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METHOD FOR SOC PERFORMANCE AND
POWER OPTIMIZATION

PRIORITY INFORMATION

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/570,089 entitled “Method For
SOC Performance and Power Optimization”, filed Dec. 13,
2011, the entirety of which is incorporated herein by refer-
ence.

BACKGROUND
[0002] 1. Field of the Invention
[0003] This invention relates to computing systems, and

more particularly, to efficient management of resources
within a semiconductor chip for an optimal combination of
power reduction and high performance.

[0004] 2. Description of the Relevant Art

[0005] The power consumption of modern integrated cir-
cuits (IC’s) has become an increasing design issue with each
generation of semiconductor chips. As power consumption
increases, more costly cooling systems such as larger fans and
heat sinks must be utilized in order to remove excess heat and
prevent IC failure. However, cooling systems increase system
costs. The IC power dissipation constraint is not only an issue
for portable computers and mobile communication devices,
but also for high-performance microprocessors, which may
include multiple processor cores and multiple pipelines
within a core.

[0006] A system-on-a-chip (SOC) integrates multiple
functions into a single integrated chip substrate. The func-
tions may include digital, analog, mixed-signal and radio-
frequency (RF) functions. Typical applications are used in the
area of embedded systems. Energy-constrained cellular
phones, portable communication devices and entertainment
audio/video (A/V) devices are some examples of systems
using an SOC. An SOC may use powerful processors,
whereby power consumption may significantly rise if not
managed. The on-die processors may include general-pur-
pose processors, graphics processors, application specific
integrated circuits (ASICs), field programmable gate arrays
(FPGAs), and so forth.

[0007] The on-die interaction of different processors and
computational blocks within an integrated circuit such as an
SOC may be complex and lead to inefficient communication
and resource management. Power management and perfor-
mance may each degrade due to these inefficiencies. In some
cases, software control may be used for management of on-
die resources. For example, an operating system (OS), user
software, or otherwise may be used. However, software
includes an inherent delay, such as tens of milliseconds, when
adjusting operating modes and states of on-die resources.

[0008] In addition, software control typically focuses on
individual processors, rather than the SOC in its entirety. The
software control also tends to be high-level and doesn’t con-
sider low-level specifics of workloads related to a particular
processor type let alone the relationships these low-level spe-
cifics have with on-die processors of different types. In one
example, an OS selection policy for a power-performance
state (P-state) for a given processor is based on a utilization
factor. A higher utilization causes the OS policy to select a
higher P-state. However, memory bounded workloads can be
executed for a longer time thus creating higher utilization. Yet
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executing these types of workloads at a high P-state is an
inefficient operation with lower performance/watt.

[0009] Inview of the above, efficient methods and systems
for efficient management of resources within a semiconduc-
tor chip for an improved combination of power reduction and
high performance are desired.

SUMMARY OF EMBODIMENTS

[0010] Systems and methods for efficient management of
resources within an integrated circuit for an optimal combi-
nation of power reduction and high performance are contem-
plated.

[0011] In one embodiment, an integrated circuit such as a
system-on-a-chip (SOC) includes at least two processing
units. Each processing unit includes at least one processor
core and one cache. In one embodiment, a first processing unit
is a general-purpose central processing unit (CPU) and a
second processing unit is a graphics processing unit (GPU).
However, in other embodiments, the processing units may be
otherwise. The SOC includes a power management unit
(PMU) that determines whether a first activity level for the
first processing unit is above a first threshold and a second
activity level for the second processing unit is below a second
threshold. If this condition is true, then the workload on the
SOC is focused on the first processing unit.

[0012] In response to the above determination, the PMU
places a limit on a highest power-performance state (P-state)
used by the second processing unit. Additionally, the PMU
may send an indication to flush the at least one cache within
the second processing unit. Further, the PMU changes a
P-state used by the first processing unit to a higher perfor-
mance P-state. A sum of power consumed by the first pro-
cessing unit at the higher performance P-state and the second
processing unit at a P-state is below a thermal design power
(TDP) of the SOC.

[0013] These and other embodiments will be further appre-
ciated upon reference to the following description and draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 a generalized block diagram of one embodi-
ment of a system-on-a-chip (SOC).

[0015] FIG. 2 is a generalized block diagram of one
embodiment of power-performance state transitions for pro-
cessors on the SOC.

[0016] FIG. 3 is a generalized flow diagram of one embodi-
ment of a method for efficient power and performance man-
agement on a die with multiple processing units.

[0017] FIG. 4 is a generalized block diagram of one
embodiment of a power management unit.

[0018] FIG. 5 is a generalized block diagram of one
embodiment of an accelerated processing unit (APU) power
management.

[0019] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments are
shown by way of example in the drawings and are herein
described in detail. It should be understood, however, that
drawings and detailed description thereto are not intended to
limit the invention to the particular form disclosed, but on the
contrary, the invention is to cover all modifications, equiva-
lents and alternatives falling within the spirit and scope of the
present invention as defined by the appended claims.
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DETAILED DESCRIPTION

[0020] In the following description, numerous specific
details are set forth to provide a thorough understanding of the
present invention. However, one having ordinary skill in the
art should recognize that the invention might be practiced
without these specific details. In some instances, well-known
circuits, structures, and techniques have not been shown in
detail to avoid obscuring the present invention.

[0021] Turning to FIG. 1, a generalized block diagram of
one embodiment of a system-on-a-chip (SOC) 100 is shown.
The SOC 100 is an integrated circuit (IC) that includes mul-
tiple types of IC designs on a single semiconductor die,
wherein each IC design provides a separate functionality.
Traditionally, each one of the types of IC designs may have
been manufactured on a separate silicon watfer. In the illus-
trated embodiment, the SOC 100 includes both an accelerated
processing unit (APU) 110 and a platform and input/output
(I/O) controller hub 120 on a single semiconductor die.
[0022] In one embodiment, the APU 110 may include a
general-purpose central processing unit (CPU) 130 and a
graphics processing unit (GPU) 140 on a same semiconductor
die. In one embodiment, the CPU 130 and the GPU 140 may
be proprietary cores from different design centers. Other vari-
ous processors may be placed in the SOC 100 in addition to or
in place of the CPU 130 and the GPU 140. Other examples of
on-die processors the SOC 100 may use include at least
digital signal processing (DSP) cores, field programmable
gate arrays (FPGAs), application specific integrated circuits
(ASICs), and so forth.

[0023] The APU 110 may utilize a system controller unit
(SCU) 180 for controlling the operation of the resources on
the SOC 100 and synchronizing communication among the
resources. The SCU 180 may manage power-up sequencing
of'the various processors on the SOC 100 and control multiple
off-chip devices via reset, enable and other signals conveyed
through ports in the PICH 120. The SCU 180 may also man-
age communication between the various processors on the
multiple buses within the SOC 100. The SOC 100 may
include one or more clock sources, such as phase lock loops
(PLLs), which are not shown for ease of illustration. The
clock sources may provide clock signals for each of the com-
ponents within the SOC 100. The SCU 180 may control these
clock sources.

[0024] The SCU 180 may include an integrated memory
controller hub (IMCH) 150 to directly communicate with
off-chip memory and video cards. The off-chip memory may
include at least dynamic random access memory (DRAM).
The DRAM may be located on dual in-line memory modules
(DIMMs) on a motherboard or a separate card on the moth-
erboard. In addition, the IMCH 150 may be connected to
off-chip disk memory through an external memory bus. In
one embodiment, the SCU 180 may include integrated chan-
nel circuitry to directly link signals from the platform and
input/output (I/0) controller hub 120 to the CPU 130 and the
GPU 140 for data control and access. The SCU 180 may
utilize firmware and other microcode for coordinating signal
and bus control.

[0025] The platform and I/O controller hub (PICH) 120
may interface with different I/O buses according to given
protocols. The PICH 120 may perform I/O functions and
communicate with devices and software such as peripherals
following the Universal Serial Bus (USB) protocol, periph-
erals and network cards following the Peripheral Component
Interconnect Express (PCle) protocol, the system basic input/
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output software (BIOS) stored in a read only memory (ROM),
interrupt controllers, Serial Advanced Technology Attach-
ment (SATA) devices, network interfaces, a multi-channel
high definition audio codec functionality and interface and so
forth. The PICH 120 may respond to control packets and
messages received on respective links and generate control
packets and response packets in response to information and
commands received from the APU 110. The PICH 120 may
perform on-die the operations typically performed off-die by
a conventional Southbridge chipset.

[0026] In one embodiment, the SCU 180 may include a
power management unit (PMU) 170. The PMU 170 may
include power management policies for the various proces-
sors and other functional blocks, such as the PICH 120, on the
SOC 100. One or more of the processors and other functional
blocks may include internal power management techniques.
The PMU 170 may receive measured power consumption
values from each of the CPU 130, the GPU 140 and the PICH
120. The PMU 170 may sum the measured values and com-
pare the result to a threshold, such as a thermal design power
(TDP). The TDP is the amount of power that a cooling system
for the SOC 100 can dissipate.

[0027] The hardware within the PMU 170 may communi-
cate with each of the CPU 130, the GPU 140 and the PICH
120 to adjust their respective operating modes based on at
least the comparison with the TDP. In addition, hardware
control circuitry within the PMU 170 and/or the SCU 180
may identify workloads specific more toward a given one of
the processors, such as the CPU 130 or the GPU 140. For
example, a workload may be CPU-focused, GPU-focused or
combined. The SCU 180 may receive or compute activity
levels for at least each of the CPU 130, the GPU 140 and the
PICH 120. The activity levels may be used to determine a
current type of workload being executed on the SOC 100 and
accordingly, a type of optimization actions to perform for an
optimal combination of power and performance in the SOC
100.

[0028] The control circuitry may perform optimization
actions based on the specifics of the workload. The optimi-
zation actions may include flushing particular caches on the
SOC 100, enabling or disabling one or more cores within each
of the CPU 130 and the GPU 140, and adjusting a power-
performance state (P-state) within one or more of the CPU
130 and the GPU 140. Other actions may be taken. Further
details are provided later. However, first, a further description
of the components of the SOC 100 is given below.

[0029] The CPU 130 may include one or more processing
units 135a-1355, which may include a processor core 132 and
a corresponding cache memory subsystem 134. In some
embodiments, the CPU 130 may also include a shared cache
memory subsystem (not shown) that is accessed by each one
of the processing units 1354-13565.

[0030] Each processor core 132 may include circuitry for
executing instructions according to a given instruction set.
For example, the SPARC® instruction set architecture (ISA)
may be selected. Alternatively, the x86, x86-64®, Alpha®,
PowerPC®, MIPS®, PA-RISC®, or any other instruction set
architecture may be selected. Generally, the processor core
132 accesses the cache memory subsystems 134, respec-
tively, for data and instructions. If the requested block is not
found in cache memory subsystem 134 or in any shared cache
memory subsystem within the CPU 130, then a read request
may be generated and transmitted to the integrated MCH 150.
The integrated MCH 150 may perform address translations

IPR2026-00066
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and queue the request before sending it to off-chip memory
through a respective memory bus.

[0031] Continuing with the components of the SOC 100,
cache subsystems 134 may comprise high-speed cache
memories configured to store blocks of data. Cache memory
subsystems 134 may be integrated within a respective pro-
cessor core 132. Alternatively, cache memory subsystems
134 may be connected to a processor core 132 in a backside
cache configuration or an inline configuration, as desired.
Still further, cache memory subsystems 134 may be imple-
mented as a hierarchy of caches. Caches that are located
nearer processor cores 132 (within the hierarchy) may be
integrated into a processor core 132, if desired.

[0032] Inone embodiment, cache memory subsystems 134
each represent [.2 cache structures, and shared cache sub-
system 162 represents an 3 cache structure. Both the cache
memory subsystem 134 and the shared cache memory sub-
system 162 may include a cache memory coupled to a corre-
sponding cache controller. In one embodiment, each proces-
sor core 132 and each graphics processor core 142 may share
storage space and data within the shared cache memory sub-
system 162 through the crossbar switch 160. The crossbar
switch 162 and each of the cache controllers may maintain a
cache coherence protocol.

[0033] The GPU 140 may be able to both directly access
both local memories 134 and 162 and off-chip memory via
the integrated MCH 150. This embodiment may lower
latency for memory accesses for the GPU 140, which may
translate into higher performance. Since cores within each of
the CPU 130 and the GPU 140 may access a same memory,
the SCU 180 may maintain cache coherency for the CPU 130
and the GPU 140. In addition, the PMU 170 within the SCU
180 may allocate TDP budgets between the CPU 130 and the
GPU 140.

[0034] The integrated MCH 150 may follow memory chan-
nel protocols for off-chip memory, such as DRAM stored in
DIMMS. The protocol may determine values used for infor-
mation transfer, such as a number of data transfers per clock
cycle, signal voltage levels, signal timings, signal and clock
phases and clock frequencies. Protocol examples include
DDR2 SDRAM, DDR3 SDRAM, GDDR4 (Graphics Double
Data Rate, version 4) SDRAM, and GDDRS (Graphics
Double Data Rate, version 5) SDRAM.

[0035] In one embodiment, the GPU 140 may include one
or more graphic processor cores 142 and data storage buffers
144. A GPU may be a dedicated graphics-rendering device
for a personal computer, a workstation, or a video game
console. The graphic processor core may perform data-cen-
tric operations for at least graphics rendering and three
dimensional (3D) graphics applications. The graphics pro-
cessor core 142 may have a highly parallel structure making
it more effective than the general-purpose CPU 130 for a
range of complex algorithms. The graphics processor core
142 may include multiple parallel data paths. Each of the
multiple data paths may include multiple pipeline stages,
wherein each stage has multiple arithmetic logic unit (ALU)
components and operates on a single instruction for multiple
data values in a data stream.

[0036] The graphics processor core 142 may generally
execute the same programs, such as vertex shaders or pixel
shaders, on large numbers of objects (vertices or pixels).
Since each object is processed independently of other objects,
but the same sequence of operations is used, a single-instruc-
tion-multiple-data (SIMD) parallel datapath may provide a
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considerable performance enhancement. The graphics pro-
cessor core 142 may provide or be connected to a video
decoding unit to allow video decoding to be hardware accel-
erated.

[0037] Turning now to FIG. 2, one embodiment of power-
performance state transitions 200 for processors on the SOC
100 is shown. Two curves are shown in the diagram showing
non-linear (e.g., cubic or quadratic) relationships between
power versus voltage and frequency versus voltage. Six dis-
crete power-performance states (P-states) are shown in the
diagram denoted as P, to P5. A small number of discrete
P-states are shown to simplify the diagram. Although only six
discrete P-states are shown, another number of discrete
P-states may be supported.

[0038] In the diagram shown, the P-state P; may corre-
spond to a discrete state with a lowest performance of all the
supported discrete states and comprises the lowest opera-
tional frequency. On the other hand, the P-state P, may cor-
respond to a discrete state with a highest performance of all
the supported discrete states and comprises the highest opera-
tional frequency. In addition, the P-state P, may correspond to
a discrete state with a highest power consumption of all the
supported discrete states and comprises the highest opera-
tional voltage. Typically, the endpoint discrete states repre-
sented by P-states P, and P5 define a region of predictable
performance. Therefore, configuring a processor to support
multiple P-states, or operating points, along the non-linear
frequency versus voltage curve may provide stable, optimal
utilization of power and delivery of performance for the semi-
conductor chip, such as a processor.

[0039] As shown in the diagram, a power target, may be
chosen for the processor, wherein the power target, represents
an initial value for a thermal design power (TDP) of the
processor. A thermal design power (TDP) may represent an
amount of power that a cooling system is able to dissipate
without exceeding the maximum junction temperature for
transistors within the processor. As shown in FIG. 2, the
power target, corresponds to a data point A on the power
versus voltage non-linear curve. Data point A corresponds to
an operating voltage V,. Projecting data point A onto the
non-linear frequency versus voltage curve with respect to the
operating voltage V, provides data point A'. The data point A'
corresponds to an operating frequency F,. The operating
point represented by the combination of the operating voltage
V, and the operating frequency F, may provide an optimal
utilization of power and delivery of performance for the pro-
Ccessor.

[0040] As described above and shown in the diagram, an
operating point for power target, is identified by data point A'.
However, this operating point is not represented by a discrete
P-state onthe power versus frequency curve. The data point A'
is located between the P-states P, and P,. In order to reduce
power consumption, the P-state P, may be chosen as an initial
operating point for the corresponding processor. A corre-
sponding combination of the operating voltage V, and the
operating frequency F, may be the resulting chosen operating
point. An example of supported operating points is provided
in the sample P-state table 210. Pairs of operational frequen-
cies and operational voltages for the discrete P-states P, to P
are shown. The supported P-states shown in the curves and in
the table 210 may correspond to a given processor on the SOC
100. In addition, the supported P-states may correspond to

IPR2026-00066
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other types of chips, such as a FPGA or an ASIC. Each type of
processing unit on the SOC 100 may have unique correspond-
ing supported P-states.

[0041] A given processing unit on the SOC 100 may con-
tinue processing workloads utilizing an initially assigned
P-state until the workload on the SOC 100 significantly
changes, an activity level for the given processing unit
changes, or an activity level of another processing unit on the
SOC 100 changes. In one embodiment, the PMU 170 on the
SOC 100 may detect the occurrence of one of these conditions
and accordingly change a P-state for one or more processing
units on the SOC 100 to increase overall performance, but yet
maintain a TDP limit for the entire SOC 100.

[0042] A “throttle” of a P-state includes decrementing the
currently selected P-state by one P-state to a lower power
consumption P-state. In contrast, a “boost” of a P-state
includes incrementing the currently selected P-state by one
P-state to a higher performance P-state. Throttling the P-state
P, includes transitioning the currently selected P-state P, to
the lower power-performance state P5. A simple illustration
of' boosting and throttling a given P-state, such as the P-state
P, as an example, is shown in FIG. 2. In some embodiments,
each boost operation and each throttle operation may cause a
currently selected P-state to transition by two or more P-states
when the logic supports this added complexity.

[0043] Continuing with the transitions of P-states, after
receiving activity level estimates from the processing units,
the PMU 170 may convey parameters, such as a new P-state,
to the processing units on the SOC 100. In addition, the PMU
170 may indicate one or more relatively inactive processing
units flush their caches. Additional embodiments may also
include powering down some portion (or all) of a cache within
aprocessing unit. Further, the PMU 170 may reduce the width
and the request rate of the relatively inactive processing unit
to the memory. The PMU 170 may gate one or more clocks
and the power of components on a path between the relatively
inactive processing unit and memory. In various embodi-
ments, flushing of caches and adjusting memory bandwidth
may be selectively enabled or disabled so that they are per-
mitted or not permitted to occur.

[0044] Control logic within either the PMU 170 or the SCU
180 may maintain a TDP budget across the multiple process-
ing units on the SOC 100. A processing unit that is relatively
inactive may be allotted fewer power credits than its current
value of allotted credits. Essentially, the relatively inactive
computation unit is donating power credits. Conversely, a
processing unit that is highly active may be allotted more
power credits than its current value of allotted credits. Essen-
tially, the highly active computation unit is receiving the
donated power credits. As used herein, the term “power cred-
its” may also be referred to as “thermal credits”.

[0045] After the PMU 170 redistributes power credits
among the multiple processing units on the SOC 100 based on
received activity level estimates, each of the processing units
may accordingly select a new corresponding P-state. In one
embodiment, the selection may include choosing any one of
a given number of supported discrete P-states. In another
embodiment, the selection may include determining whether
to boost, throttle or maintain a currently selected P-state.
[0046] Turning now to FIG. 3, one embodiment of a method
300 for efficient power and performance management on a
die with multiple processing units is shown. For purposes of
discussion, the steps in this embodiment and subsequent
embodiments of methods described later are shown in
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sequential order. However, some steps may occur in a differ-
ent order than shown, some steps may be performed concur-
rently, some steps may be combined with other steps, and
some steps may be absent in another embodiment.

[0047] Inblock 302, one or more software applications are
being executed on the SOC 100. The SOC 100 may include an
accelerated processing unit (APU) 110 with multiple process-
ing units on a same semiconductor die. Examples of process-
ing units include a general-purpose central processing unit
(CPU), a graphics processing unit (GPU), digital signal pro-
cessing (DSP) cores, field programmable gate arrays (FP-
GAs), application specific integrated circuits (ASICs), and so
forth. In one embodiment, the SCU 180 monitors one or more
of'an activity level, an amount of current drawn, an amount of
switching capacitance, and so forth for each of the processing
units.

[0048] Inone embodiment, the SCU 180 includes a micro-
controller that polls each processing unit at the end of a given
time interval for a measurement indicating a corresponding
activity level. In other embodiments, physical wires are
routed between the SCU 180 and particular portions of a
processing unit. In one example, an updated status of an
instruction retirement pointer may indicate an activity level
during a given time interval for a general-purpose CPU. In
another example, a high utilization of components within a
GPU, such as a number of computation units (CUs) and a
number of parallel pipe stages, may indicate an activity level
for the GPU. Alternatively, estimations for a switching
capacitance or an amount of drawn current may be sent from
the processing units to the SCU 180.

[0049] In one embodiment, the SMU 180 may compare
activity level estimations from the processing units to stored
values. The comparison results may determine whether a
given processing unit has a high, low or moderate activity
level according to given thresholds. In addition, the compari-
son results may indicate which processing units are more
highly utilized than others. A current workload being
executed on the SOC 100 may be more focused toward a
given processing unit. This condition may be determined
from the received activity level estimates and the performed
comparisons. In addition, the operating system (OS) may
have a P-state selection policy based on analysis of code and
upcoming resource utilization. This policy may request a
given one of the processing units operates with a high perfor-
mance P-state. For example, the OS P-state selection policy
may request the CPU 130 operate with the P, P-state.

[0050] Inoneexample, a GPU may indicate to the SCU 180
a high number of CUs executing and a high utilization of a
graphics engine over a given time interval while the GPU
operates at a high GPU P-state. In addition, a CPU may
indicate to the SCU 180 a low activity of its instruction
retirement pointer over a given time interval while the CPU
operates at a low CPU P-state. In such a case, the workload
being executed on the SOC 100 may be determined to be a
GPU-focused workload. In another example, a CPU may
indicate to the SCU 180 a high activity of its instruction
retirement pointer over a given time interval while the CPU
operates at a moderate to a high CPU P-state. Alternatively,
the CPU may indicate to the SCU 180 a relatively high
switching capacitance over the given interval. In addition, a
GPU may indicate to the SCU 180 a low number of CUs
executing and a low utilization of a graphics engine over a
given time interval while the GPU operates at a low GPU
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P-state. In such a case, the workload being executed on the
SOC 100 may be determined to be a CPU-focused workload.
[0051] Ifitis determined a workload is focused toward a
given processing unit (conditional block 304), whether by
analysis of activity level estimates or by requests from an OS
P-state selection policy, then in block 306, a power-perfor-
mance state (P-state) limit may be selected and applied to
other processing units. In one embodiment, the P-state limit is
a configurable parameter. In one embodiment, a processing
unit other than the given processing unit may not be permitted
to operate at a P-state higher in performance than the corre-
sponding P-state limit. Limiting the performance and power
consumption of the other processing units allows, in block
308, the given processing unit with the focused workload to
operate at a higher performance P-state. However, a system
power budget, such as a system TDP limit, is not exceeded
since CPU power consumption has been capped by applying
the P-state limit.

[0052] Inone embodiment, an energy margin accumulator
may track the reallocation of power credits between two or
more processing units, such as the CPU 130 and the GPU 140.
In one embodiment, wherein the SOC 100 includes the CPU
130 and the GPU 140 as processing units, the energy margin
may be calculated at the end of each given time interval as
Energy Margin (i)=Energy Margin (i-1)+(ChipTDPLimit-
CPU Power (1)-GPU Power (i)-borrowed credits), wherein
the index “i” may mark a point-in-time. Here, the variable
Energy Margin is a signed accumulative value. The variable
ChipTDPLimit is the assigned thermal design power, or an
equivalent number of power credits, for the SOC 100.
[0053] Continuing with the calculation for the energy mar-
gin, each of the variables CPU Power and GPU Power may be
a power consumption estimate for a corresponding process-
ing unit. This value may be based on an activity level estimate
as described earlier and converted to power credits or a power
estimate value. Alternatively, this value is an electrical mea-
surement such as an amount of current drawn or an amount of
switching capacitance. Again, this value may be converted to
power credits or a power estimate value.

[0054] The variable “borrowed credits” may be an actual
amount of power credits borrowed by the given processing
unit identified in conditional block 304. An available total
amount of power credits to borrow may be found after each of
the other processing units has a corresponding P-state limit
applied as described above for block 306 of method 300. After
the corresponding P-state limits are applied to the other pro-
cessing units, the energy margin calculation with the “bor-
rowed credits” currently set at zero may yield a positive value.
If the energy margin calculation yields a positive value, then
there are available power credits to donate to the identified
given processing unit. Therefore, the given processing unit
has an amount of power credits to borrow to use to boost its
performance. As described earlier, each of the CPU power
and the GPU power may be estimated at the end of each given
time interval. Additionally, at the end of each longer second
time interval, the energy margin value may be adjusted by a
coefficient. In one embodiment, the coefficient is less than
one, such as one half. The adjustment by the coefficient may
account for the accumulated energy dissipates over time.
Therefore, the relevancy of the accumulated energy is
reduced over time.

[0055] Inblock310, caches associated with other processor
units may be flushed. These caches may store data that may be
shared by the given processing unit. As a result of these
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caches being flushed, during the execution of applications on
the given processing unit, the SCU 180 does not send probes
to the corresponding other processing units. The SCU 180
and the given processing unit do not wait for probe responses
while servicing memory accesses for the given processing
unit. With the other processing units operating in a low per-
formance P-state, any probe response latency may be appre-
ciable. In some embodiments, one or more low performance
P-states for one or more of the other processing units may
include a cache flush as part of its transition. Therefore, these
P-states may be selected when it is determined the workload
is focused on the given processing unit. In one example, one
of'the other processing units may be a CPU. A longer memory
latency for the CPU operating in a low performance P-state
may not appreciably affect its performance, since the CPU
has a low number of committed instructions per a given time
interval.

[0056] In block 312, the memory bandwidth of the other
processing units with a low performance P-state and that
share memory with the given processing unit may be reduced.
For example, the width of memory requests and the rate of
memory requests may be both reduced. In addition, particular
components between these other processing units and the
memory may be clock gates and/or power gated. In block 314,
the memory bandwidth of the given processing unit may be
increased. For example, the rate of memory requests may be
increased. In addition, if multiple queues and/or buses are
available for multiple processing units, a highest priority for
each of these resources may be assigned to the given process-
ing unit.

[0057] When a workload is determined to be focused on a
given processing unit, other qualifications may be used to
determine whether the steps in blocks 310-314 are performed.
The other qualifications may be a time duration for the
focused workload, a number of decoded particular instruc-
tions, increased traffic on a particular bus, and so forth. For
example, when a workload is focused toward a GPU, at times,
the activity level of the CPU may increase. This increased
activity level may be indicated by a high activity ofits instruc-
tion retirement pointer over a given time interval. The CPU
may prepare tasks for the GPU, which causes a short burst of
higher activity for the CPU. The CPU may fill a command
queue with multiple frames, wait for the GPU to complete
processing of the multiple frames, and fill the command
queue again with more frames. During this short burst of
activity, a P-state limit for the CPU may be removed allowing
the CPU to operate at a higher performance P-state. However,
first, a P-state limit may be applied to the GPU in order that
the system TDP limit is not exceeded. Whether memory
bandwidth is prioritized for the CPU during this short burst
may depend on a latency to switch priority back and forth. In
addition, the caches of the GPU may not be flushed during
this short burst, since the GPU is going to process more
frames shortly.

[0058] Returning to whether a currently executing work-
load is focused toward a given processing unit, the received
activity level estimates may not indicate the workload is
focused on any one of the on-die processing units. If it is
determined a workload is not focused toward a given process-
ing unit (conditional block 304), and it is determined an
activity level change is greater than a given threshold (condi-
tional block 316), then in block 318, a respective number of
power credits may be sent from a high performance P-state
processing unit to a low performance P-state processing unit.
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For example, the P-state boost and throttle transitions for
corresponding processing units may be smaller than the tran-
sitions performed in blocks 306-308.

[0059] Turning now to FIG. 4, a generalized block diagram
of one embodiment a power management unit 400 is shown.
The power management unit 400 may directly communicate
with one or more components in the APU 110. For example,
the CPU 130, the GPU 140, and any other available process-
ing unit may communicate with the power management unit
400. In one embodiment, the power management unit (PMU)
400 includes a power table 410. The power table 410 may
include a separate entry for each of the units within the APU
110. In some embodiments wherein the APU 110 includes
other types of processing units, such as a FPGA, an ASIC, and
so forth, other units may be listed in the power table 410.

[0060] In one embodiment, each entry within the power
table 410 may include several fields. An identifier (ID) field
may identify which of the units or groups on the die of the
SOC 100 corresponds to a particular entry. In other embodi-
ments, a given entry position within the power table 410 may
be assigned to a given unit and an ID is not used. Each entry
of the power table 410 may store a current power consumed
value for a corresponding unit. This value may be included in
the updated power reports 402 from each of the CPU 130, the
GPU 140 and so forth. In addition, each entry of the power
table 410 may store a current TDP value assigned to a corre-
sponding unit. This TDP value may be set to an initial TDP
value, which is later updated based on the current power
consumed values. A difference between a total TDP for the
APU 110 and the sum of each one of the stored TDP values in
table 410 may provide the TDP value indicated by the borrow
amount 430. In one embodiment, this value is stored in a
register. In some embodiments, the total TDP forthe APU 110
is less than a total TDP for the SOC 100 due to an assigned
TDP for the PICH 120.

[0061] Again,the TDP is an amount of power that a cooling
system for the SOC 100 can dissipate. To prevent failure, the
SOC 100 typically operates within its TDP value. The TDP
value may be divided and each portion of the total TDP value
may be allocated or assigned to each of the components listed
in the power table 410, such as the CPU 130, the GPU 140 and
other available processing units, and the PICH 120. For
example, the SOC 100 may have a TDP value of 100 watts.
The APU 110 may have an initial TDP value of 75 watts and
the PICH 120 may have an initial TDP value of 25 watts. The
CPU 130 may have an initial TDP value of 45 watts and the
GPU 140 may have an initial TDP value of 30 watts. The
borrow amount 430 may have an initial value of 0 watts. Other
measurement units, such as power credits, normalized units,
or other may be used in place of watts.

[0062] In an example wherein the APU 110 includes the
CPU 130 and the GPU 140, the power management control
circuitry 420 may receive updated power reports 402 from
each of the CPU 130 and the GPU at the end of every given
time interval. The control circuitry 420 may receive both the
updated power reports 402, the table values 412 from the
power table 410 and the current available borrow amount 432
from the register 430. With these inputs, the control circuitry
420 may determine updated values 422 to use to update each
of the power table 410 and the register 430. Additionally, the
updated values 422 may be sent to the respective processing
units. In other embodiments, the respective processing units
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may receive updated values from the power table 410 and the
register 430, rather than from outputs of the control circuitry
420.

[0063] When new activity levels, power values, or both are
reported within the updated power reports 402 to the control
circuitry 420, one or more entries within the power table 410
may be updated. In addition the borrow amount 430 may be
updated. For example, a given field in a given entry may store
acurrent TDP value for the CPU 130. This stored current TDP
value may differ from a corresponding initial TDP value for
the CPU 130. In one embodiment, the energy margin accu-
mulator formula described above may be used to update the
values stored in each of the table 410 and the borrow amount
430.

[0064] In one example, a CPU-focused workload is
detected. At a first point-in-time, the stored TDP value for the
GPU 140 may be updated to 10 watts from the initial 35 watts.
The stored TDP value for the borrow amount 430 may be
updated to 20 watts from the initial O watts. The stored TDP
value for the CPU 130 may remain at 45 watts. The caches for
the GPU 140 may be flushed and its memory bandwidth may
be reduced as described earlier. At a second point-in-time
after the first point-in-time, the CPU 130 may borrow the
available 20 watts indicated by the borrow amount 430. The
stored TDP value for the CPU 130 may be updated to 65 watts
from the initial 45 watts. The stored TDP value for the borrow
amount 430 may be updated to 0 watts from 20 watts. The
stored TDP value for the GPU 140 may remain at 10 watts.
[0065] Continuing with the above example, at a third point-
in-time after the second point-in-time, the activity level for
the GPU 140 may increase, but the workload may not become
GPU-focused. The workload may remain a CPU-focused
workload. Due to the increased activity level, the control
circuitry 420 may determine to reduce the stored TDP value
for the CPU 130 from 65 watts to 55 watts. The control
circuitry 420 may update the borrow amount 430 to store a
TDP value of 10 watts.

[0066] At a fourth point-in-time after the third point-in-
time, the GPU 130 may borrow the available 10 watts indi-
cated by the borrow amount 430. The stored TDP value for the
GPU 140 may be updated to 20 watts from 10 watts. The
stored TDP value for the borrow amount 430 may be updated
to 0 watts from 10 watts. The stored TDP value for the CPU
130 may remain at 55 watts. As the TDP values change for
each of the CPU 130 and the GPU 140, one or more corre-
sponding cores may be enabled or disabled and have an
associated P-state updated. The updated power reports 402
may allow monitored changes within each of the CPU 130
and the GPU 140 to be used for power management and
operating mode adjustments.

[0067] Inone embodiment, the updated power reports 402
include values measured in watts or normalized units con-
verted to watts. In other embodiments, the updated power
reports 402 include values remaining in normalized units. In
yet other embodiments, the updated power reports 402
include measured current drawn values and operational volt-
ages that the control circuitry 420 uses to determine power
usage differences between the respective units. On-die cur-
rent sensors may provide the estimates of drawn currents to
the control circuitry 420 within the PMU 400.

[0068] Turning now to FIG. 5, a generalized block diagram
of one embodiment of an accelerated processing unit (APU)
power management 500 is shown. In one embodiment, the
APU power management 500 includes an APU activity table
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510. The APU activity table 510 may include a separate entry
for each one of the cores within the APU 110, such as the one
or more processor cores within the CPU 130 and the one or
more graphics processor cores within the GPU 140. In some
embodiments wherein the APU 110 includes other types of
units, such as a FPGA, an ASIC, or other, these units may be
listed in the APU activity table 510. The control circuitry 520
may communicate with each of the PMU 170 and each one of
the processing units, such as the CPU 130 and the GPU 140.
In one embodiment, the table 510 and control circuitry 520
may be located in the PMU 170. In other embodiments, the
table 510 and control circuitry 520 is distributed among the
processing units.

[0069] Each entry within the APU activity table 510 may
include several fields. Each entry within the APU activity
table 510 may include an identifier (ID) field. The ID field
may identify which of the cores within the CPU 130 and the
GPU 140 corresponds to a particular entry. In other embodi-
ments, a given entry position within the APU activity table
510 may be assigned to a given unit and an ID is not used.
[0070] Each entry of the APU activity table 510 may
include an activity level for a corresponding core. In some
embodiments, current sensors, or temperature sensors, or a
summation of weighted sampled signals that provide an esti-
mated switching capacitance may provide the activity level.
In other embodiments, an updated status of an instruction
retirement pointer may indicate an activity level during a
given time interval for the CPU 130. For the GPU 140, a high
utilization of included components, such as a number of
computation units (CUs) and a number of parallel pipe stages,
may indicate an activity level.

[0071] Each entry of the APU activity table 510 may
include an enabled/disabled state corresponding to a given
core. Additionally, each entry of the APU activity table 510
may store a current power-performance state (P-state) for a
corresponding core. A given core may support a given num-
ber of discrete P-states as described earlier. Each entry of the
APU activity table 510 may include a current TDP value for
a corresponding core. In some embodiments, a TDP value
allocated for a corresponding one of the CPU 130 or the GPU
140 may be divided and allocated across cores within the unit.
In other embodiments, a TDP value is not maintained at a core
level. Rather, the other values in the entries of the APU activ-
ity table 510 are used to control and manage power consump-
tion at the core level without a core-level TDP value. The TDP
value may be at the processing unit level.

[0072] Inone embodiment, the APU activity table 510 may
send given values, such as an activity level, a P-state, a power
consumption or TDP value, and so forth to the PMU. The
PMU may use this information in the updated power reports
402 described earlier. Following, the PMU may send results
of power management calculations to the APU power man-
agement. The APU activity table may receive values from the
PMU control circuitry and update fields and entries accord-
ingly. For example, the PMU may determine to reduce a TDP
value for the GPU 140. Therefore, one or more GPU cores
may be disabled due to low activity or have a P-state adjusted
to a lower power and performance state. The APU control
circuitry 520 may determine what adjustments to make based
on each of the stored values in the APU activity table 510,
calculated values from the PMU and monitored values within
each of the cores.

[0073] Referring to FIG. 6, a generalized block diagram of
one embodiment of a computing system 600 is shown. Con-
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trol logic and circuitry described above is numbered identi-
cally here. As described earlier, the SOC 100 may include an
accelerated processing unit (APU) 110 and a platform and
input/output (I/O) controller hub 120 on a single semiconduc-
tor die. In some embodiments, the SOC 100 may be included
in a desktop or a server. In other embodiments, the SOC 100
may be included in a tablet, a laptop, a smartphone or another
type of mobile device.

[0074] As shown, the SOC 100 may be connected to a
display 680. Although one display is shown, it is contem-
plated the SOC 100 may be connected to multiple displays. In
some embodiments, the SOC 100 is connected directly to the
display 680. In other embodiments, the SOC 100 may be
connected to the display 680 through a separate video graph-
ics subsystem. The separate video graphics subsystem may be
a video graphics card in a slot on a motherboard, which
includes the SOC 100. In other embodiments, the video
graphics subsystem may be a separate chip within the SOC
100. In yet other embodiments, the combination of the one or
more GPUs within the APU 110 and the interface circuitry
within the platform and I/O controller hub 120 may be used as
a video graphics subsystem. The display 680 may include
television, computer monitors, laptops, tablets, and other
mobile devices.

[0075] One or more of the oft-chip memories, disk memory
662 and DRAM 670 may be used to provide greater data
storage for the SOC 100. Each of these memories may utilize
one or more of the memory bus 650 and the /O controller and
bus 660. Additionally, the SOC 100 may also be connected to
a variety of other /O devices. As shown, the SOC 100 is
connected to the general I/O device 682 via the 1/O controller
and bus 660. The /O device 682 may be one of a variety of
peripheral devices. The power and performance management
utilized on the SOC 100 and described above may be used to
provide a longer battery life for the SOC 100 and for one or
more of the remaining components connected to the SOC 100
within the computing system 600. In addition, this manage-
ment may be used to drive one or more displays, such as
display 680, for a longer period of time while consuming a
same amount of power. Further, the management may main-
tain the temperature of at least the SOC 100 and possibly the
computing system 600 to a given low amount. This lower
amount may be more tolerable or comfortable for the user and
ease the capabilities of a cooling system. In yet another
embodiment, the power manager within the APU 110 may be
toggled on and off, and when toggled on, operate in one of the
many manners described earlier.

[0076] It is noted that the above-described embodiments
may comprise software. In such an embodiment, the program
instructions that implement the methods and/or mechanisms
may be conveyed or stored on a computer readable medium.
Numerous types of media which are configured to store pro-
gram instructions are available and include hard disks, floppy
disks, CD-ROM, DVD, flash memory, Programmable ROMs
(PROM), random access memory (RAM), and various other
forms of volatile or non-volatile storage. Generally speaking,
a computer accessible storage medium may include any stor-
age media accessible by a computer during use to provide
instructions and/or data to the computer. For example, a com-
puter accessible storage medium may include storage media
such as magnetic or optical media, e.g., disk (fixed or remov-
able), tape, CD-ROM, or DVD-ROM, CD-R, CD-RW, DVD-
R, DVD-RW, or Blu-Ray. Storage media may further include
volatile or non-volatile memory media such as RAM (e.g.
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synchronous dynamic RAM (SDRAM), double data rate
(DDR, DDR2, DDR3, etc.) SDRAM, low-power DDR (LP-
DDR2, etc.) SDRAM, Rambus DRAM (RDRAM), static
RAM (SRAM), etc.), ROM, Flash memory, non-volatile
memory (e.g. Flash memory) accessible via a peripheral
interface such as the Universal Serial Bus (USB) interface,
etc. Storage media may include microelectromechanical sys-
tems (MEMS), as well as storage media accessible via a
communication medium such as a network and/or a wireless
link.

[0077] Additionally, program instructions may comprise
behavioral-level description or register-transter level (RTL)
descriptions of the hardware functionality in a high level
programming language such as C, or a design language
(HDL) such as Verilog, VHDL, or database format such as
GDS 11 stream format (GDSII). In some cases the description
may be read by a synthesis tool, which may synthesize the
description to produce a netlist comprising a list of gates from
a synthesis library. The netlist comprises a set of gates, which
also represent the functionality of the hardware comprising
the system. The netlist may then be placed and routed to
produce a data set describing geometric shapes to be applied
to masks. The masks may then be used in various semicon-
ductor fabrication steps to produce a semiconductor circuit or
circuits corresponding to the system. Alternatively, the
instructions on the computer accessible storage medium may
be the netlist (with or without the synthesis library) or the data
set, as desired. Additionally, the instructions may be utilized
for purposes of emulation by a hardware based type emulator
from such vendors as Cadence®, EVE®, and Mentor Graph-
ics®.

[0078] Although the embodiments above have been
described in considerable detail, numerous variations and
modifications will become apparent to those skilled in the art
once the above disclosure is fully appreciated. It is intended
that the following claims be interpreted to embrace all such
variations and modifications.

What is claimed is:

1. A semiconductor chip comprising:

a first processing unit and a second processing unit; and

a power manager;

wherein in response to determining a first activity level for

the first processing unit is above a first threshold and a
second activity level for the second processing unit is
below a second threshold, the power manager is config-
ured to place a limit on a highest power-performance
state (P-state) used by the second processing unit.

2. The semiconductor chip as recited in claim 1, wherein
the second processing unit comprises a cache, wherein the
power manager is further configured to flush the cache within
the second processing unit.

3. The semiconductor chip as recited in claim 2, further
comprising a memory coupled to each of the first processing
unit and the second processing unit, wherein the power man-
ager is further configured to reduce a memory request rate of
the second processing unit to the memory.

4. The semiconductor chip as recited in claim 3, wherein
each of the first processing unit and the second processing
unit is at least one of the following: a general-purpose central
processing unit (CPU), a graphics processing unit (GPU), an
application specific integrated circuit (ASIC), a digital signal
processor (DSP), and a field programmable gate array
(FPGA).
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5. The semiconductor chip as recited in claim 4, wherein at
least one of the first activity level and the second activity level
is a status of an instruction retirement pointer measured over
a time interval.

6. The semiconductor chip as recited in claim 4, wherein at
least one of the first activity level and the second activity level
is a number of utilized computation units in one or more
pipeline stages measured over a time interval.

7. The semiconductor chip as recited in claim 3, wherein
the power manager is further configured to change a P-state
used by the first processing unit to a higher P-state, wherein a
sum of power consumed by the first processing unit at the
higher P-state and the second processing unit at a P-state not
above said limit is below a thermal design power (TDP) ofthe
semiconductor chip.

8. The semiconductor chip as recited in claim 7, wherein
the power manager is further configured to:

compute an accumulated energy margin based on said sum

of power and said TDP, at each of a first time interval;
and

reduce the accumulated energy margin by a given amount,

wherein the given amount corresponds to energy dissi-
pating over time in the semiconductor chip, at each of a
second time interval larger then the first time interval.

9. The semiconductor chip as recited in claim 8, wherein
the semiconductor chip is coupled to each one of a display
device and a battery, wherein the power manager is further
configured to be toggled on and off, wherein in response to the
power manager is toggled on, the power manager causes:

the battery has less power drawn than when the power

manager is toggled off; and

the display device is driven by the semiconductor chip for

a longer period of time than when the power manager is
toggled off.

10. The semiconductor chip as recited in claim 8, wherein
in response to determining the second activity level is above
the second threshold, the power manager is further configured
to:

change a P-state used by the second processing unit to a

higher P-state, wherein said sum of power is below said
TDP; and
allow the second processing unit to store data in the cache.
11. A method comprising:
determining a first activity level for a first processing unit
of an integrated circuit (IC) is above a first threshold, and
a second activity level for a second processing unit in the
IC is below a second threshold; and

placing a limit on a highest power-performance state
(P-state) used by the second processing unit.

12. The method as recited in claim 11, wherein the second
processing unit comprises a cache, further comprising flush-
ing the cache within the second processing unit.

13. The method as recited in claim 12, wherein the IC
further comprises a memory coupled to each of the first pro-
cessing unit and the second processing unit, and wherein the
method further comprises reducing at least one of a memory
width and a memory request rate of the second processing
unit to the memory.

14. The method as recited in claim 13, wherein each of the
first processing unit and the second processing unit is at least
one of the following: a general-purpose central processing
unit (CPU), a graphics processing unit (GPU), an application
specific integrated circuit (ASIC), a digital signal processor
(DSP), and a field programmable gate array (FPGA).

IPR2026-00066
TSMC EX1101 Page 15



US 2013/0151869 Al

15. The method as recited in claim 14, wherein at least one
of'the first activity level and the second activity level is a status
of an instruction retirement pointer measured over a time
interval.

16. The method as recited in claim 13, further comprising
changing a P-state used by the first processing unit to a higher
performance P-state, wherein a sum of power consumed by
the first processing unit at the higher P-state and the second
processing unit at a P-state not above said limit is below a
thermal design power (TDP) of the IC.

17. The method as recited in claim 16, further comprising:

computing an accumulated energy margin based on said

sum of power and said TDP, at each of a first time
interval; and

reducing the accumulated energy margin by a given

amount, wherein the given amount corresponds to
energy dissipating over time in the semiconductor chip,
at each of a second time interval larger then the first time
interval.
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18. A power management unit (PMU) for use in an inte-
grated circuit (IC) comprising:

an interface to each of a first processing unit and a second

processing unit; and

control circuitry configured to in response to determining a

first activity level for the first processing unit is above a
first threshold and a second activity level for the second
processing unit is below a second threshold, place a limit
on a highest power-performance state (P-state) used by
the second processing unit.

19. The PMU as recited in claim 18, wherein the second
processing unit comprises a cache, wherein the control cir-
cuitry is further configured to flush the cache within the
second processing unit.

20. The PMU as recited in claim 17, wherein the control
circuitry is further configured to reduce at least one of a
memory width and a memory request rate of the second
processing unit to a memory.

#* #* #* #* #*
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