wo 2013/03649°7 A2 |11/ N0FVY 000000 0 OO0 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/036497 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

31

14 March 2013 (14.03.2013) WIPOIPCT
International Patent Classification:
GO6F 1/00 (2006.01)
International Application Number:
PCT/US2012/053726

International Filing Date:
5 September 2012 (05.09.2012)

Filing Language: English
Publication Language: English
Priority Data:

13/225,677 6 September 2011 (06.09.2011) US

Applicant (for all designated States except US): INTEL
CORPORATION [US/US]; 2200 Mission College
Boulevard, Santa Clara, California 95052 (US).

Inventors; and

Inventors/Applicants (for US only): ANANTHAKRISH-
NAN, Avinash N. [IN/US]; 2900 NW Adagio Way, Hills-
boro, Oregon 97124 (US). ROTEM, Efraim [IL/IL]; 8
Vizo Street Haifa, HA, IL 34400, 34400 Haita, HA (IL).
RAJWAN, Doron [IL/IL]; 13 Odem Street, 00000 Rishon
Le-Zion, M (IL). WEISSMANN, Eliezer [IL/IL]; Albert
Switcher 10, 34995 Haifa, HA (IL). SHULMAN, Nadav
[IL/IL]; Hasayfan 19 Street, POB 447, 40600 Tel Mond, M
(IL).

Agent: ROZMAN, Mark J.; Trop, Pruner & Hu, P.C.,
1616 S. Voss Rd., Ste. 750, Houston, Texas 77057-2631

(US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: DYNAMICALLY ALLOCATING A POWER BUDGET OVER MULTIPLE DOMAINS OF A PROCESSOR

(57) Abstract: In one embodiment, the present invention includes a method for determining a power budget for a multi-domain pro -
cessor for a current time interval, determining a portion of the power budget to be allocated to first and second domains of the pro -
cessor, and controlling a frequency of the domains based on the allocated portions. Such determinations and allocations can be dy-
namically performed during runtime of the processor. Other embodiments are described and claimed.



WO 2013/036497 PCT/US2012/053726

1

Dynamically Allocating A Power
Budget Over Multiple Domains Of A Processor

Background
[0001] As technology advances in the semiconductor field, devices such as processors

incorporate ever-increasing amounts of circuitry. Over time, processor designs have evolved
from a collection of independent integrated circuits (ICs), to a single integrated circuit, to
multicore processors that include multiple processor cores within a single IC package. As
time goes on, ever greater numbers of cores and related cirduitry are being incorporated into

processors and other semiconductors.

[0002] Multicore processors are being extended to include additional functionality by
incorporation of other functional units within the processor. One issue that arises is that the
different circuitry can consume differing amounts of power based on their workloads.
However, suitable mechanisms to ensure that these different units have sufficient power do

not presently exist.

Brief Description of the Drawings

[0003] FIG. 1 is a flow diagram of a high level method of performing power budget
allocations between multiple domains in accordance with an embodiment of the present

invention.

[0004] FIG. 2 is a flow diagram of a method describing further details of allocating a
package power budget between multiple domains in accordance with an embodiment of the

present invention.

[0005] FIG. 3 is a gra;phical illustration of allocation of a power budget to multiple

domains in accordance with one embodiment of the present invention.

[0006] FIG. 4 is a graphical illustration of power consumption for a variety of workloads

in accordance with one embodiment of the present invention.

[0007] FIG. § is another graphical illustration of power consumption for a variety of

workloads in accordance with an embodiment of the present invention.

[0008] FIG. 6 is a block diagram of a processor in accordance with an embodiment of the

present invention.
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[0009] FIG. 7 is a block diagram of a multi-domain processor in accordance with another

embodiment of the present invention.

[0010] FIG. 8 is a block diagram of a system in accordance with an embodiment of the

present invention.

Detailed Description

[0011] In various embodiments, a power budget of a processor including multiple
domains can be dynamically apportioned at run time. As used herein the term “domain” is
used to mean a collection of hardware and/or logic that operates at the same voltage and
frequency point. As an example, a multicore processor can further include other non-core
processing engines such as fixed function units, graphics engines, and so forth. Such
processor can include at least two independent domains, one associated with the cores
(referred to herein as a core domain) and one associated with a graphics engine (referred to
herein as a graphics domain). Although many implementations of a multi-domain processor
can be formed on a single semiconductor die, other implementations can be realized by a
multi-chip package in which different domains can be presént on different semiconductor die

of a single package.

[0012] In a multi-domain processor, the multiple domains collectively share a single
power budget. Accordingly, the higher the frequency at which, e.g., the core domain is
operating, the higher the power consumed by the core domain. And in turn, the higher the
power consumed by the core domain, there is less power left for the ‘graphics domain to
consume and vice versa. On workloads that utilize both one or more cores of a core domain
and a graphics engine of a graphics domain, embodiments may at run time dynamically re-
partition how a package power budget is shared between these domains. Thus embodiments
provide a power balancing mechanism that can be implemented between the different
domains of a multicore processor. For ease of discussion, embodiments described herein are
. with regard to a multi-domain processor including a core domain and a graphics domain that
can share a power budget. However understand the scope of the present invention is not
limited in this regard and additional domains can be present. As another example, each core
can be allocated to a different domain and each of the domains can be provided with a
dynamically re-partitionable amount of a power budget. Furthermore, in addition to core

domains and graphics domains, understand that additional domains can be present. For
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example, another domain can be formed of other processing units such as fixed function
units, accelerators or so forth. And a still further domain can be provided for certain

management agents of a processor, which can receive a fixed portion of a total power budget.

[0013] In various embodiments a power budget management (PBM) algorithm may be
executed by logic such as logic of a power control unit (PCU) of a processor to control the
power of an entire processor or an individual domain to a configured power limit. Such
algorithm may be based in part on various processor parameters. One such parameter is a
guaranteed frequency (P1), which is a frequency that a domain is guaranteed to operate at and
not exceed power or thermal specifications of the product. A processor can be tested, e.g.,
during fabrication to determine this guaranteed frequency, which can be stored in a non-
volatile storage or other mechanism of the processor. In various embodiments such
guaranteed frequency can be set on a per domain basis. This guaranteed frequency can be
fixed upon manufacture and not changed, or in certain embodiments this frequency can be
dynamically updated, e.g., as a processor ages due to various degradation mechanisms of the
semiconductor product. In various embodiments, all power domains of a processor can be
run at their respective guaranteed frequency simultaneously and the processor should not

exceed power or thermal specifications.

[0014] Note that this guaranteed frequency can correspond to a performance state of a
processor, namely a Pl processor state. According to an operating system (OS)-based
mechanism, namely the Advanced Configuration and Platform Interface (ACPI) standard
(e.g., Rev. 3.0b, published October 10, 2006), a processor can operate at various performance
states or levels, namely from PO to PN. In general, the P1 performance state may correspond
to the highest guaranteed performance state that can be requested by an OS. In addition to
this P1 state, the OS can further request a higher performance state, namely a PO state. This
PO state may thus be an opportunistic state in which, when power and/or thermal budget is
available, processor hardware can configure the processor or at least portions thereof to
operate at a higher fhan guaranteed frequency. In many implementations a processor can

include multiple so-called bin frequencies above this P1 frequency.

[0015] Another parameter to be used in a PBM algorithm is a maximum turbo frequency
(P0), which is a highest frequency at which a domain can operate. This maximum turbo

frequency thus is the highest end of multiple bin frequencies greater than the P1 frequency
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and corresponds to a maximum non-guaranteed highest performance level that can be
achieved. Note that at this frequency there are no guarantees on whether the domain exceeds
the power or thermal specifications of the processor. In many situations, device
characterization during fabrication of a processor can be used to set a maximum turbo
frequency, which can be set on a per domain basis. Bin frequencies up to the maximum turbo
frequency can be stored in a non-volatile storage or other mechanism of a processor. Note
that it is not guaranteed that a processor with more than one domain is able to simultaneously
run all domains at their respective maximum turbo frequencies. It is also not guaranteed that a
given domain can run at its maximum turbo frequency while other domains are running at

their respective guaranteed frequencies.

[0016] Embodiments may dynamically calculate a package power budget which is a
metric that measures the power headroom available to the processor for a given time interval.
Depending on this power budget, one or more domains may be controlled to enter into a

turbo mode in which a frequency can be raised above the guaranteed frequency.

[0017] In one embodiment, the power budget can be calculated using the following

equation:

En = En.1 * alpha + (1-alpha)*(Power_Limit*deltaT — Energy) [1]
where

En = energy budget for the current (Nth) evaluation instant (which can be measured in
Joules); '

En.1 = energy budget carried forward from the previous evaluation instant (which can be
measured in Joules);

Power_limit = threshold power level that the processor is configured to maintain, and which
may correspond to a thermal design processor (TDP). This thermal design power may thus
be a measure of an average power at which the processor can operate. In many
implementations, this TDP can be measured in units of power, namely Watts (W). For
example, a processor can be rated at a TDP of 40W. This means that on average, the
processor can withstand a power consumption level of 40W. But at any instant, its
instantaneous power consumption level may be higher or lower than this TDP level.

deltaT = evaluation interval at which a power budget is computed, which in one
embodiment may be approximately 1 millisecond (ms);

Energy = energy consumed during the previous evaluation interval, which can be measured
in Joules. In one embodiment, energy can be estimated based on counters that trace various



WO 2013/036497 PCT/US2012/053726

5

micro-architectural activity. For example, an energy value can be associated with each
micro-operation retiring, or each cache access. Then based on these events occurring over
the time interval, energy consumed can be determined. In another embodiment, energy can
be obtained from reading external current and voltage monitoring sensors such as current
monitoring circuitry implemented in a voltage regulator; and

alpha = rate of power budget decay, which can be a function of the thermal resistance of a
heatsink and cooling solution of the platform. In general, an alpha value can vary inversely
with the selected deltaT. Where the deltaT is relatively small, e.g., 1ms, the alpha value
may be higher, and vice-versa.

[0018] In various embodimenté, a user may be provided with control, e.g., by user-level
software to enable the software to determine how package power budget is shared between
different domains. In one embodiment, this control can be exposed by way of configuration
information that can be set by such software, e.g., as entries in one or more conﬁgurétion
registers. In one particular embodiment of a processor having a first domain and a second
domain (also referred to as “planes™), two such configuration registers may be provided as

follows in Table 1:

TABLE 1
Primary Plane Turbo Power Policy
[31.5] [4.0]
Reserved POLICY FIRST
Secondary Plane Turbo Power Policy
[31.5] [4.0]
Reserved POLICY _SECOND

[0019] These two values, referred to as policy values (and in the example of Table 1 can
be S-bit values), can be used to determine how a package power budget is to be shared
between these two domains. For purposes of discussion herein, assume that these two
domains are a core domain and a graphics domain. Furthermore, the core domain is referred
to also herein as an “lA” domain, referring to processor cores in accordance with an Intel
Architecture™ instruction set architecture (ISA) (although embodiments can be used in
connection with processors of other manufacturers and ISAs), while the graphics domain can
be referred to as a “GT” domain, which refers to an embedded graphics engine that can be
implemented on the same die as such IA cores. In one embodiment, the following equations

may govern how the package power budget is shared between core and graphics domains:
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IA_percentage_of package budget = 0.5 + (POLICY_FIRST — POLICY_SECOND)/62
(2]

GT _percentage _of package_budget = 0.5 + (POLICY_SECOND - POLICY_FIRST)/62

(3]

[0020] More generally, for the case of N domains over which an allocation of a package

power budget is based on priority over these N domains, the following equations can be used:

145 = POLICY, (4]
* Y POLICY,
Edomain(x) = En * B]ASx [5]

Here a BIAS can be calculated for each domain x based on the policy value (x) of that
domain and the sum of total policy values of all the domains, and again En is the energy

budget at time instant n.

[0021] In some embodiments, these configuration registers that store policy values can be
controlled generally as incrementing counters. That is, in some embodiments both an OS or
other schedulér for the core domain and a graphics driver, which is software and/or firmware
that controls various parameters of the graphics engine such as its frequency of operation and
so forth, can make requests for a given frequency of operation to the PCU. If the requested
frequency is not allowed (e.g., due to a power or thermal limit), the corresponding entity can
incfement the associated policy value. Thus over time, as a given entity’s requests for a
higher frequency are not granted, the policy values can be raised. These policy values
similarly can be decremented. For example, policy values can be decremented on reset and
when a domain gets the frequency it requested, or if a workload profile on the domain
changes. For example if the workload utilization on that domain decreases (e.g., CO
residency decreases), the OS or driver software can chose to reduce the policy value for that
domain. Then based on these policy values and the above Equations 2 and 3, a percentage of
the package budget, e.g., as determined in accordance with Equation 1, can be allocated to

each of the domains by controlling their frequency and/or voltage accordingly. In various
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embodiments, the above mechanism of splitting budget between the domains is done on a

continuous basis every deltaT time interval.

[0022] Referring now to FIG. 1, shown is a flow diagram of a high level method of
performing power budget allocations between multiple domains in accordance with an
embodiment of the present invention. As shown in FIG. 1, method 100 can be implemented
by logic within a processor, such as power sharing logic of a PCU or other power controller.
As seen, method 100 may begin by determining a package power budget for a current interval
(block 110). In various embodiments, this determination can be made in accordance with
Equation 1 above, although other manners of determining a package power budget for a

given interval can occur.

[0023] Next, at block 120 a portion of this package power budget to be allocated amongst
multiple domains can be determined. For purposes of discussion herein, assume a multi-
-domain processor including a core domain and a graphics domain. Different manners of
“allocating or sharing a power budget between these domains can occur in different
embodiments. In general however, information regarding the manner in which sharing is to
be performed, e.g., as indicated within configuration registers that can be set by system level
and/or user-level software in addition to any floors or minimum values to be allocated to the
different domains, can be considered in this determination. Accordingly, block 120
determines the allocation of the package power budget to be provided to each domain. Thus
control next passes to block 130 where these domains can be controlled in accordance with
this allocation. More specifically at block 130 a frequency and/or voltage of these domains
can be updated based on the allocated portion of the power budget. In this way, for the given
interval each of the domains can execute operations in accordance with this budget. While
shown at this high level in the embodiment of FIG. 1, understand the scope of the present

invention is not limited in this regard.

[0024] To handle cases where a certain amount of budget may be desired to be reserved
for a domain, embodiments may support additional tunable parameters. These parameters,
which may also be exposed by way of configuration registers or in another manner, can
reserve a predetermined amount of budget for a given domain. In one embodiment, these

parameters may be referred to as reservation values and can be used to identify a minimum
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power budget (e.g., in terms of Watts) to be allocated to a given domain. In the described

multi-domain processor, these parameters may be as follows:

Min_reserved_for_IA = amount of budget to be reserved for the core domain; and

Min_reserved_for_GT = amount of budget to be reserved for the graphics domain.

[0025] Referring now to FIG. 2, shown is a flow diagram of a method describing further
details of allocating a package power budget betweén multiple domains in accordance with
an embodiment of the present invention. As shown in FIG. 2, method 200 may similarly be
performed by power sharing logic of a PCU or other power controller of a processor. Method
200 can begin by obtaining minimum reservation values for the domains (block 210). As in
the embodiment of FIG. 1 assume a multi-domain processor including at least a core domain
" and a graphics domain. These minimum reservation values can be obtained, e.g., from
configuration registers set by user-level software to indicate a floor level corresponding to a
minimum amount of power budget to be allocated to the given domain. Of course, these
values instead can be set by other entities such as an OS and/or graphics driver, respectively

for the core and graphics domains.

[0026] At diamond 220 it can be determined whether the package power budget is greater
than the minimum reservation value for the second domain. The package power budget can
be calculated in different manners, but assume for purposes of discussion that it is calculated
in accordance with Equation 1 above. If the budget is not greater than this minimum
reservation value, control passes to block 230 where all of the package power budget can be
allocated to the second domain. Thus the embodiment shown in FIG. 2 favors providing
power to the second domain (which may correspond to a graphics domain) over the first
domain (which may correspond to a core domain). Although shown with this preference in
FIG. 2, understand the scope of the present invention is not limited in this regard, and in other
implementations the preference can be in the other direction. And note that this preference
can be dynamically changed based on a workload of a processor (e.g., a graphics intensive
workload versus a computing intensive workload). As an example, a preference for the
graphics domain can be hard mapped to first allocate to the graphics domain and then to the
cc;re domain to share the rest between core domain and graphics domain. This decision can
be made based on the POLICY_ FIRST and POLICY_SECOND values. For example, if
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POLICY_FIRST is greater than POLICY_SECOND, the preference may be to first allocate

to the core domain and then allocate the remaining budget to graphics domain and so on.

[0027] If instead at diamond 220 it is determined that the package power‘budget is greater
than the minimum reservation value for the second domain, control passes to diamond 240,
where it can be determined whether the package power budget is greater than this minimum
reservation value but less than the sum of the minimum reservation values for the two
domains. If this is the case, control passes to block 250 where the minimum reservation
value can be allocated to the second domain, and any remaining package power budget can
be allocated to the first domain. Note again with regard to this allocation that a preference is
made in favor of the second domain over the first domain. But in another implementation (or

different workload), the preferences can be in the other direction.

[0028] Finally, if the package power budget is greater than the sum of the minimum
reservation values, control passes to block 260 where the minimum reservation values can be
allocated to the domains, and then any rémaining package power budget can be shared
according to sharing policy values. These sharing policy values may also be obtained, e.g.,
from the configuration registers of Table 1. As one example, these sharing values can be set
at equal values such that the remaining power budget can be allocated equally amongst the
two domains. However in other examples, one of the domains may have a higher policy
sharing value and thus may obtain more of the available power budget. Although shown with
this particular implementation in the embodiment of FIG. 2, understand the scope of the
present invention is not limited in this regard. For example, in products having greater than
two domains, the analysis may proceed similarly but the available power budget is shared
amongst the m>2 variable power domains based on policy values, reservation values, and/or

preferences for each of the domains.

[0029] Thus, based on the scenarios in FIG. 2 using the programmable reservation
parameters, there can be four potential cases with regard to the packet budget (and assuming

that the graphics domain has a higher preference value than the core domain):

1. Package budget < Min_reserved_for_GT. In this case the graphics domain receives the

entire package budget, and the core domain receives no part of the package budget.
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2. Min_reserved_for_IA + min_reserved_for_GT > Package budget > Min reserved for GT.
In this case the graphics domain receives its minimum reservation value and the core

domain receives the remaining budget (i.e., Packet budget — Min reserved for GT).

3. Package budget > Min_reserved_for 1A + Min_reserved_for_GT. In this case the
graphics domain receives its minimum reservation value and a portion of the budget that
exceeds the sum of the minimum reservation values. Identically the core domain receives
its minimum reservation value and a portion of the budget that exceeds the sum of the
minimum reservation values. The portions allocated to the two domains can be a function
of POLICY_FIRST and POLICY_SECOND (of Table 1) as follows:

Pkg_budget_for_IA = Min Guaranteed 1A + PKG_BUDGET *
IA_percentage_of package budget. [6]

Similarly, Pkg budget_GT = Min Guaranteed GT +
PKG_BUDGET * GT_percentage_of package budget. [7]

4. Package budget > Min reserved for IA + GT but with a non-uniform split. In this case the
graphics domain receives its minimum reservation value and a portion of the budget that
exceeds the sum of the minimum reservation values. The portion of budget gi\;en to the
graphics domain is governed by Equation 7 listed above (and that allocated to the core
domain in Equation 6). Based on the POLICY_FIRST and POLICY_SECOND values, the
excess power budget can by split asymmetrically between the domains. For example if
POLICY_FIRST is 0 and POLICY_SECOND is 16, the graphics domain receives 75% of
the package budget and the core domain receives the remaining 25%. FIG. 3 is a graphical
illustration of the different allocation cores for these four cases, which are listed as cases 1-4

in the illustration.

{0030] To further illustrate how different domains can share a power budget, and
furthermore how this power budget can shift between the domains based on a type of
workload being executed, reference can be made to FIGS. 4 and 5, which are graphical
illustrations of various allocations of a power budget between multiple domaing in different

workload environments.

[0031] Referring first to FIG. 4, shown is a power consumption diagram in which a

graphics domain power consumption is on the X-axis and a core domain power consumption
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is on the Y-axis. As seen, each domain may have an independent specification power level,
which may correspond to a Pl or thermal design power level, which is the maximum
guaranteed frequency at which the domain can execute. In addition, the domains can execute
at higher power levels in a turbo mode (namely, a higher than guaranteed operating
frequency, corresponding to a PO performance state). As seen, a line 10 joining the axes
corresponds to a total package power budget. When a core-intensive workload is executed,
the portion of the total power budget allocated to the core domain can be higher, and in turn
when a graphics-intensive workload is being executed, the portion of the total package power

budget being allocated to the graphics domain can be higher.

[0032] As further seen, the sum of the power budgets when both domains are executing at
their highest guaranteed frequency corresponds to a sum of the maximum power budgets at a
point 20. This sum can exceed the total package power budget and thus, the realistic current
maximum power consumption level may fall on a range between pointé 30 and 40. Operating
at points 30 or 40 depends on how the power budget is split between the core and graphics
domains. Prioritizing towards the graphics domain will result in operating at point 40 and

prioritizing towards the core domain will result in operating at point 30.

[0033] However as seen in FIG. 5, it is possible that both domains can execute at their
guaranteed maximum operating frequency and not violate the total package power budget in
a turbo mode, as the total package power budget can be set to a higher level 15, when the
turbo mode is available. Thus for at least short time periods, a turbo mode may be available

in which both domains can at least meet their maximum guaranteed operating frequency.

[0034] Referring now to FIG. 6, shown is a block diagram of a processor in accordance
with an embodiment of the present invention. As shown in FIG. 6, processor 300 may be a
multicore processor including a plurality of cores 310, — 310,. In one embodiment, each such
core may be of an independent power domain and can be configured to operate at aﬁ
independent voltage and/or frequency, and to enter turbo mode when available headroom
exists. The various cores may be coupled via an interconnect 3 15 to a system agent or uncore
320 that includes various components. As seen, the uncore 320 may include a shared cache
330 which may be a last level cache. In addition, the uncore may include an integrated

memory controller 340, various interfaces 350 and a power control unit 355.
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[0035] In various embodiments, power control unit 355 may include a power sharing
logic 359, which may be a logic to perform dynamic control and re-allocation of an available
power budget between multiple independent domains of the processor. In the embodiment of
FIG. 6, assuming that each core is of an independent power domain, logic 359 can calculate
an available power budget for a given time interval and dynamically allocate portions of this
available power budget to the different cores. Such allocations can be on equal footing, or
preferenced to one or more of the domains. These allocations can thus be based on policy
values for the different domains, minimum reservation values for the different domains, and
preference values. In one embodiment, these preference values may be of a ranked order in
which each domain is ranked according to its preference. For example, in a two domain
system the two domains can be ranked as a higher and lower preference such that an
algorithm as discussed in FIG. 2 can allocate a minimum reservation value to the higher
‘ranked domain when there is insufficient power budget for both domains’ minimum
reservation values. And of course such rankings can be extended to additional domains. As
further seen in FIG. 6 to provide for storage of various policy values, minimum reservation
values and preference values, a power control storage 357 may further be present within PCU
355 to store these various values. Although shown at this location in the embodiment of FIG.
6, understand that the scope of the present invention is not limited in this regard and the
storage of this information can be in other locations, such as configuration registers, non-

volatile storage or the like.

[0036] With further reference to FIG. 6, processor 300 may communicate with a system
memory 360, e.g., via a memory bus. In addition, by interfaces 350, connection can be made
to various off-chip components such as periph'era] devices, mass storage and so forth. While
shown with this particular implementation in the embodiment of FIG. 6, the scope of the

present invention is not limited in this regard.

[0037] Referring now to FIG. 7, shown is a block diagram of a multi-domain processor in
accordance with another embodiment of the present invention of the present invention. As
shown in the embodiment of FIG. 7, processor 400 includes multiple domains. Specifically,
a core domain 410 can include a plurality of cores 410a—410n, a graphics domain 420 can
include one or more graphics engines, and a system agent domain 450 may further be present.

In various embodiments, system agent domain 450 may execute at a fixed frequency and may
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remain powered on at all times to handle power control events and power management such
that domains 410 and 420 can be controlled to dynamically enter into and exit low power
states. In addition, these domains can dynamically share a package power budget between
them in accordance with an embodiment of the present invention. Each of domains 410 and

420 may operate at different voltage and/or power.

[0038] Note that while only shown with three domains, understand the scope of the
present invention is not limited in this regard and additional domains can be present in other
embodiments. For example, multiple core domains may be present each including at least
one core. In this way, finer grained control of the amount of processor cores that can be

executing at a given frequency can be realized.

[0039] In general, each core 410 may further include low level caches in addition to
various execution units and additional processing elements. In turn, the various cores may be
coupled to each other and to a shared cache memory formed of a plurality of units of a last
level cache (LLC) 440, — 440,. In various embodiments, LLC 450 may be shared amongst
the cores and the graphics engine, as well as various media processing circuitry. As seen, a
ring interconnect 430 thus couples the cores together, and provides interconnection between

the cores, graphics domain 420 and system agent circuitry 450.

[0040] In the embodiment of FIG. 7, system agent domain 450 may include display
controller 452 which may provide control of and an interface to an associated display. As
further seen, system agent domain 450 may include a power control unit 455 which can
include a power sharing logic 459 in accordance with an embodiment of the present
invention. In various embodiments, this logic may execute algorithms such as shown in
FIGS. 1 and 2 to thus dynamically share an available package power budget between the core

domain and the graphics domain.

[0041] As further seen in FIG. 7, processor 400 can further include an integrated memory
controller (IMC) 470 that can provide for an interface to a system memory, such as a
dynamic random access memory (DRAM). Multiple interfaces 4800 — 430, may be present
to enable interconnection between the processor and other circuitry. For example, in one
embodiment at least one direct media interface (DMI) interface may be provided as well as

one or more Peripheral Component Interconnect Express (PCI Express™ (PCle™))
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interfaces.  Still further, to provide for communications between other agents such as
additional processors or other circuitry, one or more interfaces in accordance with a Intel®
Quick Path Interconnect (QPI) protocol may also be provided. Although shown at this high
level in the embodiment of FIG. 7, understand the scope of the present invention is not

limited in this regard.

[0042] Thus in various embodiments, a technique is provided to enable selection of how
much of a common power envelope can be allocated to each of multiple independent power
domains of a semiconductor device. Note that this power sharing approach is different than
conventional power management control of processing engines, which simply acts to select
one or more engines to be placed into a low power state, but does not provide for the dynamic
power sharing of a power budget between domains as described herein. That is,
embodiments provide a mechanism to dynamically share the power budget between different
compute components in the same die. As a result, a power budget or power headroom can be
reallocated between cores and graphics engine when they are both integrated on the same die.
Although embodiments described herein are with regard to a multi-domain processor having
at least one core domain and a graphics domain, the scope of the present invention is not so
limited, and can be extended to any integrated semiconductor device where common power

resources are dynamically allocated between multiple compute entities.

[0043] Embodiments thus may dynamically redistribute power between core domain and

graphics domain, enabling flexibility to handle various different workload requirements.

[0044] Embodiments may be implemented in many different system types. Referring
now to FIG. 8, shown is a block diagram of a system in accordance with an embodiment of
the present invention. As shown in FIG. 8, multiprocessor system 500 is a point-to-point
interconnect system, and includes a first processor 570 and a second processor 580 coupled
via a point-to-point interconnect 550. As shown in FIG. 8, each of processors 570 and 580
may be multicore processors, including first and second processor cores (i.e., processor cores
574a and 574b and processor cores 584a and 584b), although potentially many more cores
may be present in the processors. Each of the processors can include a PCU or other logic to
perform dynamic allocation of a package power bud\get between multiple domains of the

processor, as described herein.
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[0045] Still referring to FIG. 8, first processor 570 further includes a memory controller
hub (MCH) 572 and point-to-point (P-P) interfaces 576 and 578. Similarly, second processor
580 includes a MCH 582 and P-P interfaces 586 and 588. As shown in FIG. 8, MCH’s 572
and 582 couple the processors to respective memories, namely a memory 532 and a memory
534, which may be portions of system memory (e.g.,, DRAM) locally attached to the
respective processors. First processor 570 and second processor 580 may be coupled to a
chipset 590 via P-P interconnects 552 and 554, respectively. As shown in FIG. 8, chipset 590
includes P-P interfaces 594 and 598. |

[0046] Furthermore, chipset 590 includes an interface 592 to couple chipset 590 with a
high performance graphics engine 538, by a P-P interconnect 539. In turn, chipset 590 may
be coupled to a first bus 516 via an interface 596. As shown in FIG. 8, various input/output
(1/0) devices 514 may be coupled to first bus 516, along with a bus bridge 518 which couples
first bus 516 to a second bus 520. Various devices may be coupled to second bus 520
including, for example, a keyboard/mouse 522, communication devices 526 and a data
storage unit 528 such as a disk drive or other mass storage device which may include code
530, in one embodiment. Further, an audio 1/O 524 may be coupled to second bus 520.
Embodiments can be incorporated into other types of systems including mobile devices such

as a smart cellular telephone, tablet computer, netbook, or so forth.

[0047] Embodiments may be implemented in code and may be stored on a non-transitory
storage medium having stored thereon instructions which can be used to program a system to
perform the instructions. The storage medium may include, but is not limited to, any type of
disk including floppy disks, optical disks, solid state drives (SSDs), compact disk read-only
memories (CD-ROMs), compact disk rewritables (CD-RWs), and magneto-optical disks,
semiconductor devices such as read-only memories (ROMs), random access memories
(RAMs) such as dynamic random access memories (DRAMs), static random access
memories (SRAMSs), erasable programmable read-only memories (EPROMs), flash
memories, electrically erasable programmable read-only memories (EEPROMs), magnetic or

optical cards, or any other type of media suitable for storing electronic instructions.

[0048] While the present invention has been described with respect to a limited number

of embodiments, those skilled in the art will appreciate numerous modifications and
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variations therefrom. It is intended that the appended claims cover all such modifications and

variations as fall within the true spirit and scope of this present invention,
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What is claimed is:
1. An apparatus comprising:

a'multi-domain processor including a first domain and a second domain, each of the
first and second domains to operate at an independent voltage and frequency, the multi-
domain processor further including first logic to dynamically allocate a power budget for the

muiti-domain processor between the first and second domains at run time.

2. The apparatus of claim 1, wherein the first logic is to dynamically allocate the power
budget according to a first sharing policy value for the first domain and a second sharing
policy value for the second domain, the first and second sharing policy values controllable by

user-level software.

3. The apparatus of claim 2, wherein the first logic is to determine a portion of the power

budget to allocate to the first domain based on the first sharing policy value.

4. The apparatus of claim 2, wherein the first logic is to dynamically allocate the power
budget further according to a first minimum reservation value for the first domain and a
second minimum reservation value for the second domain, the first and second minimum

reservation values controllable by the user-level software.

5. The apparatus of claim 4, wherein the first logic is to provide at least a first portion of
the power budget to the first domain, the first portion corresponding to the first minimum

reservation value.

6. The apparatus of claim 1, wherein the first logic is to determine the power budget for
a current time interval based at least in part on a power budget carried forward from a
previous time interval, a power consumed in the previous time interval, and a power budget

decay value.

7. The apparatus of claim 6, wherein the first logic is to determine the power budget
according to E, = E,.| * alpha + (1-alpha)*(Power_Limit*deltaT — Energy), where:

E, is the power budget for the current time interval;
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E,.| is the power budget carried forward from the previous time interval;
Power_limit is a threshold power level;

deltaT is a length of the time interval;

Energy is the power consumed during the previous time interval; and

alpha is the power budget decay value.

8. The apparatus of claim 1, wherein the first logic is to dynamically allocate
substantially all of the power budget to the first domain for a first workload, and to
dynamically allocate substantially all of the power budget to the second domain for a second

workload executed after the first workload.

9. A method comprising:

determining, in a power controller of a multi-domain processor, a power budget for
the multi-domain p'rocessor for a current time interval, the multi-domain processor including
at least a first domain and a second domain;

determining, in the power controller, a portion of the power budget to be allocated to
the first and second domains; and

controlling a frequency of the first domain and a frequency of the second domain

based on the allocated portions.

10.  The method of claim 9, wherein determining the portion of the power budget to be
allocated to the first and second domains includes allocating the power budget to the second
domain and not to the first domain if the power budget is less than a minimum reservation

value for the second domain.

1. The method of claim 10, further comprising obtaining the minimum reservation value

for the second domain from a configuration register written by user-level software.

12. The method of claim 10, further comprising allocating the minimum reservation value
for the second domain to the second domain, and allocating a remaining portion of the power

budget to the first domain when the power budget is greater than the minimum reservation

PCT/US2012/053726
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value for the second domain but less than a sum of the minimum reservation value for the

second domain and a minimum reservation value for the first domain.

13.  The method of claim 9, further comprising allocating a minimum reservation value to
the first domain and a minimum reservation value to the second domain, and sharing a
remaining portion of the power budget according to a first sharing policy value for the first

domain and a second sharing policy value for the second domain.

14. The method claim 13, wherein the first sharing policy valué is controllable by
software executing on the first domain, the first sharing policy.value to be incremented when
a request for a higher frequency for the first domain is not granted, and the second sharing
policy value is controllable by software executing on the second domain, the second sharing
policy value to be incremented when a request for a higher frequency for the second domain

is not granted.

15. A system comprising:

a multicore processor having a first domain including a plurality of cores, a second
domain including a graphics engine, and a third domain including system agent circuitry, the
fhird domain to operate at a fixed power budget and to dynamically allocate a variable power
budget between the first and second domains; and |

a dynamic random access memory (DRAM) coupled to the multicore processor.

16.  The system of claim 15, wherein the system agent circuitry includes a power sharing
logic to determine the variable power budget for a current time interval and to allocate a first
portion of the variable power budget to the first domain according to a first power sharing
value for the first domain, and to allocate a second portion of the variable power budget to the

second domain according to a second power sharing value for the second domain.

17.  The system of claim 16, wherein the power sharing logic is to dynamically allocate
substantially all of the variable power budget to the first domain for a first workload, and to
dynamically allocate substantially all of the variable power budget to the second domain for a

second workload executed after the first workload.

PCT/US2012/053726
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18.  The system of claim 16, wherein the power sharing logic is to increment the first
power sharing value when a request for a higher frequency for the first domain is not granted,
and to increment the second power sharing value when a request for a higher frequency for

the second domain is not granted.

19.  The system of claim 16, wherein the power sharing logic is to further allocate the first
portion of the variable power budget according to a first minimum reservation value for the
first domain and allocate the second portion of the variable power budget according to a

second minimum reservation value for the second domain.

20.  The system of claim 16, wherein the power sharing logic is to further allocate the
variable power budget according to a preference value, the preference value to favor the

second domain over the first domain.
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