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TITLE: MANAGING MULTIPLE OPERATING POINTS FOR STABLE VIRTUAL

FREQUENCIES

BACKGROUND OF THE INVENTION

Field of the Invention

H0001]  This invention relates to computing svstems, and move particularty, to efficient

managenment of processor discrete operating points.

Description of the Relevant Art

H002]  The power consamption of modern integrated circasts (1C75) has become an increasing
design wssue with each generation of senuconductor chips.  As power consumpiion moreases,
more costly cooling systems such as farger fans and heat sinks are utilized 1o remove excess heat
and prevent IC fatlure. However, cooling systems mcrease the system cost. The 1C power
dissipaton constramnt is not only an ssae for portable computers and mobile communication
devices, bui also for high-performance superscalar ndcroprocessors, which may include multiple
processor cores, or cores, and multiple pipelines within a core.

03] The power consumption of s, such as modem complementary metal oxide
semiconductor (CMOS) chips, is propertional to at least the expression £¥°, The svmbol f is the
opevational frequency of the chip. The symbol V is the operational voltage of the chip. In
modem microprocessors, both parameters fand V may be varied during operation of the IC. For
example, during operation, modern processors allow users to select one or more intermediate
power-performnance states between a maximum performance state and a minimum power state.
The maximum performance state includes & maximum operating frequency and the mininmm
power state mclodes a munioem operating frequency.  The miermediate discrele power-
performance states (P-states) include given scaled values for & combination of the operating
[requency and the oparational vollage.

{0004]  Software, such as an operating svstem or firmware, or hardware may select a particylar
P-state based on at least & projected time to change stales, a selected power hmit, workload
charactenstics, and nputs from on~chip power monitors corresponding o a current workload.
However, a computed combination of operational frequency and operational voltage fypically
does not mateh a combination corresponding to a discrete given P-state. Therefore, a close-

matching given P-state s chosen. Typically, this chosen P-state may correspond to a power
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consumption lower than a computed power lint. Accordingly, the performance of the chosen P-
state 18 lower than a computed power limit. | several more discrete Pwstates are added fo a
processor to provide finer gram conbinations of operational frequency and voltage, then the
design and test costs of the processor inerease.

H008]  In view of the above, efficient methods and mechanisms for management of processor
discrate operating points ave desired,

{0006]  Systems and methods [or managing multiple discrete operabing points 1o create a stable
virtual operating poimnt are contemplated.

{0007] In one embodiment, a processor comprises several functional blocks and a power
managet.  Fach of the functional blocks produces dala corresponding to an achivity level
associated with the respective functional block.  The power manager determines a power
consumption value based on the data once every given sample interval.  In additon, the power
manager determines a signed acconudated difference over time belwean & given power target and
the power couswuption value. In one embodinent, the power target may correspond 1o a thermal
destgn power {TDP) for the processor. In vartous embodiments, hysterests may be used to avord
unproductive P-state transttions. In such embodiments, the power manager selects a lower
power-performance state (P-state) than a cwrvent Pstate 1l the signed accumulated difference is
less than @ negaiive threshold by more than o iven delta. The power manager selects 3 higher P-
state thant a current P-state if the signed accomulated difference 15 greater than a positive
threshold by more than a given delta. Also contemplated are embodiments where a minimum
residency in a P-state may be required before & transition to another P-state is permuitted.

0008]  These and other embodiments will be further appreciated upon reference to the

following description and drawings.

BRIEE DESCRIPTION OF THE DRAWINGS

(0009 FIG. 1 13 a generalized block diagram of one embodiment of power-performance state
transitions for a semiconductor chip.

10010] FIG. 2 13 a generalized Mock diagram of one embodiment of core power management.
0011} FIG. 313 a fow diagram of one ambodiment of & method for managing multiple discrete
operating poinls to create a stable virtual operating point,

0012] FIG. 4 15 a geperalized block diagram of one embodiment of a core power management

svstem.

o
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10013] FIG. § is a tlow diagram of one embodiment of a method for manazing muliiple discrete

operating points 1o create a stable virtual oparating point,

{0014] While the mvention 13 susceptible to various modifications and alternative forms, specific
embodiments are shown by way of example m the drawings and are herein descnbed i detail. It
should be understood, however, that drawings and detailed description thereto are nol fntended 1o
limit the invention to the particular form disclosed, but on the contrary, the invention is 10 cover
alt modilications, equivalents and alternatives falling withan the spinit and scope of the present

wvention as defined by the appended clams.

0015]  In the following description, numercus specific detals are set forth to provide a
thorough understanding of the present nvention. However, one having ordinary skill in the ant
should recognive that the invention might be practiced withowt these specific detatls. In some
instances, wall-known circuits, structares, and techniques have not been shown m detwd 10 avold
ohscuring the present invention,

{0016] Refernng to FIG. 1, one embodiment of power-performance state transitions 100 for a
semiconductor chip is shown, Two curves are shown in the diagram illustrating non-linear (2.8,
cubic or quadratic} relationships betwesn power versus voltage and frequency versus voliage
Five discrete power-performance states (P-states) are shown in the diagram denoted as PO to P4
A small number of discrete P-states are shown to simphify the diagram.  Although only five
discrete P-states are shown, other numbers of discrete P-states may be supported.

{0017] In the diagram shown, the P-state Py may correspond to a discrete state with a lowest
performance of all the supported discrete states and comprises the lowest operational frequency.
In addition, the P-state Py may correspond (o a discrete state with a lowest power consumplion of
all the supported discrete states and comprises the lowest operational voltage. On the other hand,
the P-state Py may correspond to a diserete state with a highest performance of all the supported
discrete states and compnses the highest operational frequency. o addition. the P-state P, may
correspond to a discrete state with a highest power consumption of all the supporied discrate
states and comprises the highest operational voltage. Typically, the endpoint discrete states
reprasented by P-states Py and Py define a region of predictable performance.  Therefore,
contfiguring a processor 1o support multiple P-states, or operating points, along the non-linear
frequency versus vollage curve may provide stable, optimal utilization of power and delivery of

performance for the semiconductor chip, such as a processor. The management of the P-states

Gt
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may conform to an industry standard such as the Advanced Configuration and Power Interface

{ACPD) standard, originally developed by Intel Corp., Microsoft Corp., and Toshiba Corp.

{0018]  As shown in the diagram, a power largel; {e.g.. a desired power consamyption level) may
be chosen for the chip. In one embodiment, the selected power target, mav correspond to a
thermal design power (TDP) of the chip. The thermal design power {TDP), which may also be
referred to as a thermal design point, represents a maximum amount of power a cooling system in
& comyputer is able to dissipate. A cooling system for a laptop processor may be designed for a
20 watt TDP. Therefore, it has been determined that the cooling system is able to dissipate 20
watts without exceeding the maxinwm junchon temperature for transistors within the processor.
The TDP value nay differ depending on the chip manufacturer producing the chip. For example,
one manulacturer may define the TDP value as a power value measured at a default voliage level
under given worst-case temperature conditions.  Another manefacturer may define the TDP valae
as a maxumum power value measured over a given interval ag the chip executes typical
applications versus high-power virus applicatons.  Other measuremant definttions are possible
and contemplated.

{0019] In one embodiment, a power model executed on a pre-sificon model of the die 102 may
perform a power measwement. Later iy a design cycle, power measurements may be performad
on actual fabricated silicon dies during a testing phase and debugging phase.  In one
embodiment, a peak power vahue for a chip may be defined by functional fatlure of the chip
exacuting a high-power application on the ¢ore. The TDP value 15 typically less than the peak
power value. The TOP value may be used fo set the operational vollage and the operational
frequency of a chip for binmng purposes.

{0020] The value power target; in FIG. | mav represent an assigned TDP valve. As shown m
FIG. 1, the power target; corresponds 10 a data point A on the power versus voltage non-linear
curve. Dala pomt A corresponds 1o an operating voltage Vo, Projecting data pomnt A onto the
non-finear frequency versus voltage curve with respect 1o the operating voltage V; provides data
pomnt A7 The data point A™ corresponds 1o an operating frequency ¥y The operating pomt
represented by the combmabon of the operating voltage V, and the operating frequency Fy may
provide an optimal wilization of power and delivery of performance for the chip.

{0021} As described above and shown i the disgram, sn operating point for power {argefy is
identified by data pomt A'. However, this operaling pomt i3 not represented by a discrete P-state
on the power versus frequency curve. The data point A7 i3 located between the P-states Py and

Po. I order to reduce power conswumption, the P-state Py may be chosen as an inttiad operating
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point for the corresponding chip. A corresponding combination of the operating voltage Vi and

the operating frequency Fy wav be the resulting chosen operating point. This operating point
corresponds to a lower power consumption value than the value power target;. The value Power
Py indhicates the lower power consumption value of the operating point corresponding o the P-
state Py,

[0022] A chip, such as & processor, may continue processing workloads utilizing an imtially
assigned P-state until either (1) the workload significantly changes which causes s signsficant
change in a reported activity level, or (i1} the initial TDP value changes, such as being adjusted
by a power monitoring software or firmware, which changes the power target valee shown in the
diggram. For example, 1f g processor 15 executing tnstructions for a workload that 1s halved at a
given point m tme, the resuliing total dravwn cwrrent and thermal energy will be significantly
reduced. In one embodiment, & power manager, which may be located within the processor, mav
detect this condition and accordingly choose a different P-state corresponding 1o & higher power-
performance operating point. For example, the power manager may deternwne to increase, or
boost, the current P-state P2 to the lngher performance P-state Py, For purposes of discussion,
higher performance P-states may have a lower number. For exarple, Po may represent a higher
power-performance state that Py. However, designations could be reversed such that Py is used to
represent a lower power-performance state than Py The chosen approach for designations may
simply be a matter of preference.

0023] A “throttle” of a P-state inclodes reducing the currently selected P-state by one {or
more} P-state(s) to a lower power consumption P-state.  In contrast, a “boost” of a P-state
mcludes mcreasing the cwrrently selected P-state by one (or more} P-state(s) to a lugher
petformance P-state.  Throtling the P-state Py includes transitioning the carrently selected P-
state P» to the lower power-performance state Py A simple tustration of boosting and throtihing
a given P-state, such as the P-state Py as an example, is shown in FIG. 1. In some embodiments,
gach boost operation and each throttle operation may cause a currently selected P-state to
transition by two or more P-states when the logic supposts this added complexity. The Pestate
transttrons may be controlled by fogic within a processor, and thereby is a self-contained system.
However, power management software runnuing on the processor or a rack controller located
external to the processor, may alter the TDP value lor the processor, which changes the power
target valye m the diagram,

10024]  Although the operating point represented by the P-state Py in FIG. 1 consumes less

power than the power targel; value, the operating point represented by Py also bhas less

i
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parformance. Rather than maintain a lower performance P-staie untif a significant change n a

measuved activity level, a processor may togele batween two discrete Pestates tn order to achieve
an average “virtual” operating pomnt for the cuwrent workload,  For example, a power manager
oy determine for a same workload an amount of time to atibize P-state Py before boosting to P-
state Py, Sinularly, the power manager may determing for the same workload an amount of time
to nulize P-state Py before throtthng to Pestate Po. This process may occur multiple tumes until
the workload signilicantly changes. An average of the times spent in a particular P-state coupled
with the operating voltage and frequency may have an effect the processor was utihizing a
“virtual” operating point represented by data point A” 1w FIG. 1 Such a method would enable
flexible power management with arbitrary power limit settings to achieve stable virtual operating
points {or virtual P-state) for any workload by building on alveady existing discrete P-states.
28] Turmning now to FIG. 2, one embodiment of a core power management system 200 is
shown. Changes o an operational voltage 210 and a measured activity level 220 over time are
shown. In addibon, a power target 235 and an average power versus a power target ratio 230 15
shown over time. As shown i FIG. 2, there are P-siate transitions both when an activity level
expenences a sigmficant change and when the activity level is constant. In the diagram, the P-
state fransitions correlate with changes in the operating voltage 210, Some P-state values are
labeled in the diagram. For example, with a constant activity level 220, a P-state P transitions to
P-state Py, which has a lower operating voltage as shown in the diagram. Togghing between P-
state values when the measured activity level is constant may be referred to as P-state dithering.
The P-state dithering may be used to maintain a ratio close to unity between an average power
conswmed on the chip and a power farget, such as a TDP value. By mantanung such a ratio
close to unity, the chip mav seek to maxinuze performance whule still consuming a desired
amount of power (e.p.. an amount of power dissipated by a corresponding cooling svstem},

10026] Tuming now to FIG. 3. one embodiment of a method 300 for managing multiple
discrete operating points to create a relatively stable virtual operating point is shown,  For
purposes of discussion, the steps 1n this embodiment and subsequent embodiments of methods
described later are shown wn sequential order. However, some steps mway occur w a different
order than shown, some steps may be performad concurrently, some steps may be combined with
other steps, and some steps may be absent in another embodiment.

0027]  In block 302, a power usage target for the die of a chip 15 mitialized. Any of o vartety
of methods for selecting a power usage target, inchuding those described earlier, may be used. In

block 304, an witial discrete power-performance state (P-state) for the die is deternuned at a

6
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given workload. Software, such as firmware, and/or hardware may determine the P-state. A
process such as that depicted in FIG may be used to determing a Pestate.  Average power
consumplion for the die 1s then measurad 1 block 306, Further detads of such & measurement
are provided later. In block 308, the measored average power consamption 1s compared to 8
power targel and a difference determined. In one embodiment this difference may be
accumulated with other deternuned differences. For example. an accumulated difference value
may be mantaned. While a transition to asother P-state could be imitialed in respouse to
detecting a difference between the target and the measured power, such gn approach may cause
unproductive transitions between P-states. Therefore, in one embodiment, various techniques are
utthized to prevent such umvanted transitions. In one embodiment, a given delta 15 used for
porposes of determuuing when an accurmdated difference is seffictent to cause a Pate
wransition. For example, if the measured average power exceeds the target power by more than
the given delta. then a transition to a higher P-state may be imtiated or otherwise permitted.
Simitarty, if the measured average power falls below the {arget power by at least a given delta,
then a transttion to a fower P-state may be mtiated or otherwise permitted. | 1s noted that the
above described delias could be utilized as values which must be exceaded or simply met as
desived. In some cases, a given delta for both a transition to a higher or lower state may be the
same (in terms of absolute valoe). In other embodiments, a different delta value could be used for
transitions to a higher state than transiions to a lower state. All such embodiments are
contemplated.  Additionally, the delta values may or may not be programmable in vanous
embodiments. In addition to the above, further conditions may be utilized to determine whether a
P-state transition may occur. For example. in some embodiments a nunimum residency wn a P-
state mav be required before a transuion is pernuited. Further discussion of such a nunimoem
residency will be provided in the discussion of FIG. 3.

In bloek 310, when the accumulated difference reaches a given delta, a transition to another P-
state may occur. For example, a power manager may select a lower power-performance siate (P-
state} than a current Pestate if a signed accomuldated diference corresponding to the above
conparisons over ime falls below a gpiven threshold.  The lower P-state may generally
correspond to a power consumption value that 1s less than the power target. Similarly, the power
manager may select a higher P-state than a current P-state if the signed accumulated dilTerence
corresponding 1o the above compansons over fime exceeds the given delta

{0028] Referring agawn to FIG. 2, the activity level 220 mav track the workload. Ag shown in

the embodiment of FIG. 2, P-state transitions occur when the ratio of average power {0 power
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target varies from unity. In various embodiments, a given threshold vanance may be used io
determyne when a P-state transifion occurs. Alternatively, an accumulated signed difference may
be found between the measured average power and the power target, rather than a ratio. Before
[urther detals are provided, one embodiment of measuring an activity level to track the workload
1s described.

(00291 Refernng to FIG. 4, one embodiment of a core power management 400 is shown, Here,
core 102 may be any integrated cireutt (IC). Tn one embodiment, core 102 may be a processor
core. A processor ¢org may have an on-die instruction and data cache. The processor core may
be a superscalar processor with a single pipeline or multiple pipelines. In another embodiment,
core 102 mav be an application specific IC (ASIC).  Any transistor fanuly may be used to
implement core 162, Examples include metal oxide semiconductor field effect transistors
(MOSFETs) and bipolar junction transistors (BJTs).
0030] A functional block 110 may include transistors configured to perform logic functions,
data storage, or other. For power management purposes, fuactional block 110 may be divided
wnfo wuds 132a-132d. As used herain, elements referred to by a reference numeral followed by a
letter may be collectively referred to by the numeral alone. For example, units 132a-132d may
be collectively referred to as anits 1320 In one embodiment, v 132 may ot correspond fo
functional components of a processor, such as a reorder bufler, a memory management unit, an
execution unit, and so forth, Rather, units 132 may be selected based on the types of signals o
be samplad for power management purposes. For example, 1 one embodiment, signals selected
to be sampled include clock enable signals routed to local elock distibution blocks.
031 The selection of which signals to sample donng a particelar clock cvcle mav
correspond to how well the selection correlates to the amount of switching node capacitance
within umits 132, The selected signals 1o be sampled, such as clock enable signals, mav overlap
functional blocks 1n the Ooorplan. Therelore, the division separating. for example, unit 132a and
132h may not correspond to a division in the Hoorplan. Units 132 are units that consame power
and this power is 10 be measured m real-time. The activity level of the die associated with a
current workload may correspond to values, or weights, associated wath selected signals to be
samplad.
{0032] In one embodiment, Power Momitor 130 may be used to collect data from units 132,
such as the logic values of all the given sampled signals. In one embodiment, the values of the
sampled signals may be scanned out in & serial manngr. Therefore, the selected signals may be

sampled in a single clock cvele from cach of Units 112 and sertafly scanned oot before the next
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sampleg is performed.  Affer collecting the data, Power Monitor 130 may calculate a power
consumption estimate.  One Monitor Control 132 may comespond to each Uit 1320 Tn
altemative embodiments, a Monitor Control 132 may collect data for two or more Units 112 and
catculate lotal power consemption estimation for those Urnits 112, In vet another embodiment,
one Monitor Control 132 (e Control 132a) may have a signal mterface with one or more other
Maosfor Comrols 132 (1e. Controls 132b-132d) in order to collect data from the one or more
Monitor Controls 132 (e, Controls 1325-132d). Then a power consumption estimate for the one
or more Monitor Controls 132 mayv be calculated.

0033]  The signals Sample 120 and Dataout 122 may be control and data signals used for
power management purposes. The mterface signals between Power Momtor 110 and Functional
Block 130 may comprise any necessary number of signals and comnunication protocols. In one
embodiment, the control signal Sample 12( may be asserted for a smgle clock cyele only durmg
a chosen repeating mderval, such as every 100 clock cveles. In one embodiment, at a given
number of clock cycles alter the control signal Sample 120 15 asserted, the data signal Datacut
122 may begin providing a logic value for a different sampled signal each clock cvele. In other
words, the data signal Dataowt 122 may be vsed fo scan out a chain of values compnsing the
logic vatues of the sampled signals at a particular cvele. Also, in other embodiments, there may
not be g single pair of signals between each Monitor Control 132 and Unit 112 pair. 1n an
alternative embodiment, additional signals may be incluaded 10 order for 2 Monttor Control 132 1o
poll & Unit 112, for & Unit 112 to acknowledge 1o a Monitor Control 132 that it is ready to
convey outpul data,

0034 A mulliple number of samples may be faken durmng a given time mierval. The
determmation of the mumber of nternuttent clock cycles to use before computing an achivity
level may depend on the desired accuracy and conflidence of the sampled data, A spreadshest, or
a look-up table, mav be generated using both statistical analvsis and measurements of both the
real power consumption of an application and estimated power consumption from a sampling. A
confidence level and an error rate may be chosen to further develop the statistical analvsis. An
example of a real-time power estimation method includes Application Senal No. 127101598,
tiled April 11, 2008, entitled ~“Sampling Chip Activity for Real Tume Power Estimation”, winch
18 incorporated herein by reference in its entirety.

0038] When the Power Mouitor 130 calcudates a power consumption estimate from the data
received from Functional Block 110 over repested intervals, the Power Monitor 130 has

determined a power profile of the currently runping applicaton{s). Ties determination s
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conveved to the Power Manager 140, The Power Manager 140 may alter an pperating point of

functional block 11010 order to decrease {or merease) power 1f the apphcation is above {below) a
threshold limit. For example, the Power Manager 140 may cause a boost or a throttle of 8 current
P-state to transition fo another given P-state.

036]  In one embodiment, denng the specified time period named above, the Power Manager
140 may compute a signed ronning accumulaied difference between the power profile provided
by the Power Momtor 130 and the power larget.  Again, the power target may be a thermal
design pomnt {TDP). The accumulated difference may be calcuwated at the end of each siven time
nterval as AccTdpDelta = AceTdpDelia + {(TDP ~ RevdPwr). Here, the varable AccTdpDelta s
the signed running accunystated difference.  The varable TDP 13 the assigned thermal design
power, or an equivalent number of thermal credits,  The variable RevdPwr 1s the power
copsumption estimation received from the Power Monitor 130, This value may track the activity
level of the die by measuring the sampled signals in the funetional blocks 110,

{0037] Il the measured activity level vepresented by the varable RevdPwr is higher than the
TDP. then the accumulated value AccTdpDelta drifis toward a negative value. When the
accumulated value reaches a negative given threshold, the power manager may determine fo
throtile the current P-state. Referning again to FIG. 1, an example of throtthing a current P-state
would be (o transition from P-state Py to P-state Po. Such 2 condition may occur when the
activity level is high within the core. I the activity level remaing at a high valtue, over time the
power manager may continye to throttle the current P-state.

{0038] I the measured activity level i lower than the TDP, then the accumulated value
AccTdplielta dnfts toward a posttive value When the accumulated value reaches a positive
given threshold, the Power Manager 140 may determine to boost the current P-state. Referring
agan to FIG. 1, an example of boosting a current P-state woudd be to transition from P-state Py fo
P-gtate Py, Such a condition mav occur when the activity level 15 low within the core. If the
activity fevel remains at & low value, over time the power manager may continge o boost the
current P-state.

{0039]  The Power Manager 140 may be able to provide quicker responses to potential thermal
problems m core 1062 when the mformation sent from the Power Monitor 130 corresponds 1o
actual activity levels and power consumption within core 102 and net temperature information.
Analog ov digital thermal sensors placed throughout the die of a semuconductor chip die may
determing & temperature wavelform over fime. The thermal sensors provide information & o

when the die heats up m a particalar area due to noreased compute activity,  However, these
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sensors respond to each change in thermals, whether #t's driven by a compuie-related increase in

power consumption i the core 102 or by an external environmental factor, such as a rise
ambiertt temperature.  For example, surrounding servers n g rack system m a data center may
cause a rise in ambient temperature.  The amount of swilching capacitance within a particular
core may not change over a time inferval, but the sensors mav report higher thermal energy
consumption due to the rise in ambient temperatwre. In addition, there is a tume delay between a
compute-related wcrease in power consumption and a temperature mcrease.  Therefore, while
atfempting to maintain 3 ratto of unity between average power consumplion and a power target,
measwrements associated with an activity level and switching capacitance within a core versus
measurenents of temperature may provide better resulis.

0048]  Turming now fo FIQG. §, another embodiment of a method 300 for managing nultiple
discrete operating pomts to create a stable virtual operating point is shown, For purposes of
discussion, the steps i this embodiment and subsequent embodiments of methods described later
are shown i sequential order. However, some steps may oceur i a different order than shown,
some steps mav be performed concurrently, some sieps may be combined with other steps, and
some steps may be absent 1o another embodiment.

0041] In block 302, a semuconductor chip executes mstructions of ong or more soffware
applications. 1f the end of & given sampling interval is reached (conditional block 304}, then in
black 346, a power consumption estimate i3 determined and conveyved 10 a power manager. A
power consumption sstimate may be foumd by sampling selected signals i functional biocks and
associating corresponding weights to the sampled signals as desenbed earhier. A counter
corresponding to a count of determined power estunation values may be incremented.  In block
508, the power manager reay compute a signed accomudated difference between a gven power
target, such as a TDP, and the received power consumption value. The computation as desenbed
garlier mav be AccTdpDelta = AccTdpDelta + {TDP - RevdPwr), wherein the variable RovdPwr
represents the recetved power consumyption value.

0042] H 15 noted when a P-state transtion cecws, the signed accumufated difference,
AccTdpDelta, may stil exceed a given threshold by the time another sample inderval oceurs. For
example, a boost from a P-state Py to a Pestate Py may occur due to the value AccTdpDelia s
greater than a positive boost threshold. After the P-state transition, at the next time interval, the
stgned accumulated difference, AceTdpDelia, may still be greater than the positive boost
threshold. There mav not have been sufficient ttme for the measured power consumption value

to exceed the TDP value. Therefore, 1t's possible to raptdly continue boosting the current P-state
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bafore it is determined the current P-state provides the best power-performance operating point at
& GIVEn time.

00431  In order to avold rapid P-state transtions as described above, a [ollowing P-state
transition may not be allowed to occur for a given time after a current P-state transition. The
given time may be referred 10 as a mininuen residency. In one embodiment, a counter may be
used to determine whether a permisuble amount of time has elapsed following a current P-state
transition.  The counter value may be compared to a given threshold.  Alternatively, the counter
may be loaded wath the given threshold and decremented to a value of zero. When this
permassible amount of time bas elapsed, another P-state transition may occu.

0044] In addition, value aging for the accumalated difference AccTdpDelta may be used
Value aging may aid in preventing overheating of the clup die. An aged accumulated difference
may vemain transitioning, or dithering, between high power P-states for a long time. The
accumulaied difference, AccTdpDelta, may continue accunnidating when a P-state is throtiled.
After a pentod of time, the accemulated difference may no longer represent sn actual thermal
energy headroom available for boost. Therefore, from time to time, the accumulated difference
AccTdpDelia may be set to a reset value at the end of a given time pertod. The reset value may
vary from a fraction of the current value of the accunudated difference AccTdpDelia to zero. A
value stored in g configuration register may be used to determine the reset value. For example, a
fust stored valve may comespond to a reset value equal to the accumulated differance
AccTdpDelta. A second stored value may correspond 19 a reset value equal to the accumulated
difference AccTdpDelia shifted {e.g., divide by 2, divide by 4. and so forth). A third stored value
may correspond fo a reset value equal {o zero.

{0045] A counter, which may be decrementing m one example, may set the given time period
referred 1o above, The counter may load a value N, which i3 stored in a configuration regisler,
After N samples oceur. wherain the accumulated difference AccTdpDelia is updated at the end of
each sample, or time interval, accamulated difference AccTdpDella way be reset. The counter
loaded with the value N mav be reset each time the accumulated difference AccTdpDelta
changes sign.

046]  Refernng again to method 500 in FIG. S, if a Pestate minnmum residency time period
has not been reached (conditional block 310y, then a check i performed regarding whether N
samples have occurred. At the end of each sample interval, a new power consumption value for

the die is determined and a naw value 15 computed for the accumulated difference AccTdpDelta,
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i a count of N samples has occurred {condidional block $16), then m block 518, accumulsted

difference AccTdpDelta is sat to a given reset value as deseribed above.

0047] Il a P-siste mmuimum residency fume period has been reached {conditional block S,
then a check is performed regarding the boost and throithing thresholds. A companson may be
performed o deternune whether the signed accumulated difference AccTdpDelia exceeds a
threshold. For example, the acoumudated difference AccTdpDelia may be greater than a positive
boost threshold.  Allemabively, the accumulated dillerence AccTdpDelia mav be less than a
negative throtile threshold. I the accumulated difference AccTidpDelia excesds a threshold
{conditional block 512}, then i block 514, a corresponding next P-state 1s selected for the chip
die. For example, if the signed accomulated difference AceTdpDelta 1s greater than a positive
{boost) threshold, then a transition to a higher power-performance P-state than the current P-state
mav occwr.  Alternativelv, 1f the signed accumulated difference AccTdpDelta is less than a
negative throttling threshold, then a transition to a lower power-performance P-state than the
current P-state may ocour.

{0048]  In one embodunent, if a processor comprises multiple cores, a power consumplion
estimate may be computed within each core. In addition, each core may deternune a signed
accunudated difference, AccTdpDelta.  When any of the mulliple cores exceeds a boost or
throttiing threshold. the P-state for the entire processor may transition sccordingly. Then control
flow of method 300 moves to conditional black S16.

0049] R is noted that the above-described embodiments mav comprise software. In such an
embodiment, program instructions and/or a database (both of which may be referred to as
“mstroctions”) that represents the desertbed systems and/or methods may be conveyed or stored
on a computer readable medium. Generally speaking, a computer accessible storage medium may
mclade any storage media accessible by a computer duting wse to provide mstructions andior
data to the computer. For example, a computer accessible storage medium mav include storage
media such ag magnetic or optical media, eg., disk (fxed or removable), tape. CD-ROM, or
DVD-ROM, CD-R, CD-RW. DVD-R, DVD-RW, or Blu-Ray. Storage media may further
mclude volatile or non-volatile memory media soch as RAM {e.g synchronous dynamic RAM
{SDRAM), double data rate (DDR, DDR2, DDR3, etc} SDRAM, low-power DDR {(LPDDR2,
ote.) SDRAM, Rambus DRAM (RDRAM), static RAM (SRAM), etc), ROM, Flash memory,
non-volatile memory {e.g. Flash memory) accessible via a peripheral interface such as the

Universal Serial Bus (USB) interface, etc. Storage media may include microelectromechanical
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systems (MEMS), as well as storage media agcessible via a communication medium such as a
network and/or a wireless hink.

0050]  Additionally, the mstructions may comprise behavioral-level descriplions or register-
transfer {evel (RTL} descriptions of the hardware functionality in a prograromung language such
as C, or a design langeage {e.g., HDL) sach as Verdop, VHDL, or a database format such as
GDS 11 stream format (GDSIE. These instractions may then be read and vsed to fabricate
hardware comprising the system {or portions of the system). In some cases the descripion may
be read by a svnthesis lool {e.g, program code running on a compuding device) to form an
implementation of the design. For example, such a tool may be used to synthesize the deseription
to produce a netlist comprising a hst of gates from a synthests ibrary. The netlist mav generally
comprise a set of gates which also vepresent the functionality of the hardware comprising the
svstem. The nethst may then be placed and rowted to produce & data set desenibing geometric
shapes to be applied to masks. The masks mayv then be used int various semiconductor fabrication
steps to produce a semiconductor cireurt or cireunts corresponding to the system.  Alternabively,
the instructions on the compuer accessible storage medium may be the nethist (with or without
the svathesis libraty) or the data set, as desired. Additionally, the instructions mav be utilized for
purposes of emulation by a hardware based tvpe emulator, such as those from vendors
Cadence®, EVEX:, and Mentor Graphics®. For example, in such an embodiment the instructions
mav be atilized to configure FPGA based hardware to perform according o the design.
Numerous such embodiments are possible and are contamplated.

[0051]  Although the embodiments above have been described m considerable detal, numerous
vanations and modifications will become apparent to those skilled i the art once the above
disclosare is folly appreciated. I s intended that the folfowing claims be interpreted to embrace

alt such vanations and modifications.

4

SUBSTITUTE SHEET (RULE 26)



WO 2011/163261 PCT/US2011/041291
WHAT IS CLAIMED 15

1. A computing system comprisng:

one or more funchonal blocks, each configured to produce data corresponding to an

L4

activity level of a respective block: and

a power manager, wherein the power manager is configured to:

delerne an average power consumption during a given tune interval for a
functional block of the one or more functional blocks hased af least in part
on sard data;

10 select a lower power-performance state (P-state) than a current P-state in response
to determining the average power consumption exceeds a desired power
consymption;

select a lgher P-state than a corrent P-state in response {o deternuning the
average power consumplion value 1s fess than the desived power

15 consumption.

2. The computing svstem as rectled m claim 1, wherein the desired power consumplion
corvesponds 1o & virtual P-state, sard virtual P-state betng lower than the higher P-state and
higher than the {ower P-state, and wherein the power manager is configurad to alternately select
20 the higher P-state andf/or lower P-state in order to produce an average power consumplion over
{ime that more closely corresponds to the desired power consamption than either the higher P-

state or the lower P-siate.

3, The computing svstam as rectied in claim 1, whearein the power manager is configurad 1o

far]
e

select the lower P-state wn further response (o detesoaning the average power
consumption exceads the desired power consumption by ai least a first delta
amount, the fivst delta amount having an absolute value greater than zevo, and

select the higher P-state i further response o deternuning the average power
consunption is less than the desired power consumption by at least a second delta

0 amount, the second delta amount having an absolate value greater than zero.

4. The computing svstem as recited m clasm 3, wherein the desired power consumption

corresponds to a thermal design power value for the one or more functional blocks.
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5. The computing svstem as recited in claim 2, whergin the power manager 18 further
configured to select a P-state two or more states away from the current P-state based on a rate of

reaching a corresponding threshold.

6. The computing svstem as recited in claim 1, wherein prior to selecting a new P-state, the
power manager s further configured to determine the one or more functional blocks have bean

opevating In a current P-state for a given amount of ime.

7. The computing svstem as rectted in claim 1, wherent the power manager s further
configused to:
determine a signed accumutated difference over time between the desired power
consumption and a pluralisy of functionat block power consumption values;
select the lower P-state in further response to determining the signed accumulated
difference i1s greater than a first delta value, the first delta value having an
absolute value greater than zero; and
select the lugher P-state in further response to deternuning the signed accumulated
difference i less than a second delta, an absolute value of the second delta vahse

being greater than zero.

8 The computing svstem as reciled in claim 7, wharein the tine mterval comprises a maxinuan
count of N functional block sample mtervals, and wherein the power manager 1s further
conligured to reset the count responsive 1o detecting the signed accumulaied difference has

changed sign or the count has reached N, whichever cecurs first.

9. A method for managing multiple discrete operating points to create a stable virtual operating
point, the method comprising:
producing data corresponding to activily fevels of one or more functional blocks:
determiming an average power consumption during a given fime terval for a functional
block of the one or more functional blocks based at least in part on said data;
selecting a lower power-performance state (P-state) than a current P-state in response o
determning the average power consumption exceads a desired power

consunption; and

16
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selecting g higher P-state than a current P-siate in respongse 1o determinmg the average

power consurption vatee is less than the desired power consumpthion value by at

feast g second delia value.

s i) The method as recited in claim 9, wheremn the desired power consamption value corresponds
to a virtual P-state, said virtual P-state being lower than the higher P-state and higher than the
lower P-state, and wherain the method further comprises aliemately selecting the higher P-state
and/or fower P-state in order to produce an average power consumption level over time that more
closely corresponds to the desired power consurption fevel than aither the higher Pestate or the

10 lower P-siate,

11. The method as recited in claim 9, further comprising:
selecting the lower P-state in further response to deternuning the average power
consumption exceeds the desired powar consumption by at least a first delta
i3 amount, the first delta amount having an absolute value greater than wero; and
selecting the higher P-state in further response {o deternuning the average power
consumption is fess than the desired power consumption by at least a second delta

amount, the second delta amount having an absolute value greater than zero,

20 12, The method as recited in clamm 11, wherein the desired power consumption value

corresponds to a thermal design power value for the one or more functional blocks.

13, The method as recited in clasm 10, further compnising selecting & P-state two or more siates

away from the current P-state based on a rate of reaching a corresponding threshold.

far]
e

14. The method as recited in claim 9, wherein prior to selecting a new P-state, the method further
comprises determining the one or more functional blocks bave been operating in the curvent P-

state for a given amount of time.
30 15 The method as recited in claim 9, further comprising:

determining a signed accumulated difference over time between the desired power

consumption value and a plarality of functional block power consumption values;

17
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selecting the lower P-state in further response to determining the signed accumulated

difterence is greater than a livst delta value, the first defta value baving an
absolute value greater than zero; and

selecting the bugher Pestate 1 further response to deternuning the signed accumulated

L4

difference is less than a second delta, an absolute value of the second delta value

being greater than zero.

16, The method as recited in claim 13, wherein the time inferval comprises a maximum count of
N functional block sample itervals, and wherein the method further comprises resetting the
10 count responsive to detecting the signed accumuiated difference has changed sign or the count

has reached N, whichever occurs first,

17. A computer readable storage medium storing program instroctions operable to manage
multipte discrete operating poinis to create a stable virtual operating point, wherein the program
15 instructions are executable to;
produce data corresponding to activily levels of one or more funciional blocks:
determine an average power consumption during a given time inderval for a functional
block of the one or more functional blocks based at least in part on swid data,
select a lower power-performance state {(P-staig) than a current P-state in response {0
20 determining the average power consumption exceeds a desired power
consumption; and
select a mgher P-state than a current P-state in response o deternuning the average power
consumption valoe 18 less than the desired power consumption value by at least a

second debia value,

far]
e

18. The storage medium as recited in claim 17, wherein the desired power consumption value
corresponds to a virtual P-state, said virtual P-state being lower than the bigher P-state and
higher than the lower P-state, and wheramn the method further comprises alternately selecting the
higher P-state and/or lower P-state in order 1o produce an average power consuniption level over
30 tme that more closely corresponds to the desired power consumption level than erther the higher

P-state or the lower P-sigte.

8
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19. The storage mediwn as recited in claim 17, wherein the program instructions are further

executable to:
select the lower P-state in further response to determining the average power

consomption exceeds the desired power consumption by at least a first defla

L4

amount, the first delta ameont having an absolote value greater than zero, and
select the hugher P-state in further response to deternuning the aversge power
consumption is less than the desived power consumption by at feast a second delta

amount, the second delta amount having an absolute value greater than »ero.

10 20, The storage mediant gs recited in claim 19, wheremn prior (0 selecting a new P-state the
program instractions are forther executable o deternune the one or more functional blocks have

been operating in the current P-state for a given amount of ume.

19
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\ 4
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difference with previous comparisons to form an accumulated
difference

308

l

Transition to another P-state when the accumulated difference
exceeds a given delta
310
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