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Title: THREAD SHIFT: ALLOCATING THREADS TC CORES

CROSS REFERENCE TO RELATED APPLICATIONS
100013 This application claims priority to U8, Patertt Application Serial No.
12/557,871 entitled, "THREAD SHIFT: ALLOCATING THREADS TO CORES” which
was filed on Seplember 11, 2008, the disclosurs of which is heraby incorporated in s

ntirely by reference.

0003 This ap;}%ifsa{im may he related o co-pending U.S. patent application Ser.
No. 12/427 602, enditled "THREAD MAPPING IN MULTI-CORE PROCESSORS,” filed
Aprd 2008, by Wolfe o al,, U.S. patent application Ser, No. 12/557 885, entitled

"MAPPING OF COMPUTER THREADS ONTO HETEROGENEDUSR RESOQURCERS
fied Seplamber 11, 2008, by Wolfe et al,, and/or co-pending U8, patant application
Ser. No. 12/557,.884, entitled "CACHE PREFILL ON THREAD MIGRATION,” fled
Sepitember 11, 2009, by Wolle el 8l the entire disclosures of which are incorporated

herein by reference.

BACKGROUND
{0003 The present disclosure is related o mulli-core computer systems and, more

carticularly, 1o efficiently luning a thread's core allocstion based, at least in part, on real

time computing data related {o the mulli-core computer system.

SUMMARY OF THE DIBCLOBURE
100843 The present disciosure generally relates to multi-core computer processing.
Specifically, the present disclosure relates to uning core allocation of threads based on

real ime computing dala.

100051 Afirst aspect of the present disclosure generally describes methods of
allocating a thread onte heterogeneous processor cores. Such methods may include

¥

muonitoring real ime computing data related {o the helerogensous processor core(s),
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and allocating the thread to the heterogeneous procassor corels) based, at least in pad,

on the monitorad real ime compuling data

{0008} in some exampiss of the first aspect, the method may also include executing
the thread by the respective aliocaied heterogensous processor core. In some
exampies, monioring real time computing data may nelude delermining when the
thread is falling behind a thread compistion target deadiine. in some examples,
aliocating the thread may be based, at least in pary, on whether the thvead has fallen
behing the thread completion target deadling. In some examples, the real ime
computing data may include an indication that the thread is falling behing a thread

compiation larget deadling

GROT} In some exampies of the first aspect, the real time computing data may

yaren,

po

de 8 oyclgs per instruction rale. In some examples, the eyoles pey instruction rate
may be determined, at least in part, by 8 ratio of nlal number of clock cycles per

nstruction completed over a time interval,

{0068} Some exampies of the first aspect may also include comparing the cycles

er instruction rate to a target cycles per instruction rate.  In such examples, allocating

13

o
g

e thread may be based, al least in part, on the comparison of the cycles per
instruction rate to the target cycles per instruction rate. In some sxamples, alipcating
the {hread may include dynamically allocating the thread to the %“s;e“{erag:eﬂeaiss

CrOoessor core{s).

&

{0008} in some examples of the first aspect, the method may aiso include
transmitting the monitored real ime compuling data o a thread aliocaling software tool,
and atiocating the thread to a predetenmined helerogenaous processor core with the

thread aliocating ool soflware based on the monitored real ime computing datla.

| g

G010} in some examples, the real ime computing dala may include checkpoint{s)

nstruciing that the thread is ¢ be allocated from a first helerocgeneocus progessor core
i g second helerogensous proocessor core al a predstermined ime. I such examples,

allecating the thread may be based, at least in pari, on the checkpoini{s).

o

F1820455

2. 2
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0014 in some examples of the first aspedt, the method may also include
independently aliocating each of a plurality of threads {o the helerogeneous processor
core(s). In such examples, the thread may include the plurality of threads, each bsing
associated with the real time computing data.

012} A second aspeact of the present disclosurs generally describes methods of
atiocating a thread from a first helerogensous processor core {o a sscond
helerogenacus processor core, Such methods may include moniforing a {otal number
of clock cyoles associated with the first helerogenaous processor corg, monitoring a
total number of instructions completed by the first helerogenecus processor core,
calcuiating a OFl value based, at {east in part, on a ratio of tolal number of clock cyeles
per instruction compleied over a predsiermined tims inferval, and allocating the thread

{0 second heterogenaous processor core based, at least in pant, on the P valus.

s

0013 in some examples of the second aspect, the method may also include, prioy
o allocating the thread, comparing the CP value to a targset CP1 value prior to allocating
the thread. In such exampies, allocaling may be based, at least in pard, on the CFI

alue equaling the targe! CF1 value. Some sxamples may include comparing the CFI
value {o a targel CPHvalue prior (o alivcaling the thread. In suchy examples, alivcating
may be based, al least n pari, on the OP1 value xceading the target CPlvalus. In
some examples, the larget CP value may be definad prior to and/or during the

axecution of g software applicalion associated with the threa

iy,

NS in some exampies of the second aspect, the real time computing data may

nolude checkpoint(s) instructing that the thread is o be allocated from the first

haterogencous processor core 1o the second heterogensous processor coreg st a8
oredetermined time. in such examples, allocating may be basead, at least in part, onthe
pradaetermined time associaled with the checkpaoint{s)

FOOS] A third aspect of the present disclosure generally describes articles such as
a storags meadium having machine-readable instructions stored thereon., When
gxacuted by processing unit{s), such machine-readable inslructions may gnable a

computing platform o monior real time computing data relaled o a first heterogensous

1180581 2
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INOCESSor cove processing a thread, and aliocate the thread o a second heleroganeous

processar core based, at least in part, on the montiored real time computing data.

10018} in some exampies of the third aspect, the machine-readable instructions may
further enable a compuling platform fo determine if the thread s falling behind a thread
completion target deadiing. In such examples, the allocating the thread may be based,

at least in part, on whethey the thread has {alien behind the thread completion targetl

deadiing
NG ! in some exampies of the third aspect, the articles may also include a thread
allocating soffware tool configured o receive the real time computing data and allocate

v

the thread 1o a predetermined helerogeneous processor core based atl least inpart on
the real fime computing data. o some exampies, the maching-readable instructions
may further enabie a computing platform o dynamically allgcale the thread to a sscond
helerogsenenus processor core basedq, at least in part, on the monilored real ime
computing data.

0018] A fourth aspect of the present disclosure generailly describes multi-core
procassors. Such mudti-core processars may include g first helerogensous rocessor
cowe and a second hetsrogeneous processor core. The mulli-core processor may be
configured o monior real tme computing data relaled to the first heterogeneous
HrOCEssor core processing a thread, allocate the thread {o the second helerogensous
Drocesser corg hased, at least in pary, on the monilored real time computing data, and
axecuie the thread by the second helerogeneacus processor core afler the thyead is

allocated {0 the second helerogsensous Processer oora.

gy

BT i1 some 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
capabilily such that the mulli-core processor includes helerogensous hardware. In
some axamples, thae first capability and the second capability each comrespond to a
graphics resource, @ mathematical computational resource, an instruction sei, an

accelerator; an 8SE, a cache size gndfor a branch predicior.

002 The forsgeing summary is Bustrative only and is not intended o be in any

11620592.1 4
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way limiling. In addition fo the illustralive aspects, embodiments, and features
described above, further aspects, smbodiments, and featwres will become apparent by

reference o the drawings and the following delalied description,

BRIEF DESCRIPTION OF THE DRAWINGS
2Nl The foregoing and other features of the present disclosure will become more

fully apparent from the following description and appended claims, {aken in conjunclion
with the accompanying drawings. Undersianding that these drawings depict only
several embodiments in accordance with the disclosure and are, therefors, not o be
considered imiting of #ts scope, the disclosure will be descoribed with additions!

specificity ard detall thyough use of the ascompanying drawings.
0028 fn the drawings:
v 3 g
ook diagram #lustrating an exampie multi-core systam having
mutliple helerocgensous cores;
S, 2 s a flowchart depicting an example method of allocaling a thread o at

teast one of a plurality of helerogenecus processor cores;

“Tt

3. 3 is a Sowchart depicling an example method of aliocaling a thread from g

cork,
oA

ay,
4]

irst helerogenecus processaor core 1o a second helerogensous processor core;

G, 4 is a schematic diagram Huslrating an example arlicle including a storage

mediven comprising machine-readable nstructions; and

FIG. 5 is a block diagram illusirating an example compuling device thal may be
arranged tor thread aliccaling implementations, aill configured in accordance with

at least some embodiments of the present disclosure.

DETAILED DESCRIFPTION

8023} in the following detalled descriplion, reference is made {o the accompanying

oy

drawings, which form g part hereof. in the drawings, similar symbois typically identify

118206524 5
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similar components, uriess context diclales otherwise. The llustrative embodimants
described in the delalled description, drawings, and claims are not meant to be limiting.
Ciher embodiments may be utilized, and other changes may be made, without
deparling from the spirit or scope of the subject matler presented hare. [ will be readily
understoad that the aspects of the present disclosureg, as genserally desaribed herein
and flustrated in the Figures, may be arranged, substiluted, combined, and designed in
a wide variety of different configurations, all of which are explicitly contemplated and

make pari of this disciosure.

8024 This disclosure is drawn, infer affg, 1o methods, systems, devices andfor

vy

apparatus related to multi-core computer systems and, more particulany, 1o efficient

tuning of a twead's core allocation based, at least in part, on real ime compuling

factors relatad {0 the mulli-core compuler systam.

{QQE““E The present disclosure contemplates that some computer systems may
whude a pluralily of processor corss. In a multi-core system with heterngenesous
hardwars, some cores may have certain hardware capabiiities not available to other
coras. I some example computer systems, at least one thread {(which may be a
seqguence of instruclions and which may execute in paraliel with other threads) may be
assigned {o an appropriate core. Thread allocation may be ulilized {0 associale threads
with appropriate cores. In some example computer systems, a thread may be
reassigned from one core to ancther core during exscution of the thread. While the

prasent disclosure gengrally refers to threads, it is within the scope of the discloswe to

iy

inciude the mapping of processes, {asks and the like.

1

{6028} in an example smbodiment, data assodiated with threads may be used o
determine when a thread should be allocated fo another cors andfor to which core the
thread should be allocated. For example, a system may use real ime compuiing dala
relating 10 a thread o determineg whether the thread is falling behind a target deadiine.
if the thread is falling behind the targel deadiing, the thread may be migrated (o a fasier

core, for example
[a02} FIQ. 1 is a block diagram Hlustraling an example multi-core syslam having

118205821 &
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ultiple heterogenesous core arranged in accordance with atl least some embodimenis
of the present disclosura. An sxample multi-core system 100 may include a plurality of
processor coras 102, 104, andior 106, In an example embodiment, 8 mulli-core system
100 may include one or more cores 102, 104, and/or 106 sach core having different
capabilities. in other words, a multi-core system 100 may include helerogensous
hardware. For example, one core 102 may include enhanced graphics resources,
another core 104 may include enhanced mathemalical computationg! resowrces and

another core 106 may include a large capacity cache

g

0028} As depicted in Fig. 1, a software application 108 may include ssveral threads
Or processes andior tasks). To efficiently allocale the threads 1o an appropriate core

e

based on real time computing faclors, the thread allocation methods described hersin
may be implementad by a thread allocation system 112 uperably connscted o the
software application 108, In some embodiments, a real time computing moniloning
system 110 may aiso be operably coupled 1o the thread allocation system 112 to assist

3

in efficiently allocating threads 114, 116 and/or 118 {o one or more cores 102, 104

andior 108, which will be desgribad in more detall below.

100628 i the sxample embodiment of Fig. 1, the thread allocation system 112 may
allocate threads {0 an appropriate core. Specifically, the thread allocation system 112
may map a first thread (thread #1) 114 o core 102, may map a second thyead {(thread

#23 116 to core 102, and may map a third thread {thread #3) 118 {o corg 106,

{0038} in some exampie embodiments, a thread which may nitially benefit from
enhanced graphics capabilities may be inttially executed on a8 core having enhanced
graphics resources. Based al least in part on the expactation that the thread may laler
penefit rom enhanced mathematical computational capabilities, data periaining to the
thread may be fransmitied {o 8 cors having enhanced mathematical compuiational {o

compiste s execution.

0031} in some sxample embodiments, cores may include diferent inslruction seis;
different accelerators (e.g., DSPs {digial signal processors) and/or different S8Es
{streaming SIMD {single instruction, multiple data) extensions)); larger andfor smallsy

TI820582.1 7
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r

cachas {such as L1 and L2 caches); different branch predictors (the parts of 3
orocessar that determine whether a conditional branch in the instruction flow of &
program s likely 1o be taken or not); andfor the like. Based af least in part on these
andfor other differences between cores, different cores may provide different

capabilities for certalin tasks.

{883 i some example embodiments, threads may be aliocaled {ut’iié;@%s}g the
thread allocation system 112, for examplsito individual cores based at least in part on
the hardware capabilities of the cores. For example, a thread associated with a large

.1 cache {memory) demand may be allocaled to a8 core including largs L1 cache
hardware. Similarly, a thread associated with a large 5SE {(instruction set) demand may
be sliocated to a core including native SSE hardware implementation. These examples
are non-limiting, and i will be understood that threads may be allocated hased at least
i part on any hardware characteristio, instruction set, and/or other charactenstic of g
core and/or a thread. Further, the present disclosure contempiates that, i the threads
are not allocates {o a core based on hardware capabilities, the thread may instead be

processed using softwars emuiation, which may increase processing ime for that

o033 n some example embodiments, determining whether {o allocale a thread o
a different core and/or when o perform such an allocation may include evatuating of &
isast a2 portion of an exscution profile that may include data relaled o a prior execution
of the thread. In some axample embodiments, the execution protiie may be generated
using a fresze-dried ghost pags execution profile generation method as disclosed in
U8, Patent Application Publication No. 2007/0050805, which is wmcorporated by
reference. This method may use @ shadow processor, of in some embodiments a
shadow corg, (o simulate the sxecution of at least a portion of a thvead in advance and

sformanne statisics and measwemenis relaied o this exscution.

¥
o]
«
&
B
P
]
Fotcad
463
o)
o
4,

100343 In some example embodiments, processors and/or caches may be
configured to coliect information as a program sxecutes. For example, such information

may includs which cache lines the program references. In some example

TIBZ06HE A 8
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ambodiments, data about cache usage may be evalualed to delerming which threads
should be replaced (a.g., by counting the number of lines of thread process remaining).
in an example embadiment, a performance courter may he configured 1o rack Hine
evictions of running threads and/or may use that information to decide which tasks may
be flushed out o begin a higher prionty task. A performance counter may aiso he

configurad {o frack the line eviclions since a lask has started.

{00351 An example multi-core sysiem may include a performange counter adapted
for use in accordance with the present disclosure. Various cores may be operalively
coupled (o a performance counier. A performance counter may be configured {o slore a
count indicating the number of hardware-related activilies within a computer system, for
exampie. Thread aliccalion {from gne core (o another core, Tor exampis) may be at

least partially determined using data coliscted by the performance counter.

10038] Some example embodiments may consider the size of a cache fogtprint for g
particular task, in some example embodiments, Bloom filters may be used to
characterize how big the cache foolprint is for g thread. An example Bioom filer may
be 3 space-efficlent probabilistic data struclure that may be used o lest whether an
siement is a member of 3 set. When using some exampie Bloom fitlers, faise posifives
are possible, but false negatives are not. In some sxample Bloom fillers, elemenis may
be added o the sei, but may notl be removed {though this can be addressed with a
counting fiter). In some example Bloom filters, the more alements that are added {o the
set, the larger the probability of false positives. An emptly Bloom filter may be a bit array
of m bits, alf seito 0. In addilion, K different hash functions may be defined, sach of
which may map or hash some sel glement {0 one of the m array positions with a uniform
random distribution. To add an element, the element may be fed {o each of the K hash
functions {o get K array positions. The bits at these posilions may be setio 1. To query
for an element {&.g., 1o test whether it s in the sel), the slement may be fed In sach of
the k hash funclions o get k array posilions. i soms sxample Bloom fillers, fthe bit at
any of these posilions s D, then the slement is not in the sat; ¥ the slement was in the

sef, then all of the bits al the k array positions would have been setio 1 when it was

oy
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inseried. in some exampie Bloom filters, if all of the bits at the k array positions are 1,
then either the slement is i the sel, or the bils were sel o 1 during the insertion of other

siements.

{0037 11 some example embodiments, a Bloom filter may be used {0 rack which
partions of the cache are baing used by the current thread. For example, the filter may
be amplied when the thread is first schedulnd onlo the core. Each ime acache ling is
used by the thread, H may be added o the filter sel. A sequence of queries may be
used to estimate the thread foolprint in order {0 evaluate the cost of cache dala
migration,  in some example smbodiments, a simple popuiation count of the nunber of
“1” bits in the filler may be used {0 estimate the cache foolprint of the fhyead. In some
exampie embodiments, counting Bloom filters may be used. in a counting Bloom filter,
gach filter element may be a counter which may be incremenied when a cache line is

used by the thread and may be decremented when the cache line s invalidaled.

3838} in some exampie embodiments, the cache dala for a thread migration may

[ ]

be pre-felchad, The prefeiching may be performed by a hardware prefaicher as is

xnown in the art. One such prefeicher (s disclosed in U3, Palent No. 7,318,125, which
is incorporated by refergnoe. That is, when the syslem is preparing o transmif 3 thread
{0 a new core, references from the current core may be sent to the new corg o prepare

- 4
N
H

for the migration. Thus, the new core may be “warmed up” in preparation for the
ymigration. in some embodiments, substantially alf of the data relating fo the thread 10
be migrated may be pre-fetchad by the new core. In some other axample
embodiments, a portion of the data relating to the thread to bs migrated may be pre-
fetched by the new core, For example, the cache missas, hils, and/or line gvictions may
be pre-feiched. In some example smbodiments, rather than ¢aching the datg inthe
new core {and thereby filling up the new core with data that may ultimately not be

required), the data may be pre-feiched {o a side/stream buffer, for example.

5033 As used herain, "cachs hit” may refer to a successiul altempt o reference
daia that has been cached, as well as the corresponding data. As used herein, “cache

miss” may refer 1o an altempt {o reference data that has not been found in the cache, as

148208552 1 10



WO 2011/031356 PCT/US2010/037496

PATERY COOPERATION TREATY APPLICATION

Docket Nop, JESGI-GNOOTW

weil as the corresponding data. As used hereln, "line eviclion” may refer o removing a
cached ine from the cache, such as to make space for different data in the cache. Line
aviction may alsg include a write-back operation whereby modified data inthe cache is

wrillen to main memory of & highsr cache level prior o being removed from the cache,

80407 FIG. 2 is a flowehar! depicting an examiple method 200 of allocating a thread

o

o al isast one of a plurality of helerogeneous processor cores that is arranged in
accordance with at least some embodiments of the present disclosure. Example
methods 200 may include one or more of processing operations 202 and/or 204.
Processing may begin at pperation 202, which may include moniloring real time
computing dala related to one or more helerogeneous processor cores, sach adapied
for processing the thread. Processing may flow from operation 202 1o operation 204
Qperation 204 may include aliocating the thread to one or more of the hetercgeneous

progessor cores based, al least in part, on the monitored real time computing data.

0041} in seme embodiments, the moniloring eperation 202 may include
determining if the thread s falling behind a thyead complstion targst deadiineg, and the
aliveating operation 204 may be based, at least in parl, on whether the thread has {allen
tehind the thread completion {argel deadiine. [n some other embodiments, the real
fime computing data may include a determination that the thread is faliing behind a

thread complation targest deadiine.

{0042} i somie embodiments, the monitoring opsyation 202 (which may be
performed by separate hardwars on another processor cora) may coour concurrently
with thread processing or may cocur inlermitientty {Lea., occurrdng at checkpoints or
scheduling interrupis). The thread may eithey be executing or suspended (.e., paused}
at any ima. in some exampies, the thread may have a deadiine for completion and
may likely be execuling on one core urdil such Ume as i is realiocaled to another. In
some embodiments, real-lime data may be evalualed concurrently. In some examples,
the thread may be suspended, the real-ime dala may be svalualed, and the thread may

ke realiocated {o the same core or a different core.
10043] in an example embodiment, the real time computing data may inciude a

118205821 11



WO 2011/031356 PCT/US2010/037496

PATENT COOPERATION TREATY APPLICATION

Socket No. JBSRS-GROGTW

cycles per instruction rale, which may be determined, al least in pari, as a ratio of tolal

rumber of clock cycles per instruction completed over a predelermined time interval, in

ancther example embodiment, the cycles per instruction rate may be compared 1o 8

farget cycles per instruction rate, and the allocating operation 204 may be based, at

isast in part, on the comparison of the cycles per instruction rate {o the larget cycles pey
nstruction rate. In still another sxample embodiment, the allocaling operation 2045

may oscur dynamically,

00443 in yet another embodiment, the real ime computing data may include at
isast one checkpoint instructing that the thread is to be allocaled from one
heterogeneous processor core o ancther helerogeneous processor carg at a
pradetermined ime, and the gllocating operation 204 may be based, at least in part, on

the at least one chackpoint.

i

yeeeq

0045} i
real time computing data to a thread allocating software ool The thread allocating

ancther embodiment, the msthod 200 may further include transmitting the

software ol may be configured o allocate the thread o a praedetermined
heterogenecus processor core. In another embodiment, the thread may be a plurality of
threads, whers gach of a plurality of threads may be associaled with the real time
computing data, and where gach of the threads may bs independently aliocated fo the
helerogenenus Processor Cores.,

10048} FIG. 3 is a Sowchant depicting an example method 300 of allncating a thread
from a firsi helgrogeneous processoer corg 1o 8 second helerogensous procaessor ¢

that is arranged n accordance with at least some embodiments of the present
disclosura. The sxample methods 300 may include one or more of processing

operations 302, 304 andfor 306.

0047 Processing may begin at operation 3@2, which may nclude monitoring one

s

or more of & otal number of clock cycles associated with the first hetercgeneous
Orocessor core processing the thread andf/or & fotal number of instructions compiated by
the first heterogeneous processar core. Processing may continue from operation 302 to

operation 304, which may include calculaling a cycles per instruction {CPY) value based,

118205821 12
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al least in pary, on a ratioc of a {olal number of clock cyclas per instruction complated
over a time interval, Processing may then continue from operation 304 to operation
306, which may include allocating the thread {0 second haterogenenus processar corg

based, at least in pari, on the TP valua.

10048} In an sxample embodiment, the method may further include comparing the
CP1 value 1o g targst OP value prior to the aliocating operation 308, where the
altocating operation 308 may be based, at least in pari, on the P value approximately
saualing the targel CPi value. In another embodiment, the method may further include
comparing the CP! value {0 a target CF! valug prior 1o the allocaling operation 3348,
whare the allocating operation 308 may be based, atlsast in part, on the TP value

exceading the target O value.

100481 in another embodiment, the target O value may be defined priorto or

during the exscution of a software application associaled with the thread.

TO058] i yel another embaodiment, the real ime compuiing date may include one or
mare checkpoints configured {o insfruct that the thread is 1o be alioccated from one
helerogenacus proeessor corg to ancthar helerogenscus processor core at a
predetermined time. In this manner, the allccaling operation 308 may be based, at least

in part, on the predetermined fime associated with the at least one chackpownt,

10851} FIG. 4 is a schematic diagram of an example article including a slorags
medium 400 comprising machine-readable instructions arranged in accerdance with at
feast some embodimernts of the present disclosure.  When execuied by one or more
processing units, the machine readable instructions may operalively enable a
computing platform o monitor real time compiing dais related 1o g first heterogensous
Lrocessor core precessing a thread (operation 402} allocate the thread o a second
haterogeneous progcessaor core based, al least in part, on the real tims computing data

{operation 404},

QOS] In some embodiments, the machine-readadle instructions may be further

s

configured to operatively enable a computing platform t¢ determine if the thread is
falling behind a thread complstion target deadiine. In this manner, the allocating

T1820552.1 13
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operation 404 may be based, al lgast in part, on whether the thread has been fallen
behind the thread complelion large! deadiine.

1D0831 in another embodiment, the arlicle may further includs a thread allocating

&

software ool configured {o receive the real ime computing data. The thread allocating
sofbware fool being may be configuwred to alivcale the thyead o a predstermined

Neisrogengous procassoy core.

{0054} in some embodiments, the machine-rgadable instructions may be further
configured to operatively enable a computing platform to dynamically aliocate the thread
{o ancther helerogeneous processor core based, at least in part, on the monitored real

thne computling data

100885] in some embodiment, a multi-core propessor may include a first
helerogeneous processor core and a second processar core. Such a multi-core
processer may be configured to manitor real ime computing data related o the §irst
hielerogenaous TOCEsSsor Core processing a thread, allocate the thread o the second
heterpgenedus processor core hased, at least in pard, on the moniiored rgal ime
sompaiing data, and sxecite the thread by the second helerogeneous processor core

after the thread is aliocated (o the second helerogensous procassor core.

10058] FiG. 5 is a block diagram Hlustrating an exampie computing device 800 that
is arranged for thread aliovation in accordance with at least some embodiments of the
present disclosure. In a very basic configuration 801, computing device 800 may
{ypically include one or more processors 910 and sysiem memory 820, A mamory bus
930 can be used for communicating between the processor 810 and the system

memory 820.

8O3 Depending on the desired configuration, processor 810 can be of any lype

&

e

ncluding but not imited to a microprocessor {(uP), a microcontroifer (UG}, a digital signat
processar {35P), or any combination thereof. Processor 910 can include one more
levals of caching, such as a level one cache 811 and a level two cache 812, 3
processar core 813, and registers 814, The processor core 813 can include an
arithmetic logic unit {ALUY, a floating point unit {FPU), a digital signal processing core

8205821 14
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{DSP Cora), or any combination thereof. A memory conirolier 815 can also be used
with the processor 818, or in some implementations the memory controller 815 can be

an internal part of the processor 810,

HE R Depending on the desired configuration, the system memory 820 can be of
any type including but not limited {o volalle memary {(such as RAM), non-volatile
memory {such as ROM, flash memory, sic.} or any combination thereof. System
meamory 820 typically Includes an operating system 821, one or more applications 824,
and program data §24. Application 922 may include a thread allccating algorithym 823
that may be arranged o moniter real time computing dats and allocate a thread o at
isast one heisrogenecus hardware componant based, at least in pardt, on the monitored
real ime computing data. Program Data 924 may include thread allocation dala 825
that may be useful for allocating the thread to an appropriale heterogensous hardware
component. in some ambodiments, application 822 can be arangsd o operate with
program data 824 on an operating system 821 such that & thread may be sificiently
allocated in sccordance with the various methods described herein. This desoribed
basic configuration is Hllustrated in FIG. 5 by those components within dashed line 801,

additiona! interfaces o faciilate communications hebween the basic Cfanﬁmraﬁzan a1
&

and any reguired devices and interfaces. For example, a busfinterface controlier 840

can be used o facilitale communications belween the basic configuration 801 and one
more data storage devices 980 via a siorage interface hus 841, The data storage

devices 950 can be removable slorags devices 851, nonwremovable slorage devices
952, or a combination thereof. Examples of removable storage and non-removable
storage devices include magnstic disk devices such as flexible disk drives and hard-disk
drives {(HDD), optical disk drives such as compact disk {T0) drives or digital versaliie
gisk {DVD) drives, solid siate drives (88D}, and {ape drives {o name a few. Exampls
computsr storage media can include volatile and nonvolatiie, removable and non-
removable media implemented i any method or technology for storage of information,

suich as computer readable instructions, dala structures, program modules, or other

IR

Cﬁ
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data.

(G060} System memory 920, removable storage 851 and noa-removable storage
852 are all examples of computer storage media. Computer storage meadia includes,
but is not limited to, RAM, ROM, EEPRDOM, flash memory or other memory technology,
CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic cassetlies,
magnetic tape, magnetic disk storage or other magnetic storage devices, or any cther
medium which can be used o siore the desired information and which can be accessed

by computing device 800, Any such computer storage media can be part of device 880,

90811 Computing device 800 can also include an interface bus 942 for faciitating

o)

Fer]

communication from various interface devices {e.¢., culpul interfaces, peripheral
interfaces, and communication interfaces) to the basic configuration 801 via the
bus/interface controller 840,  Example oulput devices 960 include a graphics
processing unit 861 and an audio processing unit 862, which can be configured to
communicate fo various external devices such as a disptay or speakers via one or more
AN ports 983, Example peripheral interfaces 870 include a serial interface controller
871 or a paraliel interface controfier 972, which can be configured to communicate with
external devices such as inpud devices {e.g., keyboard, mouse, pen, voice input device,
fouch input device, sl ) or other peripheral devices {e.g., printer, scanner, eiC.} via one

1O ports 873, An example communication device 880 includes a network

2
i
&
o

corttrolier 881, which can be grranged to faciiitate communications with ong or more
other computing devices 880 over a network communication vig ong or mure
communication poris 882, The communication connection {s one axample of &
communication media. Communication media may typically be embodied by computer

s

readable insltructions, data structures, program modutes, or other data in & modulated

J

data signal, such as a carrier wave or other ransport mechanism, and includes any
information delivery media. A "modulated data signal” can be a signal that has one or
more of iis characleristics set or changed n such & manner as o encode information in
the signal. By way of example, and not Hmitation, communication media can include

wired media such 88 a wired network or direct-wired connection, and wirsless madia
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such as acoustic, radio frequency (RF), infrared {IR}) and other wireless media. The
ferm compuler readable media as used herein can include both storage media and

ovynurdcation madis.,

o862} Computing device 900 can be implemented as a portion of a smali-form
factor partable {or mobile) electronic device such as a cell phone, a personal data
assistant (FDA), a personal media player device, a wireless web-walch device, a
personal headsst davice, an application specific device, or a hybrid device that include
any of the above functions., Computing device 800 can also be implemented as a
personal computer including both laptop computsr and non-laptop computer

sonfigurations.

[8083) The herain described subjact matier sometimes Hlustrates different
components contained within, or connecled with, different other componentds, ftisio bs
ungersiood that such depicted archifectures are mersly examples, and that in fact many
other archilectures may be implemenied which achieve the sams functionalily. Ina
concepiual sense, any arrangement of componants to achisve the same funclichality is
sffectively "associalted” such thal the desired funclionality is achieved. Hencs, any two
components hersin combined o achieve a particular funclionalily may be seen as
"associated with” each other such that the desired funclionalily is achiaved, irespectiv
of architactures or infermedial components, Likewise, any twe components so
associated may also be viewed as being “operably connecied”, or "aperably coupled”,
to gach other to achieve the desved funclionalily, and any two components capable of
being s associated may also be viewed as baing "operably couplabie”, o sach other o
achigve the desired functionality. Specific exampies of oparably couplable include but
are not imited (o physically mateable and/or physically interacting components andfor
wirelegsly interactable and/or wirslessly interacting components and/or logically

inferacting andfor logically inleractable components.

[0064] With respedt (o the use of subsiantially any plural andior singuilar lerms
herein, those having skill in the art may transiate from the g}iuraﬁ o the singuiar andfor

from the singular to the plural as is appropriate {o the context and/or appiication. The
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various singularplural permutations may be expressly set forth herein for sake of clarity.

{00651 fwil be understpod by those within the art that, In genersl, terms used
harein, and especially in the appended claims {e.g., bodiss of the appended claims) are
generally intended as "open” terms {e.g., the tarm © {:iu‘ding“ shouid be interprated as

""‘ins:iucimg:; but not Himited 0.7 the term "having” should be interpreted as "having al

ast," the term "includes” should be interprefed as "includes but is not imited t0,” slc.}.
\t will be fusther understood by those within the art that if a specific number of an
froduced cigim recitation is intended, such an intent will be explicitly recifed in the

claim, and in the absence of such reciiation no such intent s present. For example, as

an aid o understanding, the following appended claims may contaln usage of the
introductory phrases "al least ong” and "one or more” to introduce claim recitations.
However, the use of such phrases should not be construed o imply that the Intreduction

W o $5

of a claim reciiation by the indefinite articles or "an” limits any particular claim
containing such intreduced claim recitation to inventions containing only one such

recitation, even when the sams claim includes the introductory phrases “one or more” or

»m(

M "

“at least one” and indefinile articles such as "a" or "an” (e.g., and/or "an” should
typically be interpreted o mean "af least one” or "one or more™); the same holds true for
the use of definite articles used o infroduce claim recifations. In addition, avenif s
specific number of an introduced claim recitation is explicily recited, those skifled in the
art will recognize that such recilation sheuld typically be interpreted o mean at least the
recited number {e.q., the bare recitation of “two recilations,” without other modifiars,
typically means al least two recitations, of two or more reciiations). Furthermore, in
thoss instances where a convention analogous 1o "at leastone of A, B, and T, el is
usad, in general such 3 construction fs Intended in the sense one having skilt in the art
would undersiand the convention {e.g., "a system having st least ong of 4, B, and O
would include but not be limited {0 systems that have A alone, B alone, C along, & and
B together, A and C logsther, B and C together, and/or A, 8, and T together, sle ). |
those instances where a convantion analogous to "stleast one of A, B, or G, eic” is
used, in general such a consfruction is intended in the sense ong having skifl in the art
ould understand the convention {8.g., "a system having atleastons of A, B, or 7

11820592 18
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would include but not be imited {o systems that have A alone, B alone, © alone, A and
B together, A and C togsther, B and C together, andfor A, B, and C logether, stc.}. |
will be further undersiood by those within the art that virtually any disjunctive word
andior phrase presenting two or more alternative terms, whether in the descrigtion,
claims, or drawings, should be understood o contemplate the possibilities of including
one of the terms, cither of the terms, or both terms. For example, the phrase "A or B"

will be understood to include the possibilifes of "A" or "B or "TA gnd B

3068} While various aspects and embodiments have been disclosed herein, other
aspescts and embodiments will be apparent {o those skilled in the arl. The various
aspects and embodiments disclosed herein arg for purposes of #lustration and are nol
imendead 10 be Hmiting, with the true scops and spirll being indicated by the following

claims.
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What is claimed is;

1. A method of allocating a thread (o one or more helerogenenus Processor Cores,
the method comprising:

monioring real time compuling data relaled 1o the ong or more helerogenenus
orocessar cores,; and

allocating the thread to one or mare of the helerogenaous Processor cores

based, at least in part, on the monitored real time computing data.

2. The method of claim 1, further comprising:

executing the thread by the respeciive aliocaled helerogenaous processor core,

3. The method of claim 1, wherein moniloring real time computing data comgprises
detanmining when tha thread is fafling behind a thread completlion target deadiing; and
wherein aliocaling the thread is based, at isast in parl, on whethar the thread has

fallen behind the tyead completion fargst deadline.

4. The method of claim 1, wherein the real time computing data comprises an

indication that the thread is falling behind a thread completion {arget deadiine.
5. The method of claim 1, wherein the real ime computing data comprises 3 cycles
B. The method of claim 5, further comprising:

determining the oyaies per instruction rale s determingd, st least inpary, by a

ratio of total number of clock cycles per instruction compisted over a imea interval.

7. The method of claim 8, further comprising:

comparing the cycles per instruction rate to a targst cycles per instruction rate;

wherein aliocaling the lhyvead is based, at lsasl in pard, on the comparison of the
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yoles per instruction rate to the target cycles per instruction rate.

oy

8. The methad of claim 1, whersin allocating the thread comprises dynamically
= by X &

allocating the thread to one or more of the heterogenacus processor coves,

8. The method of claim 1, further comprising:

fransmitiing the monitored real time computing data to 3 tread aliccating
softwars tool, and allpeating the thread to a predetermined one of the heterogenacus
processor coras with the thread allocating too! software based on the monitored resl

fime computing data.

10, The method of claim 1, the real ime computing data comprising ong or more
checkpoints instructing that the thread s {o be allocated frovm a first helerogensous
srocessor core 1o @ second heterogeneous processor core at a pradetermined time,

wherein alipcating the fhyead is based, atleast in part, on the ona or more checkpoints.

11, The method of claim 1, further compnsing:
dependently aliocating sach of a plurality of threads to one or more of the
heterngensous processor cores, wherein the thread includes the plurality of threads,

each of the plurality of threads being associaled with the real ims computing data.

12. A method of allocating a thread from a first heterogenecus processor core lo 8
second helerogeneous procassor core, the method comprising:

monitoring a iotal number of clock cycles associated with the first helerogenacus
Drocessor cove;

monitoring a otal numbser of instructions completed by the first helerogenaous
UrOCESSOr Core;

calculating a OP1 value based, af least in part, on the a ratio of total number of
clock cycles per instruction completed over a predetermined time interval;

alfocating the thread fo second heterogensous processor core based, at lpastin

!}/

118206824
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oant, on the CPvalus,

13, Tha method of claim 12, the method further comprising:
prior to allocating the thread, comparing the CPl value to a target CPl value;
wherein the allocaling operation is based, at least in part, on the CP value

ggualing the larget CPI value,

14, The method of claim 12, the method turther comprising
orior fo allocating the thread, comparing the CP1 value to a target P valueg;
whersin the gllocating opsration is based, al least in pary, on the OF1 value

exceeding the farget CP! value.

185.  The method of claim 12, whersin the target CPI valug is defined prior to the

execution of a software application associated with the thread.

16. The method of claim 12, wherein the target CP1 value is defined during the

axacutionof a sofiware application associated with the thread.

17, The method of olaim 12,
whareit the real ime computing dals includes al lsas checkpoint instructing

that the thread is to be aliocated from the first helerogensous processor cora 1o the
second helerogensous processor core at a pradetermined time; and
whaersin the allocating cpsration is based, at least in part, on the predeiermined

fime assooiated with the gt least ong checkpoint
¥

18. An article comprising:

a storage medium comprising machine-readable instructions stored thereon,
which, when executed by one or more processing unils, operatively snable a computing
platform to:

moniter real ime computing dala related to a first hetgrogensous

18205021 22
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DrOCESSOT COre pronessing a thread; and
aflocate the thread o a second helerogenecus processor care based, at

least in part, on the monilored real ime computing data.

19, The article of clalm 18,
wherein the machine-readable instructions further operatively enable a
omputing platform ¢ determine if the thread s falling behind a thread completion {arget
deadiine; and
wherain allocate the thread is based, st least in part, on whether the thread has

fallen behind the thread completion farget deadline.

20,  The arlicle of claim 18, further comprising:

a thread allpcating software loof configured to recsive the real time computing

joX

data, the thread allocating software tool being configured to aliocate the thyvead o &

radetarmined one of the heleroganacus processor cores bassd at least in part on the

e

real ime computing data.

21, The avticle of claim 18, wherein the machingreadable Instructions are further
operative fo ensble a compuding platform to dynamically aflocate the thread to a second
haterngenecus processor core based, al least in part, on the monitored real time

computing data.

22. A mudti-core processor, comprising:

a first helerogensous processor corg; and

a second helerogensous processor core,

whaersin the multi-core processar is configured to monitor real time computing
data related 1o the first helerogensous processor core processing a thread, allocate the
thread (o the sscond heterogeneous processor core based, at least in part, an the
monitored vaal time computing data, and exscute the thread by the second

hetarogeneous processor core aiter the thread is allocated o the second

1iEEOsE2 Y 23
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helercgenaous procaessoy core.,

23. The multi-core processor of olalim 22, wherein the first heferogenesus processor
core has a first capabiiity and the second haterogeneous processor core has a second
capability that & different from the first capability such that the mudli-core procsssor

comprises heterogenenus hardwarea,

24, The muili-core processor of claim 23, wherein each of the first capabiily and the
second capability corresponds io at least one of a graphics resowee, a2 mathematical
computational resource, an instruction set, an accelerstor; an 88K, a cachs size andfor

3 branch prediclor.
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