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(57) Abstract: Techniques described herein are generally related to data transfer in multi-core processor devices. A core of a mul -
ti-core processor device may be configured to receive a request for a data block, which may be stored in a private cache of the core.
The data block in the private cache may be evaluated by a coherence module of the core to determine when the data block is in a
ready state. A program slice associated with the data block may be identified by the coherence module when the data block is de -
termined to be in an unavailable state and the identitied program slice may be executed by the core to update the data block from the
unavailable state to the ready state. The data block may be sent to an interconnect network in response to the received request when
the stored data block is determined to be in the ready state.
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Data Transfer in a Multi-Core Processor

BACKGROUND

[0001] This application claims priority from Application No. 4449//CHE/2013,
filed on September 30, 2013 in India. The entire disclosure of the parent application is

hereby incorporated by reference for all purposes.

[0002] Unless otherwise indicated herein, the approaches 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.

[0003] Modern computing systems often utilize multi-core processors having
two or more processor cores interfaced for enhanced performance and efficient processing
of multiple tasks or threads. Coordination and synchronization across processor cores are
activities that can be critical in multi-core processors. In some examples, a compiler or a
programmer may identify program points that may potentially need coordination and
synchronization across multiple threads and/or multiple cores. Such program points may
be identified without prior knowledge of runtime behavior of the program. Some
coordination and synchronization activities may be tedious and may result in overhead
costs. As the number of processor cores increases, the overhead costs of such activities
may increase and thus may result in limiting the overall performance of the parallel

architecture.
SUMMARY

[0004] The following 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.

[0005] Techniques described herein are generally related to data transfer in

multi-core processor devices. The various described techniques may be applied to
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methods, systems, devices or combinations thereof. Some described multi-core processor
devices may include a first core configured to receive a request for data block. The first
core may include a private cache and a coherence module. The private cache may be
configured to store the data block. The coherence module may be configured to determine
when the data block stored in the private cache is in a ready state. When the data block is
determined to be in an unavailable state, a program slice associated with the data block
may be identified by the coherence module. The identified program slice may be executed
by one of more processor units of the multi-core processor devices and the data block may

be updated from the unavailable state to the ready state.

[0006] According to some examples of the present disclosure, various methods
related to data transfer in a multi-core processor device are described. Some example
methods may include receiving a request for a data block by a first core of the multi-core
processor device, where the data block may be stored in a private cache of the first core.
The data block in the private cache can be evaluated to determine when the stored data
block is in a ready state. A program slice associated with the data block may be identified
when the stored data block is determined to be in an unavailable state and the identified
program slice may be executed by the first core effective to update the stored data block
from the unavailable state to the ready state. The data block may be sent to an interconnect
network in response to the received request when the stored data block is determined to be

in the ready state.

[0007] According to some examples of the present disclosure, various methods
related to data transfer in a multi-core processor device are described. Some example
methods may include receiving a request for data block by a first core of the multi-core
processor device, where the data block may be stored in a private cache of the first core.
The data block in the private cache can be evaluated by a coherence module of the first
core to determine when the stored data block is in a ready state. A program slice associated
with the data block may be identified by the coherence module when the stored data block
is determined to be in an unavailable state and the identified program slice may be executed
by the first core effective to update the stored data block from the unavailable state to the

ready state. The data block may be sent by the first core to an interconnect network in
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response to the received request when the stored data block is determined to be in the ready

state.

[0008] According to additional examples of the present disclosure, multi-core
processor devices are described. Some described multi-core processor devices may include
a first core configured to receive a request for data block. The first core may include a
private cache and a coherence module. The private cache may be configured to store the
data block. The coherence module may be configured to determine when the data block
stored in the private cache is in a ready state. The coherence module may be further
configured to identify a program slice associated with the data block when the data block
is determined to be in an unavailable state. The multi-core processor device may also
include one or more processor units configured to execute the identified program slice to

update the data block from the unavailable state to the ready state.

[0009] According to still further examples of the present disclosure, additional
methods related to data transfer in a multi-core processor device are described. Some
example methods may include receiving a request for data block by a first core of the multi-
core processor device. The data block may be stored in a private cache of the first core. A
ready bit associated with the data block may be evaluated by a coherence module of the
first core to determine when the data block is in a ready state in the private cache. A
program slice may be identified by a pointer field associated with the data block by the
coherence module when the data block is determined to be in an unavailable state. The
identified program slice may be executed by the first core effective to update the data block
from the unavailable state to the ready state, and the data block may be sent to a second
core in response to the received request after the stored data block is updated to the ready

state.

BRIEF DESCRIPTION OF THE FIGURES

[0010] In the drawings:
FIG. 1 is a schematic diagram illustrating components of an example multi-core

processor device;
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FIG. 2 illustrates an example representation of entries of an example private
cache, such as a level one (L1) cache of a core of the multi-core processor device of FIG.
1;

FIG. 3 is an illustration of an example process for data transfer across cores in a
multi-core processor device;

FIG. 4 is a block diagram illustrating an example implementation of data transfer
across cores of a multi-core processor device;

FIGS. 5A- 5C illustrate example scenarios of implementation of mutual
exclusion of threads in a multi-core processor device; and

FIG. 6 is a block diagram illustrating an example computing device that is
arranged for data transfer in a multi-core processor device;

all arranged in accordance with at least some embodiments described herein.

DETAILED DESCRIPTION

[0011] In the following detailed description, reference is made to the
accompanying drawings, which form a part hercof. 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 used, 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.

[0012] Example embodiments of the present disclosure are generally directed
to techniques for data transfer in multi-core processor devices. The techniques may
facilitate operations such as coordination or synchronization across multiple cores of such
multi-core processor devices. In some example embodiments, the multi-core processor
devices may include cached memory locations that may be associated with program slices,

where the program slices may be used to facilitate activities such as synchronization,
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coordination, value production, value pre-fetch, etc. Moreover, cache lines for caches of
the multi-core processors may include tags to indicate the state of the corresponding cache
lines. For example, the tags associated with the cache lines may be evaluated to determine
when the cache lines are in an unavailable state and a ready state. Tags may also be used
to trigger execution of one or more program slices associated with the corresponding cache

lines to facilitate the synchronization, coordination, and other operations.

[0013] FIG. 1 is a schematic diagram illustrating components of an example
multi-core processor device 100 arranged in accordance with at least some embodiments
of the present disclosure. The multi-core processor device 100 may be a general-purpose
processor, a special-purpose processor, an application specific processor, an embedded
processor, a graphics processor, or the like. The multi-core processor device 100 may
include a plurality of cores such as a first core 102 and a second core 104. Potentially, the
number (N) of cores may be any number greater than one. Each of the cores (such as the

first core 102 and the second core 104) includes internal functional blocks.

[0014] Each of'the cores such as the first core 102 and the second core 104 may
include one or more processor units. For example, the first core 102 may include a main
processor unit 106A and the second core 104 may include a main processor unit 106B. The
first core 102 may further include one or more special purpose processor units such as
represented by reference numerals 108A and 110A. In another example, the first core 102
may include additional processor units such as a reprogrammable processor unit (not

shown).

[0015] Each of the cores may further include one or more caches. For example,
the first core 102 may include a private cache such as a level 1 (L1) cache 112A. Similarly,
the second core 104 may include a level 1 (L1) cache 112B. In some examples, cach of
the cores may further include one or more additional private caches. For example, the first
core 102 may include a level 2 (L2) cache 114A and the second core 104 may include a L.2
cache 114B. In addition, the first core 102 and the second core 104 may be associated with
a shared cache 116. The shared cache 116 may be coupled to a main memory 117 of a

computing device that incorporates the multi-core processor device 100. Each of the first
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core 102 and the second core 104 may include a coherence module, represented by
reference numerals 118A and 118B respectively. The coherence modules 118A and 118B
may be configured to facilitate state coherence across the cores. The coherence module
118B of the second core 104 may be configured to send a state coherence request to the
coherence module 118A of the first core 102 over an interconnect network 120. The
interconnect network 120 may be a shared bus, a circuit-switched network-on-chip (NoC),
a packet-switched network-on-chip (NoC), a crossbar interconnect, a mesh interconnect

network, a ring interconnect network, among others.

[0016] In this example, the L1 cache 112A of the first core 102 may be
configured to store one or more data blocks generally represented by reference numeral
124. During operation of the multi-core processor device 100, one or more program slices
(not shown) may be associated with the data blocks 124. The program slices may
correspond to a subset of instructions of a program that may be executed by the multi-core
processor device 100, where the program slices may be defined using any variety of
techniques. For example, program slices may be identified for pre-fetching certain
memory locations in the multi-core processor device 100. For example, in certain systems,
a program dependence graph (PDG) may be used to identify one or more instructions of
the program that may affect the value of a variable. In some examples, runtime software
and/or hardware may construct program slices and instructions that may be associated with

the data blocks 124.

[0017] Program slices may facilitate operations such as synchronization,
coordination, value production, and value pre-fetch, among others. In some examples, the
program slice may be a static program slice that may be determined by a compiler. In other
examples, the program slice may be a dynamic program slice identified during execution

of the program by the multi-core processor device 100.

[0018] In some examples, the L1 cache 112A may include a plurality of data
tags 126, where each tag is associated with the data blocks 124. The data tags 126 may be
indicative of a status of the data blocks 124. Example data tags 126 may include, a ready
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bit, a respond-immediately bit, a pinned bit, a pointer field, or combinations thereof. The

data tags 126 will be described in detail below with reference to FIG. 2.

[0019] The L1 cache 112A may also include a program slice address table (P-
SAT) 128 that may be configured to store one or more entries corresponding to addresses
of program slices associated with the data blocks 124. In one example, the P-SAT 128
may be stored in a private cache such as the L1 cache 112A of the first core 102. In some
examples, the P-SAT 128 may be stored in alternate locations such as in a separate
hardware table. The coherence module 118A of the first core 102 may be configured to
identify the associated program slice for the data blocks 124 from the program slice address
table (P-SAT) 128. In some examples, the coherence module 118A may perform such
identification based upon an evaluation of a pointer field in the data tags 126 that is
associated with the data block 124. In some examples, entries of the P-SAT 128 may be

loaded into a program counter (not shown) of the first core 102.

[0020] In various examples, the program slice may include one or more
instructions. Further, the end of the program slice may be represented by a special STOP
instruction, or by a branch instruction that returns execution control back to the operating
system, or by an instruction that may be used to indicate completion of a execution of a
thread/process. The STOP or the branch instructions may indicate that the execution of
the program slice is completed. Upon completion, the processor may switch to the

operating system or may continue the execution of the program.

[0021] It is noted that although various examples are described with reference
to two cores, the described techniques may be applicable to data transfer across more than

two cores.

[0022] During operation, the first core 102 may receive requests for data blocks
124 from other cores, such as the second core 104 of the multi-core processor 100. In some
examples, the requests for data blocks may be received by the coherence module such as
the coherence module 118A of the first core 102. The coherence module 118A of the first
core 102 may be configured to determine when the requested data block 124 is stored in

the private cache such as the L1 cache 112A. The coherence module 118A may also be
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configured to determine when the requested data block 124 is in a ready state. The
coherence module 118A may be further configured to identify one or more program slices
associated with the requested data block 124. In some examples, such program slices may
be identified when the coherence module 118A determines that the requested data block
124 is in an unavailable state. In some examples, the data block in an unavailable state
may refer to a cache line that may not be currently available to be sent to a requesting core.
In some examples, such data block may be available to be sent to the requesting core upon
execution of one or more associated program slices. The coherence module 118A may be
configured to identify the associated program slice from the P-SAT 128 based upon
evaluation of the pointer field associated with the data tag 126 that corresponds to the

requested data block 124.

[0023] In this example, processor units such as the main processor unit 106A,
and special processor units 108A and 110A of the first core 102 may be configured to
execute the identified program slices. Execution of the program slices by the processor
units of the first core 102 may update the data blocks 124 from the unavailable state to the
ready state. The processor units of the first core 102 may execute the program slices to
perform one or more of data block computation, data block fetch, data coordination, and

data synchronization operations.

[0024] In some examples, the data blocks may be computed by execution of the
identified program slices and the state of the data blocks 124 may be updated from the
unavailable state to the ready state when the identified program slices have computed the
data blocks. Further, the data blocks 124 in the ready state may be sent by the coherence
module 118A to the requesting core (such as the second core 104) over the interconnect
network 120. In some other examples, the processor units such as the special processor
units 108 A and 110A may be configured to obtain the data blocks 124 from pre-determined
linked memory locations. For example, the special processor unit 108A may obtain the
data block 124 from the main memory 117, and may also initiate pre-fetch of other required
data blocks in the main memory 117. In some examples, the one or more processor units

may be configured to execute a cache coherence protocol for requested data blocks 124.



WO 2015/047427 PCT/US2013/071303

[0025] It should be noted that the above arrangement of the components is
purely illustrative and a variety of other arrangements and components may be envisaged.
The present technique may be applicable to multi-core processors with different
configurations of local and shared caches to store data. For example, at least two cores
may be associated with a shared on-chip cache selected from the plurality of on-chip caches
of the multi-core processor device 100. In some examples, additional cache levels may be
provided such as an L3 cache. In some examples, a single L1 cache may be provided in
cach core. In some other examples, a single L1 cache along with a L2 cache, with the

cache coherence logic associated with only the L2 cache, may be provided in each core.

[0026] FIG. 2 illustrates an example representation of entries of an example
private cache, such as the L1 cache 112A of the first core 102 of the multi-core processor
device 100 of FIG. 1, arranged in accordance with at least some embodiments described
herein. In this example, the L1 cache 112A may include one or more data blocks (generally
represented by reference numeral 124) and data tags 126 associated with the one or more
data blocks 124. In various embodiments, one or more data blocks (such as represented by
reference numerals 202, 204, 206 and 208) stored in the L1 cache 112A may be associated
with a corresponding data tag. For example, for the data block 202, the corresponding data
tag may include a ready (RDY) bit 210, a pinned (PIN) bit 212, a respond-immediately
(RI) bit 214 and a pointer field 216.

[0027] The ready (RDY) bit 210 may contain a value indicative of whether a
data block (e.g., the data block 202) stored in the private cache (e.g., L1 cache 112A) is in
a ready state. A data block 202 determined to be in a ready state may be available to be
sent to a requesting core (e.g., core 104). Further, a value of the pinned (PIN) bit 212 of
the data block 202 may be evaluated by the coherence module (e.g., coherence module
118A) to determine when the data block 202 is pinned to the private cache 112A of the
first core 102. When the data block 202 is determined to be pinned to the private cache
112A (for example, when the pinned (PIN) bit 212 is SET), eviction of the data block 202
from the private cache 112A may be prevented by the coherence module 118A. In one
example, when it is determined that the data block 202 is pinned and the ready bit 210 is

not SET, the coherence logic may withhold responding to the remote request until the ready
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bit 210 is SET. The coherence logic may trigger execution of the program slice associated
with the data block 202 and may update the ready bit 210 once the data block 202 is

computed by associated program slice.

[0028] In some examples, a value of the respond-immediately (RI) bit 214 of
the data block 202 may be evaluated by the coherence module 118A of the first core 102.
Evaluation of the respond-immediately (RI) bit 214 may indicate (for example, when the
value of the respond-immediately (RI) bit 214 is SET) that the data block 202 may be sent
to the requesting core (e.g., core 104). In such examples, the data block 202 may be sent
to the requesting core through the interconnect network 120. In examples where the value
of the respond-immediately (RI) bit 214 is not SET, then the data block 202 may be sent
to the requesting core upon completion of execution of an associated program slice. In
other examples, when the ready (RDY) bit is SET and the respond-immediately (RI) bit is
not SET, the coherence logic may trigger execution of the associated slice and the data
block 202 may be sent to the requesting core upon completion of execution of the

associated slice.

[0029] The pointer field 216 may be configured to identify a program slice
associated with the data blocks (e.g., data blocks 202, 204, 206 and 208) from the program
slice address table (P-SAT) 128. In some examples, one or more of the processor units
(e.g., main processor unit 106A, and special processor units 108A and 110A of the first
core 102) may be configured to execute the identified associated program slices to update

the data blocks (e.g., data blocks 202, 204, 206 and 208) to the ready state.

[0030] FIG. 3 is an illustration of an example process 300 for data transfer
across cores (e.g., the first core 102 and the second core 104) of a multi-core processor
device (e.g., multi-core processor device 100 of FIG. 1), arranged in accordance with at
least some embodiments described herein. Process 300 may include one or more
operations, functions or actions as illustrated by one or more of blocks 302-310. Although
the blocks are illustrated in a sequential order, these blocks may also be performed in

parallel, and/or in a different order than those described herein. Also, the various blocks
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may be combined into fewer blocks, divided into additional blocks, and/or eliminated

based upon the desired implementation. Process 300 may begin at block 302.

[0031] At block 302, “RECEIVE A REQUEST FOR A DATA BLOCK BY A
FIRST CORE OF THE MULTI-CORE PROCESSOR DEVICE”, a request for data block
(e.g., data block 202) may be received by the first core (e.g., core 102) of the multi-core
processor device (e.g., device 100). The data block (202) may be stored in a private cache
(e.g., cache 112A) of the first core (e.g., core 102). In one example embodiment, the first
core (e.g., core 102) may receive a request for the data block (202) from a second core
(e.g., core 104) of the multi-core processor device (e.g., device 100) through an

interconnect network (e.g., network 120).

[0032] Processing may continue from block 302 to 304, “EVALUATE THE
DATA BLOCK IN THE PRIVATE CACHE OF THE FIRST CORE TO DETERMINE
WHEN THE DATA BLOCK IS IN A READY STATE”. At block 304, the requested data
block stored in the private cache may be evaluated to determine when the data block is in
aready state. Such evaluation may be performed by the coherence module of the first core

by evaluating a value of a ready bit associated with the requested data block.

[0033] For example, the data block (e.g., data blocks 202) stored in the private
cache (e.g., cache 112A) of the first core (e.g., core 102) may be evaluated to determine
when the stored data block (202) is in a ready state. In some examples, such evaluation
may be performed by the coherence module (e.g., coherence module 118A) of the first core
(e.g., core 102). In some examples, a value of a ready (RDY) bit (e.g., ready bit 210)
associated with the data block (202) may be evaluated to determine when the stored data
block (e.g., data block 202) is in a ready state. The value of the ready (RDY) bit (e.g.,
ready bit 210) may be indicative of whether the data block (e.g., data blocks 202) stored in
the private cache (e.g., cache 112A) is in the ready state. When the value of the ready
(RDY) bit (e.g., ready bit 210) indicates that the data block (e.g., data block 202) is in a
ready state, the data block (e.g., data blocks 202) may be sent by the coherence module

(e.g., coherence module 118A) of the first core (e.g., core 102) to a coherence module such
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as (e.g., coherence module 118B) of the requesting core (¢.g., second core 104) through

the interconnect network (e.g., interconnect network 120).

[0034] Processing may continue from block 304 to 306, “IDENTIFY A
PROGRAM SLICE ASSOCIATED WITH THE DATA BLOCK WHEN THE STORED
DATA BLOCK IS DETERMINED TO BE IN AN UNAVAILABLE STATE”. At block
306, when the data block is determined to be in an unavailable state, a program slice
associated with the data block may be identified. A pointer field associated with the data
block may be evaluated by the coherence module of the first core to identify one or more

program slices associated with the data block.

[0035] For example, when the data block (e.g., data blocks 202) is determined
to be in the unavailable state, a program slice associated with the data block (e.g., data
block 202) may be identified. In one example embodiment, a pointer field (e.g., pointer
field 216) associated with the data block (e.g., data block 202) may be evaluated by the
coherence module (e.g., coherence module 118A) of the first core (e.g., core 102) to
identify the associated program slice. The identified program slice may be a static program
slice or a dynamic program slice. The program slice associated with the data block (e.g.,
data block 202) may be identified by an entry of a program slice address table (P-SAT)
(e.g., P-SAT 128) using the pointer field (e.g., pointer field 216) associated with the data
block (e.g., data block 202). In some embodiments, the P-SAT (e.g., PSAT 128) may
include a pointer to a logic that may be executed by a processor unit of the first core (e.g.,
core 102). The logic may be invoked to generate the data block (e.g., data blocks 202). In
some examples, the logic may obtain the block from the main memory (e.g., memory 117).
In one example, the logic may increment a value in a buffer and write the incremented
value to the data block. In another example, the logic may implement a cache coherence
protocol to obtain the data block from one of the caches of another core. In some other
example, the logic may write into the data block a value that was pre-fetched earlier from

the main memory (e.g., memory 117) or from one of the shared caches (e.g., cache 116).

[0036] Processing may continue from block 306 to 308, “EXECUTE THE
IDENTIFIED PROGRAM SLICE BY THE FIRST CORE EFFECTIVE TO UPDATE

-12-
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THE DATA BLOCK TO THE READY STATE”. At block 308, the identified program
slice may be executed by a processor unit of the first core effective to update the data block

to the ready state.

[0037] For example, one or more identified program slices may be executed by
the first core (e.g., core 102) to update the state of data block (e.g., data blocks 202) from
the unavailable state to the ready state. In some examples, the data block (e.g., data block
202) may be updated to the ready state by performing one or more of data block
computation, data block fetch, data coordination, and data synchronization operations. In
one example embodiment, one or more instructions that correspond to the identified
program slices may be executed to write the value of the data blocks (e.g., data block 202)
and update the state of the corresponding data blocks to the ready state. The identified
program slice may be executed by one of a main processor unit (106A), a special purpose
processor unit (e.g., 108A and 110A), or a reprogrammable processor unit (not shown) of
the first core (e.g., core 102) of the multi-core processor device (e.g., multi-core processor

device 100).

[0038] Processing may continue from block 308 to 310, “SEND THE DATA
BLOCK TO AN INTERCONNECT NETWORK IN RESPONSE TO THE RECEIVED
REQUEST”. At block 310, the requested data block may be sent in response to the
received request by the first core. The data block may be sent by the coherence module of

the first core to the coherence module of the requesting core.

[0039] For example, the data block (e.g., data block 202) may be sent in
response to the request received by the first core (e.g., core 102). The data blocks (e.g.,
data blocks 202) may be sent by the coherence module (e.g., coherence module 118A) to
the coherence module (e.g., coherence module 118B) of the requesting core, such as the
second core (e.g., core 104), through the interconnect network (e.g., network 120). In some
examples, the first core (e.g., core 102) of the multi-core processor device (e.g., multi-core
processor device 100) may receive a second request for the data block (e.g., data block
202). Moreover, a counter (not shown) associated with the data block (e.g., data block

202) may be incremented when the data block (e.g., data block 202) is determined to be in
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the unavailable state. In some examples, the counter may be maintained in a virtual
memory. Further, once it is determined that the data block (e.g., data block 202) is in the
ready state upon execution of the identified program slice, the second request may be

processed and the data block (e.g., data block 202) may be sent to the requesting core.

[0040] FIG. 4 is a block diagram illustrating an example implementation 400
of data transfer across cores of a multi-core processor device, arranged in accordance with
at least some embodiments described herein. As described before, the data blocks for
execution of threads of a program may be distributed across private caches of multiple
cores of a multi-core processor device (e.g., multi-core processor device 100 of FIG. 1). In
some examples, the program may be a parallel program while in other examples the
program may be a sequential program. As a thread is executed by a core (e.g., the second
core 104) of the multi-core processor device (e.g., the multi-core processor device 100),
the execution may generate a request for a data block. The cache coherence module (e.g.,
coherence module 118B) of the second core (e.g., core 104) may determine that the data

block is cached by another core (e.g., the first core 102) of the multi-core processor device
100.

[0041] In one example, the first core 102 of the multi-core processor device
100 may be configured to receive a request (402) for a data block 202 from the second core
104 of the multi-core processor device 100. In this example the coherence module 118A
of the first core 102 may be configured to receive the request for the data block 202 from
the coherence module 118B of the second core 104, and the coherence module 118A may
be configured to look up (404) the status of the data block 202 in the data tags associated
with the data block 202. The coherence module 118A may be further configured to
evaluate values of the ready (RDY) bit 210, the pinned (PIN) bit 212, and the respond-
immediately (RI) bit 214 associated with the data block 202. In one example, the ready
(RDY) bit 210 of the data is RESET (e.g., set to a value of “no” or logic 0, etc.) to indicate
that a program-slice associated with the data block 202 may be executed. The program

slice may be effective to update the data block 202.
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[0042] Further, the pointer field 216 may be used by the coherence module
118A to extract the address of the associated program slice from the P-SAT 128. The
address of the program slice extracted from the P-SAT 128 may be sent (406) to a processor
unit, such as the main processor unit 106A, to initiate execution of the program slice. In
one example, the program slice may be executed by a special processor unit (such as
processor unit 108A) of the multi-core processor device 100 upon request from the main
processor unit 106A. Upon execution of the program slice, the main processor unit 106A
may set the ready (RDY) bit 210 of the data block 200 to indicate that the data block 200
is in a ready state (408). The coherence module 118A may subsequently send (410) the
data block 202 to the coherence module 118B of the second core 104 in response to the

request from the second core 104.

[0043] In some examples, the pinned (PIN) bit 212 is SET to (e.g., initialized
to a value of “yes”, logic 1, etc.) to indicate that the data block 202 is pinned to the L1
cache 112A of the first core 102. This indication may be utilized by the coherence module
118A to prevent migration of the data block 202 to another core such as the second core
104. In some examples, the respond-immediately (RI) bit 214 is SET (e.g., initialized to a
value of “yes”, logic 1, etc.) to indicate that the data block 202 may be transmitted to a
requesting core, such as in response to a request from the second core 104. Alternately,
when the respond-immediately (RI) bit 214 is RESET (e.g., initialized to a value of “no”,
logic 0, etc.), then the data block 200 may be sent to the requesting core upon completion

of execution of an associated program slice.

[0044] The embodiments illustrated above describe data transfer process across
cores such as the first core 102 and the second core 104 of the multi-core processor device
100. In certain embodiments, the proposed technique of data transfer across multiple cores
may be used to facilitate coordination, synchronization, and data sharing across cores in
the multi-core processor device 100. The present technique may be scalable for a large

number of cores (e.g., N cores) of the multi-core processor device 100.

[0045] As described above, the present technique may be used to facilitate

coordination, synchronization and data sharing across cores in multi-core processor
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devices. For example, the technique may be used to implement mutual exclusion (mutex)
in multi-core processor devices. FIGS. 5A-5C illustrates example scenarios of
implementation of mutual exclusion in a multi-core processor device, arranged in
accordance with at least some embodiments described herein.  As illustrated, the multi-

core processor device 500 may include four cores generally represented by reference

numerals 504, 506, 508 and 510.

[0046] In this example, FIG. 5A illustrates an initial state 502 of core 504, core
506, core 508 and core 510 of the multi-core processor device 500. Here, thread 1, thread
2 and thread 3, represented by reference numerals 512, 514, and 516 are under execution
by a respective one of core 504, core 506 and core 508. In this example, a mutually
exclusive (mutex) region may be identified within the core 510 that may be accessible by
a single thread at a time while the other threads may be prevented from accessing the mutex
region. In one example, thread 512 may initiate access to the mutually exclusive region in
the core 510 and may initiate a request for a data block from a local cache of the core 510.
Here, thread 512 may wait for a value to be returned in response to the request before

initiating access to the mutually exclusive region.

[0047] When the requested data block is determined to be in a ready state (e.g.,
the ready (RDY) bit is SET with a value such as “yes”, logic 1, etc.), as represented by
reference numeral 518, a program slice associated with the data block may initiate
recordation of the identity of the requesting thread 510 as represented by reference numeral
520 in the operational state 522 of the multi-core processor device 500, as illustrated in
FIG. 5B. Further, the ready bit of the data block may be then RESET (e.g., the RDY bit is
initialized to a value of “no”, logic 0, etc.) as represented by reference numeral 524, to

indicate that that some thread is already in the mutex region.

[0048] In some examples, a subsequent thread requesting the cache of the core
510 for a data block may not receive an immediate response to the request. For example,
when the execution of other threads (such as threads 514 and 516) results in initiating a
request while the first thread 512 is accessing the mutex region, the program slice may

initiate recordation of their identities. The identities of the threads may be recorded as
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represented by reference numeral 526 and 528, which indicates the presence of the threads
514 and 516 waiting for access to the mutex region. A queue of threads that are waiting

for access to the mutex region may be maintained as described above.

[0049] Referring now to FIG. 5C, as the first thread 512 releases access to the
mutex region, the state of the data block may be updated to indicate that the mutex region
may be accessed by other threads. Subsequently, the associated slice may respond to the
second thread 514, allowing the thread 514 to now initiate access to the mutex region.
Further, the ready bit of the data block may be then RESET (e.g., RDY may be initialized
to a value of “no”, logic 0, etc.) as represented by reference numeral 532, to indicate that

the mutex region is being accessed by the thread 514.

[0050] In certain other examples, the techniques described herein may be used
to implement synchronization in a multi-core processor device. For example, when a
semaphore needs to be implemented to aid producer-consumer synchronization, the
structure of the program slice that implements the producer-consumer synchronization may

be similar to that of the mutex slice as described above.

[0051] In another example, a cache line/data block may be employed to
function as a monitor of conflicting transactions in case of transactional memory. For
example, a program slice associated with a cache line/data block may be executed by a
processor to track various transactions and issues commits/aborts as appropriate. Here, a
thread that initiates access to a transaction may initiate recordation of the thread
identification to the cache line indicating the intent to access a transaction. The associated
program slice may store a thread identification number in the data structure. Subsequently
as the thread may write, the memory address accessed by LOAD and STORE operations
within the transaction to the cache line, the associated program slice may store these
memory addresses. Further, once a different thread accesses the cache line during the
operation of the first transaction, the program slice may allow such access until there is a
conflict with the first transaction. Upon a conflict, the slice may send an abort message to

the later transaction.
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[0052] The example techniques described herein may be used for operations
such as coordination, synchronization and thread migration, etc. in multi-core processor
devices. Further, the techniques may also facilitate distribution of sequential computation
across multiple cores of the multi-core processor device. The example techniques may also
be used to provide parallelism wherein the computation slices related to different memory
locations are executed in parallel in such devices. Further, each instance of a static memory
location may be held in a private cache of a different core and a new instance may be

created by a write to a memory location.

[0053] As described above, the coordination and synchronization activities
may be triggered dynamically during program execution. Such dynamic triggering may
reduce or eliminate the need for the compiler and/or programmer to insert coordination and

synchronization related information in a program.

[0054] FIG. 6 is a block diagram illustrating an example computing device 600
that is arranged for data transfer in a multi-core processor in accordance with at least some
embodiments of the present disclosure. In a very basic configuration 602, the computing
device 600 typically includes one or more processors 604 and a system memory 606. A
memory bus 608 may be used for communicating between processor 604 and system

memory 606. The processor 604 includes a multi-core processor.

[0055] Depending on the desired configuration, processor 604 may be of any
type including but not limited to a microprocessor (uP), a microcontroller (uC), a digital
signal processor (DSP), or any combination thereof. Processor 604 may include one more
levels of caching, such as a level one (L1) cache 610 and a level two cache 612, two or
more processor cores 614, and registers 616. As described before, the L1 cache 610 may
include a plurality of data tags 126 associated with data blocks 124 of the L1 cache 610.
The data tags 126 can be indicative of a status of the data blocks 124. Examples of data
tags 126 include, but are not limited to, a ready bit, a respond-immediately bit, a pinned

bit, a pointer field, or combinations thereof.

[0056] During operation, as the processor 604 receives request for a data block

124, the data tags 126 may be evaluated to determine when the data block 124 is in a ready
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state. A program slice associated with the data block 124 may be identified when the data
block is determined to be in an unavailable state. Further, the identified program slice may
be executed by the processor core 614 to update the data block from the unavailable state

to the ready state and the data block may be subsequently sent to the requesting core.

[0057] An example processor core 614 may include an arithmetic logic unit
(ALU), a floating point unit (FPU), a digital signal processor core (DSP Core), or any
combination thereof. An example memory controller 618 may also be used with processor
604, or in some implementations memory controller 618 may be an internal part of

processor 604..

[0058] Depending on the desired configuration, system memory 606 may be of
any type including but not limited to volatile memory (such as RAM), non-volatile memory
(such as ROM, flash memory, etc.) or any combination thereof. System memory 606 may
include an operating system 620, one or more applications 622, and program data 624. In
some embodiments, application 622 may be arranged to operate with program data 624 on
operating system 620. This described basic configuration 602 is illustrated in FIG. 6 by
those components within the inner dashed line. Application 622 may include algorithm for
executing one or more program slices to update state of data blocks 124 to a ready state.
For example, the application 622 may include algorithm for computing the values of data
blocks 124. Program data 624 may include input data that may be accessed for execution

of one or more program slices associated with the data blocks 124.

[0059] Computing device 600 may have additional features or functionality,
and additional interfaces to facilitate communications between basic configuration 602 and
any required devices and interfaces. For example, a bus/interface controller 630 may be
used to facilitate communications between basic configuration 602 and one or more data
storage devices 632 via a storage interface bus 634. Data storage devices 632 may be
removable storage devices 636, non-removable storage devices 638, or a combination

thereof.

[0060] Examples of removable storage and non-removable storage devices

include magnetic disk devices such as flexible disk drives and hard-disk drives (HDD),
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optical disk drives such as compact disk (CD) drives or digital versatile disk (DVD) drives,
solid state drives (SSD), and tape drives to name a few. Example computer storage media
may include volatile and nonvolatile, removable and non-removable media implemented
in any method or technology for storage of information, such as computer readable

instructions, data structures, program modules, or other data.

[0061] System memory 606, removable storage devices 636 and non-
removable storage devices 638 are examples of computer storage media. Computer storage
media includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices,
or any other medium which may be used to store the desired information and which may
be accessed by computing device 600. Any such computer storage media may be part of

computing device 600.

[0062] Computing device 600 may also include an interface bus 640 for
facilitating communication from various interface devices (e.g., output devices 642,
peripheral interfaces 644, and communication devices 646) to basic configuration 602 via
bus/interface controller 630. Example output devices 642 include a graphics processor unit
648 and an audio processor unit 650, which may be configured to communicate to various

external devices such as a display or speakers via one or more A/V ports 652.

[0063] Example peripheral interfaces 644 include a serial interface controller
654 or a parallel interface controller 656, which may be configured to communicate with
external devices such as input devices (e.g., keyboard, mouse, pen, voice input device,
touch input device, etc.) or other peripheral devices (e.g., printer, scanner, etc.) via one or
more I/O ports 658. An example communication device 646 includes a network controller
660, which may be arranged to facilitate communications with one or more other
computing devices 662 over a network communication link via one or more

communication ports 664.

[0064] The network communication link may be one example of a

communication media. Communication media may typically be embodied by computer
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readable instructions, data structures, program modules, or other data in a modulated data
signal, such as a carrier wave or other transport mechanism, and may include any
information delivery media. A “modulated data signal” may be a signal that has one or
more of its characteristics set or changed in such a manner as to encode information in the
signal. By way of example, and not limitation, communication media may include wired
media such as a wired network or direct-wired connection, and wireless media such as
acoustic, radio frequency (RF), microwave, infrared (IR) and other wireless media. The
term computer readable media as used herein may include both storage media and

communication media.

[0065] Computing device 600 may be implemented as a portion of a small-form
factor portable (or mobile) electronic device such as a cell phone, a personal data assistant
(PDA), a personal media player device, a wireless web-watch device, a personal headset
device, an application specific device, or a hybrid device that include any of the above
functions. Computing device 600 may also be implemented as a personal computer

including both laptop computer and non-laptop computer configurations.

[0066] 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.

[0067] 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.
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[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.

[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 when 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.

[0070] 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.

[0071] In addition, even when 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
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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.).

[0072] 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 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”.

[0073] 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 sub ranges and combinations of sub ranges thereof. Any
listed range can be easily 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.

[0074] As will also be understood by one skilled in the art all language such as

2% ¢ 2% ¢

“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 sub ranges as discussed above.
Finally, as will be understood by one skilled in the art, a range includes each individual
member. Thus, for example, a group having 1-3 cells refers to groups having 1, 2, or 3
cells. Similarly, a group having 1-5 cells refers to groups having 1, 2, 3, 4, or 5 cells, and
so forth. 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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CLAIMS

1. A method for data transfer in a multi-core processor device, the method
comprising:
receiving a request for a data block by a first core of the multi-core processor
device, wherein the data block is stored in a private cache of the first
core;
evaluating the data block in the private cache to determine when the stored
data block is in a ready state;
identifying a program slice associated with the data block when the stored
data block is determined to be in an unavailable state; and
executing the identified program slice by the first core effective to update the
stored data block from the unavailable state to the ready state; and
sending the data block to an interconnect network in response to the received
request when the stored data block is determined to be in the ready

state.

2. The method of claim 1, wherein receiving a request for a data block comprises
receiving a request from a second core of the multi-core processor device though the
interconnect network, and wherein sending the data block comprises sending the data

block from the private cache of the first core to the private cache of the second core.

3. The method of claim 1, wherein evaluating the data block stored in the private
cache comprises evaluating a value of a ready bit associated with the data block

stored in the private cache.

4. The method of claim 1, wherein identifying a program slice comprises evaluating

a pointer field associated with the data block stored in the private cache.

5. The method of claim 4, wherein identifying a program slice comprises

identifying a static program slice or identifying a dynamic program slice.
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6. The method of claim 4, wherein executing the identified program slice comprises

executing one or more instructions that correspond to the identified program slice.

7. The method of claim 1, wherein executing the identified program slice comprises
operating, with the one or more instructions, one of a main processor unit, a special

purpose processor unit, a reprogrammable processor unit, or combinations thereof.

8. The method of claim 1, further comprising:
evaluating a value of a respond-immediately bit associated with the stored
data block; and
sending the data block from the private cache of the first core to the
interconnect network in response to the received request upon
completion of
execution of the identified program slice when the respond-immediately bit is

reset.

9. The method of claim 1, wherein executing the identified program slice comprises
updating the data block by performing one or more of data block computation, data

block fetch, data coordination and data synchronization operations.

10. The method of claim 1, further comprising:
evaluating a value of a pinned bit associated with the data block to determine
when the pinned bit is set; and
preventing eviction of the data block from the private cache of the first core

when the pinned bit is determined to be set.

11. The method of claim 1, further comprising:
receiving a second request for the data block;
incrementing a counter associated with the data block when the data block is
determined to be in the unavailable state;
determining when the data block is in the ready state upon execution of the

identified program slice; and
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processor the second request when the data block is determined to be in the

ready state.

12. A multi-core processor device, comprising:
a first core configured to receive a request for a data block, wherein the first
core comprises a private cache and a coherence module, wherein
the private cache is configured to store the data block,
the coherence module is configured to determine when the data block
stored in the private cache is in a ready state, and
the coherence module is further configured to identify a program slice
associated with the data block when the data block is
determined to be in an unavailable state; and
one or more processor units configured to execute the identified program slice

to update the data block from the unavailable state to the ready state.

13. The multi-core processor device of claim 12, the multi-core processor device
further comprising a second core configured to send the request for data block to the
first core, and also configured to receive the data block upon execution of the

identified program slice.

14. The multi-core processor device of claim 12, wherein the multi-core processor
device comprises one of a general purpose processor, an application specific

processor, or an embedded processor.

15. The multi-core processor device of claim 12, wherein each of the one or more
processor units comprises a main processor unit, a special purpose processor unit, a

reprogrammable processor unit, or combinations thereof.

16. The multi-core processor device of claim 12, wherein the private cache of the
first core comprises tags associated with the data block stored in the private cache of

the first core.
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17. The multi-core processor device of claim 16, wherein the private cache of the
first core comprises one or more of a ready bit, a respond-immediately bit, a pinned

bit and a pointer field associated with the data block.

18. The multi-core processor device of claim 17, wherein the first core is configured
to maintain a program slice address table (P-SAT) configured to store addresses of

program slices.

19. The multi-core processor device of claim 18, wherein the program slice address

table is stored in the private cache of the first core.

20. The multi-core processor device of claim 18, wherein the coherence module is
configured to identify the associated program slice from the program slice address

table (P-SAT) based upon the pointer field associated with the data block.

21. A method for data transfer in a multi-core processor device, the method
comprising:
receiving a request for a data block by a first core of the multi-core processor
device, wherein the data block is stored in a private cache of the first
core;
evaluating a ready bit associated with the data block to determine when the
data block in the private cache is in a ready state;
identifying a program slice by a pointer field associated with the data block
when the data block is in an unavailable state; and
executing the identified program slice, by the first core, effective to update the
data block from the unavailable state to the ready state; and
sending the data block to a second core in response to the received request

when the stored data block is determined to be in the ready state.

22. The method of claim 21, further comprising:
evaluating a value of a respond-immediately bit associated with the data

block; and
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sending the data block to a private cache of the second core in response to the
received request upon completion of
execution of the identified program slice when the respond-immediately bit is

reset.

23. The method of claim 21, further comprising:
evaluating a value of a pinned bit associated with the data block; and
preventing eviction of the data block from the private cache of the first core

when the pinned bit is set.
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RECEIVE A REQUEST FOR A DATABLOCK BY A
FIRST CORE OF THE MULTI-CORE PROCESSOR DEVICE

é

EVALUATE THE DATABLOCK IN
THE PRIVATE CACHE TO DETERMINE WHEN
THE STORED DATA BLOCK IS IN A READY STATE

e 304

é

IDENTIFY A PROGRAM SLICE ASSOCIATED WITH
THE DATA BLOCK WHEN THE STORED DATA BLOCK
IS DETERMINED TO BE IN AN UNAVAILABLE STATE

e 306

4

EXECUTE THE IDENTIFIED PROGRAM SLICE BY
THE FIRST CORE EFFECTIVE TO UPDATE
THE DATA BLOCK TO THE READY STATE

e 308

|

SEND THE DATA BLOCK TO AN INTERCONNECT
NETWORK IN RESPONSE TO THE RECEIVED REQUEST

e 310
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