers a result of that operation in transposed format.

139.  The method of claim 138, in which the specified operands are registers and in which the

execution unit stores the result of the operation across multiple registers.
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140.  The method of claim 139, in which the specified operands are logically equivalent of
matrix rows and in which the execution unit stores the result of the operation in a logical

equivalent to a matrix column.

141.  The method of claim 138, in which the executing step includes writing the result of the
operation any of (1) as a one-quarter word column of four adjacent registers, (i) a byte

column of eight adjacent registers, all by way of example.

142.  The method of claim 138, in which the executing step includes breaking the result of the
operation into separate portions and storing them into separate registers at a specific

common byte, bit or other location.

143.  The method of claim 138, m which the operation 1s any of an addition or subtraction

operation.

144. A method of digital data processor comprising

Al providing one or more registers,

B. providing an execution unit that 13 in communications coupling with the one or more
registers,

C. executing, with an execution unit, a processor-level nstruction that specifies a selected

arithmetic operation by performing the specified arithmetic operation on one or more
specified operands and by storing a result thereof i any of a non-transposed and a

transposed format, depending on a setting of a transpose parameter of the instruction.

145.  The method of claim 144, in which the specified operands are registers and in which the
executing step includes storing the result of the operation within a register, if the
transpose parameter is not set and across multiple registers, if the transpose parameter 1s

set.
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The method of claim 145, in which the specified operands are logically equivalent of
matrix rows and in which the executing step includes storing the result of the operation in
a logical of equivalent of a matrix row, if the transpose parameter is not set, and in a

logical equivalent to a matrix column, if the transpose parameter is set.

General Purpose Processor with Cache Control Instruction Set and Cache-Initiated Optimization

A digital data processor, comprising

a cache subsystem that includes cache memory,

one or more I‘Cg‘iStCI‘S,

an execution unit that 13 in communications coupling with the one or more registers and
with the cache subsystem that at executes memory reference instructions to transfer any of
data and instructions (collectively, "data") between the cache memory and the one or

more registers,

the cache subsystem varying utilization of the cache memory in response to execution of
selected memory reference instructions that effect data transfers between the one or more

registers and the cache memory.

The digital data processor of claim 147, wherein cache subsystem varies replacement and
modified block writeback selectively in response to memory reference instructions

executed by the execution unit.

The digital data processor of claim 147, wherein the cache subsystem selectively varies a
value of a reference count that 1s associated with cached data in response to such memory

reference instructions.

The digital data processor of claim 149, wherein the cache subsystem forces the reference

count value to a low value in response to selected memory reference instructions.
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The digital data processor of claim 150, wherein a low value accelerates replacement of

the cached data with which it 1s associated.

The digital data processor of claim 147, wherein the memory reference instructions
include any of LOAD (Load Register), STORE (Store to Memory), LOADPAIR (Load
Register Pair), STOREPAIR (Store Pair to Memory), PREFETCH (Prefetch Memory),
LOADPRED (Load Predicate Register)) STOREPRED (Store Predicate Register),
EMPTY (Empty Memory), and FILL (Fill Memory) instructions.

A digital data processor, comprising

a cache subsystem that includes cache memory;,

one or more I‘CgiStCI‘S,

an execution unit that is in communications coupling with the one or more registers and
with the cache subsystem that at executes memory reference instructions to transfer any of
data and instructions (collectively, "data") between the cache memory and the one or

more registers,

the cache subsystem selectively varies a value of a reference count that is associated with
cached data in response to execution of selected memory reference instructions that effect

data transfers between the one or more registers and the cache memory.

The digital data processor of claim 153, wherein the cache subsystem preferentially
replaces with new data old data that is stored in the cache memory and that is associated

with lower reference count values.

The digital data processor of claim 154, wherein the cache subsystem forces the reference

count value to a low value in response to selected memory reference instructions.
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The digital data processor of claim 154, wherein the cache subsystem forces the reference
count value to a low value in response to memory reference instructions that include a

no-reuse hint.

A method of digital data processing, comprising

executing, in an execution unit that is in communications coupling with one or more
registers and with a cache subsystem that includes a cache memory, memory reference
instructions to transfer any of data and instructions (collectively, "data") between the

cache memory and the one or more registers, and

varying, with the cache subsystem, utilization of the cache memory in response to
execution of selected memory reference instructions that effect data transfers between the

one or more registers and the cache memory.

The method of 157, wherein the varying step includes varying, with the cache subsystem,
replacement and modified block writeback selectively in response to memory reference

instructions executed by the execution unit.

The method of 157, wherein the varying step includes varying, with the cache subsystem,
a value of a reference count that is associated with cached data in response to such

memory reference instructions.

The method of 159, wherein the varying step includes forcing, with the cache subsystem,
the reference count value to a low value in response to selected memory reference

mstructions.

The method of 160, wherein a low value accelerates replacement of the cached data with

which it is associated.

The method of 157, wherein the memory reference instructions include any of LOAD

(Load Register), STORE (Store to Memory), LOADPAIR (Load Register Pair),
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STOREPAIR (Store Pair to Memory), PREFETCH (Prefetch Memory), LOADPRED
(Load Predicate Register), STOREPRED (Store Predicate Register), EMPTY (Empty

Memory), and FILL (Fill Memory) instructions.

163. A method of digital data processing, comprising

Al executing, with an execution unit that 13 in communications coupling with one or more
registers and with a cache subsystem, memory reference instructions to transfer any of
data and instructions (collectively, "data") between the cache memory and the one or

more registers,

B. selectively varying, with the cache subsystem, a value of a reference count that is
associated with cached data in response to execution of selected memory reference
instructions that effect data transfers between the one or more registers and the cache

memory.

164. The method of 163, comprising preferentially replacing, with the cache subsystem, in the
cache memory new data old data that is stored in the cache memory and that is

associated with lower reference count values.

165. The method of 164, wherein the varying step includes forcing, with the cache subsystem,
the reference count value to a low value in response to selected memory reference

mstructions.

166. The method of 164, wherein the varying step includes varying, with the cache subsystem,
forcing the reference count value to a low value in response to memory reference

mstructions that include a no-reuse hint.

General Purpose Processor and Digital Data Processing System Execnting a Pipeline of Software Components
That Replace a Like Pipeline of Hardware Components

167. A digital data processor or processing system comprising,
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A. one or more devices that are coupled for communication, each of which has at least one

processing unit that executes processes or threads (collectively, “threads™),

B. the processing units executing a plurality of threads that, together, define a pipeline of

software COl’HpOl’lCl’ltS,

C. where the processing units execute that pipeline of software components to perform a

same function as but in lieu of like pipelines of hardware components.

168. The digital data processor or processing system of claim 167, wherein one or more
threads defining one of said software components operates on a different processing unit

than one or more threads defining another respective software component.

169. The digital data processor or processing system of claim 167 for video processing,

comprising

A. a software component defining an H.430 decoder module executing one one or more of

the processing units,

B. a software component defining scalar and noise reduction module executing one one or

more of the processing units,

B. a software component defining a color correction module executing one one or more of

the processing units,

B. a software component defining a frame race control software module executing one one

or more of the processing units.

170.  The digital data processor or processing system of claim 169 that performs a same
function as a hardware pipeline that includes a semiconductor chip that functions as a
system controller with H.430 decoding, pipelined to a semiconductor chip that functions

as a scaler and noise reduction module, pipelined to a semiconductor chip that functions
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for color correction, and further pipelined to a semiconductor chip that functions as a

frame rate controller.

171.  The digital data processor or processing system of claim 167, wherein the processing units

execute the pipelined software components as separate respective threads.

172.  The digital data processor or processing system of claim 167, wherein

A. at least one of the devices includes a cache memory that stores at least one of data and

instructions any of accessed and expected to be accessed by the respective processing unit,

B. wherein the cache memory additionally stores tags specifying addresses for respective data
or Instructions in a physical memory that is coupled to the digital data processor or

processing system.

173.  The digital data processor or processing system of claim 167, wherein at least one of the

processing units comprises

A. an event table that is coupled to the plurality of processing units and that maps events
thereto,
B. one or more of hardware and software that is communicatively coupled to logic executing

on the system and that registers with that logic any of event-processing needs and/or

capabilities of that hardware or software, and

C. wherein that logic updates the event table based on matching those registered needs and

capabilities to one another and/or to those of components of the system.

174.  The digital data processor or processing system of claim 167, wherein
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A. the processing unit of at least a first one of the devices being communicatively coupled to
an event table that maps events to threads executing on the processing unit of a second

one of the devices, and

B. the first device being responsive to receipt of an event that maps to a thread executing on
the processing unit of the second device by routing the event to that device for processing

thereby.

175.  The digital data processor or processing system of claim 167, wherein at least one of the

processing units comprises

A. one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a processor-level instruction that specifies a selected

arithmetic operation and that specifies that operation is to be performed with a transpose
by performing the specified arithmetic operation on one or more specified operands and

by storing to one or more of the registers a result of that operation in transposed format.

176.  The digital data processor or processing system of claim 167, wherein at least one of the

processing units comprises

Al one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a selected processor-level instruction by encoding and storing

to one or more of the register(s) by storing to those register(s) one or more values from a

JPEG2166 binary arithmetic coder lookup table.
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177.  The digital data processor or processing system of claim 167, wherein at least one of the

processing units comprises

Al one or more registers,
B. an execution unit that is in communications coupling with the one or more registers,
C. the execution unit executing a selected processor-level instruction by encoding and storing

to one or more of the register(s) a stripe column for bit plane coding within JPEG2260
Embedded Block Coding with Optimized Truncation (EBCOT).

178.  The digital data processor or processing system of claim 167, wherein one or more of the

processing units comprise

A. an event delivery mechanism delivers interrupts and other events to the processing units, and

B. logic executing in one or more of the processing units that, at runtime, optimizes at least one

of thread instantiation, maintenance and thread assignment.

179.  The digital data processor or processing system of claim 167, wherein at least one of the

processing units comprises:

Al a cache subsystem that includes cache memory;,
B. one or more registers,
C. an execution unit that is in communications coupling with the one or more registers and

with the cache subsystem that at executes memory reference instructions to transfer any of
data and instructions (collectively, "data") between the cache memory and the one or

more registers,
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D. the cache subsystem varying utilization of the cache memory in response to execution of
selected memory reference instructions that effect data transfers between the one or more

registers and the cache memory.

179. A method of digital data processing system comprising,

Al providing one or more devices that are coupled for communication, each of which has at

least one processing unit that executes processes or threads (collectively, “threads™),

B. executing on the processing units a plurality of threads that, together, define a pipeline of

software COl’HpOl’lCl’ltS,

C. where the processing units execute that pipeline of software components to perform a

same function as but in lieu of like pipelines of hardware components.

180. The method of claim 179, wherein one or more threads defining one of said software
components operates on a different processing unit than one or more threads defining

another respective software component.

182.  The method of claim 179, comprising executing the pipelined software components as

separate respective threads on the processing units.

183.  The method of claim 179, comprising

Al storing in a cache memory of at least one of the nodes at least one of data and

instructions any of accessed and expected to be accessed by the respective node,

B. wherein the storing step additionally includes storing in the cache memory tags specifying

addresses for respective data or instructions in the physical memory.

184. The method of claim 179, comprising executing on at least one of the processing units

the steps of:
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Al utilizing an event table to map events to said threads,

B. registering event-processing needs and/or capabilities of any of hardware or software

communicatively coupled to the system,

C. matching those needs and/or capabilities to one another and/or to those of other those

of components of the system, and

D. updating the event table based on results of that matching step.

185.  The method of claim 179, comprising executing on at least one of the processing units

the steps of:

Al providing, in each of one or more devices that are coupled for communication, at least

one processing unit that executes processes or threads (collectively, “threads™),

B. receiving, with the processing unit of a first one of the devices, notification of a first
event,
C. instantiating, in the processing unit that first device, a first thread to handle that first and

subsequent related events,

D. migrating from memory associated with the processing unit of another of the devices to
to the processing unit of the first device at least one instruction of an instruction sequence

for handling that event,

E. executing the migrated instruction as part of the first thread.

186. The method of claim 179, comprising executing on at least one of the processing units

the steps of:

Al providing one or more registers,

156



WO 2012/174128 PCT/US2012/042274

B. providing an execution unit that is in communications coupling with the one or more
registers,
C. executing, with the execution unit, a processor-level instruction that specifies a selected

arithmetic operation and that specifies that operation is to be performed with a transpose
by performing the specified arithmetic operation on one or more specified operands and

by storing to one or more of the registers a result of that operation in transposed format.

187.  The method of claim 179, comprising executing on at least one of the processing units

the steps of:

Al providing one or more registers,

B. providing an execution unit that is in communications coupling with the one or more
registers,

C. executing, on the execution unit, a selected processor-level instruction by encoding and

storing to one or more of the register(s) by storing to those register(s) one or more values

from a JPEG2175 binary arithmetic coder lookup table.

188. The method of claim 179, comprising executing on at least one of the processing units

the steps of:

Al providing one or more registers,

B. providing an execution unit that is in communications coupling with the one or more
registers,

C. executing, on the execution unit, a selected processor-level instruction by encoding and

storing to one or more of the register(s) a stripe column for bit plane coding within

JPEG2268 Embedded Block Coding with Optimized Truncation (EBCOT).
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189.  The method of claim 179, comprising

A. delivering interrupts and other events to the processing units,

B. executing thread management code in one or more of the processing units that optimizes

at least one of thread mstantiation, maintenance and thread assignment.

190.  The method of claim 179, comprising executing on at least one of the processing units

the steps of:

Al executing, 1n an execution unit that is in communications coupling with one or more
registers and with a cache subsystem that includes a cache memory, memory reference
instructions to transfer any of data and mstructions (collectively, "data") between the

cache memory and the one or more registers, and

B. varying, with the cache subsystem, utilization of the cache memory in response to
execution of selected memory reference instructions that effect data transfers between the

one or more registers and the cache memory.
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The common technical feature does not represent an improvement over the prior art of US 7,653,912 B2 to Frank et al. Published on 26
January 2010 (26.01.2010) that discloses a digital data processor in Abstract, col 3, In 36-60. As the above technical feature of digital
data processor as taught by Frank et al was known, this cannot be considered a special technical feature that would otherwise unify the
groups.

Therefore, the inventions of Groups 1-9 lack unity of invention under PCT Rule 13 because they do not share a same or corresponding
special technical feature.
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