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YOLTAGE SELECTORS COUPLED TO PRUOCESSOR CORES

BACKGROUND
I0G01] Processor cores in an elecironic device may perform various
operations. Different processor cores may use different supply voltages. Dynamic
power consumption of 3 processor core may be proportional {o the sguare of the

supply voltage of the processor core.

BrIEF DESCRIPTION OF THE DRAWINGS

(00027  The following detailed description references the drawings, wherain:

(00031 FiG. 1is a block diagram of an example device in which processor
cores may be coupled to variocus voltage rails;

[00047  FiG. 2is a block diagram of an example device that enablas grouping
of processor cores into cluslers;

00051 FIG. 3 is a biock diagram of an example date structure that may be
used o store characteristics of a cluster of processor cores;

[0006]  FIG. 4 is a block diagram of an example device that includes a
machine-readabile storage medium encoded with instructions o enable coupling of
processor coras 1o various voltage rails;

[0007]  FiG. 5 is a block diagram of an example device that includes a
machine-readable siorage medium encoded with inslructions to enable grouping
of processor coras into cluslers;

[0008]  FIG. 6 is a flowchart of an example method for selecting voltage rails
to couple to various processor cores;

[0008]  FiG. 7 is a flowchart of an example method for changing a voltage
rall coupled to & processor core; and

(00107 FiG. 8 is a flowchart of an example method for grouping processor

cores into oluslers.

DETALED DESCRIPTION
00117 As transistor devices get smaller, they becoms more susceptible to
imperfections in the manufacturing process. With transisior channels spanning a

few atoms wide, variation in the number of atoms applied as part of the doping
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process may affect the switching speed of transistors as a function of the supply
voltage. Thus, within the same chip, design-identical processor cores may achieve
a targeted operating freguency at different voltage levels. To deal with this
variation, the supply voliage may be padded {o account for the worst-case
variation. However, such an approach may wasle enerqy because various
Processor cores may be running at voltages higher than their minimum operating
voltage. In addition, running varicus regions of the chip at different voltages may
not adeguately compensate for the variation because physically adjacent
processor cores may have different process variation profiles.

100121  Inlight of the above, the present disclosure provides for the capability
of coupling any processor core on a chip to any vollage raill available on the chip,
such that each processor core on the chip may be coupled o the voltage rail
closest io, and greater than, its minimum operating voltage. Thus, a processor ¢ore
may be coupled to any voliage rail regardless of the physical location of the
processor core on the chip. Such a capability may allow physically adiacent
processor cores to be coupled to different vollage rails, and may reduce wasied
anergy.

100131 Referring now to the figures, FIG. 1is a block diagram of an example
device 100 in which processor cores may be coupled 1o various voltage rails.
Device 100 may be an electronic user device, such as a nolebook computer, 3
desktop computer, a workstation, a tablet computing device, a mobile phone, or an
glectronic book reader. In some implementations, device 100 may operate as and/or
be part of a server. In FIG. 1, device 100 includes a plurality of processor cores (1023,
102b, 102¢, 102d, 102¢, and 102f) and a pluralily of voltage selectors (104a, 104b,
104c¢, 104d, 104e, and 104f). As used herein, the terms “include”, “have”, and
“‘comprise” are inferchangeable and should be undersiood to have the same
meaning.

100141 Processor cores 102a-T may be in a mulli-corg processor, and may
read and execute program instructions. Having mulliple processor cores may allow
device 100 to run multiple instructions at the same time {e.qg., each of processor
cores 102a-f may run a different instruction at a given time). Thus, device 100 may

perform parallel compuiing and increase overall speed for programs. In some
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implementations, a multi-core processor may be part of an integrated circuit (IC)
chip.

100157 Each of voltage selectors 104a-f may be coupled 1o a respective one
of processor cores 102a-f. Each of vollage selectors 104a-f may be capable of
coupling the respective one of processor cores 102a-fto any of a plurality of voltage
rails used to power any of processor cores 102a-f. As used herein, the term
“vollage rails” should be undersicod to refer to vollages provided by power
supplies. A voltage rail may be used as a supply voltage for elecironic
componenis/circuits, Different electronic components/circuits in a deavice may use
different supply voltages, and thus a power supply of the device may provide
multiple voltage rails, or the device may use mulliple power supplies 1o provide
respeclive vollage rails having different voltages.

(00161  In some implementations, vollage selectors 104a-f may includs
multiplexers. For example, if four voltage rails are available o power processor
cores in device 100, a voltage selector may include a 4-to-1 mulliplexer. In some
implementations, vollage selectors 104a-f may include switches. For example, if
three voltage rails are available o power processor cores in device 100, a voltage
selector may include a triple-throw switch.

(00171 In device 100, three voltage rails V4, Vo, and Vz may be available to
power processor cores in device 100, Each voltage rail may have a different
voltage {(e.q., V1 may be 5 volts, Vo may be 7 volis, and Vs may be 12 volts). Each
of voltage selectors 104a-f may select any of the available voltage rails. The
voltage rail selected by a voliage selector may be coupled 0 the processor core
that is coupled 10 the voltage selecior. Thus, each of processor cores 102a-f may
be coupled 1o (8.g., powersd by} any of the available voltage rails in device 100
Although three voltage rails are shown in FIG. 1, it should be understood that more
voltage rails or less voltage rails may be available to processor cores in a device,
and that the concepts discussed herein may be applicabls 1o a device having any
number of voltage rails.

(00187  Processor cores may operate at various performance stales. As used
herein, the term “performance state”, or “P-slatg”, should be undersiood to refer o
a frequency and operating point of a processor core. Different P-states may use

different frequencies and/or vollages, resulling in different processing speeds
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and/or levels of power consumption. For example, some P-siales may use lower
frequencies and lower vollages, resulling in slower processing speeds and lower
power consumption. Processor cores operating in such P-states may be coupled
{e.g., with respective vollage selectors) 1o a voltage rail of a lower voltage. Some
P-states may use higher frequencies and higher vollages, resulling in higher
processing speeds and higher power consumption. Processor corgs operating in
such P-siates may be coupled {(e.g., with respective voliage seleciors) o a voliage
rail of a higher volitage. Other P-stales may use higher frequencies and lower
voltages, resulting in higher processing speeds and lower power consumpdion.
Processor cores operating in such P-states may be coupled (e.g., with respective
voltage selectors) to a vollage rail of a lower voltage.

(00197 In some implementations, processor cores 102a-f may be grouped,
based on minimum operating voliages of processor cores 102a-1, into a plurality of
clusters. Minimum operaling voltages of processor cores may depend on
respective P-siates of the processor cores. For sexample, processor cores
operating in P-states that use lower vollages may have lower minimum operating
voltages. Each of the plurality of clusters may correspond to a respective one of a
plurality of voltage rails used to power any of processor cores 102a-f. Voltage
selectors, that are coupled 1o processor cores in the same clusier, may couple the
respeclive processor cores 1o a voltage rail corresponding to the cluster.

(00201  Processor cores grouped into the same cluster may not be physically
adjacent o one another. For example, processor cores 102a and 102f may be
grouped into a first cluster corresponding to V4, processor cores 102b and 102¢
may be grouped into a second cluster corresponding to Vo, and processor
cores 102d and 1028 may be grouped into a third cluster corresponding 1o Va.
Voltage selectors 104a and 1041, which correspond to processor cores in the first
cluster, may select Vi, and thus processor cores 102z and 102f may both be
coupled to Vi, Similarly, vollage selectors 104b and 104¢ may select Vs, and
voltage selectors 104d and 104e may select Vi, resulling in processor cores 102b
and 102¢ being coupled to Ve, and processor cores 102d and 102e being coupled
to V. It should be understood that different clusters may not have the same number
of processor cores, and that a processor core may be in a cluster by itself. Although

six processor cores and six vollage selectors are shown in FIG. 1, it should be
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undersiood that device 100 may include more processor cores or 18ss processor
cores, gach processor ¢ore being coupled 10 a respective voltage selector, and
that the concepts discussed herein may be applicable to & device having any
number of processor cores coupled {0 respective voltage selectors.

(00217 FIG. 2 is a block diagram of an example device 200 that enables
grouping of processor cores into clusters, Device 200 may be an elecironic user
device, such as a notebook computer, a deskiop computer, a workstation, a tablet
computing device, a mobile phone, or an electronic book reader. In some
implementations, device 200 may operale as and/or be part of a server. Device 200
may include a plurality of processor cores {202a-f) and a plurality of voltage
selectors {204a-1). Processor cores 202a-f and vollage selectors 204a-fof FIG. 2
may be analogous o {(e.g., have functions and/or components simitar to) processor
cores 102a-f and voitage selectors 104a-, respeciively, of FIG. 1. Although six
processor cores and six voltage selectors are shown in FIG. 2, it should be
undersiocod that device 200 may indude more processor cores or 18ss processor
cores, each processor core being coupled o a respactive vollage selecior.

(00227 Device 200 may include self-test module 208, storage module 208,
and clustering module 210. A module may include a set of insiructions encoded on
a machine-readable slorage medium and execulable by a processor of device 200.
in addition or as an alternative, a module may include a hardware device comprising
electronic circuitry for implementing the functionality described below.

(00231  Seif-fest module 206 may determine a minimum operating voltage for
each of a plurality of processor cores in device 200, Self-test module 206 may include
a Basic input/Qutput System (BIOS). In some implementations, self-test module 206
may run a seli-test on each processor core during boot time of device 200, before
handing off the processor cores {0 an operating system (OS). During a selfdestof a
processor core, the voltage supplied 1o the processor core may be decremenied until
the processor core Tails. The lowest voltage supplied to the processor core before
failure may be determined to be the minimum operaling voltage for the processor
core.

(00247 In some implementations, self-test module 206 may run a self-lest on
a processor core during runtime of device 200. Self-test module 206 may issue an

interrupt to the processor core and remove the processor core from normal operation
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in a manner that is fransparent o the O8. For example, seli-test module 206 may
move operations running on the processor core to another processor core before
running the selftest. Selftest module 206 may pericdically run selfdests on
processor cores during runtime of device 200, as minimum operating vollages of
PrOCessor cores may change as their P-siates change.

[0025]  Storage module 208 may store the determined minimum operating
voltages and identifiers of their respeclive processor cores. An identifier of a
processor core may include a number or symbdl that may be used (o refer o the
processor core when storing information related o the processor core andior issuing
commands to the processor core. In some implementations, storage module 208 may
store a list of the delermined minimum operating voltages and identifiers of their
respeactive processor cores. The list may be ordered from lowest minimum operating
voliage 1o highest minimum operating voltage. For example, the list may include
processor core identifier-minimum operating voltage pairs, with the palrs ordered
from lowest 1o highest minimum operating vollage.

(00261  Clustering module 210 may group, based on the delermined minimum
operating vollages, the plurality of processor cores into a plurality of clusters. Each of
the plurality of clusters may correspond o a respective one of a plurality of voliage
rails used o power any of the processor cores in device 200, For example, if three
voltage rails are available 10 power processor cores in device 200, as Hlustrated in
FIG. 2, clustering module 210 may group processor cores in device 200 inlo thres
clusters {e.g., a first cluster corresponding fo V4, a second cluster corresponding to
Vo, and a third cluster corresponding o Va).

(00277 Clustering module 210 may group processor cores into clusters such
that the total powsr consumption of the processor corgs is minimized. In some
implementations, clustering module 210 may make mulliple passes through a list of
minimum operating voltages and identifiers of processor cores ordered from lowest
o highest minimum operating voltage, grouping a pair of processor cores, that
correspond {0 adjacent identifiers in the list, together with each pass. For a list with
m cores, clusiering module 210 may begin with m clusters, with each processor core
being in its own cluster corresponding to the respective minimum operating vollage
of the processor core. Clustering module 210 may make {m-7) passes through the

list, for each pass, a different pair of processor cores corresponding o adjacent
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identifiers in the list may be grouped together, and clustering module 210 may
calculate the fotal power that would be consumed by all the processor cores if that
pair of processor cores were grouped into the same cluster and couplad to the same
voltage rail, the voltage rail having a voltage equal {o the higher minimum operating
voltage of the pair. Clustering module 210 may identify the grouping that resulls in
the lowest iotal power consumption, and may group the appropriate pair of processor
cores into a cluster, such that there are {m-1) dusters after the {m-1} passes have
been made. Clustering module 210 may then make (m-2) passes through the (m-7)
clusters, calculating the total power consumption for each pass o detaermine the two
clusters (i.e., processor cores corresponding to identifiers in adjacent clusters) that
should be combined next, and so on uniil the number of clusters is equal io the
number of available vollage rails. Clustering module 210 may use data shructures
associated with respective clusters during the grouping process, as discussed
below with respsct to FIG. 3.

[00287  FiG. 3is a biock diagram of an exampie data structure 300 that may
be used o store characleristics of a cluster of processor cores. Data struciure 300
may correspond o a cluster, and may include a core count figld 302, a cluster
voltage fleld 304, and a pointer figld 306. Core count field 302 may store the
nurmber of processor cores in the clusler. Cluster voltage field 304 may store the
voltage 10 be used as the supply voltage for all processor cores grouped info the
cluster. Pointer field 306 may store a pointer {o a list of identifiers corresponding o
processor cores grouped inte the cluster.

(002891 When fwo clusters are combined, for example during the process
described above with respect to FIG. 2, the data structures corresponding o the
clusters may be combined. The data structure created by combining two dala
structures may have a core count field value equal to the sum of the core count
field values of the data struciures that arg combined. The data siructure created by
combining two data structures may have a cluster voltage fieid value egual to the
greater cluster voltage field value of the data structures that are combined. The
pointer field value of the data structure created by combining two data structures
may store a poinier 1o a list that is created by merging the respeciive lists pointed

to by the data structures that are combined. When the number of clusters is equal
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to the number of availabie voltage ralls, each cluster may correspond 1o the voliage
rail whose value is dlosegst {0, and greater than, the cluster voltage field value.

100307 FIG. 4 is a block diagram of an example device 400 that includes a
machine-readable storage medium encoded with instructions to enable coupling of
processor cores o various voltage rails. Device 400 may be an eleclronic user
device, such as a notebook computer, a deskiop computer, a workstation, a {ablet
computing device, a mobile phone, or an electronic book reader. In some
implementations, device 400 may operate as and/or be part of a server. In FiG. 4,
system 400 includes processor 402 and machine-readable storage medium 404,

100311  Processor 402 may include a ceniral processing unit (CRPU),
microprocessor  {e.g., semiconductor-based microprocessoer), andior other
hardware device suitable for retrieval and/or execution of instructions stored in
machine-readable storage medium 404. Processor 402 may fetch, decode, and/ or
execute instructions 4086 and 408 o enable coupling of processor cores to various
voltage rails, as described below. As an alternative or in addition {o retrieving
and/or executing instructions, processor 402 may inciude an eleclronic circuit
comprising a number of slectronic components for performing the functionality of
instructions 406 and/or 408.

[0032] Machine-readable storage medium 404 may be any suitable
slecironic, magnetic, optical, or other physical storage device that containg or siores
executable instructions. Thus, machine-readable storage medium 404 may include,
for exampie, a RAM, an Eleclrically Erasable Programmabie Read-Only Memory
(EEPROM), a storage device, an optical disc, and the like. In some implementations,
machine-readable storage medium 404 may include a non-transitory siorage
medium, where the ferm “non-fransitory” does not encompass fransitory propagating
signals. As described in detail below, machine-readable storage medium 404 may be
encoded with a set of executable instructions 406 and 408.

00331 Instructions 406 may group, based on minimum operating voltages for
a plurality of processor cores, the plurality of processor cores into a plurality of
clusters. The plurality of processor cores may be part of a multi-cors processor in
device 430. Each of the plurality of clusters may correspond o a respective one of a
plurality of voltage rails used to power the plurality of processor cores. For exampls,

if four vollage rails are available o power the plurality of processor cores, the plurality
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of processor cores may be grouped into four clusters, with each clusier corresponding
to one of the available voltage rails. The plurality of processor cores may be grouped
using a process similar to that discussed above with respect io FIG. 2.

100347  Instructions 408 may select, based on the plurality of clusiers, one of
the plurality of voltage rails for sach of the plurality of processor cores. A volage rall
selacted for a respeciive processor corg may correspond fo a cluster into which the
respective processor corg is groupsd. For example, for processor cores grouped into
a particular cluster, instructions 408 may select the voltage rail whose value is closest
to, and greater than, the cluster voltage fisld value in the data structure corresponding
to the particular dluster, as discussed above with respect {o FIG. 3. Each of the
plurality of processor cores may be coupled © a respective one of a pluralily of
voltage selectors. Each of the plurality of vollage selectors may be capable of
coupling the respective one of the plurality of processor cores to any of the plurality
of voliage rails.

[00357  FiG. 5 is a block diagram of an example device 500 that includes a
machine-readable siorage medium encoded with inslructions to enable grouping
of processor cores into clusters. Device 500 may be an electronic user device,
such as a notebook computer, a desktop comptuter, a workstation, a tablst computing
device, a mobile phone, or an electronic book reader. In some implementations,
device 500 may operate as and/or be part of a server. In FIG. 5, system 500 includes
processor 502 and maching-readable siorage medium 504.

[0036]  As with processor 402 of FIG. 4, processor 502 may include a CPU,
microprocessor  {e.g., semiconductor-based microprocessor), and/or other
hardware device suitable for retrieval and/or execution of insiructions stored in
machine-readable storage medium 504. Processor 502 may felch, decode, and/ or
execute instructions 506, 508, 510, §12, and 514 o enable grouping of processor
cores into clusters, as described below. As an allernative or in addition fo retrieving
and/or execuling instructions, processor 502 may include an electronic circuit
comprising a number of electronic components for performing the funclionality of
instructions 506, 508, 510, 512, and/or 514,

(00377 As with machine-readable slorage medium 404 of FIG. 4, machine-
readable storage medium 504 may be any suitable physical storage device that

stores executable instructions. Instructions 508 and 508 on machine-readable
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storage medium 504 may be analogous 1o instructions 406 and 408, respeclively, on
machine-readable storage medium 404. Instructions 510 may determine a minimum
operating voltage for each of a plurality of processor cores. Each of the plurality of
PrOCessor cores may be coupled to a respediive one of a plurality of voltage seleciors.
in some implementations, instructions 510 may be executed during boot time of &
chip {e.g., IC) that includes the plurality of processor cores. For example, a minimum
operating voltage for each of a plurality of processor cores may be determined by
running a self-test on each processor core during boot time, before the plurality of
processor cores are handed off to an O8. During a seii-test of a processor corg, the
voltage supplied o the processor core may be decrementad untii the processor core
fails. The lowest voltage supplied o the processor core before failure may be
determined o be the minimurm operating voltage for the processor core.

10038} in some implementations, instructions 510 may be executed during
runtime of a chip (e.g., iC) that includes the plurality of processor cores. For example,
an inferrupt may be issued {0 a processor core during runtime, and the processor
core may be removed from normal operation in a manner that is transparent to the
08, as discussed above with respect to FIG. 2. Instructions 510 may be periodically
executed during runtime of the chip, as minimum operating voltages of processor
cores may change as their P-slates change.

(00391  Instructions 512 may store a list of the determined minimum operating
voltages and identifiers of their respective processor cores. The list may be ordersd
from lowest minimum operating voliage fo highest minimum operating voltage. In
some implementations, the list may include processor core identifier-minimum
operating voltage pairs, with the pairs ordered from lowest to highest minimum
operating voltage.

100407  Instructions 514 may group a pair of processor cores, that corespond
to adjacent identifiers in the list, into a cluster. The pair of processor cores that are
grouped into the cluster may be determined, for example, using the process
discussed above with respect to FIG. 2. Instructions 514 may be executed muiiple
times for a list of processor core identifier-minimum operating voilage pairs, until the
number of clusters info which processor cores are grouped is equal io the number of

voltage rails available 1o power the processor cores.
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(00411 Machine-readable storage medium 504 may include a plurality of data
structures 516. Each of the plurality of data structures may correspond 1o a respective
one of a plurality of clusters. Each of the plurality of data structures may include a
core count field, a duster voltage fisld, and a pointer field, as discussed above with
respect to FIG. 3.

(00427  Methods related o coupling processor cores to voltage rails are
discussed with respect to FIGS. 6-8. FIG. 6 is a flowchart of an example
method 600 for seiecting vollage rails {0 couple o various processor cores.
Although execution of method 600 is described below with reference 1o
processor 502 of FIG. 5, it should be understood that execution of method 800 may
be performed by other suiltable devices, such as processor 402 of FIG. 4. Method 600
may be implemented in the form of executable instructions stored on a machine-
readable storage medium and/or in the form of elecironic circuilry.

100431 Method 600 may start in block 602, where processor 502 may
determine a minimum operating vollage for each of a plurality of processor cores.
Each of the plurality of processor cores may be coupled {0 a respective one of a
plurality of voltage selectors. In some implementations, minimum operating voltages
of a plurality of processor corgs may be determined during boot time of a ¢hip (8.g.,
ICY that includes the plurality of processor cores. For example, a minimum operating
voliage for gach of a plurality of processor cores may be determined by running a
self-test on gach processor core during boot tims, before the plurality of processor
cores are handed off o an O8. During a seif-test of a processor corg, the vollage
supplied to the processor core may be decremented until the processor core falls,
The lowest voliage supplied o the processor core before failure may be determined
to be the minimum operating voltags for the processor core.

(00441  In some implementations, minimum operating voltages of a plurality of
processor cores may be determined during runtime of a c¢hip {a.g., IC} that includes
the plurality of processor cores. For example, an interrupt may be issued t© a
processor core during runtime, and the processor core may be removed from normal
operation in a manner that is transparent {0 the 08, as discussed above with respect
to FIG. 2. Processor 502 may periodically determing minimum operating voliages of
processor cores during runtime of the chip, as minimum operating voltages of

processor cores may change as their P-slates change.
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(00457 Next, in block 604, processor 502 may group, based on the determined
minimum operating voltages, the plurality of processor cores into a plurality of
clusters. In some implementations, the plurality of processor cores may be grouped
during boot time of 2 chip that includes the plurality of processor cores. Each of the
plurality of clusters may correspond 1o a respective one of a plurality of vollage rails
used to power the plurality of processor cores. Each of the plurality of voltage
selactors may be capable of coupling the respective one of the plurality of processor
cores to any of the plurality of voltage rails. In some implementations, processor 502
may group the plurality of processor cores using a process similar {o that discussed
above with respect to FIG. 2.

100467  Finally, in block 808, processor 502 may select, based on the plurality
of clusters, one of the plurality of vollage rails for each of the plurality of processor
cores. In some implementations, processor 502 may select one of the plurality of
voltage rails for each of the plurality of processor cores during boot time of a chip that
includes the plurality of processor cores. A voitage rail selected for a respective
processor core may correspond o a cluster into which the respeclive processor core
is grouped. For example, for processor cores grouped info a particular cluster,
processor 502 may select the voltage rail whose valug is closest to, and greater than,
the cluster voltage fisld value in the data structure corresponding fo the particular
cluster, as discussed above with respect to FIG. 3.

100477 FiG. 7 is a flowchar! of an example method 700 for changing a
voltage rall coupled {0 a processor core. Although execution of method 700 is
described below with reference to processor 502 of FIG. 5, it should be undersiood
that execution of method 700 may be performad by other suitable devices, such as
processor 402 of FIG. 4. Some blocks of method 700 may be performed in parallel
with and/or after method 800. Method 700 may be implemented in the form of
executable instructions stored on a machine-readable storage medium andfor in the
form of electronic circuitry.

(00487  Method 700 may start in block 702, where processor 502 may group
one of a plurality of processor cores into a first cluster of a plurality of clusters during
boot time of a chip. The first cluster may correspond 1o a first voltage rail of a plurality
of voltage rails. The first voliage rail may be selectad for the one of the plurality of

processor cores during boot time of the chip.
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(00497 In block 704, processor 502 may changs, during runtime of the chip, a
performance state of the one of the plurality of processor cores. The P-siate after the
change may use a different voltage than the P-siate prior to the change. For example,
the P-state after the change may use the vollage of a second voltage rall that
corresponds to another cluster of the plurality of clusters. In some implementations,
processor 502 may change the P-state of a processor core to allow the processor
core {0 perform operations more quickly, and/or {o consume less power.

(00507 Finally, in block 706, processor 502 may couple, in response {0 the
change in performance state, the one of the plurality of processor cores 10 a second
voltage rail of the plurality of voliage rails instead of to the first voltage raill. For
example, processor 502 may send a command o a voltage seleclor, that is coupled
io the one of the plurality of processor cores, 1o select the second voltage rail. In some
implementations, processor 502 may change the grouping of the ong of the plurality
of processor cores from the first cluster {0 a second cluster of the plurality of clusters
that corresponds o the second voltage rail.

[0051]  FIG. 8 is a flowchart of an example method 800 for grouping
processor cores into clusters. Although execution of method 800 is described below
with reference o processor 502 of FiG. 5, it should be understood that execution of
method 800 may be performed by other suilable devices, such as processor 402 of
FiG. 4. Some blocks of method 800 may be performead in parallel with andior after
method 600 or 700. Method 800 may be implemented in the form of executabls
instructions stored on a machine-readable slorage medium and/or in the form of
electronic circuitry.

(00527  Method 800 may start in block 802, where processor 502 may
determing a2 minimum operating voltags for each of a plurality of processor cores, as
discussed above with respect to FIG. 6. Next, in block 804, processor 502 may store
a list of the determined minimum operating voltages and identifiers of their respective
processor cores. The list may be ordered from lowest minimum operating voliage o
highest minimum operating voltage. In some implementations, the list may include
processor core identifier-minimurn operaling voltage pairs, with the pairs ordered
from lowest to highest minimum operating voltage.

100537 In block 806, processor 502 may group a pair of processor cores, that

correspond o adiacent identifiers in the list, into z cluster. The pair of processor cores
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that are grouped infe the cluster may be determined, for example, using the process
discussed above with respect fo FIG. 2. Processor 502 may perform block 808
muifliple times for a list of processor corg identifier-minimum operating voltage pairs,
until the number of clusters into which processor cores are grouped is squal io the
number of voltage rails available o power the processor cores.

(00547  In block 808, processor 502 may store a plurality of data slructures.
Each of the plurality of data structures may correspond {0 a respeciive one of a
plurality of clusters. Each of the plurslity of data struclures may include a core count
field, a duster voltage field, and a poinier figld, as discussed above with respsect o
FiG. 3.

00557  The foregoing disclosure describas selecting various voliage rails for
processor cores. Example implementations described herein enable coupling any
processor core on a chip to any vollage rail available on the ¢hip, reducing wasted

energy.
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| olaim;

1. A device comprising:
a plurality of processor cores; and
a plurality of voltage selectors, whersin:

each of the plurality of vollage selectors is coupled to a respschive
ong of the plurality of processor cores; and

each of the plurality of vollage selectors is capable of coupling the
respective one of the plurality of processor cores o any of a piurality of

voltage rails used o power any of the plurality of processor cores.

2. The device of claim 1, wherein:

the pluralily of processor cores are grouped, based on minimum operating
voltages of the plurality of processor cores, into a plurality of clusters;

each of the plurality of clusters coresponds 1o a respective one of the
plurality of voitage rails; and

voltage selectors, that are coupled o processor cores in the same clusler,
are {o couple the respective processor cores [0 a voltage rail corresponding o the

clusier.

3. The device of claim 1, wherein the plurality of voliage selecliors comprise

multiplexers or switches.

4. The device of claim 1, further comprising:

a self-test module o determine a minimum operaiing voltage Tor each of the
plurality of processor cores; and

a storage module to store the determined minimum operating vollages and

identifiers of their respective processor cores.

5. The device of claim 4, further comprising a clustering module 10 group,
based on the determined minimum operating vollages, the plurality of processor

cores into a plurality of clusters.
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8. A machine-readable siorage medium encoded with instructions
executable by a processor of a device, the machine-readable storage medium
comprising:

instructions o group, based on minimum operating voltages for a plurality
of processor cores, the plurality of processor cores into a plurality of clusters,
wherain each of the plurality of clusters corresponds {0 a respeclive one of 3
plurality of voltage rails used o power the plurality of processor cores; and

instructions o select, based on the plurality of clusters, one of the plurality
of voltage raiis for each of the plurality of processor cores, wherein:

each of the plurality of processor cores is coupled o a respective one
of a plurality of voltage selectors; and

each of the plurality of voltage seleclors is capable of coupling the
respactive one of the plurality of processor cores o any of the plurality of

voltage rails.

7. The machine-readable storage medium of ¢laim 6, wherein a voltage rail
salected for a respsclive processor core gorresponds 1o a cluster into which the

respective processor core is grouped.

8. The machine-readable storage medium of claim &, further comprising:

instructions to determine a minimum operating voltage for sach of the
plurality of processor cores; and

instructions to store a list of the determined minimum operating voltages and
identifiers of their respeciive processor cores, wherein the list is ordered from

fowest minimum operating voltage to highest minimum operating voltage.

9. The machine-readable storage medium of claim §, further comprising
instructions to group a pair of processor cores, thal correspond o adjacent

identifiers in the list, into 3 cluster.

10. The machine-readable storage medium of claim 6, further comprising a

plurality of data struciures, wherein:
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each of the plurality of data structures corresponds {0 a respective oneg of
the plurality of clusters; and
each of the plurality of data siructures comprises a core count field, a cluster

voltage field, and a pointer field.

11. A method comprising:
determining a minimum operating voltage for each of a plurality of processor
COres;
grouping, based on the determined minimum operating voltages, the
plurality of processor cores into a plurality of clusters, wherein each of the plurality
of clusters corresponds o a respective one of a plurality of voltage rails used fo
power the plurality of processor cores; and
selecting, based on the plurality of clusters, one of the plurality of voltage
rails for each of the plurality of processor cores, whergin:
each of the plurality of processor cores is coupled to a respective one
of a plurality of voltage selectors; and
each of the plurality of vollage selectors is capable of coupling the
respective one of the plurality of processor cores 1o any of the plurality of

voltage rails.

12. The method of claim 11, wherein the grouping and selecling are

performed during boot time of a chip comprising the plurality of processor cores.

13. The method of claim 12, wherein one of the pluralily of processor cores
is grouped into a first cluster of the plurality of clusters during boot time of the ¢hip,
the first cluster corresponding o a first voltage rail of the piurality of voltage raiis,
and wherein the first voltage rail is selected for the one of the pluralily of processor
cores during boot time of the chip, the method further comprising:

changing, during runtime of the c¢hip, a performance state of the one of the
plurality of processor cores; and

coupling, in response 1o the change in performance statg, the one of the
plurality of processor cores to a second voltage raill of the plurality of voltage rails

instead of to the first voltage rail.
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14. The method of claim 11, further comprising:

storing a list of the defermined minimum operating voltages and identifiers
of their respective processor cores, wherein the list is ordered from lowest
minimum operating voltage (o highest minimum operaling voltage; and

grouping a pair of processor cores, that correspond to adjacent identifiers in

the list, into a cluster.

18. The method of claim 11, further comprising storing a plurality of daia
structures, wherain:

each of the plurality of data struclures corresponds {0 a respective one of
the plurality of clusters; and

gach of the plurality of data struciures comprises a core count field, a cluster

voltage field, and a pointer fisld.
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