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(57) Abstract: Technologies are described herein related to multi-core processors that are adapted to share processor resources.
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register file selectively coupled to two or more of the plurality of processor cores, where the shared register file is adapted to serve
as a shared resource among the selected processor cores.
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SHARED MEMORIES FOR ENERGY EFFICIENT
MULTI-CORE PROCESSORS

BACKGROUND

[0001] Unless otherwise indicated herein, the materials described in this
section are not prior art to the claims in this application and are not admitted to be
prior art by inclusion in this section.

[0002] A heterogeneous multi-core processor may refer to a multi-core
processor having different processor cores. By splitting a workload between these
different processor cores, the heterogencous multi-core processor can provide
increases in performance and/or improved energy efficiency over a homogenecous
multi-core processor having duplicate generic processor cores.

[0003] Multiple processor cores within the heterogencous multi-core
processor may be utilized to execute a task. When a first processor core completes its
operation and transfers execution of the task to a second processor core, the second
processor core can undergo a context switch to transition from its current task to the
transferred task. In order to complete the context switch, the first processor core may
copy a process state of the transferred task to the second processor core. When the
second processor core begins its operation, the second processor core may utilize the
process state in order to resume execution of the transferred task. Copying the
process state of a task from the first processor core to the second processor core can

create significant overhead.

SUMMARY

[0004] The present disclosure generally describes some multi-core processors
adapted to share processor resources. Some example multi-core processors may be
configured to include multiple processor cores. Example multi-core processors may
also be configured to include a shared register file selectively coupled to two or more
of the multiple processor cores.

[0005] The present disclosure generally describes some multi-core processors
adapted to share processor resources. Some example multiple-core processors may be
configured to include multiple processor cores and multiple shared register files.

Example multi-core processors may also be configured to include a multiplexer
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adapted to seclectively couple two or more of the multiple processor cores to a
corresponding one of the multiple shared register files.

[0006] The present disclosure generally describes some heterogeneous multi-
core processors adapted to share processor resources. Some example heterogencous
multi-core processors may be configured to include multiple heterogeneous processor
cores. The multiple heterogencous processor cores may be configured in a three-
dimensional arrangement. The three-dimensional arrangement may be configured to
include multiple layers. Each of the multiple layers may be configured to include one
or more of the multiple heterogencous processor cores. Example heterogencous
processor cores may also be configured to include a shared register file coupled to
two or more of the multiple heterogencous processor cores and a shared cache
coupled to two or more of the multiple heterogeneous processor cores.

[0007] The foregoing summary is illustrative only and is not intended to be in
any way limiting. In addition to the illustrative aspects, embodiments, and features
described above, further aspects, embodiments, and features will become apparent by

reference to the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE FIGURES

[0008] The foregoing and other features of this disclosure will become more
fully apparent from the following description and appended claims, taken in
conjunction with the accompanying drawings. Understanding that these drawings
depict only several embodiments in accordance with the disclosure and are, therefore,
not to be considered limiting of its scope, the disclosure will be described with
additional specificity and detail through use of the accompanying drawings, in which:

FIG. 1 is a functional block diagram illustrating an operating
environment for a multi-core processor;

FIG. 2 is a block diagram illustrating the multi-core processor having
multiple processor cores;

FIG. 3 is a block diagram illustrating the multi-core processor having a
shared register file;

FIG. 4 is a block diagram illustrating the multi-core processor having
multiple shared register files;

FIG. 5 is a block diagram illustrating the multi-core processor having

L1 caches and a shared L2 cache;
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FIG. 6 is a block diagram illustrating the multi-core processor having
multiple shared caches;

FIG. 7 is a flow diagram illustrating a process for generating a multi-
core processor having a shared register and a shared cache;

FIG. 8 is a flow diagram illustrating a process for generating a multi-
core processor having multiple shared registers and multiple shared caches; and

FIG. 9 is a block diagram illustrating an example computing system,

all arranged according to at least some embodiments presented herein.

DETAILED DESCRIPTION

[0009] In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof. In the drawings, similar symbols
typically identify similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed description, drawings, and claims
are not meant to be limiting. Other embodiments may be utilized, and other changes
may be made, without departing from the spirit or scope of the subject matter
presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the Figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different
configurations, all of which are explicitly contemplated herein.

[0010] This disclosure is generally drawn, inter alia, to architectures for
shared register files and/or shared caches in a multi-core processor. The multi-core
processor may include homogenous processor cores or heterogeneous processor
cores. One or more shared register files and one or more caches may be integrated
into a three-dimensional integrated circuit where each layer of the three-dimensional
integrated circuit can include a different processor core. In some embodiments, one
register file and/or one cache may be shared between the heterogeneous processor
cores. In some other embodiments, multiple register files and/or multiple caches may
be multiplexed and shared between the heterogeneous processor cores. The shared
register file and/or the shared caches can be adapted to serve as a shared resource
among the processor cores.

[0011] Turning now to FIG. 1, a functional block diagram 100 illustrates an
operating environment for a multi-core processor 110 arranged according to at least

some embodiments presented herein. A multi-core processor 110 can incorporate
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multiple internal processor cores such as first processor core 115A, a second
processor core 115B, a third processor core 115C, a fourth processor core 115D, and
an Nth processor core 115E. These may be referred to collectively, or generally, as
processor cores 115. The processor cores 115 can generally be adapted to support
parallel processing, parallel tasks, parallel threads, separate sequential processes, or
any combination thereof.

[0012] The multi-core processor 110 may be a homogenous or heterogeneous
multi-core processor. In a heterogeneous multi-core processor, two or more of the
processor cores 115 may be different in one or more ways. In some implementations,
two or more of the processor cores 115 may have different sizes and/or complexity.
For example, the first processor core 115A may have a larger die-area, higher
throughput, and higher power consumption than the second processor core 115B. In
other implementations, two or more of the processor cores 115 may be different types
of processor cores. For example, the third processor core 115C may be a general-
purpose processor core such as a central processing unit, while the fourth processor
core 115D may be an application-specific processor core such as a graphics
processing unit.

[0013] In yet other implementations, two or more of the processor cores 115
may have different sizes and may be different types. The various processor cores 115
may also operate at different power states, such as different clock frequencies and
different voltage levels. In some embodiments, as described in greater detail below,
the processor cores 115 may be configured in a three-dimensional arrangement, such
as within a three-dimensional integrated circuit. Examples of the multi-core
processor 110 may include multi-core processors 200, 300, 400, 500, and/or 600 as
described in greater detail below.

[0014] The multi-core processor 110 may further include a shared resource
125 that is shared by the processor cores 115. In some embodiments, the shared
resource 125 may be a shared register file and/or a shared cache. In some other
embodiments, the shared resource 125 may be multiple shared register files and/or
multiple shared caches. Various implementations of the shared resource 125 are
described in greater detail below.

[0015] A memory 120 may be adapted for access by the multi-core processor
110. The multi-core processor 110 can be configured to read from and/or write to the

memory 120. Such read and write operations may relate to both instructions and data
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associated with operations of the multiple cores of the multi-core processor 110.
Generally, each of the processor cores within the multi-core processor 110 may be
configured to individually access the memory 120. The memory 120 may be random
access memory (“RAM”), static RAM (“SRAM”), dynamic RAM (“DRAM?”),
synchronous dynamic RAM (“SDRAM?”), or any other type of volatile or non-volatile
memory.

[0016] Instructions and data associated with operations on the multiple
processor cores 115 of the multi-core processor 110 may be stored on one or more
storage media device(s) 130, which may be referred to herein collectively as
computer-readable media. The storage media device 130 may support the nonvolatile
storage of information. The storage media device 130 may be adapted for access by
the multiple processor cores within the multi-core processor 110. The storage media
device 130 can be configured to store software 132 for execution on the multiple
processor cores 115 within the multi-core processor 110.

[0017] By way of example and not limitation, computer-readable media may
comprise computer storage media and communication media. Computer storage
media may include volatile, non-volatile, removable, and non-removable media
implemented in any method or technology for the storage of information such as
computer-readable instructions, data structures, program modules, or other data.
Computer storage media may include, but is not limited to, RAM, read only memory
(“ROM”), ecrasable programmable read only memory (“EPROM?”), electrically
EPROM (“EEPROM?”), flash memory, other solid state memory technology, compact
disc ROM (“CD-ROM?”), digital versatile disc (“DVD”), high definition DVD (“HD-
DVD”), BLU-RAY, other optical storage, magnetic cassettes, magnetic tape,
magnetic disk storage such as a hard disk drive (“HDD”), other magnetic storage
devices, or any other medium which can be used to store the desired information and
which can be accessed by the multi-core processor 110.

[0018] An external clock (“CLK”) 140 can provide a clock signal to the multi-
core processor 110. CLK 140 may include a crystal oscillator or any other clock or
oscillator source (not shown). CLK 140 may include a clock driver circuit (not
shown). The clock signal associated with CLK 140 may be used to time and
synchronize various circuits within the multi-core processor 110. The multi-core

processor 110 may also interface to a real time clock (“RTC”) 145. The RTC 145 can
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be to maintain time, such as time of day, day of week, calendar date, year, and so
forth.

[0019] A network interface 150 may be adapted to logically attach the system
to a network 155. A radio interface 160 may be configured to use an antenna 165 to
send and/or receive wireless data packets to a wireless network or a mobile
communications system. One or more interface buses 170 may also be adapted to
interface to the multi-core processor 110. Examples of interface buses can include an
Industry Standard Architecture (“ISA”) bus, a Peripheral Component Interconnect
(“PCI”) bus, a PCI-Express bus, an Accelerated Graphics Port (“AGP”) bus, a
Universal Serial Bus (“USB”), an Advanced Technology Attachment (“ATA”) bus, a
Serial ATA (“SATA”) bus, a Small Computer System Interface (“SCSI”), and other
such buses and interfaces used in computers and embedded processor systems.
Analog interfaces 180 may be coupled to the multi-core processor 110. The analog
interfaces 180 may include digital-to-analog converters (“DACs”), analog-to-digital
converters (“ADCs”), or both. The analog interfaces 180 may be used for video
signals, audio signals, infrared signals, radio frequency (“RF”) signals, sensor signals,
or any other type of analog signal.

[0020] One or more human-machine interfaces 190 may also be coupled to the
multi-core processor 110. Human-machine interfaces 190 may include video
displays, keyboards, mice, light pens, projectors, speech recognition, switches,
buttons, indicators, or any other mechanisms for receiving input from a human or
providing output to a human.

[0021] It should be appreciated that the block diagram 100 of FIG. 1 is
simplified and that one or more of the components shown coupled to the multi-core
processor 110 may not be directly coupled to the multi-core processor 110. In
particular, various types of intermediate circuitry may be utilized to couple one or
components to the multi-core processor 110.

[0022] Turning now to FIG. 2, a block diagram illustrates a multi-core
processor 200 having multiple processor cores 215 and multiple register files 205,
arranged according to at least some embodiments presented herein. The example
multi-core processor 200 includes a first processor core 215A, a second processor
core 215B, a third processor core 215C, and a fourth processor core 215D. The
processor cores 215A-215D may be referred to collectively, or generally, as processor

cores 215. Although four processor cores are illustrated in FIG. 2, it should be
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appreciated that the multi-core processor 200 may include any suitable number of
processor cores. As illustrated in FIG. 2, the processor cores 215 can be configured in
a horizontal arrangement on the multi-core processor 200. That is, the processor
cores 215 can be configured on a single layer on the multi-core processor 200.

[0023] The first processor core 215A may have a larger die-area, higher
throughput, and/or higher power consumption than the second processor core 215B.
The second processor core 215B may have a larger die-area, higher throughput,
and/or higher power consumption than the third processor core 215C. The third
processor core 215C may have a larger die-area, higher throughput, and/or higher
power consumption than the fourth processor core 215D. In other embodiments, two
or more of the processor cores 215 may be the same size. In yet other embodiments,
two or more of the processor cores 215 may be different types (e.g., general purpose
processors vs. special purpose processors, etc.).

[0024] The first processor core 215A may include a first associated register
file 205A and/or a first associated L1 cache 210A. The second processor core 215B
may include a second associated register file 205B and/or a second associated L1
cache 210B. The third processor core 215C may include a third associated register
file 205C and/or a third associated L1 cache 210C. The fourth processor core 215D
may include a fourth associated register file 205D and/or a fourth associated L1 cache
210D. The processor cores 215 can also be coupled to a shared L2 cache 225. The
register files 205A-205D may be referred to collectively, or generally, as register files
205. The L1 caches 210A-210D may be referred to collectively, or generally, as L1
caches 210.

[0025] Two or more of the processor cores 215 in the multi-core processor
200 may be utilized to execute a task. For example, the first processor core 215A
may complete execution of various operations for a task and transfer execution of the
task to the second processor core 215B. The second processor core 215B can undergo
a context switch to transition from a current task to the transferred task. In particular,
the first processor core 215A may be configured to copy a process state 220 of the
transferred task from the first register file 205A to the second register file 205B. As
used herein, the process state of a task may refer to the state of relevant variables
(e.g., register values, program counter values, etc.) at a given point during execution
of the task. By saving the process state of a task and later resuming the task through

the process state, the task can be correctly continued without knowledge of previous
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execution of the task. When the second processor core 215B begins operation on the
transferred task, the second processor core 215B may be adapted to utilize the process
state 220 in order to resume execution of the transferred task. However, copying the
process state 220 from the first register file 205A to the second register file 205B may
require a significant overhead.

[0026] One approach to addressing the overhead caused by copying the
process state 220 from the first register file 205A to the second register file 205B is to
replace the individual register files 205 with a shared register file (e.g., a register file
that is shared by the processor cores 215). However, when processor cores are
configured in a horizontal arrangement, a shared register file may be suboptimal
because space limitations on the multi-core processor 200 may increase the distance
between the shared register file and at least some of the processor cores 215 such that
the performance and speed of the shared register file may be less than the
performance and speed of the individual register files 205. Because registers are
typically designed to provide very fast memory access, a design that reduces the
performance and speed of registers may be untenable.

[0027] Turning now to FIG. 3, a block diagram illustrates the multi-core
processor 300 having a shared register file 305 arranged in accordance with at least
some embodiments presented herein. The example multi-core processor 300 includes
a first processor core 315A, a second processor core 315B, a third processor core
315C, and a fourth processor core 315D. The processor cores 315A-315D may be
referred to collectively, or generally, as processor cores 315. Although four processor
cores are illustrated in FIG. 3, it should be appreciated that the multi-core processor
300 may include any suitable number of processors.

[0028] The first processor core 315A may have a larger die-area, higher
throughput, and/or higher power consumption than the second processor core 315B.
The second processor core 315B may have a larger die-area, higher throughput,
and/or higher power consumption than the third processor core 315C. The third
processor core 315C may have a larger die-area, higher throughput, and/or higher
power consumption than the fourth processor core 315D. In other embodiments, two
or more of the processor cores 315 may be the same size. In yet other embodiments,
two or more of the processor cores 315 may be different types.

[0029] In some embodiments, the processor cores 315 may be configured in a

three-dimensional arrangement, such as within a three-dimensional integrated circuit.
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In such a three-dimensional arrangement, the processor cores 315 may be configured
in a vertical arrangement having multiple layers. For example, as illustrated in FIG.
3, the first processor core 315A can be configured as a first layer in the vertical
arrangement. The second processor core 315B can be configured above the first
processor core 315B as the second layer in the vertical arrangement. The third
processor core 315C can be configured above the second processor core 315C as the
third layer in the vertical arrangement. The fourth processor core 315D can be
configured above the third processor core 315C as the fourth layer in the vertical
arrangement.

[0030] By configuring the processor cores 315 in a vertical arrangement,
additional components can be configured in close proximity to each of the processor
cores 315. For example, a shared register file 305 may be configured in close
proximity to the processor cores 315. By configuring the shared register file 305 in
close proximity to the processor cores 315, the shared register file 305 can operate
with similar performance and speed to the individual register files 205. As such, the
shared register file 305 can replace the individual register files 205.

[0031] The specific configuration and positioning of the shared register file
305 with respect to the processor cores 315 may depend on at least one or more of the
following factors: (1) implementation platform, (2) properties of the applications,
and/or (3) primary design objectives. Examples of an implementation platform may
include a single integrated circuit, a three-dimensional stack of integrated circuits, and
the like. Examples of properties of the applications may include whether an
application utilizes a large or small working set, whether the application is mobile or
suitable for execution in a data center, whether the application is executed in real-time
or best-effort, and the like. Examples of design objectives include high-speed of
execution, low energy or power utilization, efficient thermal management, low-cost
implementation, and the like. In a first illustrative implementation, if a high-speed of
execution is a primary design objective, then the shared register file 305 (and other
memory) can be placed in the middle of the three-dimensional stack of integrated
circuits. By positioning the shared register file 305 in the middle of the three-
dimensional stack of integrated circuits, distance between the shared register file 305
and the farthest processor cores can be minimized. Also, larger and faster processor
cores may be placed near the shared register file 305. In a second illustrative

implementation, if efficient thermal management is a primary design objective, then
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the shared register file 305 (and other memory) can be placed toward the boundary of
the three-dimensional stack of integrated circuits.  Also, larger and faster processor
cores may be placed near the boundary of the three-dimensional stack of integrated
circuits. In a third illustrative example, if low energy consumption is a primary
design objective, then more active processor cores can be placed next to the shared
register file 305 (and other memory), and the shared register file 305 (and other
memory) can be placed near the middle of the three-dimensional stack of integrated
circuits. In a fourth illustrative example, in a single planar integrated circuit where
thermal management is a primary design objective, more active processor cores can
be placed far from each other on the boundary of the single integrated circuit. In a
fifth illustrative example, in a single planar integrated circuit where high-speed of
execution is a primary design objective, joint memory and faster processor cores can
be placed in the middle of the single integrated circuit and near each other.

[0032] Through the implementation of the shared register file 305, the
processor cores 315 can be adapted to share the process state 220 of a task without
copying the process state 220 between the individual register files 205. For example,
when the first processor core 315A completes execution of operations associated with
a task and transfers execution of the task to the second processor core 315B, the
second processor core 315B can undergo a context switch to transition from a current
task to the transferred task. In order to complete the context switch, the second
processor core 315B may be adapted to retrieve the process state 220 of the task from
the shared register file 305. Because the second processor core 315B retrieves the
process state 220 from the shared register file 305, the overhead caused by copying
the process state 220 between the individual register files 205 can be eliminated or
reduced.

[0033] In some embodiments, two or more of the processor cores 315 may
have a different interface to the shared register file 305. For example, a heavily out-
of-order processor core may utilize a large number of registers, while an in-order
processor core may utilize fewer registers. In order to address the different interfaces
of the processor cores 315, the multi-core processor 300 may utilize a register
renaming table (not shown). In particular, the register renaming table may specify the
active registers when a context switch occurs. Through the register renaming table,
the shared register file 305 can power off (or disable) registers that are not utilized by

the processor core 315 or power on (or enable) registers that are utilized by the

10
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processor core 315. Register renaming may be resolved on a context switch such that
a processor core that begins execution is aware of the location of the active registers.
This can be accomplished in a number of ways and may depend on whether the
register renaming table is internal or external to the processor cores 315. In one
illustrative implementation, a register renaming table can be configured external to
the processor cores 315, and simpler processor cores may utilize the information
contained in the register renaming table as provided at the time of the context switch.
In another illustrative implementation, a register renaming table can be configured
internal to each of the processor cores 315, and thus, can be private to each of the
processor cores 315. In this case, the registers can be “un-renamed” during a context
switch, i.e., can be wrapped back to the registers’ canonical locations, such that
execution can begin with any of the processor cores 315 without any renaming. The
simpler processor cores can power off (or disable) the remaining processor cores in
the shared register file 305. These operations may also be performed in parallel with
at least a portion of the context switch in order to reduce overhead.

[0034] When a single shared register file 305 is provided for each of the
processor cores 315, one of the processor cores 315 can be utilized at any given time.
Such an implementation may be suitable when the processor cores 315 have different
sizes. For example, when processor cores of different sizes execute a task, the
processor core having the smallest size capable of executing the task may be utilized.
Because larger processor cores may consume more energy than smaller processor
cores, utilizing the smallest processor core capable of executing the task may yield an
energy savings.

[0035] Although the shared register file 305 may be suitable when the
processor cores 315 have different sizes, the shared register file 305 may not be
suitable when the processor cores 315 have different types. For example, the first
processor core 315A may be an application-specific processor core configured to
handle graphics processing, and the second processor core 315B may be an
application-specific processor core configured to handle communications processing.
The shared register file 305 may be configured to permit one of the application-
specific processor cores to operate at a given time (i.e., one of the application-specific
processor cores is active). As such, if a task includes a graphics part and a

communications part, only one part may be handled at a given time. However,

11



WO 2011/090673 PCT/US2010/061766

operating both application-specific processor cores in parallel may enable both parts
to be handled at the same time, thereby yielding performance gains.

[0036] Turning now to FIG. 4, a block diagram illustrates the multi-core
processor 400 having multiple shared register files 405 arranged in accordance with at
least some embodiments presented herein. The example multi-core processor 400
includes a first processor core 415A, a second processor core 415B, a third processor
core 415C, and a fourth processor core 415D. The processor cores 415A-415D may
be referred to collectively, or generally, as processor cores 415. The first processor
core 415A may have a larger die-area, higher throughput, and/or higher power
consumption than the second processor core 415B. The second processor core 415B
may have a larger die-area, higher throughput, and/or higher power consumption than
the third processor core 415C. The third processor core 415C may have a larger die-
area, higher throughput, and/or higher power consumption than the fourth processor
core 415D. In other embodiments, two or more of the processor cores 415 may be the
same size. In yet other embodiments, two or more of the processor cores 415 may be
different types.

[0037] The example multi-core processor 400 further includes a first shared
register file 405A, a second shared register file 405B, a third shared register file 405C,
and a fourth shared register file 405D. The shared register files 405A-405D may be
collectively, or generally, referred to as shared register files 405. The shared register
files 405 may be coupled to the processor cores 415 via a crossbar switch 410 or other
suitable multiplexer. The crossbar switch 410 may be configured to multiplex the
shared register files 405 and the processor cores 415. The crossbar switch 410 may
enable each of the processor cores 415 to access any one of the shared register files
405. Although the multi-core processor 400 illustrated in FIG. 4 includes the same
number of register files 405 and processor cores 415, it should be appreciated that the
number of shared register files 405 may be different than the number of processor
cores 415.

[0038] By implementing multiple shared register files 405, two or more of the
processor cores 415 can be utilized in parallel. Such an implementation may be
suitable when the processor cores 415 have different types. For example, a task may
contain a graphics part and a communications part. If the first processor core 415A is
a graphics processing unit and the second processor core 415B is a communications

processing unit, the first processor core 415A and the second processor core 415B can
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be configured to operate in parallel through the use of two of the register files 405 in
order to concurrently complete the graphics part and the communications part. The
two register files may also share the process state 220 of the task. Thus, when the
first processor core 415A and the second processor core 415B undergo a context
switch, the first processor core 415A and the second processor core 415B may be
configured to each retrieve the process state 220 from the corresponding register file.
[0039] Turning now to FIG. 5, a block diagram illustrates an example multi-
core processor 500 having L1 caches 505 and a shared L2 cache 510 arranged in
accordance with at least some embodiments presented herein. A first processor core
515A includes a corresponding first cache 505A that provides suitable cache
functionality to the first processor core 515A. A second processor core 515B includes
a corresponding second cache 505B that provides suitable cache functionality to the
second processor core 515B. A third processor core 515C includes a corresponding
third cache 505C that provides suitable cache functionality to the third processor core
515C. A fourth processor core 515D includes a corresponding fourth cache 505D that
provides suitable cache functionality to the fourth processor core 515D. The
processor cores 515A-515B may be referred to collectively, or generally, as processor
cores 515. The caches 505A-505D may be referred to collectively, or generally, as
caches 505.

[0040] During a context switch, one of the processor cores 515 may be
adapted to flush its corresponding L1 cache 505. In a cache flush, the processor core
515 writes data from the corresponding L1 cache 505 to the main memory 120. In
order to reduce or eliminate the overhead caused by the cache flush, in some
embodiments, the L1 caches 505 may be implemented as a write-through cache. In a
write-through cache, data is written to the main memory 120 at substantially the same
time the data is written to the cache 505, thereby rendering the cache flush
unnecessary during a context switch. The L1 caches 505 may also implement a
snoopy cache coherence protocol to invalidate, as necessary, cache blocks in other L1
caches 505 when the data is written to the main memory 120.

[0041] The shared L2 cache 510 can be adapted to be shared between the
caches 505. When the processor cores 515 utilize the shared register file 305, one of
the processor cores 515 may be active at any given time. As such, the shared L2
cache 510 may be appropriate when the processor cores 515 utilize the shared register

file 305.
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[0042] However, when the processor cores 515 utilize the multiple shared
register files 405, the single shared L2 cache 510 may not be suitable. In particular,
the size of shared L2 cache 510 may be configured sufficiently large to support the
possibility that multiple processor cores 515 are concurrently active. Further, the L2
cache 510 may be configured with additional ports in order to enable two or more of
the processor cores 515 to be concurrently active. These ports may include read and
write ports. The same or a different number of read and write ports may be utilized.
These ports may enlarge the size of the single shared L2 cache 510.

[0043] Turning now to FIG. 6, a block diagram illustrates an example multi-
core processor 600 having multiple shared caches 605 in accordance with some
embodiments presented herein. The example multi-core processor 600 includes a first
processor core 615A, a second processor core 615B, a third processor core 615C, and
a fourth processor core 615D. The processor cores 615A-615D may be referred to
collectively, or generally, as processor cores 615.

[0044] The multi-core processor 600 further includes a first shared cache
605A, a second shared cache 605B, a third shared cache 605C, and a fourth shared
cache 605D. The shared caches 605A-605D may be referred to collectively, or
generally, as shared caches 605. The shared caches 605 may be coupled to the
processor cores 615 via a crossbar switch 610 or other suitable multiplexer. The
crossbar switch 610 may be arranged to multiplex the shared caches 605 and the
processor cores 615. The crossbar switch 610 may be arranged to enable each of the
processor cores 615 to access any one of the shared caches 605. Although the
example multi-core processor 600 illustrated in FIG. 6 includes the same number of
caches 605 and processor cores 615, it should be appreciated that the number of
caches 605 may be different than the number of processor cores 615.

[0045] In some embodiments, the multiple shared caches 605 can be shared
L2 caches. When the processor cores 615 utilize the shared register files 405, two or
more of the processor cores 615 may be concurrently active. By multiplexing
multiple L2 caches with the processor cores 615, when two or more of the processor
cores 615, the processor cores 615 may utilize two or more of the L2 caches. Because
multiple L2 caches are provided, the size of each of the L2 caches can be remain
smaller than if the single shared L2 cache 510 was provided.

[0046] In other embodiments, the multiple shared caches 605 can be shared

L1 caches. During a context switch, the processor core 615 core may flush its
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corresponding L1 cache. By sharing the L1 caches, the cache flush may become
unnecessary because a processor core 615 may be arranged to select an available L1
cache through the multiplexer when the current L1 cache has yet to be flushed.
However, the multiplexer may add additional complexity to the multi-core processor
600. Further, because the L1 caches may potentially be utilized by any one of the
processor cores 615, the L1 caches may be configured such that the size of the
smallest L1 cache in the L1 caches is sufficiently large to provide good cache
performance to the largest processor core in the processor cores 615.

[0047] When the processor cores 615 are application-specific processor cores,
some application-specific processor cores may have specific requirements for their
associated L1 caches. These requirements may specify L1 cache sizes and/or cache
configurations. If the application-specific processor cores have specific requirements,
the L1 caches may be adjusted, as necessary, by powering off rows in the L1 caches
or by power off columns in the L1 caches. In particular, by powering off (or
disabling) rows in the L1 caches, the L1 caches can reduce their associativity, and by
powering off (or disabling) columns in the L1 caches, the L1 caches can reduce their
size.

[0048] Turning now to FIG. 7, a flow diagram illustrates a process 700 for
generating a multi-core processor in accordance with at least some embodiments
described herein. The process 700 includes various operations, functions, or actions
as illustrated by one or more of blocks 702, 704, and/or 706. The process 700 may
begin at block 702 (Provide Three-Dimensional Arrangement), where a manufacturer
may provide a three-dimensional arrangement of heterogeneous processor cores, such
as the processor cores 315. The three-dimensional arrangement may include a
plurality of layers. Each of the layers may include one of the heterogeneous processor
cores. The heterogeneous processor cores may have different sizes and/or different
types. Block 702 may be followed by block 704.

[0049] At block 704 (Couple to Shared Register File), the manufacturer may
couple a shared register file, such as the shared register file 305, to the three-
dimensional arrangement of heterogencous processor cores. The shared register file
may replace individual register files that may be embedded within the processor
cores. Block 704 may be followed by block 706.

[0050] At block 706 (Couple to Shared Cache), the manufacturer may couple

a shared cache, such as the shared cache L2 cache 510, to the three-dimensional
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arrangement of heterogeneous processor cores. The shared cache may be a L1 cache,
an L2 cache, and/or some other suitable cache. After block 706, the process 700 may
either repeat (e.g., periodically, continuously, or on demand as needed) or terminate.
[0051] Turning now to FIG. 8, a flow diagram illustrates a process 800 for
generating a multi-core processor in accordance with at least some embodiments
described herein. The process 800 includes various operations, functions, or actions
as illustrated by one or more of blocks 802, 704, 806, 808 and/or 810. The process
800 may begin at block 802 (Provide Three-Dimensional Arrangement), where a
manufacturer may provide a three-dimensional arrangement of heterogencous
processor cores, such as the processor cores 315. The three-dimensional arrangement
may include a plurality of layers. FEach of the layers may include one of the
heterogencous processor cores. The heterogeneous processor cores may have
different sizes and/or different types. Block 802 may be followed by block 804.
[0052] At block 804 (Provide Multiple Shared Register Files), the
manufacturer may provide multiple shared register files, such as the shared register
files 405. The multiple shared register files may replace individual register files that
may be embedded within the processor cores. Block 804 may be followed by block
806.

[0053] At block 806 (Provide Multiple Shared Caches), the manufacturer may
provide multiple shared caches, such as the shared caches 605. The shared cache may
be a L1 cache, an L2 cache, and/or some other suitable cache. Block 806 may be
followed by block 808.

[0054] At block 808 (Couple Three-Dimensional Arrangement to Shared
Register Files), the manufacturer may couple the shared register files to the three-
dimensional arrangement of heterogeneous processor cores via a first multiplexer. An
example of the first multiplexer is crossbar switch 410. Block 808 may be followed
by block &810.

[0055] At block 810 (Couple Three-Dimensional Arrangement to Shared
Caches), the manufacturer may couple the shared caches to the three-dimensional
arrangement of heterogeneous processor cores via a second multiplexer. An example
of the second multiplexer is the crossbar switch 610. After block 810, the process 800
may either repeat (e.g., periodically, continuously, or on demand as needed) or

terminate.
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[0056] FIG. 9 is a computer architecture diagram showing an illustrative
computer hardware architecture for a computing system capable of implementing at
least some embodiments presented herein. FIG. 9 includes a computer 900, including
the multi-core processor 110, memory 920 and one or more drives 930. The
computer 900 may be implemented as a conventional computer system, an embedded
control computer, a laptop, or a server computer, a mobile device, a set-top box, a
kiosk, a vehicular information system, a mobile telephone, a customized machine, or
other hardware platform. The multi-core processor 110 may be a homogenous multi-
core processor or a heterogeneous multi-core processor. A homogencous multi-core
processor may be appropriate because even though homogeneous processor cores
may have identical functionality and logical structure, homogeneous processor cores
may have significantly different timing, energy, and other characteristics. Further,
homogenous processor cores may provide better thermal management and reduced
power leakage over heterogenecous processor cores. The multi-core processor 110
may include the shared resource 125, which can be shared by the processor cores
within the multi-core processor 110. Examples of the multi-core processor 110 may
include the multi-core processor 300, the multi-core processor 400, the multi-core
processor 500, and the multi-core processor 600 illustrated in FIGs. 3-6, respectively.
[0057] The drives 930 and their associated computer storage media, provide
storage of computer readable instructions, data structures, program modules and other
data for the computer 900. The drives 930 can include an operating system 940,
application programs 950, program modules 960, and a database 980. The computer
900 further includes user input devices 990 through which a user may enter
commands and data. Input devices can include an electronic digitizer, a microphone,
a keyboard and pointing device, commonly referred to as a mouse, trackball or touch
pad. Other input devices may include a joystick, game pad, satellite dish, scanner, or
the like.

[0058] These and other input devices can be coupled to a multi-core processor
110 through a user input interface that is coupled to a system bus, but may be coupled
by other interface and bus structures, such as a parallel port, game port or a universal
serial bus (“USB”). Computers such as the computer 900 may also include other
peripheral output devices such as speakers, which may be coupled through an output

peripheral interface 994 or the like.
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[0059] The computer 900 may operate in a networked environment using
logical connections to one or more computers, such as a remote computer coupled to a
network interface 996. The remote computer may be a personal computer, a server, a
router, a network PC, a peer device or other common network node, and can include
many or all of the elements described above relative to the computer 900.
Networking environments are commonplace in offices, enterprise-wide area networks
(“WAN?), local area networks (“LAN”), intranets and the Internet.

[0060] When used in a LAN or WLAN networking environment, the
computer 900 may be coupled to the LAN through the network interface 996 or an
adapter. When used in a WAN networking environment, the computer 900 typically
includes a modem or other means for establishing communications over the WAN,
such as the Internet or the network 908. The WAN may include the Internet, the
illustrated network 908, various other networks, or any combination thereof. It will
be appreciated that other mechanisms of establishing a communications link, ring,
mesh, bus, cloud, or network between the computers may be used.

[0061] According to some embodiments, the computer 900 may be coupled to
a networking environment. The computer 900 may include one or more instances of a
physical computer-readable storage medium or media associated with the drives 930
or other storage devices. The system bus may enable the multi-core processor 110 to
read code and/or data to/from the computer-readable storage media. The media may
represent an apparatus in the form of storage elements that are implemented using any
suitable technology, including but not limited to semiconductors, magnetic materials,
optical media, electrical storage, electrochemical storage, or any other such storage
technology. The media may represent components associated with memory 920,
whether characterized as RAM, ROM, flash, or other types of volatile or nonvolatile
memory technology. The media may also represent secondary storage, whether
implemented as the storage drives 930 or otherwise. Hard drive implementations may
be characterized as solid state, or may include rotating media storing magnetically-
encoded information.

[0062] The storage media may include one or more program modules 960.
The program modules 960 may include software instructions that, when loaded into
the multi-core processor 110 and executed, transform a general-purpose computing
system into a special-purpose computing system. As detailed throughout this

description, the program modules 960 may provide various tools or techniques by
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which the computer 900 may participate within the overall systems or operating
environments using the components, logic flows, and/or data structures discussed
herein.

[0063] The multi-core processor 110 may be constructed from any number of
transistors or other circuit elements, which may individually or collectively assume
any number of states. More specifically, the multi-core processor 110 may operate as
a state machine or finite-state machine. Such a machine may be transformed to a
second machine, or specific machine by loading executable instructions contained
within the program modules 960. These computer-executable instructions may
transform the multi-core processor 110 by specifying how the multi-core processor
110 transitions between states, thereby transforming the transistors or other circuit
elements constituting the multi-core processor 110 from a first machine to a second
machine. The states of either machine may also be transformed by receiving input
from the one or more user input devices 990, the network interface 996, other
peripherals, other interfaces, or one or more users or other actors. Either machine
may also transform states, or various physical characteristics of various output
devices such as printers, speakers, video displays, or otherwise.

[0064] Encoding the program modules 960 may also transform the physical
structure of the storage media. The specific transformation of physical structure may
depend on various factors, in different implementations of this description. Examples
of such factors may include, but are not limited to: the technology used to implement
the storage media, whether the storage media are characterized as primary or
secondary storage, and the like. For example, if the storage media are implemented as
semiconductor-based memory, the program modules 960 may transform the physical
state of the semiconductor memory 920 when the software is encoded therein. For
example, the software may transform the state of transistors, capacitors, or other
discrete circuit elements constituting the semiconductor memory 920.

[0065] As another example, the storage media may be implemented using
magnetic or optical technology such as drives 930. In such implementations, the
program modules 960 may transform the physical state of magnetic or optical media,
when the software is encoded therein. These transformations may include altering the
magnetic characteristics of particular locations within given magnetic media. These
transformations may also include altering the physical features or characteristics of

particular locations within given optical media, to change the optical characteristics of
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those locations. It should be appreciated that various other transformations of
physical media are possible without departing from the scope and spirit of the present
description.

[0066] While the subject matter described herein is presented in the general
context of program modules that execute in conjunction with the execution of an
operating system and application programs on a computer system, those skilled in the
art will recognize that other implementations may be performed in combination with
other types of program modules. Generally, program modules include routines,
programs, components, data structures, and other types of structures that perform
particular tasks or implement particular abstract data types. Moreover, those skilled
in the art will appreciate that the subject matter described herein may be practiced
with other computer system configurations, including hand-held devices, multi-core
processor systems, microprocessor-based or programmable consumer electronics,
minicomputers, mainframe computers, and the like.

[0067] The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of
various aspects. Many modifications and variations can be made without departing
from its spirit and scope, as will be apparent to those skilled in the art. Functionally
equivalent methods and apparatuses within the scope of the disclosure, in addition to
those enumerated herein, will be apparent to those skilled in the art from the
foregoing descriptions. Such modifications and variations are intended to fall within
the scope of the appended claims. The present disclosure is to be limited only by the
terms of the appended claims, along with the full scope of equivalents to which such
claims are entitled. It is to be understood that this disclosure is not limited to
particular methods, reagents, compounds compositions or biological systems, which
can, of course, vary. It is also to be understood that the terminology used herein is for
the purpose of describing particular embodiments only, and is not intended to be
limiting.

[0068] With respect to the use of substantially any plural and/or singular terms
herein, those having skill in the art can translate from the plural to the singular and/or
from the singular to the plural as is appropriate to the context and/or application. The
various singular/plural permutations may be expressly set forth herein for sake of

clarity.
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[0069] It will be understood by those within the art that, in general, terms used
herein, and especially in the appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at
least,” the term “includes” should be interpreted as “includes but is not limited to,”
etc.). It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in
the claim, and in the absence of such recitation no such intent is present. For
example, as an aid to understanding, the following appended claims may contain
usage of the introductory phrases "at least one" and "one or more" to introduce claim
recitations. However, the use of such phrases should not be construed to imply that
the introduction of a claim recitation by the indefinite articles "a" or "an" limits any
particular claim containing such introduced claim recitation to embodiments
containing only one such recitation, even when the same claim includes the
introductory phrases "one or more" or "at least one" and indefinite articles such as "a"
or "an" (e.g., “a” and/or “an” should be interpreted to mean “at least one” or “one or
more”); the same holds true for the use of definite articles used to introduce claim
recitations. In addition, even if a specific number of an introduced claim recitation is
explicitly recited, those skilled in the art will recognize that such recitation should be
interpreted to mean at least the recited number (e.g., the bare recitation of "two
recitations,” without other modifiers, means at least two recitations, or two or more
recitations). Furthermore, in those instances where a convention analogous to “at
least one of A, B, and C, etc.” is used, in general such a construction is intended in the
sense one having skill in the art would understand the convention (e.g., “ a system
having at least one of A, B, and C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C
together, and/or A, B, and C together, etc.). In those instances where a convention
analogous to “at least one of A, B, or C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would understand the convention
(e.g., ““ a system having at least one of A, B, or C” would include but not be limited to
systems that have A alone, B alone, C alone, A and B together, A and C together, B
and C together, and/or A, B, and C together, etc.). It will be further understood by
those within the art that virtually any disjunctive word and/or phrase presenting two

or more alternative terms, whether in the description, claims, or drawings, should be
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understood to contemplate the possibilities of including one of the terms, either of the
terms, or both terms. For example, the phrase “A or B” will be understood to include
the possibilities of “A” or “B” or “A and B.”

[0070] In addition, where features or aspects of the disclosure are described in
terms of Markush groups, those skilled in the art will recognize that the disclosure is
also thereby described in terms of any individual member or subgroup of members of
the Markush group.

[0071] As will be understood by one skilled in the art, for any and all
purposes, such as in terms of providing a written description, all ranges disclosed
herein also encompass any and all possible subranges and combinations of subranges
thereof. Any listed range can be ecasily recognized as sufficiently describing and
enabling the same range being broken down into at least equal halves, thirds, quarters,
fifths, tenths, etc. As a non-limiting example, each range discussed herein can be
readily broken down into a lower third, middle third and upper third, etc. As will also

EE Y

be understood by one skilled in the art all language such as “up to,” “at least,”
“greater than,” “less than,” and the like include the number recited and refer to ranges
which can be subsequently broken down into subranges as discussed above. Finally,
as will be understood by one skilled in the art, a range includes ecach individual
member. Thus, for example, a group having 1-3 elements refers to groups having 1,
2, or 3 elements. Similarly, a group having 1-5 elements refers to groups having 1, 2,
3, 4, or 5 elements, and so forth.

[0072] While various aspects and embodiments have been disclosed herein,
other aspects and embodiments will be apparent to those skilled in the art. The
various aspects and embodiments disclosed herein are for purposes of illustration and

are not intended to be limiting, with the true scope and spirit being indicated by the

following claims.
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What is claimed is:

1. A multi-core processor adapted to share processor resources,
comprising:

a plurality of processor cores; and

a shared register file selectively coupled to two or more of the plurality of

Processor Corcs.

2. The multi-core processor of claim 1, wherein the shared register file is
configured to store a process state of the task being executed by one or more of the

plurality of processor cores.

3. The multi-core processor of claim 1, wherein the plurality of processor

cores comprises a plurality of heterogencous processor cores.

4. The multi-core processor of claim 1, wherein the plurality of processor

cores are configured in a three-dimensional arrangement.

5. The multi-core processor of claim 3, wherein two or more of the
plurality of heterogeneous processor cores comprise processor cores having a

different type.

6. The multi-core processor of claim 3, wherein two or more of the
plurality of heterogeneous processor cores comprise processor cores having a
different size.

7. The multi-core processor of claim 4, wherein the three-dimensional
arrangement comprises a plurality of layers, each of the plurality of layers comprising

one or more of the plurality of heterogeneous processor cores.

8. The multi-core processor of claim 1, wherein each of the plurality of

processor cores comprises an associated cache.

9. The multi-core processor of claim 1, further comprising:
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a shared cache coupled to two or more of the plurality of processor

COorces.

10. A multi-core processor adapted to share processor resources,
comprising:

a plurality of processor cores;

a plurality of shared register files; and

a multiplexer adapted to selectively couple two or more of the plurality of

processor cores to a corresponding one of the plurality of shared register files.

11.  The multi-core processor of claim 10, wherein the plurality of

processor cores comprises a plurality of heterogeneous processor cores.

12. The multi-core processor of claim 10, wherein the plurality of

processor cores are configured in a three-dimensional arrangement.

13.  The multi-core processor of claim 10, further comprising:
a plurality of shared caches; and
a multiplexer adapted to selectively couple two or more of the plurality

of shared caches to a corresponding one of the plurality of processor cores.

14.  The multi-core processor of claim 11, wherein the two or more of the
plurality of heterogeneous processor cores comprise different application-specific

Processor Corcs.

15.  The multi-core processor of claim 11, wherein two or more of the
plurality of the heterogeneous processor cores comprise processor cores having a
different die-area, a different throughput, and/or different power consumption

characteristics.
16.  The multi-core processor of claim 12, wherein the three-dimensional

arrangement comprises a plurality of layers, each of the plurality of layers comprising

one or more of the plurality of heterogeneous processor cores.
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17.  The multi-core processor of claim 10, wherein each of the plurality of

processor cores comprises an associated cache.

18.  The multi-core processor of claim 10, further comprising:
a shared cache coupled to two or more of the plurality of processor

COorces.

19. A heterogenecous multi-core processor adapted to share processor
resources, comprising:

a plurality of heterogencous processor cores configured in a three-dimensional
arrangement, the three-dimensional arrangement comprising a plurality of layers, each
of the plurality layers comprising one or more of the plurality of heterogencous
processor cores;

a shared register file coupled to two or more of the plurality of heterogencous
processor cores; and

a shared cache coupled to two or more of the plurality of heterogenecous

Processor Corcs.

20.  The heterogeneous multi-core processor of claim 19, wherein the
shared cache comprises an L2 cache; wherein each of the plurality of heterogeneous

processor cores comprises an associated L1 cache.

21.  The heterogeneous multi-core processor of claim 20, wherein the

plurality of L1 caches comprise write-through caches.

22.  The heterogeneous multi-core processor of claim 21, wherein the
plurality of L1 caches further comprise a snoopy cache coherence protocol configured

to invalidate one or more cache blocks in the plurality of L1 caches.

23.  The heterogencous multi-core processor of claim 20, wherein the
shared cache is configured to reduce size by powering off one or more rows of the
shared cache and to reduce associativity by powering off one or more columns of the

shared cache.
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24.  The heterogencous multi-core processor of claim 20, wherein the
shared register file is configured to power off and power on one or more registers in

the shared register file.
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