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(54) Title: CACHE PREFILL ON THREAD MIGRATION

(57) Abstract: Techniques for pre~fiiling a cache
associated with a second core prior to migration
of a thread from a first core to the second core are
generally disclosed. The present disclosure con-

templates that some computer systems may in-

clude a plurality of processor cores, and that
some cores may have hardware capabilities dif-
ferent from other cores, in order to assign threads
to appropriate cores, thread/core mapping may be

utilized and, in some cases, a thread may be reas-
signed from one core to another core, In a proba-
bilistic anticipation that a thread may be migrated
from a first core to a second core, a cache associ-

ated with the second core may be pre-tiiled (e.g.,
may become filled with some data before the
thread is rescheduled on the second core). Such a
cache may be a iocai cache to the second core

and/or an associated butfer cache, for example.
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Title: CACHE PREFILL ON THREAD MIGRATION

CROSE REFERENCE TO RELATED APPLICATIONS
{0001} This application claims priorily to U.8. Patent Application Serial No.
12/557 864 entitled, "CACHE PREFILL ON THREAD MIGRATION,” which was filsed on
September 11, 2009, the disclosure of which is hereby incorporated in s entively by

raference.

100621 This application may be related o co-pending U.S. patent application Ser.
No. 12/427,802, entitied "THREAD MAPRING IN MULTHCORE PROCESSORS,” filed
Aprit 21, 2008, by Wolfe of &b, U.S. patent application Ser. No. 12/557,871, entitied
THREAD SHIFT: ALLOCATING THREADS TO CORES,” filed September 11, 2008, by
Wolle st al., andfor co-pending U.S. patent application Ser. No. 12/657 888, entifled
"MAPPING OF COMPUTER THREADS ONTO RETEROQGENEQUS RESQURCES”

filed September 11, 2009, by Wolfe el &, the entire disclosures of which are

7

incorporated herein by reference.

BACKGROUND
{ODG3Y The present discloswe is genes’aiiy related o mulli-core computer sysiems

and, more particularty, o transferring data in anticvipation of thread migration between

SUMMARY OF THE DIRCLOSURE
100041 The present disclosure generaily relates to multi-core compuier prosessing.
Specifically, the present disclosurs relates (o migrating threads among processor cores

of mudti-core compuier systems,

100051 A firs! aspact of the present disclosure generally describes methods of
migrating a thread from a first processor core {0 a sscond processar core. Buch
methods may include anticipating that a thread 8 0 be migrated from a first processor
core {associated with a first cache) 1o a second processor core {associaled with a buffer

andior a second cachel Such methods may also include transferring dala associaled
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with the thread from the first cache fo the buffer andfor the second cache, and, after
fransferring data associated with the thread, migrating the thread from the first
processor cove o the second processor core.

{608} in some examples of the first aspec, the methods may also include at leas!
partially executing the thread on the first processor core prior fo anticipating that the
theead is o be migrated. Some examplas may aiso include at least partially execuling

the thread on the second processer core aller migrating the thread.

BOGT] in some examples of the first aspect, data may include a cache miss, a

o’

gache hit andfor a caches ling eviction associated with the thread.

{0068} in some examples, the second processar corg may be associated with the
second cache. In such examples, transfarring the data may include ransferring the
data from the first cache o the second cache. in some examples of the first aspect, the
sacond cache may include existing datg associated with the thread. In such examples

fransferring the dala may Include transferring new data associated with the thread.

10081 in some examplas of the first aspect, the secona processor core may be
associated with the buffer. in such examples, ransferring the data may inclue

ransferring the data from the first cache {o the buffer,

9818 In some examples, anticipating that the thread s to be migrated 1o the

[

second processer core may include determining that there is at least a threshold
orobability that the thread is (¢ be migrated o the second processor core. i soms
examples, anticipating that the thread is t0 be migraled 0 & sscond processor core may

be based, at feast in part, on hardware capabilities of the second processor core,

ot A second aspect of the prasent disclosure generally describes arlicles such
as a storage medium having machineveadable instructions stored thereon. When
axecuted by procassing uni{s), such machine-readable instructions may snable a
computing platform fo pradict that a thread will be rescheduled from a first processor
core 1o a second processor core, store dala associated with the thyead in 8 memaory
associated with the second core, and rescheduie the thread from the first care (o the

second core after the data associated with the thread is stored in the memary
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assooizted with the second core,

R e in some examples, the dala associated with the thread may be new dala
associated with the thread, and the memory may include sxisting data associated with
the thread. Some examples may enable the computing platform to predict thal the
thread will be rescheduled based, at least in part, upon a probability that the thread will

bhe rescheduled.

second progcessor core. in such examples, the instructions may enable the computing
platform {0 predict that the thread will be rescheduled based, at least in part, upon the
hardware capabilities associated with the first processor core, the hardware capabilities
associated with the second processor core, and/or exacution characteristic{s)

assooigied with the thread.

fOD14] in some examples of the second aspect, memory may include a cache
andior a buffer.  in some sxampies of the second aspedt, the instructions may enable
the computing platform to reschedule the thread from the first core 1o the second core

o

i tha

Yo

subsequent o storage of substantially alt of the dala associated with the threg

memory assoniated with the second core,

BO1E] A third aspect of the present disclosure generally describes methods of
&

ey

4

refiling 8 cache. Such examples may include identifying processor coves to which a

thread is to be migrated, ransferring dala associated with the thread to & cache andfor
a buffer associated with the processor cores to which the thread is to be migrated, and

vigrating the thread o the processor cores o which the thread is 1o be migrated.

R EREH i some examples of the thivd aspect, ransferring the dala may be
substaniiaily complate prior o migrating the thread. In some examples, identifying the
processor core {o which the thread may be migrated may be based, at least in par, on
information collected using a performance counter associated with the processor
core{s). in some examples, the information collected using the performance counter

may include numbers of line evictions associated with individual threads running on the

3
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DrOCessQy Cores.

[8047Y n some examples of the third aspect, identifying the processor core o whict
the thread may be migrated may be based, at least in pan, on raallime compuding
information associated with the thread. In such examples, when the real-lims
somputing information indicates that the thread is falling behingd a targst deadlineg, the
thread may be migrated {0 a fasier processor core.  In some examples, transferring the
data associated with the thread may include fransferring the data from a first cache
assoctated with a current processor core (o a second cache associaled with the

processor core to which the thread may be migrated.

o018} A fourth aspect of {he present disclosure generally describes mutli-core
systems. Such multh-core systems may include a first processor corg, a first cache
associated with the Srst processor core, a second processor corg, and & second cache

ndfor 2 buffer associated with the seconad processor core. The mudli-core system may

o

he configured {o transfer data from the first cache o the second cache andfor the buffer,
and, subsseguentily, migrate a thread from the first processor core io the second

procaessor core, the thread being associated with the data

{0018} in soms exampies, the first processor core may have g first capability and
the second processor core may have a second capability that is different from the first
capability such that the multi-core processor includes helerogenecus hardware. In
some axamples, thee first capability and the second capability each correspond to a
graphics resource, a mathamatical computational resource, an instruction set, an
accelaralor; an S8, a cache size and/or a branch predictor. in some examples, the
data may inciude a cache miss, a cache hit, and/or a cache line eviclion assoceigted with
the thread.

{0028Y The foregoing summary s diustrative only and is not intended to be In any
way Himiting. In addition fo the Huslrative aspects, embodiments, and features
described above, further aspedts, embodiments, and fealures wilt become appavent by

reference {o the drawings and the following detatied descriplion.
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BRIEF DESCRIPTION OF THE DRAWINGS
Bg2h The foregoing and other features of the present disclosure will become more
fully apparent from the following description and appended clgims, laken in conjunction
with the accompanying drawings. Undersianding that these drawings depiot Gniy
several embodiments in accordance with the disclosure and gre, thereforg, notto
considered Hmiting of #is scope, the disclosure will be described with additional

specificity and delall through use of the accompanyving drawings.
09228 iy the drawings:
G, 1is a block diagram llustrating an example mulli-core system;

FIG. 2 is block disgram Blustrating an example mulli-cors system including a

parformance counter,

FIG. 3 s a fowchart depicling an example method for migrating a thvead from a

first processor core to a seeond roeessor Lore;

FIG. 4 is a schematic diagram Hustrating an example article including a storage

meadium comprising machine-readable instructions;

FIG. § is a flowchart depicting an exampie methad for prefilling a cache; and

J

Fiz, 8 {s & block dlagram ilustrating an example computing device that may be
arranged for cache prefil implementations; all configured in acoordance with at

least some embodiments of the present disclosure,

DETAILED DESCRIPTION

o823 in the following detalled description, reference is made to the secompanying
drawings, which form a part hereof. in the drawings, similar symbois typically identify

similar components, uniess context diciates otherwise. The Hustrative embodiments
described in the detalled description, drawings, and claims are not meant to be Nmiting.
Other embodiments may be utiiized, and other changses may be made, withod
departing from the spirlt or scope of the subject matler presented here. 1L will be readily
understood that the aspecis of the present disciosure, as generally describad harein,
and Mustrated in the Figures, may be arrangsed, substitited, combined, and designed in

a wide variety of different configurations, all of which are explicilly contemplated and

h
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make part of this disclosurs,

8024] This disciosure is s:f;“awn, inter alia, 1o methods, systems, devices, andfor

o

| g

apparalus generally related o muith-core computers and, more particudarly, o
transfarring data in anticipation of thread migration between cores.
Eﬁﬁzﬁ} The present disclosure contemplates that some compuier systems may
nolude a plurality of processor cores. in a multi-core syslem with heterogeneacus
hardware, some cores may have cerlain hardware capabiiifies not avallable 1o other
cores. An example core may be associated with a cachg, which may include 8
temporary storage area where frequently accessed dats may be stored for rapid
access. Such a cache may be a local cache and/or an associated buffer cache, for
axample. insome example compuier systems, at least one thread {(whichmay be a
sequence of instructions and which may execule in parsiiel with other threads) may be
igned {0 an appropriate corg. Threadicore mapping may be utilized (o associale
threads with agmms:)réafte cores. insoms exampie computer systems, a thread may be

reassigned from one core o another core before execution of the thread is complete,

[on28] The present disclosive descoribes that when a thread s rescheduled from a
first core 0 a second core, a cache associated with the second core may be pre-filisd.
iy other words, the cache associated with the second core may be al least partigily fiilled

with thread-related data before the thread is rescheduled on the sacond core.

0027 FiG. 1 is a block disgram iHlustrating an sxample multi-core system 100
arranged in accordance with at least some embodimeants of the prasent discloswe. An
xampie multi-cora system 100 may include a pluralily of processor cores 101, 102,
108, andfor 104, Individual cores 101, 102, 103, and/or 104 may be associaled with
one or more caches 111, 112, 113, andfor 114, and/or buffers 128, Inan exampis
embodiment, 8 mulli-core systam 100 may include one or more corgs 101, 102, 103,
andfor 104, gach core having different capabiliies. In other words, a mulli-core sysiem
100 may include helerogeneous hardware. For example, cores 101 and 102 may
inciude enthanced graphics resowrces andfor coves 103 and 104 may include enhanced

mathematical compulational resources.
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G028} fn an example embodiment, a thread 120 which may initially benedit from

g

.....

anhanced graphics capabiliies may be initially executed on care 101, Based atieast in
part on the expeciation that thread 120 may benefit from enhanced mathematical
compuiational capabiliies, data 122 perlaining to thread 120 may be prefiliad inlo cache
114, and thread 120 may be rescheduled o core 104 to complete s execution.
Simianly, a thread 124 which may initially benefit from enhanced mathematicsl
computational capabiliies may be initially executed on core 103, Based at least in part
on the expeciation that thread 124 may benefit from enhanced graphics capabiiities,
data 128 periaining o thread 124 may be prefilled inte buffer 128, and thread 124 may
he rescheduled (o core 102, in this example embodiment, one or mora of data 122 8

128 may b filed inlo cache 114 andfor buffer 128, respeclively, prior to reschaduling

t

threads 120 and 124 o cores 104 and 102, respectively,

N in some example embodiments, coras may include different instruction sels;
Hifferent accelerators {g.g., DSPs {dightal signal processors) and/or different SSks
aming SIMD {single Instruction, multiple data) sxtensions)); larger and/or smaller

a
paches {such as L1 and L2 caches); different branch prediclors (the parls of a

rocessor that delarmine whether a conditional branch in the instruction flow of a

k2

program is {ikaly {o be {aken or not)y, andfor the like. Based atleast in part on these
andfor other differences belween cores, different cores may provide different
capabiiities for certain tasks.

8030

or mare execution characteristics, which may be expressed andfor based on information

i some example embodiments, some threads may ba associated with one

ooy

Bord

coliscied by ons or more performance counters, for example. In some example
embodiments, thread mapping may be based al least in par on ong or more of the

axeoution charactierisiics.

D331} in some exampie embodiments, threads may be mapped to individuai cores

¥y

based at lsast in part on the hardware capabiifies of the cores. For example, a thread
associated with a large L1 cache {memory} demand may be magpa{j {0 a core including
""' (4

large L1 cache hardware, Similarly, a thread associated with a large SSE {instruction

sel) demand may be mapped 10 a core inclyding native SSE hardware implementation.
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These examples are non-iimiling, and it will be understood that threads may be mapped

based at least in part on any hardware characleristic, instruction sei, and/or other

haracteristic of 3 core andfor s thread.

0638 I some example emboadiments, thread execution characteristics may vary
ovar iime based on a phase of the program rumning in the thread, For example, a
thread may onginally have a large L1 cache demand, but may have a minimal L1 cache
demand at a later time. The thread may be mapped to different cores at different times
during s execution, which may result in improved performance. For exampls, the
thread may be mapped 1o 8 core including a relalive large L1 cache when L1 demand is
high, and/or the thread may be mapped to a core having a smaller L1 cache when L1

demand is lower,

fR033] in some axample embodiments, delermining whether or not {o migrate a
thread (o g different core andior when to perform suich a migration may include
avaluating of at least a portion of an exscution profite that may include dala nplated o &
prior execution of the thread. in some example embodiments, the execution profile may
be gei‘;em‘ie@ using a freezse-dried ghost page execution profile generation method as
isclosed in UG, Paten! Application Publication No. 2007/0050805, which is
incorporated by reference. This method may use a shadow processor, or in some
embodiments a shadow core, to simulate the execution of al least a portion of a thread
in advance and to generats performance sialistics and measurements related to this

axecution.

grorny

0034} in some example embodiments, a thread scheduler within the operating

system may establish probabilities for thread migration. For example, the scheduler

may examing the pending tread queue o delerming how many threads are wailing {o
be scheduisd and how many of those threads would prefer Yo be scheduled oncore 2.
The scheduler may also sstimale how long a current portion of the current thread
execuling on core 1 {thread A} will reguirs in order to complete. An estimation may
then be performed to determine the lHkelihood that one of the waiting threads will be
scheduled on core 2 prior {0 thread A reguesting rescheduiing. I this probabdity
sstimate excesds a predetermined threshold, then data related {0 thread A may be
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migrated to the core 2 cache.

{0835} in some gxample embodiments, procsssors and/or caches may be adapisd

collect information as g program exscules. For example, such information may

&

include which cache lines the program referances. In some sxample smbodiments,
datg abowt cache usage may be evaluated to determine which threads showld be
replaced {e.g., by counting the number of lines of thread process remaining). Inan
example embodiment, a performance counter may be configurad {o track line evictions
of running tyeads and/or may use that information to decide which {asks may be
flushed out to begin g higher priority task. A performance counter may aiso be
configured fo track the ling evictions since g task has started. Performance counter

daia may be incorporated inlo the estimatles of rescheduling probabiiiies discussed

abhove.

]

8038} FG, £ is block diagram #lustrating an example muilli-core systarmn 200
ncluding a performance counter 218, arranged in ascordance with at least some
embediments of the present disclosure. Cores 202, 204, and/or 208 {which may be
assooiated with caches 212, 214, andfor 218) may be opsratively coupled (o a
performance counter 218, Performance countsr 218 may be configurad o store the
gourts for hardware-related aclivities within the computer sysiem, for example. Thread
220 migration (from core 202 to core 204, for example) may e al lsasi partiaily
determined using dala coliected by performance counter 218, In some sxample
embodiments, dala 222 may be prefilled into cache 214 from cache 212 prior to

migration of thread 220,

{6637} Some example embodiments may consider the size of a cache footprint §
particular fask. In some exampie embodiments, Bloom filters may be ussed to
characterize how big the cache foolprint is for a thread. An example Bloom filter may
be a space-efficient probabilistic data structure thal may be used o {est whether an

element is a member of a sel. When using some example Bloom filters, false posttives
are possibie, bul false nagatives are not. In some exampie Bioom fillers, slemenis may
be added o the sel, bul may not be removed {though this can be addresssed with a

counting filter). In some example Bloom filters, the more elements that are added {o the

58]
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sel, the iarger the probability of false posilives. An emply Bloom filler may be g bit arvay
of m bits, all sel to 0. In addition, &k different hash functions may be defined, sach of
which may map or hash some sei element o one of the m array positions with g uniform
random distribution. To add an elemend, the element may be fed t0 each of the & hash
functions o gel & array positions. The bils al these positions may be selto 1. To query
for an element {8.¢., 1o test whether s in the set), the element may be fed o each of
the & hash funclions to gel § array positions. In some example Bloom filters, if the bil at
any of these positions 8 §, then the element is notin the sel; § the slement was inthe
set, then all of the bils at the & array positions would have been sel to 1 when Hwas
inserted. In some example Bloom filters, if all of the bits at the k array positions ara 1,

then either the clement is in the sel, or the bils were sel o 1 dwring the nsertion of other

@

‘ements.

g

038} in some example embodimants, a Bioom filter may be used to frack which
cortians of the cache are being used by the current thread. For example, the filter may
be emplied when the thread is first scheduled onto the core. Lach time a cache ling is
used by the thread, # may be added (o the ilter sel. A sequences of qusnes may be
used {o estimate the thread foolprint in order fo evaluate the cost of cache data
migration.  In some example embodiments, a simple popuiation count of the number of
*17 bits in the filler may be used 1o estimate the cache foolprint of the thread. In some
gxample embodiments, counting Bloom filters may be used. In a counting Bloom filter,
each filler element may be a counter which may be incremented when a cache fing is

used by the thread and may be decremented when the cache ling is invalidated.

{0038 in some axampie embodiments, dala associaled with threads may be
evaluated {0 determine whan a thread should be migrated to another core and/or o
which core the thread should be migrated. For example, 2 system may uss real-lim
computing (RTC) dala relating o a thread o delerming whether the thread is falling
behind a targst deadiine. i the thread is falling behind the largel deadiine, the thread
may be migrated to a faster come {e.q., a core operating at a higher clock speed}, for

sxampie,

{0487 1 some extample embodiments, the cache data for a thyead migration may

10
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be pre-feiched The prefeiching may be performed by a hardware prefetcher as is known
in the art. One such prefeicher is disclosed in U.S. Patent No. 7,318,125, which is
incorporated by reference.  That is, when the system is preparing to migrale a thread o
a naw oore, references from the current core may be send fo the new core o prepars for
the migration. Thus, the new core may be “warmed up” i preparation for the migration.
in some embodiments, substantialty gl of the data relaling o the thread o e migraled
may be pra-feichad by the new core. In some other example embodiments, a portion of
the dala relating to the thread o be migrated may be pre-feichad by the new core. For
example, the cache misses, hils, andfor line eviclions may be pre-felched. Insome
axample embodiments, rather than caching the data in the new core {and theraby filling

up the new oore with dala that may ulimalely not be required), the dala may be pre-

i3

fetfched to 3 sidefstream buffer for example.

0841} Az used hereln, “cache hit” may refey to a successiul atlemipt o reference
data that has been cached, as well as the corresponding data. As used hersin, “cache
rdss” may refer o an altempt (o referance data that has not been found inthe cache, as
walt as the corresponging data. As used herein, ‘line sviction” may refer lo removing &
cached ine from the cache, such as o make space Tor different data in the cache. Line
aviction may aiso include a write-back opsration whereby modified dala inthe cache is

writlen 1o main memory or 8 higher cache level prior o being removed from the cache

0042) Thread migration may be expected andfor anticipated based af least partially

rn

an, for sxample, variation of thread execution characteristics over ime, data associated

with a performancs countegr, and/ior dala associaled with threads {e.g.. RTC computing

¥

{0043} Fi3. 3 is & flowchart depicling an exampie method 300 for migrating a thread
from a first processor core 1o @ second processor care, arranged in accordance with at
ieast some embodiments of the present disclosure. Example methads 300 may indude

-

one or more of processing operations 308, 304, 306, 308 andfor 310,

{0044 Processing may begin at eperation 384, which may include anlicipaling that

v

he thread is 10 be migrated from a first processor core assaciated with a first cache o a
sscond processor core, the sscond processor core being associaled with ong or more
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of a buffer andfor a second cache. Operation 304 may be followed by operation 308,
which may include transfering date associated with the thread from the first cache fo
one or more of the buffer andfor the second cache. Operation 306 may be followed by
operation 308, which may include migrating the thread from the first processor core {o

the second processor core.

[0045} Some example methods may include operation 302 prior {o operation 304,
Operation 302 may include at least partially executing the thread on the first processor
corg. Some example methods may include operation 310 after operation 308,
Opwration 310 may include atl least parlially executing the thread on the sscond
DIDCESSOr Core,

048 FIG. 4 is 2 schematic diagram Hlustrating an sxample article including a

torage medium 400 comprising machine-readable insltructions, arranged in accordance

gy

P

4]

3

with at least some embodimenis of the present disclosure.  When executed by ong or
more procassing units, the machine readable instructions may operatively enable a
compuiting plalform o predict that a thread will be rescheduted from a first processor
core {0 a sacond processar cora {operation 402); store data associated with the thread
in a memary associated with the second core {operation 404); and reschedule the

rom the first core o the second core {operation 406}
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methods 500 may includs one or move of processing operations 802, 504, and/or 506,

10048} Processing for method S00 may begin at operation 502, which may include
identifying one or more processor cores o which a thread may be migrated. Operation
502 may be followed by operation 504, which may include ransferring data associated
with the thread {o one or more of a cachs andfor a buffer associated with the processor
core {0 which the thread may be migrated. Operalion 504 may be followed by opergtion
508, which may include migrating the thvead to the processor core 1o which the thread

may be migrated.

150487 G, § s 8 block diagram ilustraling an example computing devics 800 that
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is arvanged for cache prefill in accordance with at least some embodiments of the
presant disclosure. In & very basic configuration 801, computing device 800 {ypically
may include one or more rocessors 810 and system memory 820, A memory bus 830
can be used for communicating between the processor 810 and the system memory
920,

§ﬁ$5$§ Depending on the desired configuration, processor 810 can be of any type
wluding but not limited 1o 3 microprocessor (4P, a microcontrolier {(uC), a digital signal
processor (DSP), or any combination thereof. Processor 810 can include one maore
levels of caching, such as a level one cache 911 and a level twe cache 812, &
processor core 813, and registers 814, The processor core 813 can include an
arithmelic fogic unit {ALLY, a Soaling point unit {(FPUY, a digital signal progessing core
{38® Core), or any combination thereof. A memaory contralier 815 can also be used
with the processor 810, or in some implementations the memory controlier 815 can be

an infermal part of the processor 810,

IDosHY Depending on the desired confSiguration, the system memory 920 can be of
any type including but not lmited {o volatiie memory (such as RAM), non-volatile
meamory {such as ROM, flash memory, et} or any combingtion thereof. System
memory 920 typically includes an operating system 821, one or more applications 822,
and program data 824, Appiication 922 may include a cache prafill algorithm 823 that
may be arranged o anticipate rescheduling and prefill a cache. Program Dala 824 may
include cache prefill data 825 that may be usefid for prefilling a cache, as will be furthe
described below. In some embodiments, application 922 ¢an be aranged o pperate
with program dala 824 on an operating system 821 such that a cache may be prefilled
iy accordance with the echniques described hergin. This described basic configuration

is Hlustrated in FIG. 8 by those companents within dashed line 8901,

10052} Computing device 800 can have addifional fealures or funclionality, and
additional interfaces o facilitate communications between the basic configuration 861
and any required devices and interfaces. For example, a bus/interface controlier 840
can be ussd to facillate communications belween the basic configlration 801 and one

or more data storage devices 950 via a storage interface bus 841, The datla slorage

13
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devices 850 can be removable storage devices 881, non-removabie slorage devices
952, or a combination thereof. Exampies of removable storage and nonvemovable
storage devices include magnetic disk devices such as flexible disk drives and hard-disk
drives {HDD), optical disk drives such as compact disk {CD) drives or digital versatiie
disk {DVI) drives, solid state drives (880}, and tape drives to name a few. Example
computer slorage media can include volgtile and nonvolalile, removable and non-
reamovable media implemenisd in any msthod or technoiogy for storage of infonmation,
such as compuier readable instructions, datla structures, program modules, oy othey
{0053} System memory 820, removable storage 851 and non-removable storage
952 are all examples of computsr slorage media. Computer storage media includes,
but is not limited {o, RAM, ROM, EEPROM, flash memory or other memory technotogy,
CI-ROM, digital versatile disks {DVDO} or other optical siorage, magnetic cassetlies,
magnetic tape, magnetic disk storage or other magnelic slorage devices, or any othey
medium which can be used {o store the desired information and which can be accessed

by computing device 800, Any such computer slorags media can be part of device 800

00541 Computing device 800 can aiso include an inlerface bus 842 for faciitating

&

gren

communication from various interface devices {8.¢., output interfaces, peripheral
nterfaces, and communication interfaces} to the basic configuration 901 via the
bus/interface controller 840, Example oulpi devices 880 include a graphics
grocessing unt 881 and an audio processing unit 862, which can be configured to
comnunicale o varipus exismal devices such as a display or speakers via ong of more
ANV porls 963, Example peripheral interfaces 870 include g serial interface contraller
G7Y or a Qaraﬂei interface condroller 872, which can be configured o communicate with
axternal devices such as input devices {8.g., keyboard, mouse, pen, voice inpu device,
fouch input device, sic.) or ather peripheral devices {g.q., prinler, scanner, afc.) viaonse
or more HO ports 973, An example communication device 880 includes a network
cortroller 981, which oan be aranged fo faciiilale communications with one or mare
other compuling devices 880 over a network communicalion via one or more

communtication poris 882. The communication connection is one example of 8

14



WO 2011/031355 PCT/US2010/037489

communication media. Dommunication media may typically be embodiad by computer

-

readable instructions, data structures, program modules, or other data in @ modulated
data signal, such as a carrier wave or other fransport mechanism, and includes any
information delivery media. & "'madidated data signal” can be a signal that has ane or
more of s characteristics set or changed in such a manner as o encode information in
the signal. By way of axampile, and not imitation, cormmunication media can include
wirad media such as g8 wired nelwork or direct-wired connection, and wireless madia
such as acoustie, radin frequency (RF), infrared (IR) and other wirglass media. The
form computer readable media as used herein can include both storage media and

communication media,

10058] Computing device 800 can be raplemented as a portion of 2 smali-form
factor poriable {or mobile) slecironic device such as a cell phone, a persenal data
assistant {(PDA), 8 personal media player device, a wireless wab-watch devics, a
parsonal headssl device, an application specific device, or a hybrid device that include
any of the above funclions. Computing device 900 can also be implemented as a
parsonat computer including both laptop computer and nor-laplop computer

configurations.

00588} The herein describad subject matier sometimes illusirates different
componentis contained within, or connected with, different other components, Risto be
undersiood that such depicied architectures are marely sxamples, and thatin fact many
other architeclures may be implemented which achieve the same funclionality. na
conceptual sense, any arrangement of components {o achigve the same functionality is
effeclivaly "associated” such that the desired functionality is achieved. Mence, any two
components herein combined 1o achieve g particular funclionaiity may be seen as
"associated with” each other such that the desired functionalily is achieved, respective

of architectures or intermedial components. Likewise, any two components so

9]

ssociated may also be viewed as being “operably connected”, or "operabiy coupled”,

1

gach uther 1o achieve the desired funclionality, and any two components capable of
being so associaled may also be viewsd 33 being "operably couplable”, o sach ¢ther to

achigve the desired funclionalily. SpecHfic examples of eperably couplable include but
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are not limited 1o physically mateable and/or physically interacling components andfor
wirelessly inferaciable and/or wirelessly inferacting components and/or logically

interacting and/or logicaily inleractable components.

{8057T) With respedct to the use of subsiantially any plural and/or singuiar terms
herain, those having skill in the art may transiaie from the plural fo the singular and/or
from the singular to the plural as is appropriate to the context and/or application. The

various singulad/plural permutations may be expressiy set forth herein for sake of darity.

LT i will be undersinod by those within the art that, in general, terms used
hereln, and especially in the appended claims {e.g., bodies of the appended claims) are
generally intended as "open” lerms {e.4., the term "including” should be inlerpreted as
"including but not imited {n,” the term "having® should be interpreted as "having at
east,” the term “includas” should be interpreted as “includes but is not imited fo0,” stc.).
fowill 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 explicilly recited in the
glaim, and in the gbsence of such recifation no such intent is present. For exampis, as
an ald to undersianding, the following appended claims may contain usags of the
infroduclory phrases “at least oneg” and "one or morg” (v infroduce claim recilations
However, the use of such phrases should not be construed 1o imply that the infroduction
of a claim racitation by the indefinile articles "a8" or "an” limils any particuiar claim
containing such infroduced claim reciiation to inveniions containing only one such
racitation, even when the same claim inciudes the introductory phrases "one or more” or
"at least one” and indefinile arlicles such as "a" or "an” {8.g., 78" and/or "an" shoudd
fypically be inferpreted o mean "at least ong™ or "one or more™); the same holds frue for
the use of definite arlicles used o infroduce claim reciiations. in addiion, svanifa
specific number of an introduced claim recitation is explicitly recited, those skilled inthe
art witl recognize that such recitation should typically be interprefed (o mean at least the
recited number {8.¢., the bare reciiation of "wo recitations,” without other modifi
typically means at leas! two reclations, or two or more reciiations). Furthermore, in
those instances where 8 convention analogous o "atleastone of A, B, and C, ele is

used, in gengral such a construction is intended in the senss one having skl in the ant

i
o3}
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would understand the convention (e.g., "a system having at leastone of A, B, and 7
would include but not be limited 1o systems that have A alone, B aloneg, C alone, A and
B together, & and C fogether, B and © {ogether, andior A, B, and C logether, elc.). In
those instances where a convention analogous o "at lgastone of A B, or G, elc”is
used, in general such a construction is inlended in the sense one having skill in the art
would understand the convention {e.g., "a sysiem having st leastone of &, B, or O°
would include but not be limited {o systems that have A slone, B along, C alone, A and
B logether, A and C {ogether, 8 and C together, andfor &, B, and C logether, elc). |

will be further understood by those within the art that virtually any disjunctive word
and/or phrase presanting o or more allernative terms, whether in the description,
claims, or drawings, should be undersiood to contempiate the possibilities of including
ons of the terms, elther of the terms, or both terms. For example, the phrase "A or B

will be undersinod o include the possibiliies of "A" or "B or "Aand B

{0058] While varicus aspeacts and embodiments have been disclosed herein, other
aspecis and embodiments will be apparent to those skilled in the art. The various
aspects and embodiments disclesed herain are for purposes of Hlustration and are not
intended {o be lmiting, with the frue scope and spirtt being indicated by the following

claims.

17
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What is claimed is;

1. A method of migrating a thread from a first processor core to a sscond
grocassor core, the method comprising:

aniicipating that a thread is to be migrated fom a first processor core associated
with a first cache 0 a second processor core, the second processor core being
associated with one or more of a buffer and/or a second cache;

fransferring data associated with the thread from the first cachs 1 one or more of
the buffer and/or the second cache; and

after ransferring data associaled with the thread, migrating the thread from the

first processor core {o the second processoer core.,

2. The method of claim 1, further comprising, prior 1o anticipating that the thread is

to be migrated, al isast padially exsculing the thread on the firsi processor core.

3. The method of clabm 1, further comprising, after migraling the thyead, at least
partially exaculing the thread on the second processor cors.
4. The method of ¢laim 1, wherain the data includes one or more of a cache miss, a

cache K, and/or & cache line eviction associated with the thread.

5. The method of claim 1, whersin the second processor cove is associated with the
second cache; and wherein fransferring the data includes fransferring the data from the

first cache to the secorgd cache.

8. The method of claim 5, wherein the second cache includes existing data
associated with the thread; and wherain transferring the data includes ransferring new

data gssodiated with the thread.

7. The method of claim 8, whersin the new data includes one or more of a pache

s, 2 cache hit, and/or a cache Hine sviction associated with the thread.
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8. The method of claim 1, wherein the second processor core is associaled with the
buffer; and wherein transferring the data includes transfarring the data from the first

cache o the buffer,

G The method of claim 1, wherein anticipating that the thread i3 1o be migrated to
the second processar core comprises determining that there s at teast a threshold
probability that the thread is 10 be migrated 10 the second processor cove.

10, The method of claim 1, wherein anticipating that the thread s {o be migrated to a
second processor core is based at least it part on one or more of hardware capabilities

of the second processor corea.

11, An arlicle comprising:

a siorage medium comprising machine-readable instructions stored thereon,
which, when executed by one or morg processing unils, operatively enable a computing
tlatform o

pradict that a thread will be rescheduled from a first progessorcore 10 8
gsacond Drocessor core;

store dala assovigled with the thread in a memory assodiated with the
sgcond corg; and

reschedule the thread from the first core 1o the second core after the data

associgted with the thread is stored in the memory associaled with the second

12, The article of claim 11, wherein the data associated with the thread is new dala
associaled with the thread; and wherein the memory includes existing data associated

with the thread.
13, The article of claim 11, wherein the instructions enable the computing platform o
predict that the thread will be rescheduled based atl least i1 part upon a probabiity that

the thread will be rescheduled

A
19
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14, The arlicle of claim 11, wherein one or more hardware capabililies associated
with the first processor core differ from one or more hardware capabililies associaled
with the second processor core; and wherein the instructions enable the computing
platform {o predict that the thread will be rescheduled based at lsast in part upon the
ane or more hardware capabililiss associated with the first processor core, the ong or
ore hardware capabilities associated with the second processor corg, and gne of

morg execution characteristics assooiated with the thread.

15, The arlicle of dlaim 11, wherein the memory includes ong or more of g cache

andfor 3 buffer,

18.  The ariicle of claim 11, wherein the instructions snable the compuding platform o
reschedule the thread from the first core to the sacond core subsequent 1o siorage of
substantially all of the data associated with the thread in the memory assosiated with

the second core.

17, A mesthod of prefiliing a cache comprising:
identifving one or more processor cores o which g thread is o be migrated;
transferring data associated with the thread {o one or more of g cachs and/or a
buffer associated with the processor cores to which the thread is o be migrated; and

migrating the thread to the processor cores 1o which the thread is to be migrated.

18, The method of claim 17, wherein transferring the data is subsiantially complete

orior o migrating the thread

18. The method of claim 17, wherein identifying the processor core {6 which the
thread may be migrated is based al least in part on information collecied using a
perforrnance counter associated with at least one of the processor cores.

20, The method of dalm 19, wherein the information collected using the performance

20
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counter includes numbers of line evictions associated with individual threads running on

the processay coras.

21, The method of claim 17, wherein identifying the processor core {o which the
thread may be migrated is based at least In part on real-time computing information

associated with the thread; and whergin, when the real-time computing information

2,

indicates that the thread is falling behind a targset deadling, the thread is migrated fu a

faster one of the processor cores.

22. The method of claim wherein ransferring the data associated with the thyead
inchudes ransferring the data from a first cache associated with a current processor
core 1o a second cache associaled with the processor core {o which the thread may be

migrated.

73
o

A multb-core systay comprising:
& first processar corg;
2 firs! cache associated with the first processor core;
8 second processor corg; and
ane of more of a2 second cache andfor a buffer associated with the second
DIOCESSOT COre;

wherein the multi-core system is configured to transfer data from the first cache
o ang or more of the second cache and/or the buffer and, subsequently, migrals a
thread from the first procassor core to the second procassor core, the thread being

assooiated with the data,

24, The muiti-oore system of claim 23, whersin the first processor core has a first

capabiity and the second processor core has a second capability that is different from

¢

the first capability such that the multi-core system comprises helerogeneocus hardware.

o

28, The mulli-core system of claim 24, wherein sach of the first capability and the

second capability corresponds o af least one oft 3 graphics resource, a8 mathematics

21
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computational resource, an instruction set, an accelerator, an 83, a cache size andfor

a branch predicior,

28. The multi-core system of claim 23, wherein the data comprises ons or mare of 8

cache miss, a cache hit, andior a cache line gviclion associated with the thread.
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