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(57) Abstract: A processor may comprise a plurality of cores operating at het-
erogeneous frequencies communicatively coupled by a network of routers also
operating at heterogeneous frequencies. A core may be prioritized for thread
execution based on operating frequencies of routers on a path from the core to
a memory controller. Relatively higher priority may be assigned to cores hav-
ing a path comprising only routers operating at a relatively higher frequency.
A combined priority for thread execution may be based on core frequency,
router frequency, and the frequency of routers on a path from the core to a
memory controller. A core may be selected based primarily on core operating
frequency when cache misses fall below a threshold value.
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CORE FRIOBITIZATION FOR HETEROQGENEOUS ON-CHIP NETWORKS

BACKGROUND

{8081  Unless otherarise indicated herein, the materials desoribed o this section are oot

PEIOE At 10 the ol m this apphoation and are net admitied to be poior art by ichusion i thas
SeCiion.
Power comsumption by & muliizore processor may be reduced by operasting the vorves at

near-threshold voltages. In general, powsr copsumption may be guadiatically proportional o
sapply voltage and {inearly propovtional fo clock frequency. Accordingly, reducing the supply
voltage amd corresponding clock frequency may reduce power consumption by a significant
amount, However, due 1o mamfacturing variations, there may be differences m the threshold
voltages and maxiaen operable frequencies of the vanions cores of @ nuilticore processor. A
sinnlar stuation may exist regarding interconnectad rowters on 3 pulticore processor, which may

form components of a network on a ohip ("RNoC™),

SUMMARY

88821 Vartous fechnigues o determing core priovity on mudhicors chipy with
Heterogeneous core and rouwter frequencies are disclosed. Embodiments may include prioriizing
acore i execute & thread bassd on the operating frequencies of paths leading from the core W a
memory controfler. In various embodiments, @ core way be priovitived 10 exeeote threads based
of a path between the core and a memory controller comprising ronters operahing at & maxanuun
frequency and excluding routers operating at less than maximum frequency. A core may be
prioeiived to power gate based on the operating frequencies of routers o a path betwesn the
core and a memory controfler. Embodimenty may alse inchude wsing the cache missvate fora
thread 1o determine the use of router Trequency and path priovity over oore frequency. Dats
steermg may be apphied o promoete data storags on meanory served by memory controdler
assovisted with high priovity paths.

{80631 The foregoing swmmary is dlastrative ondy and should not be construed nany
way o be Hhotting, In addition to the Hustrative aspeets, embodiments, sud featurss desonbed
abrove, further aspects, embodiments, and features will become apparent by reference (o the

drasvings and the following detaled descrniption.
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BRIEF DESCRIPTION OF THE FIGURES

{6084]  The foregoing and other features of thin disclonre will become move fudly
apparemt from the following description and appended clatms, taken i comunction with the
gecompanying drawings. Understanding that these drawings depict only sy

veral srabodiments in
secordancs with the discloswre and ave, therefore, not to be constdered hmiting of s scope, the

disclosare will be described with addittonal specificity and detail through use of the
accompanying drawings

[O005]

FIG. 1 is g block diagram depicting an embodiment of g nuulticore processo
systen having cores and rowters operable af mixed frequencies and that emplov core
prigritization technigues consistent 9

b sspects of the present disclosure
{006} FHL 2 s

a flowchart an embodiment of § provess o
multicors provessor with a7

BOOT] FIG.C

COMPISINg

ey

schedule threads on a
MoC comprising routers operable ol helerogensous Bequencies.

3A is a block diagram depicting prionitzation teo

2%

cchiiques on & system
a NaC operable with heterogeneous router frequencies, the prioritization based on g
path between a core and 3 menuy

coniroler comprising rouisrs operabls
frequsncy.

at least at o ugh
[BO68]  FIG. 3

383 15 a block diagram depicting pricentization fechnigu

% 00 8] sysiom
comprising a NoC operabie with heterogeneous router frequencies, the priortiizgtion based on a
path between a core and 3 memory controller comprising routers operabile at madion and gl
frequencies,

o009}

FIG. 3C 15 & block dingram depicting prioritization techmques on a sysiem
congwising a NoC operable with heterogensous

router frequencies, the prionitization ased on g
path betwesy g cove and a memory controller comprising st feast one youter operable g
frequency.

fons
{5619}

Fi 4 15 a Howchart depicting an smbodiment of a process (o perform cove

priocittzation on a multicore procgssor copmising a NoC with ronters pperable ot heteropeneons
frequengcies.

o011}

FYG, 515 g Rowchan depicting an enibodiment of a process to parform core
prioritization based on rowter fequencies and to perform power gating based o the core
priovitizaiion,

{012 FHG. 6 15 a flowchort depicting an smbodiment of g process o perforn cove
prioriization on 8 muliprocess:

essor with cores and rowters operable at heterogeneous frequencies,

3



WO 2015/163897 PCT/US2014/035360

based on 3 combined prioritization value and © aiss rate for a thread 1o be scheduled for
execaion.
{6013] FIG. 7 is a flowchart depicting sn embodiment of 8 process 1o employ data

stegving ischaiques i comjunction with cove prioritization techmiques consiient with the present
disclosare,

[} FIG. 8s g block disgram depicting an exampie computing systern whevein
aspects of the present disclosure nay be practiced,

All of the above are arranged according i at least some embodinents preseied heramn,

by

DETAILED DESCRIPTION

{G815]  Inthe fotlowing detatled desoripiion, refbrence 13 made o the sccompanying
drawings, which form a part hereof. In the drawings, sinnlar symbols tepically identify similar
compongnts, unless context dictates ntherwise, The tlustrative embodimenis described m the
detaded desoription, drswings, and ol are not meant to be honting, Gihey embodiments may
be utthzed, and other changes may be made, withont departing from the spuit or scope of the
subject matier presexied berem. The aspects of the presond disclosure, as generally deseribed
heretn, and lustrated i the Figures, can be arvanged, substituted, combined, separated, and
designed 1 a wide variety of different configwrations, all of which ave explichtly comtemplated

herein.

{8016]  This disclosure 1s zenerally drawn, Urter alia, 1o methods, apparatus,

fag

ysiems,
devices, and computer program products related to prioritive coves for thread execaion based on
operpting freguencies of routers comprcatively couphing cores of a processor. For exanple,
component may be configurad at least 1o dentify a first core of the plurality of cores, wherein the
wdentification of the fivaf core is based at Teast iy part oy a first determination that there 1 at leaxt

one path betweeyn the first core and at lenst one of the one or more memory controdlers wherein

all routers in the gt feast one path are operable at a first frequency. The component may be
further configured af least {o identify a second core of the phlaraliny of corgs, wherein the

identtfication of the sccond core is based af sast m part on a second deternunation that afl paths
betwesn the second core and & memory controtier of the at least one memory controlier
conyrises gt least one router with a maxinnnn operable frequency less than the first frequency.
The component may be further configured to assign a fivst thread 1o exgcnts on the {irst core and
to assign a second thread o execute on the second cove based at least in part on o deternunation

that the first core 15 ungvatlable (o execute the second thread.

3
L
$
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{8017} In ancther embodinent, a method may comprise wlemiiving a fust core of 8

plarality of cores of a provessor, wherain the dentificaton of the first core is based at feastn

part on g first deternunation that there is st least one path between the first core and at least one
of one or more memory condrollers wherein all routers m the at least one path gre operable at g
fivet frequency; and dentifying a second core of the phurality of coves, wherein the wdentification
of the second core is based & least n part on a second determunation that all paths between the
second core and 8 memary controlier of the at least one memory controller comprise ot feast one
ropisr with 3 naximum operable frequency less than the st frequeney

{8618]  Iv a further embodiment, a compater program product, sach as 8 computer
readable storage medbm, may mohde computer readable mstruchons that, i response ©

gxecution by g computing device, cause the computing device 1o at least wWenttly a first core of &
plurality of cores, wheremn the identification of the first core 13 based ot least iy part on & first
determination that there is at east one path between the fvat cove and at least one wmemory
conirofler wheretn all routers in the &t least one path are operable at & fvst frequency. Executing
the imstructions may further cause (o computimg device 1o at least identify a sevond vore of the
plurality of cores, wherein the wdentifivation of the second corg is based at least fn part o a
sevend deformination that all paths between the second cove and a momory controdier of the at
least one memnory comtroller comprise at least one router with a maxinum operable frequency
tess than the fird freguency. Executing the instractiony may further canse (o congnsting devics to
at feast and further (o assign a first thread to execute on the fivst core and assien a second thread
o exenute on the second core based at least in part on a determination that the first core is
unavatlable 1o execute the second thread,

{80197 Brefly stated, a processor may comprise a phvality of cores aperating at
heterogeneons frequencies commanicatively coupled by a network of ronters also operating at
heterogenenys frequancies. A cote may be prioritized for thread execution based on operating
frequencies of routers on & path from the core v a memory controlier. Relatively higher priority
may be asstgned 1o coves having a path comprising only ronters operanng at a relatively higher
frequency. A combined priority for thread execution may be based on core frequeney, router
frequency, and the frequency of routers on a path from the cors to & memory comiroller. A core
may be selected based primarnily cay cove operating Feguancy when cache miss rates Iall belowa
thrashold value,

{28} A sppnthicant consuner of energy t a multcore processor may be on-clip

routers that are componanis of 8 network-on-a-chip ("NoC™) used to facibiate conunumioation

g
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betwsen cores. The mumber of routsrs M a Nodl may grow at @ rate that is proportinnal or

otherwise related 1o the sqaare of {or other fanction or amwunt of) the number of cores. As the

number of coves grows, the on-chip rovters may consume an cressig percentage of the surface
area of the chip and may become an increasingly sigmficant conswmer of power.

p021]  The cores of & nudiicore processor maay be configuwad (o operate al near-
threshold voltages i order 1o improve energy efficiency, Mamafacturing variations and other
factors may canse the threshold voliage of the cores o vary, 4s a result, the maxinuuam operable
frequency of the cores may also vary, The maximum operable frequency at which a core can run
may depend on voltage dove, e g the difference bebween supply vollage and threshold voltag
In sovwe entbodiments, coves of a malticore processor may be stepped to rap at variows frequency
fevels, such as {ull-frequency, hall-frequency, and quarter-fraquency, for exanyde, These
frequencies may be, for example, destenated as £ 172, and £4, respectively. As wsed herein, ¥
masiman operable frequency ray refer 1o the maximan or otherwise relatively higherhigh
frequency at winch a core may be configured to operate. Stmilarly, a mbmmum operable
frequency may refer to the minmmuum or otherwise relatively lowsr/low freguencies & which a
core may e confiured to oporate. I addition, the tarms high, medivm, low, ghest, and lmwest,
a5 apphied (o operable frequencies, may vefer to operable frequencies relstive 1o g given
configuration. Operable frequenciss may be configured based on 3 wide variety of faclors,
inchucing but not Hintted to phvsical charscterstios, design gouds, and other factors,

{0221 Routers i a NoCU may alco be configured 1o operate at near-threshold voltages
in order {o mywove energy efficiency. In some cases, workloads executing on a nulticors
processor may have low MoC ulilization oy reasons such as low rates of cache nuisses or a fow
degree of shanng betwesn cores. Such usage patierns may be consistent with operating NoC
ronters af near-threshold voltage. Note that o the cores ave also configured to opernie at newr-
threshold voltage, they may run at fower equencies than saper-threshold designs, further
reducing NoC wtilization.

{80231 In other cases, bowever, theve may be high utilizanon of the NoC on a sustained
or idermittent hasis, o various cases, embodimenis mgy operate at least some routers on the
Nl at super-threshold voliages and higher frequencies than those rowlers operaling at near-
threshold voltages. In other cases, the roatars may operate of near-threshodd voltages,
Embodiments may, however, sttt utihize heterogeneous operating frequencies fov the routers in

order to accommadate vartations in threshold voltage. In some smbodiments, separate No('s for

$
(=1
5
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routers operating at super-threshold and near-threshold voliagss may be interconnecied and
enabded on an as-needed basts.

{6034] FIG. 1 is a block diagram depicting an embodiment of 3 multicore processor
systern having cores and rovters operable of mixed frequencies and that emyploy core
priovivation techuigues constsient with aspects of the present diselosurs. More speaificaliy,
FIG. 1 depicts an exanple of 2 multicore processor with a NoC whose routers may opevate at
heterogeneous frequencies, Becanse of manufacturing vartations and other factors, sach
multcors processor may have g different combination of threshold voltages and corresponding
maxinnam operable frequencies. Accordingly, the configurabion of heterogeneous frequencies
depicied w FIG. 1 s shastrative of one possible configuration.

[BB28]  As depicted w FIG, 1, g multicors processoy nay conywise various cores 100-
116 with corresponding caches 118134 For example, core 1O} may be associated with cache
IS, Ome or more processors sy be coapled to or otherwise associated with a roater, such ag
router 136, which may be inerconmectedicoupled to oither ronters 138152 o form elements of &
N A router, such as romter 136, may comnumicatively couple a corg, such as core 13, (o a
1 s for tHostrgtive purposes and other network topelogies are possible, For example,
smbodiments may staploy soy of various setwork topelogies such as ring, mesh, forus, sdar, bus,
fvpercube, hyvbiid and so forth or combinations thereol The various lechnigues emploved heren
ity be apphied 1o any network path between a core and & meamory controller for which
performance of the path might be potentially predominated by a single component in the path.

{80626} Routers on a multicors processor may operaie at heterorenenus freguenciss. As
depicted in FIG. |, rowters 136, 142, (44 146, and 130 may operate 3t 8 maxisnon {spcmiﬁi

<'J.

frequency for routers in the NoC, designated as 7, Sumilarly, rowters 138, 14O, and 152 may be

operable at balf of the maxinwim operable frequency, designated as "I and router 148 nwy be

Ay

operable at no more than “H4.7 The frequencies “£7 “F2)" and "H47 may be deseribed as high,
meditm, and low operable frequencies velative t each other. In some embodiments, frequencies
may be stepped 1n this wanner due 1o various factors such as synchronization. However,
alternative approaches to stepping, or the use of non-stepped frequencizs, may be emypoved in
contunction with aspects of the pressnt disclosuwrs.
{80371 Note that the sowrce of opersting frequency varistion may he due 1o vanation

threshold voltage as opposad to supply voltage. As g result, a higher-frequency router may not

-

neceasarily be feas snergy efficient than a lower-frequency router. Embodiments may therefore

- £y -
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nchude priovitization of higher-frequency routers over that of lower-fregueney routers, without
necessartly lossening energy sfficiency. In some cases, embodiments may improve energy
efficiency by priositiving higher-frequency rowters over lower-fraguency routat

{86281  Embodiments of the present disclose may he smaploved (o manage waffic and
power sltlization of a NoC opevating &t helerogeneous frequancies, molading a MoC vonfipwed
0 operaie at pear-threshold voltages. Embodiments may unlize core prioritization techwigues for
cores and No(s configured (o operate at near-thresholid vollages. Prionity for a core may be

catculated based on the frequency of the roapter associated with the core and the minamem {or
relatively loveer) frequencies of routers forming & path from the core to a memory controller.
Ersbodiments mayv schedule threads based on core priovities caleudated according 1o the
preceding example. Data steering techniques may also be employed to improve the parformance
benefits achigvable throagh the cove priositization and thread scheduling tecluniques described
herein.

{0029 FIG. 2 iy a Howchan depicting an embodiment of g process w schedule dweads
on g muulticors provessor with a NoC comprising routers operable at heterogensous {requencies.
Although depicted as g series of operations, the depicted prder of operations 13 miended {o be
tHustrative, and in various embodiments, at feast some of the depicied operations may be aliered,
onitted, reordered, supplemented with other operations, comiuned, andior performed in paraliel.

88381 Blook 200 Colasaify vouters based on freguencies of routers on path (o memory
controlier”) shows classifving a router based on the operating frequencies of the router and othe
routers on a path (0 a memory controdler. For example, 8 scheduling component may classify a
routgr as belonging 10 a particular frequency group if it operates af or above the corresponding
frequency, and there exagts & valid path betwesn the router and & memory controller such that gl

miervemng routers also opevaig at ov sbove that frequenoy.

{8311 A schaeduling component may, i some embodiments inchide operating svstent
components operable (o cause threads to be oxecoted on coves of @ processor. A schedoling

component may perform operations related 1o preemptive mudistasking, contexy swatching,
resource management and so forth. A scheduling component may, in some embodiments, be
formed by a contlunation of computer executable instructions and circuttry. Compuier sxecutable
mstnuciions for perfornang scheduling component operations may be implamented fu whels or in
part I operaling system instractions, i processor ratwrocads, n controler microcode, and so
forth. In some embodimants, aspects of a scheduling component may be distributed batween

slements of a computing device, such as between code of an operating system and circuiry and
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microcnds associated with @ precessor, In stine embodiments, 8 processar may collext
mformation relevan to scheduling decisions and transmit the information to, or otherwize make
the mformation avatlable 1o, an operating system. In other embodiments, schedubing decisions
may be made by on~clup components of the processor.

88321 At block 202 {priotitise cores 1o axecuie threads based oo classification of
rensters that the cores are coupled w07), which may follow block 200, a scheduling component
may assign a prority (o each core based on the classification of a rouier 1o which # may be
coupled. For example, a scheduling component may give a high priority 10 a core that may be
associated with 4 router classified as belonging fo & maximoem-frequency group, while cores
associated with a rowter assigned 10 8 medinm-frequency group could be given madnon priority,

Embodiments may also consider the maximum aparable frequency of & core when assigning

priovity. Next, at block 204 (Maasign thread to processor with high prionty™), which may follow

block 202, the schedeling component may assign g twead (0 an avatlable core with the high
priority,

{8633  The aforamentioned prioritization rules may also be described as follows: a core
may be assigned a priogity based on the maximum operable frequencaes of routers that coupde the
core (o a memoery conirolior. When at least one path between the core and at least one memory
contvoler comyprises ondy of rowters operating af & maxinuim frequency, the core may be
asatgned a lugh prority level, When at least one path between the core and al keast aone memory
conwroller comprises entirely of rovters operating at or better than medium Frequency, the cove
my be assipaed mediws priority. Cores not classified a5 high or medhas priority may be given
low priority.

{8034} To some cases and embodiments, 8 scheduling component may consider
fransitioning unasstgned cores 1o @ sleep state, sometimes referred 1o a3 power gating. This is
deprcted by tock 206 {("eonsider unassigaed coves {or slegp state™). In some embuodiments, the
schedaling component may select coves categorized as having loower priovily (o power gate over
cores eategorized a3 a having a higher priority.

[0035]  Ac depicted by block 202 g scheduling coraponent may assign priority ratings
o cores based on g classification of the routers to which the cores are comnected 1o, PGS, 3A,
38, and 3C depict examples of classifving routsrs based on the respective rogter’s maxinaen

i

operable Freguency. FHG. 3A s g block dingram depiciing prnritization tochmigues on a sysiam

fey

cornprising a MoC operable with heteroganeous router frequencies, the priontization based on a

path between a core and 8 memory controfler comprising routers operable at least at & high

8-
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frequency. More specifically, FIG. 34 depiets a NoC coonprising routers 3142360 and memon
controters 306, 38, 310, and 312 conplad i 8 lattice configuration. Albough the depicted
network milizes a lnttice configuration, vanous other nebwork configoranons may be atilived.
Rounters 316, 336, 328, 334, and 358 may be operable up 1o o maxunum froquency desianated as
“E7 A second set of routers may be opevable up to a freguency of “H2,7 and a third sel may be
oporable up 1o a frequency of “H4.7 A youter, such as rower 316, vay be assigned a priovity
rating based on fis own maximunm operable frequency as well as the roaximom operable
frequency of interventnyg routers on @ patl (o a memory cosiroller

[6036]  Ulsing FHG. 3A ax an example, a schedoling component may chassify rogters
316, 326, and 328 as high priorty routers. Using roater 316 a3 an exmnple, U may be classified
as bigh priovity based on there bamng a path from L 10 3l feast one memory controlier — in this
case memory controdler 306 -~ that contains only routers alse ogm'iimaz al maxinnnn equency

T Althoogh rowter 358 alse operates at maximum operable frequency "1 an enbodiment

wondd not classity it as high prionty because each path from 1o 8 memory controller also
contains roulers operating at o lesser frequency, For sxaniple, a path from routsr 358 o memory
controller 312 also includes router 360 operating af a maxinun frequeney of “H2.7

{0377 FHG. 3B i5 a block diagnam depioting priontizstion techaigues on a sysiem
comprising a NoC operable with heterogeneous rouler frequencies, the priortization based on a
path between a core and 8 memory controller comprising routers operable at madion and gh
frequencies, FHG. 3B depicts routers that may be classified by » scheduhng component as
belmmging to a medium priority. Rowter 356, for example, could be classified as medivm priority
because no path between # and 8 memory controlisy comprises ondy of routers operating at
frequency L Router 356 operates at frequency 2.7 and moreover all of the paths between it

12 comprises of routers operating at frequencies “Mand “H2.7 A

'\

angd memory controlies
medunm prictdy path may be so designated based on such path comprising only ronters operating
at high frequency and mediom frequency, including at least one roader operating 8t median
frequenscy,

[0838]  FIG, 3C 1w ¢ block dwgram depictiag priotitization ieoiuugues o g sydan
compmising & Noll operable with heterogensous router {requenciss, the prioritization based on a
path beteeer a core and a metory controller comprising at leas! one router oparable at low
frequency. In FIG. 3C, any of the depicied routers conld be classified by o schaduling component
as belonging o a low priovy. For example, router 324 conld be classified as low-priority

beoause every path between i and & mamory controller mvolves at teast one router operating at

ped
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“HET Some embodiments coudd classaly routers sueh as reater 314 as sither medhum priovity o

fow priovity, Salarly, referring again o FIG. 3B, some embodiments could classify routers 316,

326 and 328 as belonging o low priority, medinm prioviy or high prionty. Embodinents might
gssign a router to g lower prioviy hased on vartous addisional fgotors such as the frequency of the
gore that corresponds 1o the rouwter, cache miss rates and so forth,

{0331 FIG. 4w a Howchan depicting an emtbodiment of a process 1o perform core
prioritization on a multicore processor comprising a No with routers operable at heterogenenus
frequencies. More specifically, FHa. 4 describes an embodimant of 8 process 1o perform core
priovitization on a plticors processor comprising & phyrality of cores, & phwality of routers, and
one oF more memory controllers commumicatively coupled to the cores by the routers. The
phurality of cores may have hetercgenenys maxinum operable fregquencies, as may the phaality
of routers. Although FIG. 4 15 depicied as a sequence of opesations, the operations depicted in
FIG. 4 mav be performed in an order other than the depicted order. In addigon, the depicted
operations may be altered, omitied, supplemented with other operations, combined, or performed
m paralisl.

{6848]  Block 400 {“identify » Brst core that & communncsivaly coupled 1o af least one
memory conrolier by at loast one path of rousters m which all routers in the path gre operabloat a

b

high frequency ) depiety identifying, by a scheduling compomant, a fivst core that is
comynuvicatively coupled {o a1 least one memory controlier by it least one path of routery
which all routers 1o the path ave operable at o high frequency. This may comprise identifying a
first core of a processor, wherein the dentification of the first cove may be based nt lenst in pant
on & determination that there 15 at least one path between the first core and at feast one memary
controller, wheretn all routers in the ot least one path are operable ot & frst Fequency, which may
be o relatively high frequency.

[BB41] A core may be commmnieatively coupled by o plurality of poths in 8 network of
miterconnecied routers. Some of these paths that commumicatively couple a core 1o 8 memory
controdler may comprise only routers operable at a high frequency relative 1o other routers n a
NeC, such gs a mapamum frequeney T of routers 1 the No(, Embodiments may sssociate the
first corg with 3 high prionty regarding thread scheduling, or with 2 low priority regarding powsr
gating,

166431 Blook 02 Cidentify a second core for which all paths commanieatively
coupling the royter (0 2 memory controller contain at least one ronder operable ot a mediom

frequency, and zero or more routers oparating at high frequency™}, which may follow block 466,

~ Hi-
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depicts a schedaling component wWantiiving a second core for wiach all paths connnunicatively
coupling the router o 3 memory controdler contan at teast one rouder operable &t a medipm
frequency, and ero OF Iore roters operating at high freguency. This may comprise 8

scheduling component that identifies a secomd cove of g provessor, where the ulentification of the
second core 18 based at least w part on delerminimyg that 2l pudhy bedween the second core and a
memoery controder comprise at least one ropter with a wmaomum operable frequency less than the
first, relatively tugh, frequency.

{6043 Embodiments may, having deternuned that a core does not have a path batween

it and at least one menwry controbler comprising only of rovters operabde at maximuam frequency

7 deternune if 8 path may be fownd mwhich all of the rovsters ave operable at lsast at & mediom

2.7 I such o path exists, embodiments may associate the second core with a
medipn priovity regarding thread scheduling, or with 2 wedinm priovity regarding power galing.
[Bod4]  Blook 404 Cidentify & thurd core for which all paths between the thivd cove and
a memory contradier coraprises at lzast one rower pperating at a low frequency™), which may
follow blogk 402, depicis 3 scheduling component idemtifving a third core for which all paths
between the thurd core and 8 memory controller comprises at least one router operating at a low

frequency. Embodiments may, forex

ample, determine that all paths between the thivd vore and

sy niemory control contain at lesst one router operable &t 8 low freguency such ag "H4.”
Embodiments may assoviate the thard core with # low prionity regarding thread schaeduling, o1

with a hugh priovity regarding power gating.

{6045 Block 406 ("assign a thread o execute on the first core upon determining that
the {irst core s availabls to execute the thread™), which may follow block 404, depicis a
scheduling component assigmng a thread o execute on the first core I response 1o determining
that the first cove, having been associated with a high prioriy regarding thvead scheduling, s
avatiable to execute the thread. Stmilarly, block 408 {Massign # thread to exscunte o the second
cove upon determining that the second core is avalable bat the fiest core s not™), which may
folfow block 406, depiets g scheduling component assigning a thread to execute on the second
core, the second core having been gssovmted with medium prioniy, i response o detenuining
that the secomd core s available to execute the thread and that no high priority thread s available
o execuis the thread. Blook 410 Massign a thread 1o exsoute o the thivd core upon determining
that the second core 1s nowt gvailable™), which may follow hlock 408, depicts a schedubing
connponsid assigning the thread to exgcute on the thud cora, having assocated the third core

with & mediim priority, when no higher priovity cores arg available.
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[8046]  As used hevein, assigamy a thread for sxecution on a core may inchude causing
mstructions associated with the thread to be sxecuted by the core. Assigiing a thread fiv
exgcntion may be referred o as schedoling the thread for execution. Executing a thread may
inclnde performing vompuier-execmiable mstroctions. A thread may be assocgted sath vanoas
characierisiios that, i some embodiments, may be wsed in conjunction with other aspacts of the
presemt disclosure to assign the thread 10 a cove for execution. Fov example, a thread may be
associated with a cache miss rate that 5 indicative of how ofien memory used by the thvead &
available m cache.

{6047}  The cors priovittzation method depicted by FIG. 4 may be alteved or extended o
form numeroas vanations and alternative embodiments. For example, the depicied method may
be readily sdapted to core freguencies that ars contitmgous rather than stepped, or to more oF
fewver frequency steps. Some embodiments may utthize move or fewer priovidy levels, such as
“high™ and “tow™ in place of “high,” “niedium,” and “lowe”

[0648]  Core prioritization may be applhed (0 power gating and other energy
conservaticn methads. FIG. 5 15 a owehart depicting an enbodhiment of & provcess o perfons
core priorittsation based on router frequences and (o perform power gating based on the core
priovitivation. For instance, FIG. § depicts an embodiment of a process for applving core
prioriisaation, based on fsetors such as router operating frequency, o powsy gate components of
a processor. In generad tevms, cores oF vouters may be prioniized to power gate based o the
mverse of priority for executing threads.

{6049 Althouph FIG. § s depicied as a sequenve of operations, the operations depicted
by FIG. 5 mayv be performed m an order other than the depacted order. In addiion, the depicted
operations may be altered, omitted, sopplemented with other operations, combined, or performed
m paratiel

{08501 As depicted by block SO0 (“prioritize a first path between a cors and 8 menwwy
controtier based at least m pavt on all rouvters in the path being operable at 3 Arst fregueney™),
embodiments may priovitize a first path between g core and & memory controller based at least in
part on all routers 1o the path bewmg operable at g fust frequency. A scheduling componert may,
for sxample, assotate o lngh priority with a path between a core and & memory coriroller m

response o deternnining that all routers in the path are operable o 8 mwpunuen frequensy
Block 302 {Mprigritize a second path between a cove and a memory controller based at least in
part ou all routers m the path being nperable af & maxiourn Frequency that 15 ess than the frst

frequency™), which may follow block S8, depicts 2 scheduhing component priovitizing a second
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path based at east i part ou all or some of the routers m the second path being operableat a
maxignemn fraquency that 1 less than the fivst frequency. For example, embodiments nught
assign medinm prioviy o a path m which all of the rovters ave operable at 8 maxinnen frequency
7 except one, which 15 operable at no higher than fregquency "2

88811 Blook 304 (Mpriovitize a vore for executing a thread based &t least in paal on
priority of paths between the core and a wemory controller™), which may follow block 502
depicts a scheduling component prioritizing a core for execnting a thregd based at Teast in part on
the priovity of paths between the core and 3 mentory comdrolier, Embodiments niay, for example,
assign 8 gh priority for executing threads to a core based on the prionities of the paths from the
cove 10 a memory controller.

{38321 In some embodinents, a scheduling componettt may, 8¢ depicted by block 506
{“emuse cores with low prioviiization (o enter a sleep state™), cause cores with low priovity to
enter & steep state. Block 506 may follow block 304, This may be done 0 preserve energy
consumption of the processor. As depicted by operation 508 {cause routers on low-pricrity paths
o enter a sleep state™), smbodiments way cause routers on lower pricridy paths o ender a sleep
siate, which may resull in a redhotion of ensrgy constanphion winle routars asseciated with
higher priority paths remain open.

{88531 In various cases and ensbodiments, cache miss rates may be factored (hy a
schadebng vomponent, for exampls) inio tyead scheduding decisiony in combingtion with
various core priovigzation techniques descontbed herein. Embodiments may assign tby a
schedaling component, for examyple} threads to cores for gxecution based on core freguency
when a cache miss rate is below a threshold value and on prioritization based on router frequency
when a cache misg rate is above g thveshold value, A threshold value may be based on
experimental data or other factors, and may reflect an nflection pownt st which core fregquency
beeomes pradominate ovear core frequency i determining desirad performance characieristics
FIG. 6 15 a owehart depicting an embodiment of & process 1o perform core priovitization on 3
multiprocessor with coves and routers operable at heterogeneous frequencies, based on a
combined prionitieation value and cache miss rate for g thread 1o be scheduled for execution,
Muore particnlarly, FIG. ¢ depicts an embodiment of 3 process for core pricritization based on
cache muss rate, cove Praguency, and router Haquency. Althoued depicted as a sequencs of

operations, the operations depicted 1 FIG. ¢ may be performed in an order other than the

depcted order, In addition, the depicted operations may be aliered, omitted, supplemented with

other operations, combined, or performed in paraflel
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[6054] Block 600 ("evaluate mbormation mdicative of the maximum operabie
freguency of a core™) depicts a scheduding component receiving andfor svaluating information
meicative of the maximum operable frequency of 8 core. oy vartons embodiments, the maxbmum
operable frequency may be 2 maximum frequency at which a core may be operable under a given
set of conatraings. This may, fow example, inchude supply voltage and o threabold voliage
associated with the cove, which miay vary based on wamfacturing deviations and other factors.
fnformuation mdicative of the maximuom operable frequency of the core may be received from
various mamories, such as a memory ocated on the MICTOPrOCESSaT OF 3 MENUNY B a conneciad
computing system or device, Embodiments may receive or form a representation of core

frequency corresponding to 8 standardized priority meinte. For example, cores operable at a

(23

pim

MAKEDBM {wqucm\ of " may be gssigred 3 core frequency value of 1 those with "H27 g valoe

of 2, and those with “H47 g value of

[B0S5 Block 602 (Urecetve iformation indicative of the madmanm operable frequency
of the router nearest  the core™ ), which may follow block 600, depicts a scheduling component
recerving information indicative of the maximum operable frequency of the router diretly
coupled or nearest 1o the core. As wsed hersin, 3 rovder nearest io the core may nclude a router
ihat s diveetly coupled o the cove, and which may serve o conununicatively couple the core 1o
the NoC. Embodiments may recetve the iformation indivative of the maxinuum operable
frequency of the nearest router from 3 memory, i & manner staniar {o refrieving core
information. Fmbodiments may receive or form a representation of ronter frequency
u}t‘rt)"pi}mim 1o a siandardized pﬂm‘m mettic. Fore m*pk rowlers opera ible gt 8 maximum
frequency of “f7 may be assigoed a sandandized priceity metrie valug of |, those with “f27 a

vatue of 2, and those with “F4” a valae of 3. Various alternative approsches to nonmaliang
priceitvation values, such as router operating frequency, may also be eraploved.

{38361 Block 604 (recatve mformation mdicative of maxinany operable frequencies of
routers on a path from the core o 3 memory controtler”™), which follows block 602 depicis a
schedubing component receiving information mdicative of maximuom operable frequencies of
routers on g path from the cove (o a memory coutroller. Embodiments may receive thig
miormation fronm 3 memory, such as those used in conjunction with cores or mdividual routers,
Embodiments may receive or form a representation of path priovity valuss. For exampls, a path
priovity value for the core may be assigned a standardized priorily metric value of 1 in response
to defernuning that at least one path sxasis from the core 1o ot least one memory controller in

which all routers ave operable at a maxinum feguency of “E7 Stimilarly, a value of 2 may be
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assigned i response o determining that, while no path consists entively of routers operable at
7 at least one path exists mowhich the rovters are operable at Jeast &t °F2

{86871 Av overall core priority value may be calenlated as the minimuom valwe (or
otherwise fower relative value) of some or all of the values caleulated 1w operations 600 10 604,
For exampls, an overall rating might be calcalated as mimnmen{C, R, P), where € corresponds {0
core fregquency, R router frequency, and P 1o path rating. Bach value may be represented using
a standardized priovity metric such as those described sbove, such that Tughest-priority ratings
correspond to the lowest mumerical values and the lowest-prioriy ratings correspond to the
highest mamernical values. This technigue for caloulating an overall core prionity value is niended
i be tHustrative, Other possible approaches may include normalivation and weighning of vanious
factors. Embodiments may employ varable weighting to reflect the relative mmporiance of sach
priorittration f#elor,

{88381 Embodiments may assien threads for execution based on overall core priosity
values. In some gmbodiments, factors such as a cache miss rate may also be included
assigning threads for execution. Block 666 {(“cache nuiss rate above threshold?™), which nway
follow block A4, depivis 3 schedaling component determuning whether 8 cache miss vade for g
ihrend i above or below a threshold value, Wheve cache wiss rate for a thread is v,
performance may be influenced primarily by core frequency as opposed 1o router or path
priotiiv, Accordingly, when a thread s cache miss rale is below a threshold, a scheduling

component may assign the thread 1o a core for evecution based privaarily on core frequeney. Thag
is depicted by block 608 (“assign thread (o core for execution based on cove frequem:}-‘“}, which
may follow block 606 in response to a cachs nuss rate being below a threshold, When a thread™s

cache miss e 18 above a threshold, the scheduling component may assign the tiread (0 g core
for execution based ovithe masimum operable frequency of the core, the directlv-coupled vowter,
and the path prioeity, This s depicted by block 610 ("assign a thread 1o the core {or execution
hased on maximum operabde frequency of the core, the nearest ronter, and the path™), which may
follow block 606 when a cache miss rate 15 sbove a threshold. In sowe embodiments, a
schedaling component may utthize g core priority rating, such as nunbmum (O, R, P), that s
mdicative of a plarality of factors that may nfluence core selection.

{0859]  The muethod depicied by FHG. 6 s mtended 1o be tHustrative of applving an
overall core priority rating 1o theend scheduling techniques, Erabodiments may, as indicatsd
abieve, incorporate cache niiss rates wo applyving an cverall core pricriy rating, Vartous

alternative embodiments of the approach desorthed by FIG. & may inchade techmiques such as
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enmploying a welihting factor that causes the influence of vore frequency 10 increase as a thread’s
cache nuss rate decreases.

{6058]  FIG. 7 is a flowchart depicting sn embodiment of 8 process o employ data
stegving ischaiques i comjunction with cove prioritization techmiques consiient with the present
disclosare. Embodiments may, as depioted by FIG. 7, omploy dats steering in conjunction with
other aspect of the present disclosure. Although depicied as a sequence of operations, the
operations depicted in FIG, 7 may be performed i an order other than the depicted order. In
addition, the depicted operanons may be altersd, omitted, supplernented with other oparations,
contbined, or performed in parallel.

{80511 As depicied by blogk 700 {"prioritize a memory controller based on priority of
paths to the memory controflar™}, a scheduling coanponent roay priotitize a meamory contratler
based o the priority of paths {o the memory controller. In other words, memery controliers
connected to higher-priovity paths may be given higher priority. Priority for 8 memory controller
my be relative w a parnicular core, and m such cases may be calculated based on paths between

the core and the memory controllse.

89621 Blook 702 etesr data wiite o memory accessible (o higher-prionity memory
centroliers™ ), which may follow block 700, dopicts 8 scheduling covaponent steering datg wrlies
to menory accessible o memory controllers with higher priovity relative to nther memory
contvolers, Data stoering may comprise vavious techmigues that increase the likalihood that data
will be retrievable by a high-priority path from a core 1o a memory controller. For example, as
depicted by block 704 ("slocate or nugrate a page for a thread mto a physical page frame served
by priovitized mentory controller™, a scheduling component may allocatie a pags or migrate an

ge frame served by a lngh-priotity memory

= e

existing page, for a thread mto a phvsical pa
comiroler, where priovity of the memory controller may be determined as desceribed by block
T, Block 704 may follow block 702, In an embodimend, data stesting may be performed by
associating memory for at thread with a physical page frame served by a memory controller,
where the memory controlier is selectad based at least parily on there being a path between the
memory coniroler gnd g core where all routers are operable st a relatively high frequency.
{6663} The foregoing detmiled description has set forth various ensbodiments of the
devices andfor processes via the use of bloek diagrams, Boweharis, andfor examplas, Insofar as
such block diagrams, Bowcharts, sndfor sxamples contain one or mors lunctions anddor
operations, each function andfor operation withmn such block diagrams, Howcharts, or axamples

g =}

can be inplemented, ndividually andior collectively, by a wide range of hardware, software,

Ry
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firomware, or virtsally sy combination thereefl In one embodinent, several porlions of the
subject matter desertbed herein may be implemented via Application Specific Integrated Chrenits
{ASICs), Pield Programumable Gate Arrays (FPGAR), digital signal processors {DS8Ps), or other
integrated formats, However, some gspects of the embodiments disclosed herein, i whole orin
part, can be equivalently implemented in miegrated clrcuils, 83 ONS OF MOTE CHMPUIST PIOIRNE
FUIDIRG OD ONE OF MOore compuiers {2.0., 85 0BC OF THOIC PIOSGHDS FUnning On Ohe OF Wore
CODIPUET SYSISNIS], 38 ONE OF INOIS PrOJIEINS NUMNINRG O ORS oF MOTE PIOCSSNOTS (2.8, a8 0Rg OF
IOFE PrOSISMY THIRAY O DR OF MOTe provessosy, as Hmwarg, or as virtually any combination

thereof, and that desigmng the cirepitry andéor writing the code for the sofbware and or firmware
are possible w light of dus disclosure. 1o addinon, those the mechanisros of the sudject matter
deseribed hevem are capable of bewng distributad as a program product i a variety of forms, and
that an iltustrative gmbodiment of the subject matter described heran apphies regardiess of the
partcalar tvpe of sigual bearing mediom ased © actually carry oot the distribution. Examples of
a signal bearing medivn include, but are not imited 1o, the following: & recordable type medinm

such as a Soppy disk, a haed disk drive, a CB, 2 DV, a digatal faps, a compuier memory, and 3

frapsmission type madium such as 2 digital andvor an analoy compumucation medouen {sg., 2

fiber optic cable, a waveguide, 8 wired communications Honk, a wireloss communicstion buk,
gic L
{B8ed]  Thoss skilled in the st will recognive tud 113 conmnon within the i ©

o

describe devices andfor processes wn the fashion set forth hereln, and thereafior use engineering

£

{I

practives 1o ntegrate such described devices andion processes o data processing systems. That
is, at lsast a portion of the devices andior processes deseribved herein can be infograted e a data
procesaing system vig a regsonable amount of expenimentation. A tvpical data processing system

may generally include one or more of a sysiem anit housing, 8 video display device, a mamory

such as vodatile and noveveolatile memory, processors such as processors and digital stzmal

processors, computational entities such as operating systems, drivers, graphucal wser mterfaces,
and applications programs, one of more interaction devices, sach a3 a touch pad or sereen, andior
conired systems fucluding feedback loops and control motors {e g, Teodbuck for sensing postiion
andfor velocity; control motors for moving andfor adjusting components andior quantities). A

pasy

typioal data processing sysism may be hmplemented abiftamg any sutlable commercially

gvatlable components, such as those typically fmmd in dota computing/compunucation andfor

astwork COMPUiNE/CONTRURIZALION sySiEms,
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{8065}  The hersin described subject matier sometimes Hustraiss different componsuts
contained within, or comected with, other different componants. Such depcted architectires ave
merely examples, and, 10 fact, many other architectures can be implemented 1o achisve the same
functionality, o g conceplual sense, any arrangement of components o achisve the same
fmctionabiy 13 effectively "associated” such that the desived functionality i3 achieved. Henge,
any two components herein combined to achieve a particular fanctionality can be seen as
"associated with” each other such that the desived funciionality 15 aclueved, ursspective of
architectures of termedial components, Likewise, any two componends so associated can also
be vigwwad as being “operably connected”--or "operably coupled”—to each other to achieve the
desived finctonahiy, and any two components capable of being so assooated can aleo be viewed
as being “operably couplable” to each other to achieve the desired functionality. Specific
exanmples of operably couplable include, but are not Himited o, physically mateable andior
phivsically imteracting components audfor wirelessty interactable andfor wivelessty meracting

compenients andfor logieally imterseting andfor logically interactable components.

{6866} FIG. 815 3 block diagram depicting an exanyple computing systenn wherein
aspecis of the present discloswrs can be maptemented. In particudar, FIG. 8 depicts & block
diagram illusirating an exanple computing device B0O that is arranged for providing
functionality and features in accordance with the present discloswre. In a very basie
configuration 802, computing device 800 typically meludes ope or moue processors X and a
system memnory $36. A memory bus 8OR may be osed for conmnunicating between processor
04 and system memory 806,

{8667} Depending on the desired configuration, processuy S04 may be of any Lype
mchading but not hnvted 1o a nucroprocessor (g8, 8 microcontroller (uCy, a dipial signad
processoy (DSPY or any combination thereol. Processor 804 may mnclude one or more levels of

caching, such as g level one cache B and o level two cache 812, 3 provessor cove 814, and

regisiers 16, An example processor core 814 may include an arithmetic logic vt {ALU}, a
floating point unit (FPUY, a digitad signal processing cove (ISP core), or any combination

thergot, An exgrnple merorvy controller 818 way also be used with processor 804, or w soise
mplementations memory controtier 818 may be an mierpal part of provessoy 804,

{8068}  Provessor 304 may be s wulit-core processor. A mudticors processor 804 may

W

onprise g phirality of processor coves 814, each paired with one of a plurality of tevel 1 cache
R anad vepisters #16. The plurality of processor coves B4 may, 1 some ambodiments, share

fevel 2 cache 812 and one of more memory controllers IR, Numerows alterpative configarations
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and combanations may be vitlized 1 conjunction with the practice of varicus aspents of the
present disclosare.

{80591 A& multi-core emwbodiment of processor 804 may comprise various network
compponents that may be used to interconnedt vanious slements of processor 804, such as
provessor core 14 and menry controller 818 The various network components may nclude
reasters, bridges, switches, and other components. The vanons network components may be
referred o herein gs routers. In some embodiments, elements such g5 bridges and switches may
be comtuned iy {orne a uait which may also be referred o herain as g router,

{6678}  Vartous aspects of the present disclosure may be practiced by memory
comiroller $1¥, operating systewn 839, other software mstrochon or cucuiry components, and
variony combinations of the preceding, Instructions i perform aspects of the preseny disclosure
may be stored in 3 memory conununicatively coupled to processor 804, memory controHer {1,
or othier elernents of processor 804, In some amboduments, 8 memory contaimag nformation
mdicapive of core operating frequensies, rouler operating frequency, or simlar information may
be stored 10 & memory assocuted wath processoy 804, Instryctions o perform various aspesis of
the present disclosure may be embuodied by comyputer exscuiabls instractions stoved on 3 non-
pransitery covnpuier readgble storage wodia such as any of storages devices 832, In soime
smbodiments, processor 84 may contain storage media containing sxvecuiable myiructions for
pracuicing aspects of the present dhsclosare, with the storage media mclading, for example,
cireutry containing microcods stroctions.

{6671} Depending on the desived configuration, system memaory 806 may be of any
tvpe inchiding bt not Hnted o volatile memory (Such as RAM), non-volatils smemory (such ax
ROM, flash memory, efc), or any combination thereof, Syatem memory 836 may inclade an
operating systern B33, one or wore apphcations 822, and program data 834, Application 822
may nclade Bwaries 826 that are arranged (o perform various functions or operations, Program
data 824 may mohude configuration data 828 that wmay, for example, be used fo modify aspects of
behavior pertaining 1o operating systemn 824 or apphications 822, In some emtbodiments,
applicstion 822 may be arranged o operate with program data 824 on operating system 3200 In
some entbodiments, application 822 nay i whoele or in part be used o tnplement at least some
portion of a scheduding component as described abova, This desoribed baste configuration 802 15

Hlustrated in FIG. ¥ by those coraponents witlun the tnmer dashed hne.
{721 Computing devics SO0 may have additional festares or Rnctionality and

sddittonal interfaces o faciilate communications hebween hasie configuration 802 and any

~ 1.
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required devices and interfaces. For ammpk a busiinterfice controller #30 may be used to
facilitate conunenications betwesy basie configuration 82 and one or muwe data storage devices
832 vig a stornge interface bus 834, Data storage devices B33 may be vemovable storage devices
836, non-removable storage devices 838, or a combination thereof, Examples of removable
siprage angd non-removable storags devices inchude magnetie disk devices such as flexible disk
drives and bard-disk drives (HDs), optical disk drives such as compact disk {CD} doves or
digital versgtide disk (BVD) drives, solid state doves (88D}, and tape drives o oame a few.
Example computer storage madia may include volatite and nonvolatife and removable and non-
removable media implementad 1n any method or technology for storage of mformation, sach as

compuier readable nstructions, data stractures, program modudes, or other data.

{8731 System memory 306, removable storage devices K36, and non-removable
storage devices K3¥ are examples of computer si.@'f:v;ge media. Computer storage media includes,

but is not mited o, RAM, ROM, EEPROM, fash memory or other memory technology, OD-
ROM, shgnal versatile disks (DVDS) or other optical storage, magneiic casseites, magnetic fape,
magnetic disk storage or other magnetic storage devives, or any other mediun that may be used
o store the destred mformation and that may be accessed by computing device 800, Awny such
compuier siovage mediy may be part of computing device SG0.

{80741 Computing device SO0 may also include an misrface bus 840 for faciliating
comymication from vanous interfacs devices fe.g., output devices 842, peripheral interfhces
844 and conmnunication devices 8461 1o basic configuration BO2 via busfinterface controller 8346

Example ontput devices 842 inchude a grapbics processing it 848 and an audio processing unit

¢
&30, which may be confizured to comnunicate fo vanous exisrnal devicss such as & display or
speakers via one or more &7V ports 852 Example peripheral interfaces 844 inchude o seriad
mierface controller 854 or a parallel interface controlier 856, which mayv be configured o
cotpnmpicsie with external devices such as mput devices {22, kevhoard, nrouse, pen, vodes
mput device, toach input device, ete ) ov other peripheral devices {e g, printer, scaawer, ¢} vig
ore o move FO ports 838, An example commanication device 846 includes a network
conireler R60, which may be arranged o facilitate commuonicanons with one or morve other
compriting devices 862 over a network communication Hnk via one or more conununization
posts 464,

{80751 The network communication hnk may be one example of & comnumication
nredia, Compurdcation media may typeally be embodied by conputer readable fustractions,

data structares, program modudes, or other data i a modudated data signad, such as a carmer wanve

-3 -
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ot sther ansport mechanism, and may mohude any informatiom delivery media, A modulated
data signal may be & signal that bas ong or more of its characteristicos set or changed wy such a
manner as to encode information in the signal. By way of example, and not Hmitanon,
cornnmptcation medig may nchade wired media such as a wired network or divect-wired
connection, and wireless media such as acoustie, radio frequency (RF), microwave, infrared (RS
and other wireless media. The tenn computer readable wedia as used beretn may include both
storage media and comnumeation media.

{8876} Compuning device 800 may be wnplernented as 8 portion of o smatk-form factor
portable {or mobile; electronic device sach as a cell phone, a personal data assistant (PDAY »
personat media plaver device, g wiveless web-watch device, a personal headset device, an
application spacific device, or 3 hybrid device that include any of the gbove functions,
Compating device 800 may also be maplemented as a personal conynder inclading both laptop
computer and pon~laptop computer confiparations.

[B877]  Aspects of the present disclosure may be practiced in confunction with a viring!
maching and 3 host for virtualizing computing resources, which may be referred to herein as a
hypervisor, Program data $24 may comprise mstructions for executing a hypervisor which may
host one or more virtual machines strudating divect gocess to physical components such as
processor 304, sysism memory 206, cutput devices 842, and so on. Operating system 820 may
gxecute by insiractions performed by a vivtaal processor simulated by a hyvpervisor, A hyperviser
may serve as an miermediary between operating systern 820 and physical components such as
processor #04 and memory comdroller 818, A hypervisor may, for example, be confipwred o
recatve core and router operating frequencies from & memory asseciated with processar R4,

{8078]  With respect 10 the use of substantiaily any phiral andfor singular terms hevein,
those having skill in the st can ransinte from the phuval to the singudar andior Fom the singulay
1 the plaral 33 & appropriate to the context and/or application. The varions singular/plural
permatations may be expreasty set forth herain for sake of clanty.

{80791 I will be understood by those within the art that, in peneral, tevms used herein,
and especially m the appended claims {e.g., bodies of the appended claims) are severally
mtended as “open” terms {e.g., the ternm “nchuding” should be mierpreted as “including byt not
Bmited 10,7 the team “having™ should be misrpreted as “having o {east,” the termy “mcladey’
should be mierpreted as “nclodes but s not hanted 10,7 et 1 witdl be further undersiood by
those withmn the art that i g specilic number of go intraduced claiy reciiation is udended, such

an jntent will be expheitdy recited m the clabm, and in the absence of sueh reciiation no such

L3 .
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ntent I present. For example, as an aid to understanding, the fllowing appended clains may
contain usage of the mtroductory phrases “at least ong” and "one or more™ o introduce claim
reciations. However, the use of such phrases should not be construed to fmply that the
mtroduction of a claim recitgtion by the indefimite griicles "s" or "gn™ tuntis any particular claim
contaning such miroduced claim recitation o embodinnents contaimny only one such reciiation,
even when the same clam inclades the mroductory phrases "one or more” or "at least one” and
mdefinite articles such as 2" or "an® (e, "a” andfor Yan” should be interpreted 0 mean Tat
least one™ of “one of more”) the sanwe holds true for the use of definite articles vsed (o mitoduce
claim recitations. In addivon, even if a specific mamber of an introduced claim recitation s
exphonly recited, those skilled in the artwill recogrive that such recitanon should be miterpreted
o ean at least the recited sumber (.., the bave reciiation of "two recitaBions,” without other
modifiers, means at feast two recitaiions, of bwo of more reciiations). Furthermors, m those
insfances where a convention analogens o “at least one of A, B, and €, ete.” i3 usad, in general
suih a construction 1s ifended m the sense that one having skl in the art would understand the
convartion {e.g., " a system having at least ong of A, B, and 7 would mclude but not be limited
o svatents that have A alone, B alone, C alone, A and B iogethar, A and Ciogether, Bad C
ogether, andior &, B, and Ctogether, ote.). In those instances where a convention analogous o
“at lpast one of A, B, or €, et0.” 1s usesd, in general such 8 construction i3 intended i the sense
o having skal in the avt would understand the convention (eg., ™ a svalam having at least ong
of AL B, or O would inchude, bot not be Hoted o, systems that have A slone, B alone, € alome,
A and B together, A and Cwgether, B and C together, andior &, B, and Ciogether, ety It will
be further understood by those within the art that vivtually any dispmctive word andfor plirase
presenting two or more alternative terms, whether in the descripiion, chums, or drawings, shoudd
be undersiood to conternplate the possibifities of including one of the terms, either of the tevms,

<

or both tsrms, For example, the phrase “A or B7 will be anderstood to inchude the possibilit
of "TATor "B or "A and B
{80881 In addition, where festures or aspects of the discloswre are described in tevms of
Markush groups, those skilled i the art will recognive that the disclosure 1s glso thereby
described 1 terms of any mdividual member o subgroup of members of the Markush group.
{00811 As will be anderstood by one shilled in the at, forany and all purposes, such &
i ferms of providing 2 writien description, all ranges disclosed hersin also encompass any and

all possible subrangss and combmations of subranges thereoll Any Bsted range can be easdy
P )

recognized as sulficiently describing and enabling the sanme range being broken down into at
eI
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least equal halves, thirds, quarters, {ifths, tenths, efe, Ax 3 non-limiting example, each range
discussed hergin can be readily broken down o a lower third, nuddle third, and wpper third,
ete. As will also be undersiond by ope skilled in the art all language such a8 “op 0,7 “at feast ™
and the hike nclude the number recited and vefer to ranges that can be subseguently broken down
into subranges as discussed shove. Finally, a3 will be understood by one skilled i the art, &

wlers o

w(

range inchades each wdividual member. Thus, for exaraple, a group having -3 cells
groups having 1, 2, or 3 cells. Sinularly, a group having 1-5 cells refers to groups having 1.2, 3,
4, or 5 ¢ells, and 50 forth,

{86821  From the foregoing, various embodiments of the present disclosure have been
described heremn for purposes of Hustration, and vanious modifications may be made without
departing from the scope and spirit of the present disclosure. Accordingly, the various
snbodiments disclosed herem are not intended 1o be hmiting, with the tne scope and spirtt being

indicated by the following claims.

Pl
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ULAIMS

What is claimed i

i. A systam, COMmprIsHy:
a processor comprising a phoaality of cores, a ploratity of rowmers, and oue or move
memory oontrolers commumcatively coupled o the plurality of cores by the plarality of routers;
and
a component configured at least

first

idemiﬁsf a first core of the plurality of coves, wherein the wWentification of the
core is based at least in part on a first determination that there is ot lenst one path between
the first core and at least one of the one or more memery controliers wherein all routers
i the at least one path ave operable at a finsl frequency;

wentiy a1 second cove of the plaralyy of cores, wherewn the identification of the
second core i3 based at least i part on a second determinution that ali paths between the
seeond cors and a mamery controller of the at least one memory controdlar compriss o
feast one router with a maxinnam operable Frequency less than the first frequency;

assign o fivst theead o exeente o the fiest corel and

asaign a second thread 1o execute on the second core based at least in parton a

determination that the Orst core s unavailable o execuie the second thread.

-3

The system of claim |, wherein the component 15 Ruther configured at least to:
caae an wnassigned core of the plurabity of cores 1 be selected o entar 3 sleep state,

based at least in part on the second determingtion.

3 The system of claim 2, wherein the component is further confipurad at least w
canse a router of the pluvality of routers 0 enter g sleep state based at least i parton an
addhitonal deternmnation that a waxinam operable frequency of the router 1o be caused 1o enter

the sleep state is less than the first freguency.

T



WO 2015/163897 PCT/US2014/035360

4. The sysiem of elatin 1, wherein the conponent 15 further configured at least e

determine 1o assinn an addiional thread W execots on & cove other tha the Brst core,

based at least bn part on g maxinuam operable frequency of the first core.

3. The svstem of claim 1, wherein the componani 1y fwther confivured at least Lo
deternune to assign an additional thread 1o a core other than the first core, based o least

m part on a cachie miss rate of the additional thread betng above a threshold value

&. The system of claim 1, wherein the component is further configred at least to

calenlate a priovity value for the first core based af least in part on an operating frequency
of the fivst core, an oparating frequency of a router nearsst to the first core, and @ mindmunt
operatmg frequency of Touters on & pw&h to at feast oue of the one o more memory controtier

~

The system of claim 6, wherein the component is further confignred st least 1o

~d

assign & first additional thread (o execote oy the fivst cove, the assignment of the first
additional thread being based at least in part on the priority vahue and an addiional determmstion
ihat a cache miss rate of the frst additional thread is above g theeshold: snd

assign a sevond additional thread to execute on the second core, the assignment of (he
second additional thread being based at least m part on the additional determunation that the

eache moiss rate of the first scdditional thread is below the threshold,

&. The system of elaim 1, wherein the component inchides an operating svsiem or a

hypervisor.

9. The systens of clatn |, wherein the componea s Rurther configured atf keast o
deternune @ priority of & memory controlier based at least in part on the fivw
determiation, and
steer doty o memory accessible 1o the memory Comroller, based on the prioviy of the

memory controflar.

10 A method, comprising:
wlentifving a fivst core of a plavaluy of cores of § processor, whereln the

wdentification of the first corg i based af least in part om a first deterpyination that there s

~ 35 .
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at feast one path between the By core and ol least ong of ong o more memory

comstrotlens wherein all rowters n the at least one pad are operable &t o ficst freguency;

dnd
wentifving a second core of the plurality of cores, wherem the wWentilication of
the secoand core 13 based at least in part on a second delermination that alf paths between

the second core and & memory controlier of the at feast one memory coutroller comprise

at least one router with a maximum operable frequency less than the frst fregquency.

11, The metbod of clanm 1, firther comprinig
calendating g priovity value for the fiest core, whereny the calcalated prioviy vadue 13

hasad s feast in part on the first determinaion,

12 The method of cladm 11, wherein the calenlated prionity value s further based of lsast in

part on @ maxin operable frequency of the first core,

13, The method of claim 18, further comprizing:
calculating g priovity value for the first core hased gt legst in part on an operating
frequency of the {first core, an operating frequency of a router nearest to the first corg, and

operating frequenciss of roulers on a path from the frst core o 8 memory controdler of the ong or

THOFS MernQry eonire Hers,

14, The method of clapm 18, Durther comprismygs
selecting the second core 1o perform power gating, based at least in part on the second

determination.

15, Themuethod of claim 10, forther comprising:
caleulating a priority value for  wemory controlier of the at least one memory controller,
the priovity value based at least in part on opergting frequencies of routers on a path frown the first

corg to the memory controlier

16 The method of vlamn 10, further comprising
determindng a priority of & mmory controlier based at least m part on the {ist

dederminadion; and
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%
i

stgering data (o memory accessible to the memory vontroller, based at least 11 part on the
priority of the memory controtier,
17, A computer readable stovage medim that inchudes exscuiable instruchions stoved thereon
that, 1 response o execution by a computing device, cause the compating device 1o at least:
wdentify a

fivst cove of a plurality of cores, wheren the wWentification of the first core 18
based at least n pari on 8 first determination that there 5 at least ove path between the {ivst core
and at least one memory controdler wheremn all routers m the at least ong path are operable at s
first frequency;

identify a second core of the plurality of cores, wheremn the Wdentification of the second
cove 1s based ot feast in part on g second detenmination that all paths between the second cove and
a mentory controler of the at least one memory controllar comprise at least one rowter witha
mxinom operable frequency less than the first frequency;

assign a first thread to execute on the first cove: and

assign a second thread to exevude on the second core based at least inpart on a

deterpnnation that the first core 15 upavaiiable 1© exaaute the second thread,

18, The conmpuier readable storage medivm of claim 17, comprisiny further instructions that,
I response W exscution by the computing device, cause the conynsting devics o af Jeast:
deternune to assign an addiftonad thread fo execute on a core other than the first cove,

based at Ieastin part on & wmaximaem opevable frequency of the first core.

19, The computer readable storage medinm of claim 17, comprising further tistructions that,
m response o execation by the computing device, cause the cz)m;n.r{i? v devige to o least
svaluate information indicative of operating frequenciss of routers on 3 path from the

fivet core to the &t memory controlier,

2. The compuier readable storgge medium of olgim 17, Coraprising Turther instrogtions that,
in response to execution by the compuaiing device, cagse the compating device to af least
caleasfiste o priority value for the fivst core based at loast i part on an operating {requency

of the fivst cove, an operating frequency of a router nearest fo the first core, and & minimuom

operating frequency of rowters on a path to the at least one memory controdlar.

Td
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L. The computer readable storage mediom of claim 24, comprising Nurther instructicns that,
in response to execntion by the compuiing device, cagse the computing device o af least

assign an addiwsonal thvend o execate on the first core, the assignment based af least in
part om the priority valoe and an additional determingtion that a cache miss rate of the addional

thread ia above a thrashold

22, The computer readable storage medivm of cloim 17, comprising further instructions that,
i response {0 execution by the computing device, cause the computing device fo at keast
assign an addidonal thread 10 execate on the second core in response 1o a determmgiion
that a cache miss rate of the additonal thread s below a threshold and 4 maximum operable
frequency of the second core Is greater than & maxinugs operable fregquency of the first core.
33 The compater readable storage medium of chum {7, comprising further instractions that,
in response 1o exegution by the computing device, cause the computing device to at least
associate meniory for the first twead with a physical page frame served by 3 mamory
controfler, wheremn the memory controller s selected based at least i part on the Gt

determmunation.

~ 28~
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classify routers based on frequancies
of routers on path to memory
contraller
200

!

prioritize cores to execute threads
based pn classification of routers the
that the cores are coupled to
202

!

assign thread to processor with high
priority
04

¥

consider unassigned cores for sleep
state
206

FIG. 2
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identify a first core that is communicatively coupled to at least
one memory controfler by at least one path of routers inwhich afl
routers i the path are operable at a high frequency
43¢

!

identify a second core for which all paths communicatively coupling the
router to a memaory controller contalin at Jeast one router operable at a
medium frequency, and zero or more routers operating at high frequency
402

v

idantify & third core for which all paths between the third core and
a memaory controller comprises at least one router operating at a
fow frequency
404

¥

assign a thread to execute on the first core upan
determining that the first core is available 1o axaciite the
thread
406

!

assign & thread to execute on the second core upon
determining that the second core is avaliable hut the first
core is not
408

¥

agsign a thread to execute on the third core upon
determining that the second core i3 not available
410

FIG. 4
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prioritize s first path between a core and a memory
controller based at least in part on all routers in the path
being operable at 3 firstfrequency
500

!

prioritize a second path between a core and a memory controller
based at least in part on all routsrs in the path being operable ata
maximun freguency that is less than the first frequency
502

prioritize & core for executing a thread based at
feast in part on priority of paths batwesn the

cove and a memaory controfler
504

¥

cause cores with low prioritization to
enter a sleep state
506

!

cause routers onlow-priority paths to
enter a sleep state
508

FIG. 5
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evaluate information indicative of the
maximum operable frequency of &
core
800

Y

recelve information indicative of the
rnavimum operable frequency of the
router nearest to the core
602

h 4
receive information indicative of
maimum operable frequencies of
routers on a path from the core to a
memory cohtroller
604

e
?& (
‘f‘f‘aﬁhemsssrat. ,
L abpve threshold?

2
o
w"'ﬂr
F
Yo —————— : assign a thread to the core for
assign thread to core for exacution | execition based on maximum
hased on core frequency aperable frequency of the core, the
608 nearest router, and the path
: 616
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prioritize a memaory controller hased
on priority of paths to the memory
controller
700

steer data write to memory accessible

to higher-priority mamory controllers
702

Y

allocate or migrate a page for a thread
into a physical page frame served by
higher-priority memary controiler
704

FIG. 7
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