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POWER GATING A PORTION OF A CACHE MEMORY

Background
[0001] Processor power dissipation has become an issue for processors of all

types, from low end mobile processers to high end server processors. Among
processor components, a cache memory is a major portion of a processor’s area and
transistor counts, and consumes significant leakage power. For example, for a
typical commercially available multicore processor, 40% of total leakage power is

due to a last level cache (LLC) and interconnect.

[0002] While reducing a cache’s leakage power by turning off portions of a cache
memory may reduce processor power consumption, it is practically difficult to turn off
even portions of a LLC as it is typically implemented as a shared memory structure
in which a portion of all memory addresses of a system is statically mapped to each
LLC portion. As such, even if one core of a multicore processor is operating, all LLC
slices are active to service memory requests mapped to the slices. And thus there

are limited power saving opportunities for a cache memory in current processors.

Brief Description of the Drawings

[0003] FIG. 1is a block diagram of a portion of a system in accordance with an

embodiment of the present invention.

[0004] FIG. 2 is a block diagram of a tile of a multi-tile chip multiprocessor in

accordance with an embodiment of the present invention.

[0005] FIG. 3 is a high level architecture block diagram of components involved in
performing adaptive local cache power management in accordance with an

embodiment of the present invention.

[0006] FIG. 4 is a flow diagram of a method in accordance with an embodiment of

the present invention.

[0007] FIG. 5is a block diagram of a processor core in accordance with one

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

embodiment of the present invention.

[0009] FIG. 7 is a block diagram of a system in accordance with an embodiment of

the present invention.

Detailed Description

[0010] In various embodiments, a multicore processor such as a multi-tile chip
multiprocessor (CMP) may be provided with a multi-level cache memory hierarchy.
In this hierarchy each of the levels of cache memory may be arranged as private
portions each associated with a given core or other caching agent. In this way, a
private cache organization is realized to allow embodiments to enable local LLC
portions or slices associated with a caching agent to be dynamically power gated in
certain circumstances. As will be described herein, this dynamic power gating of an
LLC slice may occur when at least one of the following situations is present: (i) the
associated core is in a low power state (such as a given sleep state); and (ii) a lower
cache level in the hierarchy (e.g., a mid-level cache (MLC)) provides sufficient
capacity for execution of an application or other workload running on the core. In
this way, total chip power may be significantly reduced. Although the embodiments
described herein are with regard to power gating of a LLC, understand that in other

embodiments a different level of a multi-level cache hierarchy can be power gated.

[0011] Referring now to FIG. 1, shown is a block diagram of a portion of a system
in accordance with an embodiment of the present invention. As shown in FIG. 1,
system 100 may include various components, including a processor 110 which as
shown is a multicore processor. Processor 110 may be coupled to a power supply
150 via an external voltage regulator 160, which may perform a first voltage

conversion to provide a primary regulated voltage to processor 110.

[0012] As seen, processor 110 may be a single die processor including multiple
tiles 120, — 120,. Each tile includes a processor core and an associated private
cache memory hierarchy that, in some embodiments is a three-level hierarchy with a
low level cache, a MLC and an LLC. In addition, each tile may be associated with an

individual voltage regulator 125, — 125,. Accordingly, a fully integrated voltage
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regulator (FIVR) implementation may be provided to allow for fine-grained control of
voltage and thus power and performance of each individual tile. As such, each tile
can operate at an independent voltage and frequency, enabling great flexibility and
affording wide opportunities for balancing power consumption with performance. Of
course, embodiments apply equally to a processor package not having integrated

voltage regulators.

[0013] Still referring to FIG. 1, additional components may be present within the
processor including an input/output interface 132, another interface 134, and an
integrated memory controller 136. As seen, each of these components may be
powered by another integrated voltage regulator 125x. In one embodiment, interface
132 may be in accordance with the Intel® Quick Path Interconnect (QPI) protocol,
which provides for point-to-point (PtP) links in a cache coherent protocol that
includes multiple layers including a physical layer, a link layer and a protocol layer.

In turn, interface 134 may be in accordance with a Peripheral Component
Interconnect Express (PCle™) specification, e.g., the PCl Express™ Specification

Base Specification version 2.0 (published January 17, 2007).

[0014] Also shown is a power control unit (PCU) 138, which may include hardware,
software and/or firmware to perform power management operations with regard to
processor 110. In various embodiments, PCU 138 may include logic to perform
adaptive local LLC power control in accordance with an embodiment of the present
invention. Furthermore, PCU 138 may be coupled via a dedicated interface to
external voltage regulator 160. In this way, PCU 138 can instruct the voltage

regulator to provide a requested regulated voltage to the processor.

[0015] While not shown for ease of illustration, understand that additional
components may be present within processor 100 such as uncore logic, and other
components such as internal memories, e.g., an embedded dynamic random access
memory (eDRAM), and so forth. Furthermore, while shown in the implementation of

FIG. 1 with an integrated voltage regulator, embodiments are not so limited.

[0016] Although the following embodiments are described with reference to energy

conservation and energy efficiency in specific integrated circuits, such as in



WO 2014/092801 PCT/US2013/048486

4

computing platforms or processors, other embodiments are applicable to other types
of integrated circuits and logic devices. Similar techniques and teachings of
embodiments described herein may be applied to other types of circuits or
semiconductor devices that may also benefit from better energy efficiency and
energy conservation. For example, the disclosed embodiments are not limited to
any particular type of computer systems, and may be also used in other devices,
such as handheld devices, systems on chip (SoCs), and embedded applications.
Some examples of handheld devices include cellular phones, Internet protocol
devices, digital cameras, personal digital assistants (PDAs), and handheld PCs.
Embedded applications typically include a microcontroller, a digital signal processor
(DSP), network computers (NetPC), set-top boxes, network hubs, wide area network
(WAN) switches, or any other system that can perform the functions and operations
taught below. Moreover, the apparatus’, methods, and systems described herein are
not limited to physical computing devices, but may also relate to software
optimizations for energy conservation and efficiency. As will become readily
apparent in the description below, the embodiments of methods, apparatus’, and
systems described herein (whether in reference to hardware, firmware, software, or
a combination thereof) are vital to a ‘green technology’ future, such as for power
conservation and energy efficiency in products that encompass a large portion of the

US economy.

[0017] Note that the power savings realized by local LLC power control described
herein may be independent of and complementary to an operating system (OS)-
based mechanism, such as the Advanced Configuration and Platform Interface
(ACPI) standard (e.g., Rev. 3.0b, published October 10, 2006). According to ACPI, 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 than guaranteed frequency. In many implementations

a processor can include multiple so-called bin frequencies above a guaranteed
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maximum frequency, also referred to as a P1 frequency. In addition, according to
ACPI, a processor can operate at various power states or levels. With regard to
power states, ACPI specifies different power consumption states, generally referred
to as C-states, CO, C1 to Cn states. When a core is active, it runs at a CO state, and
when the core is idle it may be placed in a core low power state, also called a core
non-zero C-state (e.g., C1-C6 states), with each C-state being at a lower power
consumption level (such that C6 is a deeper low power state than C1, and so forth).
When all cores of a multicore processor are in a core low power state, the processor
can be placed in a package low power state, such as a package C6 low power state.
This package low power state is a deeper low power state than a core C6 state,
since additional processor circuitry can be turned off such as certain clock

generation circuitry including phase locked loops (PLLSs).

[0018] Referring now to FIG. 2, shown is a block diagram of a tile of a multi-tile
CMP in accordance with an embodiment of the present invention. As shown in FIG.
2, tile 200 includes various components that may be replicated across each tile of
the CMP to provide multi-processing capabilities. In the embodiment of FIG. 2, tile
200 includes a core 210 which in different embodiments may be an in-order core or
an out-or-order core. In one embodiment, core 210 may have a micro-architecture
including processor logic and circuits used to implement an instruction set
architecture (ISA). Accordingly, processors with different micro-architectures can
share at least a portion of a common instruction set. For example, Intel® Pentium 4
processors, Intel® Core™, and Intel® Atom™ processors from Intel Corp. of Santa
Clara, CA, and processors from Advanced Micro Devices, Inc. of Sunnyvale CA
implement nearly identical versions of the x86 instruction set (with some extensions
that have been added with newer versions), but have different internal designs.
Similarly, processors designed by other processor development companies, such as
ARM Holdings, Ltd., MIPS, or their licensees or adopters, may share at least a
portion a common instruction set, but may include different processor designs. For
example, the same register architecture of the ISA may be implemented in different
ways in different micro-architectures using new or well-known techniques, including
dedicated physical registers, one or more dynamically allocated physical registers

using a register renaming mechanism (e.g., the use of a register alias table (RAT), a
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reorder buffer (ROB) and a retirement register file). In one embodiment, registers
may include one or more registers, register architectures, register files, or other

register sets that may or may not be addressable by a software programmer.

[0019] Core 210 may couple to a first level cache 220 that may be a relatively small
cache memory closely associated with the core. In turn, cache 220 is coupled to a
mid-level cache (MLC) 230 that may include greater storage capacity. In turn, MLC
230 is coupled to a further portion of a cache hierarchy, namely a last level cache
(LLC) 240 that may include even greater amounts of storage capacity. In some
embodiments, this cache hierarchy formed of cache 220, MLC 230, and LLC 240
may be an inclusive cache hierarchy such that all of the information stored in cache
220 is present in cache 230, and all of the information stored in cache 230 is present
in LLC 240. Of course, when LLC 240 is power gated when the core is active, the

hierarchy is non-inclusive.

[0020] Also understand that this tile-included cache hierarchy includes slices or
portions of a shared cache implemented with LLC 240 of a larger cache memory
structure. In other words, the LLC may be a portion of a larger cache structure of the
level distributed access the tiles. In addition, tile 200 includes a router 250 and a
directory 260. In general, router 250 may be used to route communications to and
from other components of the CMP such as one or more other tiles and/or other
agents of the processor. In turn, directory 260 may be part of a distributed directory
protocol to enable cache coherent operation within the system. Although shown at
this high level in the embodiment of FIG. 2, understand the scope of the present
invention is not limited in this regard. For example, while FIG. 2 shows a three-level
cache hierarchy understand the scope of the present invention is not limited in this
regard, and in different embodiments a two-level cache hierarchy (or a hierarchy
having greater than three levels) may be provided. Also, while embodiments
described herein are with regard to power control of a LLC, in an implementation
having a different number of levels instead another cache level may be controlled as

described herein.

[0021] Referring now to FIG. 3, shown is a high level architecture block diagram of

components involved in performing adaptive local cache power management in
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accordance with an embodiment of the present invention. As shown in FIG. 3, circuit
275 includes various components that provide information regarding processor
activities to a cache power management logic 290 that in turn generates a decision
as to power control of an LLC. In an embodiment, logic 290 may be of a PCU of the
processor, or it may be an independent control logic. As seen, a tile 200 includes a
core 210 and a cache hierarchy 225 including an MLC and an LLC. Note that the
low level cache of the cache hierarchy may be included as part of core 210. In
addition, understand that the MLC and LLC may be separate such that responsive to
the various inputs received, logic 290 can send a decision to cause the LLC portion
of the cache hierarchy to be power gated, based on performance metrics and other

conditions.

[0022] As further seen in FIG. 3, an OS 280 provides QoS information to logic 290.
Also, a memory controller 285, which may be an integrated memory controller of a
processor package provides certain information, including memory overhead
information, details of which will be discussed further below. Logic 290 also receives
various performance metric information from tile 200. This information can include
core activity information received from core 210 and utilization information regarding
the cache hierarchy, including miss information from the MLC. Based on all this
information, logic 290 may make a control decision with regard to the LLC and

provide that decision to cache hierarchy 225.

[0023] If the decision is to power gate the LLC, the information stored in the LLC
can be flushed, e.g., to another cache hierarchy of another tile, another storage
within the processor package such as an eDRAM or other internal storage. Or the
information can be flushed to a system memory, via memory controller 285.
Although shown at this high level in the embodiment of FIG. 3, understand the scope

of the present invention is not limited in this regard.

[0024] Note that embodiments also apply to other processor architectures such as
a clustered cache organization, e.g., a cluster on die, where the unit of LLC power
management is a cluster of LLC slices instead of one individual LLC slice.
Throughout this discussion, the terms “core” and “a cluster of cores” are used

interchangeably.
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[0025] To determine whether power savings via LLC power gating are possible,
embodiments may continuously monitor core activity and cache behavior to detect
certain scenarios. In an embodiment, two different scenarios may be detected.
First, when a core is to be placed into a certain low power state (e.g., entering a C6
state), potentially its LLC can be flushed and turned off to save power. To determine
whether a power savings is possible, one or more run-time conditions such as
certain performance metrics may be analyzed to make an intelligent decision on
whether an upcoming idle duration can amortize the cost of flushing and turning off
the LLC slice. Second, for a core that is in an active state, other performance
metrics can be analyzed such as misses being sent out of a MLC. If the number of
misses generated by the MLC within a period of time is less than a threshold, the
LLC may be flushed and power gated, as this is an indication that the MLC has

sufficient cache capacity to handle a given workload.

[0026] In an embodiment, the run-time conditions to be analyzed include the
workload characteristics, number of ways that are enabled, misses of the MLC per
thousand instructions (mpki), and upcoming idle duration estimation. In some
embodiments, quality of service (QoS) requirements of an OS/application also may
be considered, since power gating the LLC introduces a longer resume latency (e.qg.,
due to loading the data from system memory). Note that in some embodiments, this
delay can be mitigated by storing data in other under-utilized LLC slices or in another

memory such as an eDRAM.

[0027] Embodiments may make a determination as to whether to flush and power
gate a LLC slice when a core enters a low power state since flushing/reloading
cache contents and entering/exiting a given low power state have certain overhead
associated with the actions. Thus, it can be determined whether the LLC slice is to
stay in the low power state for at least a minimum amount of time, referred to herein
as an energy break even time (EBET), to compensate for the energy overhead for
the transitions (in and out). Moreover, flushing a cache slice and entering a low
power state may also create a small amount of delay when the core wakes up, and
thus may impact responsiveness and performance. As such, embodiments may only

flush and turn off a LLC slice when the expected idle duration is long enough to
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amortize the overhead (as measured by the EBET), and also when a certain

performance level is maintained.

[0028] Further, if the core is running, the MLC might offer sufficient cache capacity
for a short period of time until the application changes its behavior. Hence, this
application behavior may also be detected such that the LLC is only flushed if the
MLC provides enough capacity and a workload’s memory needs are relatively stable,

to prevent oscillation.

[0029] Inan embodiment, EBET is defined as the minimum time for the LLC to
transition into and remain in a given lower power state (including the entry and exit
transition time), to compensate for the cost of entering and exiting this state from a
powered on state. According to an embodiment, this EBET is based both on static
and dynamic conditions, including resume and exit latency, power consumption
during on, transition and off states, and dynamic run-time conditions, such as cache
size used. For example, when an opened cache size is very small, the overhead of

flushing and reloading the data is typically small, thus reducing the total overhead.

[0030] In one embodiment, the following factors may be considered in determining
an adaptive EBET value: (1) enter and exit latency (L); (2) power during enter and
exit period (Py); (3) LLC on power (Pon), and LLC leakage power (Pos) when the LLC
is power gated; (4) core power P during reloading time, and memory related power
Pm during flushing and reloading time; and (5) content flushing overhead Os and
content reloading overhead O, including system memory access overhead, e.g., as

obtained from a memory controller. This total overhead is O= Os + O..

[0031] Flushing and reloading cache content take time, introducing overhead. How
long it takes, however, depends on the workload characteristic. And the energy
consumption overhead also depends on system characteristics such as memory and
memory controller power consumption. The first 4 factors are design parameters
that may be stored in a configuration storage of the processor, while the fifth factor
depends on run time dynamics. If a given workload consumes only a small number
of cache ways, the flush time and reload time will be small as well. Moreover, for a

workload that does not reuse data frequently (such as a streaming application), the
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cache flushing and reloading cost is relatively low since new data will be loaded
anyway, regardless of flushing or not. This workload determination can be
measured, in an embodiment, using LLC miss rate. If the miss rate is high, the

application exhibits a streaming characteristic.

[0032] After the overhead O is determined, the EBET can be calculated as follows:
EBET *Pon = O*Pon + L*Pt + (EBET-O-L)* Py + Pc*Or +Pr*O.

[0033] And it yields:

EBET= (O*Pon + PO +P*O + L*P-(O-L)*Post )/ (Pon-Pof)-

[0034] In order to simplify the design, Or and O, can be replaced by a design
parameter to represent the average flushing and reloading overhead. Note that an
EBET value can be updated periodically and dynamically based on the workload
characteristics. If the workload behavior is stable, the EBET can be updated less
frequently to reduce calculation overhead; otherwise the EBET can be updated more
frequently. As an example, for a relatively stable workload, the EBET value can be
updated approximately every several minutes. Instead with a dynamically changing
workload, the EBET value can be updated approximately every several seconds or

even less.

[0035] After the break even time EBET is determined, a length of the upcoming idle
duration may be compared with the EBET value to determine whether it saves
energy to flush and shut down the LLC slice. QoS factors may be considered in this

analysis, in an embodiment.

[0036] There are multiple techniques to obtain an estimate of the upcoming idle
duration. One exemplary technique includes an auto demotion method in which a
controller observes a few idle durations in the near past. If these durations are
smaller than the adaptive EBET when the LLC was flushed, then the controller
automatically demotes the processor to a low power state (such as a core C4 state)

in which the cache is not power gated.

[0037] Another exemplary technique to estimate upcoming idle duration includes

using one or more device idle duration reports and other heuristics. These device
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idle duration reports may be received from devices coupled to the processor such as
one or more peripheral or 10 devices. Based on this information and heuristic
information, the next idle duration can be predicted, e.g., by a control logic. Or a
control logic can predict the idle duration based on a recent history of instances of
idle durations such as via a moving filter that tracks the trend and provides a

reasonable estimation of the idle duration.

[0038] A still further exemplary technique for power management is to power gate a
LLC based on a measurement of MLC utilization to determine whether the LLC is
needed or not. That s, if the MLC fulfills a workload’s memory needs, the number of
misses generated for a given number of instructions should be very little. Hence, in
order to measure MLC performance, a metric can be monitored, such as the number
of misses in the MLC per thousand instructions (mpki), which can be obtained from
one or more counters associated with the LLC. If this metric (or another appropriate
metric) is consistently below a given threshold (e.g., a th_mpki) for an evaluation
period of time that is more than the EBET, then a determination may be made to
flush and power gate the LLC. Note that this threshold may be a value above zero.
That is, even if MLC is generating misses, but the misses are generated at a very
slow pace, it may be more beneficial to power gate the LLC and let those misses be
serviced by a further portion of a memory hierarchy instead of keeping the LLC
consuming on and leakage power to service such a slow request rate. In some
embodiments, this threshold (th_mpki) may depend on the LLC leakage and the
dynamic power difference between fetching data from the LLC as compared to

fetching data from memory.

[0039] Next, a decision may be made as to whether an LLC slice should be power
gated when an associated core or cluster of cores enters into a given low power
state. Independently, MLC utilization may be monitored to determine whether the

LLC can be power gated even when the core is running.

[0040] In an embodiment, QoS information may be considered to prevent too
frequent deep low power entries to avoid a performance impact. QoS information
can be conveyed in different manners. For example, the QoS information may

indicate whether the processor is allowed to enter a given low power state and/or by
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a QoS budget that defines how many deep low power state entries can take place in
a unit of time. In another embodiment, QoS information can also be obtained from
an energy performance bias value to indicate a high level direction on what type of

performance/power balance a user is expecting.

[0041] Referring now to FIG. 4, shown is a flow diagram of a method in accordance
with an embodiment of the present invention. More specifically, method 300 can be
performed by various logic of a processor. As an example, at least portions of
method 300 can be performed by logic of a PCU. In addition, performance monitors
of a processor can further be involved in the operations performed in FIG. 4. Note
that although shown as a combined method in FIG. 4 understand that in other
implementations the left and right branches of method 300 may be independently
performed. For example, the left branch of method 300 may be performed upon
seeking entry into a deep low power state, while the right branch of method 300 may
be performed during performance monitoring activities to determine whether power
savings are possible during normal processor operation. Furthermore, understand
that the entities that perform these different branches of method 300 may be different
in some embodiments. For example, logic of a PCU may perform the operations in
the left branch of method 300, while a performance monitor or other processor logic

may perform the right branch operations.

[0042] As shown in FIG. 4, operations of the left branch of method 300 begin by
determining whether a core or cluster of cores is entering into a deep low power
state which in an embodiment may be a core C6 state (block 310). If so, control
passes to block 320 where QoS information may be received. Although the scope of
the present invention is not limited in this regard in an embodiment this QoS
information, which may correspond to a relative priority of a workload, can be
obtained from an OS or application interface. Next, control passes to diamond 325
where it can be determined whether a deeper low power state is allowed. As an
example, this deeper low power state may be a core deep C6 state. If this state is
not allowed, the analysis with regard to the left branch of method 300 may conclude.

Otherwise if this deeper low power state is to be allowed, control passes to block 330
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where idle duration information may be determined. As discussed above, this

information may be determined in various manners.

[0043] Next control passes to block 335 where the EBET may be determined.
Although in some embodiments this value may be dynamically calculated, it is also
possible to use a cached value of this EBET for performing the analysis. As an
example, a fixed EBET may be stored in a configuration storage, or a cached EBET

previously calculated by the logic can be accessed.

[0044] Still referring to FIG. 4, next at diamond 340 it can be determined whether
this idle duration that was obtained is greater than the EBET value. If not, no further
action is taken with regard to control of the cache memory and the tile may be
maintained in a given low power state, e.g., in a C6 state. Otherwise if it is
determined that the idle duration is greater than the EBET value, control passes to
block 330 where the LLC may be flushed and power gated to thus reduce power
consumption even further. Although the scope of the present invention is not limited
in this regard in an embodiment this flushing and power gating may include
performing an operation to write all dirty data from the LLC to a higher level of a
memory hierarchy, e.g., system memory. After this, the LLC can be power gated to

thus reduce power consumption.

[0045] Referring now to the right branch of method 300, it may begin at block 360
by receiving performance metric information of a cache, e.g., of a MLC. Although
the scope of the present invention is not limited in this regard, one performance
metric that may be monitored is a miss rate which in an embodiment may be
measured as an mpki value. Next control passes to diamond 365 to determine
whether this miss rate is less than a threshold value. In an embodiment this
threshold may correspond to a threshold value of misses that indicates relatively low
utilization of an LLC coupled to the MLC. If this miss value is less than this threshold
value, control passes to block 370 where a counting of an evaluation duration may
be performed, either from an initial value or continuing of the evaluation duration for
which the miss rate is below this threshold. In an embodiment this evaluation

duration is greater than the EBET value.
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[0046] Next control passes to diamond 375 to determine whether the performance
metric information (e.g., miss rate) remains below this threshold. If not, the timer can

be reset and monitoring may begin again at block 360.

[0047] Otherwise if at diamond 375 it is determined that the miss rate remains
below the threshold level, control passes to diamond 390 where it can be determined
whether the evaluation duration is greater than the EBET value. If not, control
proceeds back to block 370 for further counting of an evaluation duration. If instead
it is determined that the evaluation duration is greater than the EBET value, control
passes to block 350, discussed above, where the LLC may be flushed and power
gated. Although shown at this high level in the embodiment of FIG. 4, understand

the scope of the present invention is not limited in this regard.

[0048] As more computer systems are used in Internet, text, and multimedia
applications, additional processor support has been introduced over time. In one
embodiment, an instruction set architecture (ISA) may be associated with one or
more computer architectures, including data types, instructions, register architecture,
addressing modes, memory architecture, interrupt and exception handling, and

external input and output (I/O).

[0049] In one embodiment, the ISA may be implemented by one or more micro-
architectures, which include processor logic and circuits used to implement one or
more instruction sets. Accordingly, processors with different micro-architectures can
share at least a portion of a common instruction set. For example, Intel® Pentium 4
processors, Intel® Core™, and Intel® Atom™ processors from Intel Corp. of Santa
Clara, CA, and processors from Advanced Micro Devices, Inc. of Sunnyvale CA
implement nearly identical versions of the x86 instruction set (with some extensions
that have been added with newer versions), but have different internal designs.
Similarly, processors designed by other processor development companies, such as
ARM Holdings, Ltd., MIPS, or their licensees or adopters, may share at least a
portion a common instruction set, but may include different processor designs. For
example, the same register architecture of the ISA may be implemented in different
ways in different micro-architectures using new or well-known techniques, including

dedicated physical registers, one or more dynamically allocated physical registers
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using a register renaming mechanism (e.g., the use of a register alias table (RAT), a
reorder buffer (ROB) and a retirement register file). In one embodiment, registers
may include one or more registers, register architectures, register files, or other

register sets that may or may not be addressable by a software programmer.

[0050] Referring now to FIG. 5, shown is a block diagram of a processor core in
accordance with one embodiment of the present invention. As shown in FIG. 5,
processor core 600 may be a multi-stage pipelined out-of-order processor. Core 600
may support one or more instructions sets (e.g., the x86 instruction set (with some
extensions that have been added with newer versions); the MIPS instruction set of
MIPS Technologies of Sunnyvale, CA; the ARM instruction set (with optional
additional extensions such as NEON) of ARM Holdings of Sunnyvale, CA). It should
be understood that the core may support multithreading (executing two or more
parallel sets of operations or threads), and may do so in a variety of ways including
time sliced multithreading, simultaneous multithreading (where a single physical core
provides a logical core for each of the threads that physical core is simultaneously
multithreading), or a combination thereof (e.g., time sliced fetching and decoding and
simultaneous multithreading thereafter such as in the Intel® Hyperthreading

technology).

[0051] A processor including core 600 may be a general-purpose processor, such
as a Core™ i3, i5,i7, 2 Duo and Quad, Xeon™, [tanium™, XScale™ or
StrongARM™ processor, which are available from Intel Corporation. Alternatively,
the processor may be from another company, such as a design from ARM Holdings,
Ltd, MIPS, etc.. The processor may be a special-purpose processor, such as, for
example, a network or communication processor, compression engine, graphics
processor, co-processor, embedded processor, or the like. The processor may be
implemented on one or more chips, and may be a part of and/or may be
implemented on one or more substrates using any of a number of process
technologies, such as, for example, BICMOS, CMOS, or NMOS.

[0052] As shownin FIG. 5, core 600 may operate at various voltages and
frequencies as a result of integrated voltage regulator 609. As seen in FIG. 5, core

600 includes front end units 610, which may be used to fetch instructions to be
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executed and prepare them for use later in the processor. For example, front end
units 610 may include a fetch unit 601, an instruction cache 603, and an instruction
decoder 605. In some implementations, front end units 610 may further include a
trace cache, along with microcode storage as well as a micro-operation storage.
Fetch unit 601 may fetch macro-instructions, e.g., from memory or instruction cache
603, and feed them to instruction decoder 605 to decode them into primitives, i.e.,

micro-operations for execution by the processor.

[0053] Coupled between front end units 610 and execution units 620 is an out-of-
order (OOO) engine 615 that may be used to receive the micro-instructions and
prepare them for execution. More specifically OOO engine 615 may include various
buffers to re-order micro-instruction flow and allocate various resources needed for
execution, as well as to provide renaming of logical registers onto storage locations
within various register files such as register file 630 and extended register file 635.
Register file 630 may include separate register files for integer and floating point
operations. Extended register file 635 may provide storage for vector-sized units,

e.g., 256 or 512 bits per register.

[0054] Various resources may be present in execution units 620, including, for
example, various integer, floating point, and single instruction multiple data (SIMD)
logic units, among other specialized hardware. For example, such execution units
may include one or more arithmetic logic units (ALUs) 622, among other such

execution units.

[0055] Results from the execution units may be provided to a retirement unit 640
including a reorder buffer (ROB). This ROB may include various arrays and logic to
receive information associated with instructions that are executed. This information
is then examined by retirement unit 640 to determine whether the instructions can be
validly retired and result data committed to the architectural state of the processor, or
whether one or more exceptions occurred that prevent a proper retirement of the
instructions. Of course, retirement unit 640 may handle other operations associated

with retirement.
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[0056] As shown in FIG. 5, retirement unit 640 is coupled to a cache 650 which in
one embodiment may be a low level cache (e.g., an L1 cache), although the scope
of the present invention is not limited in this regard. Also, execution units 620 can be
directly coupled to cache 650. From cache 650, data communication may occur with
higher level caches, system memory and so forth. More specifically, in a tile-based
multicore processor, core 600 and low level cache 650 may couple in turn to a MLC
and an LLC of the tile, as described herein. Furthermore, when core 600 is to enter
a low power state and/or when low level cache 650 and/or the MLC has sufficient
capacity to handle a workload executing on the core, the associated LLC of the tile

may be power gated as described herein.

[0057] While shown with this high level in the embodiment of FIG. 5, understand
the scope of the present invention is not limited in this regard. For example, while
the implementation of FIG. 5 is with regard to an out-of-order machine such as of a
ISA, the scope of the present invention is not limited in this regard. That is, other
embodiments may be implemented in an in-order processor, a reduced instruction
set computing (RISC) processor such as an ARM-based processor, or a processor
of another type of ISA that can emulate instructions and operations of a different ISA

via an emulation engine and associated logic circuitry.

[0058] Referring now to FIG. 6, shown is a block diagram of a multicore processor
in accordance with an embodiment of the present invention. As shown in the
embodiment of FIG. 6, processor 700 includes multiple domains. Specifically, a core
domain 710 can include a plurality of tiles 710,—710,, a graphics domain 720 can
include one or more graphics engines, and a system agent domain 750 may further
be present. In various embodiments, system agent domain 750 may handle power
control events and power management such that individual units of domains 710 and
720 such as cores and/or graphics engines can be controlled to independently
dynamically operate at an appropriate turbo mode frequency in light of the activity (or
inactivity) occurring in the given unit. Each of domains 710 and 720 may operate at
different voltage and/or power, and furthermore the individual units within the
domains each may operate at an independent frequency and voltage. Note that

while only shown with three domains, understand the scope of the present invention
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is not limited in this regard and additional domains can be present in other

embodiments.

[0059] In general, each tile 710 may include a private cache hierarchy including two
or more cache levels in addition to various execution units and additional processing
elements. In turn, the various tiles may be coupled to each other a ring interconnect
730, which further provides interconnection between the cores, graphics domain 720
and system agent circuitry 750. In one embodiment, interconnect 730 can be part of
the core domain. However in other embodiments the ring interconnect can be of its

own domain.

[0060] As further seen, system agent domain 750 may include display controller
752 which may provide control of and an interface to an associated display. As
further seen, system agent domain 750 may include a power control unit 755. As
shown in FIG. 6, PCU 755 may include a cache power control logic 759 in
accordance with an embodiment of the present invention. Based on various
information received from associated tiles 710 as well as low power state decisions
made within PCU 755, control logic 759 may cause an LLC or other portion of the
private cache hierarchy of one or more of the tiles to be power gated to reduce
power consumption when the cache slice is not needed for execution of a current
workload and/or when the associated core of the tile is entering a low power state.
However, at least one other tile may remain fully powered, including its LLC as a
result of the private cache hierarchy present in multicore processor 700. As such,
the need to maintain powered on an entirety of an LLC formed of different private

cache slices can be avoided, increasing power saving opportunities.

[0061] As further seen in FIG. 6, processor 700 can further include an integrated
memory controller (IMC) 770 that can provide for an interface to a system memory,
such as a dynamic random access memory (DRAM). Multiple interfaces 780, — 780,
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 (PCle™) interfaces. Still further, to provide for communications between

other agents such as additional processors or other circuitry, one or more interfaces
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in accordance with an Intel® Quick Path Interconnect (QPI) protocol may also be
provided. Although shown at this high level in the embodiment of FIG. 6, understand

the scope of the present invention is not limited in this regard.

[0062] Embodiments may be implemented in many different system types.
Referring now to FIG. 7, shown is a block diagram of a system in accordance with an
embodiment of the present invention. As shown in FIG. 7, multiprocessor system
800 is a point-to-point interconnect system, and includes a first processor 870 and a
second processor 880 coupled via a point-to-point interconnect 850. As shown in
FIG. 7, each of processors 870 and 880 may be multi-tile processors, including first
and second processor tiles (i.e., processor tiles 874a and 874b and processor tiles
884a and 884b), although potentially many more tiles may be present in the
processors. Each of the processor tiles can include a core and a private cache
hierarchy, in which one or more levels of the private cache hierarchy may be power
gated independently of the remainder of the tile, as well as independently of other

tiles of the multi-tile processor.

[0063] Still referring to FIG. 7, first processor 870 further includes a memory
controller hub (MCH) 872 and point-to-point (P-P) interfaces 876 and 878. Similarly,
second processor 880 includes a MCH 882 and P-P interfaces 886 and 888. As
shown in FIG. 7, MCH’s 872 and 882 couple the processors to respective memories,
namely a memory 832 and a memory 834, which may be portions of system memory
(e.g., DRAM) locally attached to the respective processors. First processor 870 and
second processor 880 may be coupled to a chipset 890 via P-P interconnects 852
and 854, respectively. As shown in FIG. 7, chipset 890 includes P-P interfaces 894
and 898.

[0064] Furthermore, chipset 890 includes an interface 892 to couple chipset 890
with a high performance graphics engine 838, by a P-P interconnect 839. In turn,
chipset 890 may be coupled to a first bus 816 via an interface 896. As shown in FIG.
7, various input/output (I/O) devices 814 may be coupled to first bus 816, along with
a bus bridge 818 which couples first bus 816 to a second bus 820. Various devices
may be coupled to second bus 820 including, for example, a keyboard/mouse 822,

communication devices 826 and a data storage unit 828 such as a disk drive or other
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mass storage device which may include code 830, in one embodiment. Further, an
audio 1/0O 824 may be coupled to second bus 820. Embodiments can be
incorporated into other types of systems including mobile devices such as a smart

cellular telephone, tablet computer, netbook, Ultrabook™, or so forth.

[0065] Using an adaptive local LLC and associated power management as
described herein, significant power savings may be realized, especially when per
core utilization is low (e.g. less than approximately 30%), which is relatively common
for certain workloads such as server-based workloads. Using an embodiment of the
present invention having private cache organization and dynamic LLC power
management, power consumption can be reduced by ~50% with 10% loadline, and
~40% with 20% loadline. In a multicore processor having a private or clustered
cache organization, maximum processor cache power saving opportunities can be
realized while maintaining performance requirements by flushing and powering off

local LLC portions when appropriate, based on run-time conditions.

[0066] Embodiments may be used in many different types of systems. For
example, in one embodiment a communication device can be arranged to perform
the various methods and techniques described herein. Of course, the scope of the
present invention is not limited to a communication device, and instead other
embodiments can be directed to other types of apparatus for processing instructions,
or one or more machine readable media including instructions that in response to
being executed on a computing device, cause the device to carry out one or more of

the methods and techniques described herein.

[0067] 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 (SRAMs),

erasable programmable read-only memories (EPROMSs), flash memories, electrically
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erasable programmable read-only memories (EEPROMSs), magnetic or optical cards,

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

[0068] 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 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. A processor comprising:

a plurality of tiles, each tile including a core and a tile cache hierarchy, the tile
cache hierarchy including a first level cache and a second level cache, wherein each
of the first level cache and the second level cache is physically private to the tile; and

a controller coupled to the plurality of tiles, the controller including a cache
power control means for receiving utilization information regarding the core and the
tile cache hierarchy of a first tile and for causing the second level cache of the first
tile to be independently power gated, based at least in part on the utilization

information.

2. The processor of claim 1, wherein the cache power control means is to

independently power gate the second level cache while the core is in an active state.

3. The processor of claim 1, wherein the cache power control means is to cause
the second level cache to be power gated when a miss rate of the first level cache is
less than a first threshold.

4, The processor of claim 1, wherein the cache power control means is to cause
the second level cache to be power gated while the core is in a low power state and
a core of at least another of the plurality of tiles is in an active state.

5. The processor of claim 1, wherein the cache power control means is to
determine an energy break even value and to cause the second level cache to be
power gated when an estimated idle duration for the core is greater than the energy

break even value.

6. The processor of claim 5, wherein the cache power control means is to
calculate the energy break even value using static values and dynamic values

associated with the processor.
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7. The processor of claim 5, wherein the cache power control means is to
prevent the second level cache from being power gated when the estimated idle
duration is greater than the energy break even value, based on quality of service

(QoS) information associated with a workload being executed on the processor.

8. The processor of claim 1, wherein when the second level cache is power
gated, the first level cache is to issue a read request to a system memory responsive

to a miss in the first level cache.

9. The processor of claim 1, wherein at least a portion of information stored in
the second level cache is to be flushed to a different second level cache of a

different one of the plurality of tiles before the second level cache is power gated.

10. A method comprising:

determining an estimated idle duration for a core of a multicore processor, the
core associated with a private cache hierarchy including a first level cache, a mid-
level cache (MLC) and a last level cache (LLC);

determining a time value for a break even condition; and

power gating the LLC when the estimated idle duration is greater than the
time value, while at least one other core of the multicore processor associated with

another private cache hierarchy remains in an active state.

11.  The method of claim 10, further comprising:
receiving performance metric information from the private cache hierarchy;
and

comparing the performance metric information to a threshold value.

12. The method of claim 11, further comprising power gating the LLC based on

the comparison of the performance metric information to the threshold value.
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13.  The method of claim 11, wherein the performance metric information
comprises a miss rate of the MLC and power gating the LLC when the miss rate is

less than the threshold value.

14.  The method of claim 10, further comprising determining the estimated idle
duration based at least in part on an idle duration report received from a device
coupled to the multicore processor.

15.  The method of claim 10, further comprising determining the time value for a

first workload and storing the time value in a storage of the multicore processor.

16. The method of claim 15, further comprising determining a second time value
for a break even condition associated with a second workload, and using the second
time value to determine whether to power gate the LLC during execution of the

second workload on the multicore processor.

17. A system comprising:

a multicore processor having a plurality of tiles, each tile including a core and
a tile cache hierarchy, the tile cache hierarchy including a first level cache, a mid-
level cache (MLC) and a last level cache (LLC), wherein each of the first level cache,
the MLC and the LLC are private to the tile, and a cache power control means for
receiving performance metric information regarding the tile cache hierarchy of a first
tile of the plurality of tiles and for causing the LLC of the first tile to be power gated
based at least in part on the performance metric information, while the core, the first
level cache and the MLC of the first tile remain in an active state; and

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

processor.

18. The system of claim 17, wherein the cache power control means is to cause

the LLC to be power gated when a miss rate of the MLC is less than a first threshold.
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19.  The system of claim 17, wherein the cache power control means is to
determine an energy break even value and to cause the LLC to be power gated
when the energy break even value is less than an estimated idle duration for the

core of the first tile.

20. The system of claim 19, wherein the cache power control means is to prevent
the LLC from being power gated when the energy break even value is less than the
estimated idle duration, based on quality of service (QoS) information associated

with a workload being executed on the core of the first tile.
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