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CLOCK CONTROL SCHEMES FOR A GRAPHICS PROCESSING UNIT

BACKGROUND

Computer processing systems generally employ a graphics processing unit (GPU) to
perform graphics operations, such as texture mapping, rendering, vertex translation,
and the like. The performance requirements or specifications for the GPU can vary
depending on the type of associated electronic device. For example, a GPU of a
mobile device has characteristics and requirements that can diverge significantly from
other platforms. Performance, battery life, and thermals are generally important
metrics for mobile device platforms, with better sustained performance and low idle
power consumption being desirable. Clocking of GPU components, in connection
with both frequency and voltage scaling of the GPU components during device

operation, impacts each of these operational aspects of a mobile device.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood, and its numerous features and
advantages made apparent to those skilled in the art by referencing the
accompanying drawings. The use of the same reference symbols in different

drawings indicates similar or identical items.

FIG. 1 is a block diagram illustrating a graphics processing unit (GPU) that includes a
divider for selectively adjusting the frequencies of clock signals used to clock shader
engine modules (SEs) and non-shader-engine modules (nSEs) of the GPU in

accordance with some embodiments.

FIG. 2 is a block diagram illustrating a GPU that includes multiple dividers disposed
at individual tiles of SEs and nSEs of the GPU for selectively adjusting the
frequencies of clock signals used to clock the SEs and nSEs in accordance with

some embodiments.

FIG. 3 is a block diagram illustrating a clock divider usable in the GPUs of FIG. 1 in
accordance with some embodiments.
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FIG. 4 is an illustrative graph depicting an example of a differential between SE
performance counter data and nSE performance counter data over time in

accordance with some embodiments.

FIG. 5 is a flow diagram illustrating a method for adjusting the frequencies of clock
signals used to clock SEs and nSEs based on corresponding performance counter

data in accordance with some embodiments.

DETAILED DESCRIPTION

Processing workloads within a mobile device vary widely, from being shader heavy,
to being memory bound, to being sporadically loaded (i.e., when workload intensity is
changing from being memory intensive to being shader intensive, and vice-versa).
Conventional single/universal clocking schemes in which a single clock signal is used
to clock all components within a system limit device performance across such varied
processing workload states, as these schemes do not allow for clock frequency
differentiation between various system components based on respective workloads.
Using the techniques described herein, variations in processing workload that
disproportionately affect certain groups of device components are accounted for by
providing separate clocking for different groups of components within a GPU, thereby
enabling the frequency of clock signals used to clock a group of components having
a light processing workload to be reduced while the frequency of clock signals used
to clock a group of components having a comparatively heavy processing workload to
be increased or to remain unchanged. By reducing the clocking frequency of
components having lighter workloads, power and thermal efficiencies of the system
that includes the components are improved over those of single/universal clocking

schemes.

Two groups of device components for which unbalanced processing workloads are
typical are the shader engine modules and non-shader-engine modules of a graphics
processing unit (GPU). Herein, a “shader engine module” typically refers to a module
of a GPU that is part of a shader engine and is used to execute specified tasks that
are frequently repeated for the generation and manipulation of graphical objects. In

some embodiments, such tasks include texture mapping, rendering, vertex
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translation, and the like. Herein, the “non-shader-engine modules” of a GPU refer to

circuitry and modules that are not included in the shader engines of the GPU.

For example, shader engine modules of a GPU in a mobile device are more active
than non-shader-engine modules when the GPU is handling a shader-heavy
processing workload. Accordingly, with a universal clocking scheme, increasing the
frequency of the clock signal for the shader engine modules to better handle a
shader-heavy processing workload would also unnecessarily increase the frequency
at which the non-shader-engine modules are clocked, resulting in non-optimal
thermal and power performance. In contrast, by clocking the shader engine modules
and non-shader-engine modules of a GPU with separately controllable clock signals,
the non-shader-engine modules are clocked at a lower frequency during a shader-
heavy processing workload, while the clocking frequency of the shader engine
modules is increased or remains unchanged, resulting in improved thermal and

power performance.

In some embodiments, similar techniques are applied to selectively set the different
clock frequencies for memory bound processing workloads that require significantly
more activity from the non-shader-engine modules than from the shader engine
modules. When implementing a universal clocking scheme, increasing the frequency
of the clock signal for the non-shader-engine modules to better handle a memory-
heavy processing workload (e.g., a processing workload involving significantly more
activity at non-shader-engine memory devices of the GPU than at the shader engine
modules of the GPU) would also unnecessarily increase the frequency at which the
shader-engines are clocked, resulting in non-optimal thermal and power
performance. In contrast, by clocking the shader engine modules and non-shader-
engine modules of a GPU with separately controllable clock signals, the shader-
engine components are clocked at a lower frequency during a memory-heavy
processing workload, while the clocking frequency of the non-shader-engine modules
is increased or remains unchanged, resulting in improved thermal and power

performance.

The GPU employs one or more programmable dividers to set the frequency of each
independently controllable clock signal provided to different groups of components of

the GPU. For example, in some embodiments a divider is interposed between a clock
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source, such as a phase locked loop (PLL), and the shader engine modules and non-
shader-engine modules. Each divider receive a clock signal (sometimes referred to
as an “input clock signal” CLK)from the clock source and outputs first and second
clock signals with independently selectable frequencies, with the first clock signal
being output to the shader engine modules and the second clock signal being output
to the non-shader-engine modules. The divider receives control signals from a
controller that set the frequencies of the first and second clock signals. The controller
selects the values of the control signals based on sets of performance counter data
indicative of the relative workload at the shader engine modules and at the non-
shader-engine modules, respectively. For example, if the performance counter data
indicates a heavier processing workload at the shader engine modules for longer
than a predefined time period, the frequency of the second clock signal is decreased
to reduce the rate at which the non-shader-engine modules are clocked. For
example, if the performance counter data indicates a heavier processing workload at
the non-shader-engine modules for longer than a predefined time period, the
frequency of the first clock signal is decreased to reduce the rate at which the shader
engine modules are clocked. For example, if the performance counter data indicates
that a differential between the processing workloads of the shader engine modules
and the non-shader-engine modules is within a defined range (sometimes referred to
herein as a “guardband”), the first clock signal and the second clock signal are set to

the same frequency (e.g., the frequency of the input clock signal).

FIG. 1 shows an illustrative GPU 100 having different groups of components, shader
engine modules (SEs) and non-shader-engine modules (nSEs), that are clocked with

respectively different configurable clock signals.

In some embodiments, the GPU 100 is included in a processing system that includes
at least one central processing unit (CPU), memory device, and storage device, such
as an embedded system, mobile device, personal computer, server, workstation, or
game console. The GPU 100 is a specialized electronic device that is configured to
perform, at a high frequency, mathematical calculations for the purpose of rendering

images to be displayed at an electronic screen coupled to the processing system.

Because the hardware components within a GPU are designed for the specific

purpose of performing the mathematical calculations required for image rendering,
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GPUs tend to perform graphics processing tasks with greater speed and efficiency
than CPUs, which are generally designed to handle general-purpose calculations. In
a conventional GPU, all components of the system are clocked using a single,
universal clock signal. In one example, a conventional GPU includes a clock source,
a controller, SEs, and nSEs. The controller of the conventional GPU controls the
clock source directly to adjust the frequency of a clock signal output by the clock
source. The clock signal is the only clock signal used to clock both he SEs and the
nSEs of the conventional GPU. The clock signal of the conventional GPU is
distributed to the SEs and the nSEs through an H-tree or mesh clock distribution
network, which ensures that the routing of the clock signal occurs with equal
propagation delay to each component of the SEs and the nSEs, which creates a
synchronous timing relationship between the SEs and nSEs of the conventional
GPU. However, due to the use of a single, universal clock signal to clock both the
SEs and the nSEs, dynamic frequency scaling cannot be performed between the SEs
and the nSEs based on their respective workloads, which creates thermal and power
consumption inefficiencies. In contrast, the GPU 100 includes SEs and nSEs that are
clocked with separately controllable clock signals that are output by a divider, which
allows dynamic frequency scaling to be performed between the SEs and nSEs based
on their respective workloads, which improves thermal efficiency and power
consumption efficiency compared to conventional GPUs with universal clocking

schemes.

The GPU 100 includes a phased lock loop (PLL) module 102, SEs 104, nSEs106, a
controller 108, performance counters 109, a divider 110, and a first-in-first-out (FIFO)
memory module 112. In the GPU 100, all of the SEs 104 are clocked using a first
clock signal CLKA, and all of the nSEs 106 are clocked using a second clock signal
CLKB, such that clock frequency scaling is able to be implemented between the SEs
104 and the nSEs 106. In some embodiments, each of the SEs 104 includes, for
example, a geometry processor, a primitive unit, multiple compute units, rasterizers,
and render output units (ROPs), and an L1 cache. In some embodiments, the nSEs
106 include a command processor, a shader resource arbiter, dispatch controllers,
and memory resources such as an L1 cache, L2 cache, and ring buffer. The FIFO
memory module 112 passes data between the SEs 104 and the nSEs 106. Because
the phase relationship between the SEs 104 and the nSEs 106 is known, the FIFO
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memory module 112 does not need to synchronize data transmission between the
clock domain of the SEs 104 and the clock domain of the nSEs 106, and therefore

does not require a synchronizer.

The PLL module 102 generates and outputs a clock signal CLK having a specified
frequency to an input of the divider 110. The divider 110 that receives the clock signal
CLK and outputs clock signals CLKA and CLKB to clock the SEs 104 and to the
nSEs 106, respectively. The respective frequencies of CLKA and CLKB are set
based on control signals SO and S1 that are output by the controller 108 to the divider
110. The frequencies of CLKA and CLKB are set based on the specified frequency of
the clock signal CLK. For example, in some embodiments, CLKA and CLKB are each
individually set to either the frequency of CLK or the frequency of CLK/2 by the
divider 110, responsive to the control signals SO and S1. In some embodiments, each
control signal SO and S1 carries multiple bits of control data and multiple flip-flops are
included in the divider 110, allowing for one of more than two clock frequencies (e.q.,
CLK, CLK/2, CLK/4, CLK/8, etc.) to be selected for CLKA and CLKB. Thus, the
divider 110 allows the SEs 104 and the nSEs 106 to be selectively clocked with clock

signals of the same frequency or different frequencies.

In some embodiments, the controller 108 is configured to determine the ratio of
frequencies between CLKA and CLKB to be output by the divider 110 based on
respective sets of performance counter data obtained from performance counters
associated with the SEs 104 and the nSEs 106. The controller 108 receives
performance counter data, SEp and nSEp, from performance counters 109 and sets
the values of the control signals SO and S1 based on the performance counter data.
In some embodiments, each performance counter 109 is a register implemented in
hardware or software that stores performance counter data, including performance
counter values corresponding to one or more events that occur in the GPU 100. In
some embodiments, utilization counters, active capacitance (Cac) busy signals, or
streaming performance counters are additionally or alternatively used to identify and
quantify activity occurring in the SEs 104. In one example, a first set of performance
counters coupled to the controller 108 generates and stores first performance counter
data, SEy, indicative of activity in the SEs 104. In some embodiments, the first

performance counter data, SEp, includes or is a sum of performance counter values
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received from the first set of performance counters, and the first set of performance
counters track respective quantities of specific events occurring at the SEs 104. In
some embodiments, the SEs 104 include a ring buffer (RB) and an L1 cache. In
some embodiments, the performance counters and corresponding performance
counter data, SE,, includes or is otherwise indicative of vector and scalar arithmetic
logic unit (ALU) activity, a pixel rate, an L1 cache hit rate, and/or shader memory
access rate. For example, a second set of performance counters coupled to the
controller 108 generates and stores second performance counter data, nSEp,
indicative of activity in one or more of the nSEs 106. In some embodiments, the
second performance counter data, nSEp, includes or is a sum of performance counter
values received from the second set of performance counters, where the second set
of performance counters track respective quantities of specific events occurring at
one or more non-shader components such as a command processor, a shader
resource arbiter, dispatch controllers, and memory resources such as an L2 cache.
In some embodiments, the performance counters and corresponding performance
counter data, nSEp, includes or is otherwise indicative of a vertex rate, a primitive
rate, and/or an L2 cache access rate. The controller 108 calculates a differential,
SEp-nSEp, between the first performance counter data and the second performance
counter data. In some embodiments, rather than using the raw differential, SEp-nSEj,
hysteresis is used to filter the calculated differential values over time in order to avoid
switching clock signals based on transient glitches. The controller 108 periodically
updates (i.e., recalculates) the value of the differential, and selects the values of the
control signals SO and S1 based on the value of the differential over time. For
example, if the controller 108 determines that the differential is within a predefined
range of values between an upper threshold and a lower threshold, referred to herein
as a guardband, the controller 108 selects values of SO and S1 that cause CLKA and
CLKB to have a 1:1 clock ratio (i.e., the frequency of CLKA equals the frequency of
CLKB). In some embodiments, the range of differential values that defines the
guardband is selected based on switching latency or a time required to enforce a
change in clocking frequency. If the controller 108 determines that the differential is
higher than the upper threshold of the guardband for longer than a predefined
continuous time period, generally indicating a shader-heavy workload is being

processed by the GPU 100, the controller 108 selects values of SO and S1 that cause
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CLKA to have a higher frequency than CLKB (e.g., setting the frequency of CLKA to
that of CLK, and the frequency of CLKB to that of CLK/2). In this way, clocking of the
SEs 104 is scaled back (i.e., reduced in frequency) when the workload of the GPU
100 involves comparatively high non-shader-engine (e.g., memory) activity, while
clocking of the nSEs 106 is scaled back (i.e., reduced in frequency) when the
workload of the GPU 100 involves comparatively high shader activity, thereby
reducing power consumption in the GPU 100 compared to implementations in which

a single, universal clock is used for both SEs and nSEs.

In some embodiments, the GPU 100 includes multiple shader engines, each having
respective shader engine modules. In some embodiments, the shader engine
modules included in a given shader engine of the GPU 100 are replicated or cloned
across all shader engines of the GPU. In such embodiments, asymmetric workloads
are able to be assigned to each shader engine, and the clock frequency scaling
methods described herein are applied according to a global scheme, such that the
clock frequencies of the clock signals supplied to the shader engine modules of each
respective shader engine in the GPU 100 are individually selectable. In other
embodiments, the shader engines of the GPU 100 are assigned symmetric workloads
and are all clocked using the same clocking frequency in accordance with the clock

frequency scaling methods described herein.

FIG. 2 shows an illustrative GPU 200 in which clock frequency scaling is
implemented between SEs and the nSEs via dividers that are disposed on each tile
of the SEs and nSEs. The GPU 200 includes a phased lock loop (PLL) module 202,
SEs 204, nSEs 206, a controller 208, performance counters 209, a FIFO memory
module 212, and a clock mesh 214. In some embodiments, each of the SEs 204
includes, for example, a geometry processor, a primitive unit, multiple compute units,
rasterizers, and render output units (ROPs), a ring buffer (RB), and an L1 cache. In
some embodiments, the nSEs 206 include a command processor, a shader resource

arbiter, dispatch controllers, and memory resources such as an L2 cache.

The SEs 204 are implemented on a quantity, N, of tiles 216, where each tile 216
includes a respective divider 210. Here, a “tile” refers to a spatially coherent group of
processing and/or memory elements (e.g., compute units, memory cells, and the

like), where elements of the SEs 204 and the nSEs 206 are partitioned into such tiles
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in the present example. The nSEs 206 are implemented on a quantity, M, of tiles 217,
where each tile 217 includes a respective divider 211. In some embodiments, each of
the dividers 210 and the dividers 211 corresponds to the divider 310 of FIG. 3, but
are modified to include only a single clock signal output and, optionally, to include

additional flip flops for additional selectable clock divisions.

The PLL module 202 generates and outputs a clock signal CLK to an input of the
clock mesh 214. The clock mesh 214 distributes the clock signal CLK to multiple
outputs, each respectively coupled to a clock input of a respective divider 210 or
divider 211. The dividers 210 and 211 each receive the clock signal CLK and that
output a clock signal having a selected frequency, which is selected from frequencies
of CLK, CLK/2, CLK/4, or another desired division of the frequency of CLK, to clock
the SEs 204 and to the nSEs 206 at their corresponding tiles 216 and 217,
respectively. In the present example, all dividers 210 output the same clock signal,
CLKA, while all dividers 211 output the same clock signal CLKB, where CLKA and
CLKB will have the same frequency or different frequencies, depending on the values
of the control signals SO and S1 output by the controller 208. For example, the
frequency CLKA is independently controllable from the frequency of the CLKB. For
example, the clock signal frequency of CLKA is selected based on the control signal
SO0 output by the controller 208 to the dividers 210, and the clock signal frequency for
CLKB is selected based on the control signal S1 output by the controller 208 to the
dividers 211. In some embodiments, each control signal SO and S1 carries multiple
bits of control data and multiple flip-flops are included in the each of the dividers 210
and 211, allowing for one of more than two clock frequencies (e.g., CLK, CLK/2,
CLK/4, CLK/8, etc.) to be selected for clocking the SEs 204 and the nSEs 206. Thus,
the dividers 210 and dividers 211 allow the SEs 204 and the nSEs 206 to be

selectively clocked with clock signals of the same frequency or different frequencies.

In some embodiments, the controller 208 is configured to determine the ratio of
frequencies between CLKA and CLKB to be output by the dividers 210 and dividers
211, respectively, based on respective sets of performance counter data obtained
from performance counters associated with the SEs 204 and the nSEs 206. The
controller 208 receives first performance counter data, SE;, and second performance

counter data, nSEp, from first and second sets of performance counters of the
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performance counters 209 and sets the values of the control signals SO and S1
based on the performance counter data, as described in connection with FIG. 1,
above. The controller 208 calculates a differential, SEp-nSEp, between the first
performance counter data and the second performance counter data. The controller
208 periodically updates (i.e., recalculates) the value of the differential, and selects
the values of the control signals SO and S1 based on the value of the differential over
time. For example, if the controller 208 determines that the differential is within the
predefined guardband, the controller 208 selects values of SO and S1 that cause
CLKA and CLKB to have a 1:1 clock ratio (i.e., the frequency of CLKA equals the
frequency of CLKB). If the controller 208 determines that the differential is higher
than the upper threshold of the guardband for longer than a predefined continuous
time period, generally indicating a shader-heavy workload is being processed by the
GPU 200, the controller 208 selects values of SO and S1 that cause CLKA to have a
higher frequency than CLKB (e.g., setting the frequency of CLKA to that of CLK, and
the frequency of CLKB to that of CLK/2). In this way, clocking of the SEs 204 is
scaled back (i.e., reduced in frequency) when the workload of the GPU 200 involves
comparatively high non-shader-engine (e.g., memory) activity, while clocking of the
nSEs 206 is scaled back (i.e., reduced in frequency) when the workload of the GPU
200 involves comparatively high shader activity, thereby reducing power consumption
in the GPU 200 compared to implementations in which a single, universal clock is
used for both SEs and nSEs. When compared to the GPU 100 of FIG. 1, the GPU
200 will generally having increased latency for clock frequency changes due to the
distance between the dividers 210, 211 and the controller 208, which is offset by the

comparatively lower clock tree divergence of the GPU 200.

FIG. 3 depicts an illustrative block diagram of a divider 310. In some embodiments,
the divider 310 corresponds in whole or in part to one or more of the divider 110 of
FIG. 1, and the dividers 210and 211 of FIG. 2. As illustrated, the divider 310 includes
a delay circuit 322, a flip flop 320, a first multiplexer 324, and a second multiplexer
326. The divider 310 receives a clock signal CLK at a clock input. The clock signal
CLK is then received by the delay circuit 322 and the flip flop 320. The flip flop 320
halves the frequency of the clock signal CLK to produce a clock signal CLK/2. The
delay circuit 322 provides an amount of delay to the clock signal CLK that is equal to

the delay introduced to the clock signal CLK by the flip flop 320 to produce the clock
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signal CLK/2, such that the clock signal CLK output by the delay circuit 322 is
synchronized with the clock signal CLK/2 output by the flip flop 320. The first
multiplexer 324 receives the delayed clock signal CLK, the clock signal CLK/2, and a
control signal SO. The first multiplexer 324 outputs a clock signal CLKA that is a
selected one of the delayed clock signal CLK and the clock signal CLK/2, selected
based on the control signal SO. The second multiplexer 326 receives the delayed
clock signal CLK, the clock signal CLK/2, and a control signal S1. The second
multiplexer 326 outputs a clock signal CLKB that is a selected one of the delayed
clock signal CLK and the clock signal CLK/2, selected based on the control signal S1.
The multiplexers 324 and 326 receive the control signals SO and S1, respectively,
from an external controller. In some embodiments, the external controller

corresponds to either of the controllers 108 and 208 of FIGS. 1 and 2.

FIG. 4 depicts a graph 400 illustrating an example of how the differential 402
between first and second performance counter data, SE,-nSEy, as described above,
changes over time with respect to the upper threshold A and lower threshold B of a
predefined guardband 404. The graph 400 is described with respect to an example
implementation of the GPU 100 of FIG. 1, though it is also applicable to the GPU 200
of FIG. 2.

Beginning at point 406, the controller 108 calculates the differential SE,-nSEp based
on the performance counter data SEp, and nSEy is provided to the controller 108 by
the performance counters 109. In some embodiments, the controller 108 calculates
the differential 402 periodically, such that the calculated value of the differential 402
is regularly updated by the controller 108. In some embodiments, the controller 108
recalculates the differential 402 each time new performance counter data SEp and
nSEp is provided to the controller 108 by the performance counters 109. In the
present example, it is assumed that the frequencies of CLKA and CLKB output by the
divider 110 are equal at point 406.

At point 408, the controller 108 determines that the differential 402 has been less
than the lower threshold B of the guardband 404 for longer than a predefined time
period, indicating that a majority of the workload being handled by the graphics
processing unit 100 is being performed by the nSEs 106 for longer than the

predefined time period. In response to determining that the differential 402 has been
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less than the lower threshold B for longer than a predefined time period, the controller
108 modifies the control signal S1 to decrease the frequency of the clock signal

CLKB, used to clock the nSEs 106, to a lower frequency, such as CLK/2.

At point 410, the controller 108 determines that the differential 402 has crossed
above the lower threshold B, indicating a more balanced workload between the nSEs
106 and the SEs 104. In response to determining that the differential 402 has
crossed above the lower threshold B, the controller 108 modifies the control signal S1
to increase the frequency of the clock signal CLKB to be equal to that of the clock
signal CLKA, used to clock the SEs 104.

At point 412, the controller 108 determines that the differential 402 has crossed
above the upper threshold A of the guardband 404, indicating that the majority of the
workload being handled by the GPU 100 is being performed by the SEs 104.

At point 414, the controller 108 determines that the differential 402 has remained
above the upper threshold A for longer than the predefined time period. In response
to determining that the differential 402 has remained above the upper threshold A of
the guardband 404 for longer than the predefined time period, the controller 108
modifies the control signal SO to decrease the frequency of the clock signal CLKA to

a lower frequency, such as CLK/2.

At point 416, the controller 108 determines that the differential 402 has dropped from
being higher than the upper threshold A to being lower than the lower threshold B,
indicating that the processing workload has shifted suddenly from being primarily
handled by the SEs 104 to being primarily handled by the nSEs 106. In response to
determining that the differential 402 has dropped from being higher than the upper
threshold A to being lower than the lower threshold B, the controller 108 modifies the

control signal SO to increase the frequency of CLKA to match the frequency of CLKB.

At point 418, the controller 108 determines that the differential 402 has remained
below the lower threshold B for more than the predetermined time period. In
response, the controller modifies the control signal S1 to decrease the frequency of
CLKB.
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FIG. 5 depicts an illustrative process flow for a method 500 of selectively modifying
clock signals supplied to SEs and nSEs of a GPU, in accordance with some
embodiments. The method 500 is described with respect to an example

implementation at the GPU 100 of FIG. 1 and its constituent components.

At block 502, a first set of the performance counters 109 generates first performance
counter data, SEp, based on monitored activity in the SEs 104. In some
embodiments, the first performance counter data, SE,, includes or is indicative of
scalar and vector ALU activity, pixel rate, L1 cache hit rate, and/or shader memory

access rate.

At block 504, a second set of the performance counters 109 generates second
performance counter, nSE,, data based on monitored activity in the nSEs 1086. In
some embodiments, the second performance counter data, SEy, includes or is

indicative of a vertex rate, primitive rate, and/or L2 cache access rate.

At block 5086, the controller 108 calculates a differential, SEp-nSE,, between the SE
performance counter data, SEp, and the nSE performance counter data, nSEp. In
some embodiments, SEp is a sum of multiple performance counter values
corresponding to counts for various respectively defined events occurring at the SEs
104 and nSEp is a sum of multiple performance counter values corresponding to
counts for various respectively defined events occurring at the nSEs 106.
Accordingly, the differential, SEp-nSEp, represents a difference in processing
workloads between the SEs 104 and the nSEs 106.

At block 508, the controller 108 determines whether SEp-nSEp has remained below
the lower threshold of a predefined guardband for longer than a predefined threshold
time period. If SEp-nSEp remains below the lower threshold for longer than the
predefined time period, the method 500 proceeds to block 510. If SEp-nSEy is above
the lower threshold or has not remained below the lower threshold for longer than the

predefined time period, the method 500 proceeds to block 512.

At block 510, the controller 108 decreases the frequency of one or more clock signals
provided to the nSEs 106. In some embodiments, in order to decrease the frequency

of the clock signals provided to the nSEs 106, the controller 108 modifies the control
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signal S1 to cause the divider 110 to output a clock signal with a lower frequency. In
some embodiments, such a modification of the clock signal S1 causes the frequency
of the clock signal CLKB output by the divider 110 to change from the frequency of
the clock signal CLK received at the clock signal input of the divider 110 to half of that
frequency (i.e., CLK/2).

At block 512, the controller 108 determines whether SEp-nSEp has remained above
the upper threshold of a predefined guardband for longer than a predefined threshold
time period. If SEp-nSE, remains above the upper threshold for longer than the
predefined time period, the method 500 proceeds to block 514. If SEp-nSEy is below
the upper threshold or has not remained above the upper threshold for longer than
the predefined time period, the method 500 proceeds to block 516. In some
embodiments, the predefined threshold time period associated with the upper
threshold of the guardband is the same as the predefined threshold time period
associated with the lower threshold of the guardband, while in other embodiments

these predefined threshold time periods are different.

At block 514, the controller 108 decreases the frequency of one or more clock signals
provided to the SE components 104. In some embodiments, in order to decrease the
frequency of the clock signals provided to the SE components 104, the controller 108
modifies the control signal SO to cause the divider 110 to output a clock signal with a
lower frequency. In some embodiments, such a modification of the clock signal SO
causes the frequency of the clock signal CLKA output by the divider 110 to change
from the frequency of the clock signal CLK received at the clock signal input of the
divider 110 to half of that frequency (i.e., CLK/2).

At block 516, the controller 108 sets a 1:1 frequency ratio for the clock signals
provided to the SEs 104 and the nSEs 106. In some embodiments, the controller 108
modifies one or both of the control signals SO and S1 to change the frequencies of
the clock signals CLKA and CLKB output by the divider 110 to the SEs 104 and the
nSEs 106, respectively, to be the same frequency. In some embodiments, the
controller 108 modifies the control signals SO and S1 such that the frequencies of
clock signals CLKA and CLKB are equal to the frequency of the clock signal CLK that
is input to the divider 110 by the PLL 102.
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While the method 500 has been described in the context of the GPU 100 of FIG. 1, it
will be understood by a person of ordinary skill that the method 500 is also applicable
to the GPU 200 of FIG. 2.

As disclosed herein, in some embodiments 1 a method includes: independently
adjusting at least one of a first frequency of a first clock signal received by one or
more shader engine modules and a second frequency of a second clock signal
received by one or more non-shader-engine modules of a graphics processing unit
based on a first workload of the one or more shader engine modules and a second
workload of the one or more non-shader-engine modules. In one aspect,
independently adjusting the at least one of the first frequency and the second
frequency is based on first performance counter data indicative of the first workload
and second performance counter data indicative of the second workload, and the
method further includes: calculating a differential between the first performance
counter data and the second performance counter data, wherein independently
adjusting the at least one of the first frequency and the second frequency is
performed based on the differential. In another aspect, the method includes:
determining that the differential is less than a lower threshold of a predefined
guardband for more than a predefined time period, wherein independently adjusting
the at least one of the first frequency and the second frequency includes:
independently adjusting the first frequency of the first clock signal without adjusting

the second frequency of the second clock signal.

In one aspect, the method includes determining that the differential is greater than an
upper threshold of a predefined guardband for more than a predefined time period,
wherein independently adjusting the at least one of the first frequency and the
second frequency includes: independently adjusting the second frequency of the
second clock signal without adjusting the first frequency of the first clock signal. In
another aspect, independently adjusting the at least one of the first frequency and the
second frequency includes: determining that the differential is between an upper
threshold and a lower threshold of a predefined guardband, wherein independently
adjusting the at least one of the first frequency and the second frequency includes:
adjusting the first frequency of the first clock signal to match the second frequency of

the second clock signal. In still another aspect, independently adjusting the at least
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one of the first frequency and the second frequency includes: sending at least one
control signal to a divider; with the divider, sending the first clock signal with the first
frequency to the one or more shader engine modules based on the at least one
control signal; and with the divider, sending the second clock signal with the second
frequency to the one or more non-shader-engine modules based on the at least one
control signal. In yet another aspect, independently adjusting the at least one of the
first frequency and the second frequency includes: sending a first control signal to a
first plurality of dividers; sending a second control signal to a second plurality of
dividers; with the first plurality of dividers, sending the first clock signal with the first
frequency to the one or more shader engine modules based on the first control
signal; and with the second plurality of dividers, sending the second clock signal with
the second frequency to the one or more non-shader-engine modules based on the

second control signal.

In some embodiments, a graphics processing unit (GPU) includes: a divider; a
plurality of shader engine modules coupled to the divider and configured to receive a
first clock signal from the divider; a plurality of non-shader-engine modules coupled to
the divider and configured to receive a second clock signal from the divider; and a
controller configured to output a first control signal and a second control signal to the
divider to selectively control a first frequency of the first clock signal and a second
frequency of the second clock signal based on a first detected workload of the
plurality of shader engine modules and a second detected workload of the plurality of
non-shader-engine modules. In one aspect, the GPU includes: a first plurality of
performance counters configured to generate first performance counter data
indicative of at the first detected workload of the plurality of shader engine modules;
and a second plurality of performance counters configured to generate second
performance counter data indicative of the second detected workload of the plurality

of non-shader-engine modules.

In one aspect, the controller is further configured to: receive the first performance
counter data from the first plurality of performance counters; receive the second

performance counter data from the second plurality of performance counters; and
independently adjust at least one of the first frequency and the second frequency

based on the first performance counter data and the second performance counter
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data. In another aspect, the controller is further configured to: calculate a differential
between the first performance counter data and the second performance counter
data; and independently adjust at least one of the first frequency and the second
frequency based on the differential. In yet another aspect, the controller is further
configured to: determine that the differential is less than a lower threshold of a
predefined guardband for more than a predefined time period; and independently
adjust the first frequency of the first clock signal without adjusting the second
frequency of the second clock signal. In still another aspect, the controller is further
configured to: determine that the differential is greater than an upper threshold of a
predefined guardband for more than a predefined time period; and independently
adjust the second frequency of the second clock signal without adjusting the first
frequency of the first clock signal. In yet another aspect, the controller is further
configured to: determine that the differential is between an upper threshold and a
lower threshold of a predefined guardband; and adjust the first frequency of the first

clock signal to match the second frequency of the second clock signal.

In some embodiments, a graphics processing unit (GPU) includes: a plurality of
dividers; a plurality of shader engine modules configured to receive first clock signals,
each having a first frequency, from a first subset of the plurality of dividers; a plurality
of non-shader-engine modules configured to receive second clock signal signals,
each having a second frequency, from a second subset of the plurality of dividers;
and a controller configured to output a first control signal to the first subset of the
plurality of dividers to selectively control the first frequency of the first clock signals
and to output a second control signal to the second subset of the plurality of dividers
to selectively control the second frequency of the second clock signals based on a
first detected workload of the plurality of shader engine modules and a second
detected workload of the plurality of non-shader-engine modules. In another aspect,
the GPU includes: a first plurality of performance counters configured to generate first
performance counter data indicative of at the first detected workload of the plurality of
shader engine modules; and a second plurality of performance counters configured
to generate second performance counter data indicative of at the second detected

workload of the plurality of non-shader-engine modules.
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In one aspect, the controller is further configured to: receive the first performance
counter data from the first plurality of performance counters; receive the second
performance counter data from the second plurality of performance counters;
calculate a differential between the first performance counter data and the second
performance counter data; and independently adjust at least one of the first
frequency and the second frequency based on the differential. In yet another aspect,
the controller is further configured to: determine that the differential is less than a
lower threshold of a predefined guardband for more than a predefined time period,;
and independently adjust the first frequency without adjusting the second frequency.
In still another aspect, the controller is further configured to: determine that the
differential is greater than an upper threshold of a predefined guardband for more
than a predefined time period; and independently adjust the second frequency
without adjusting the first frequency. In still another aspect, the controller is further
configured to: determine that the differential is between an upper threshold and a
lower threshold of a predefined guardband; and adjust the first frequency to match

the second frequency.

In some embodiments, the apparatus and techniques described above are
implemented in a system including one or more integrated circuit (IC) devices (also
referred to as integrated circuit packages or microchips), such as the GPUs
described above with reference to FIGS. 1 and 2. Electronic design automation
(EDA) and computer-aided design (CAD) software tools may be used in the design
and fabrication of these IC devices. These design tools typically are represented as
one or more software programs. The one or more software programs include code
executable by a computer system to manipulate the computer system to operate on
code representative of circuitry of one or more |IC devices so as to perform at least a
portion of a process to design or adapt a manufacturing system to fabricate the
circuitry. This code can include instructions, data, or a combination of instructions and
data. The software instructions representing a design tool or fabrication tool typically
are stored in a computer readable storage medium accessible to the processing
system. Likewise, the code representative of one or more phases of the design or
fabrication of an IC device may be stored in and accessed from the same computer

readable storage medium or a different computer readable storage medium.
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A computer readable storage medium may include any non-transitory storage
medium, or combination of non-transitory storage media, accessible by a computer
system during use to provide instructions and/or data to the computer system. Such
storage media can include, but is not limited to, optical media (e.g., compact disc
(CD), digital versatile disc (DVD), Blu-Ray disc), magnetic media (e.g., floppy disc,
magnetic tape, or magnetic hard drive), volatile memory (e.g., random access
memory (RAM) or cache), non-volatile memory (e.g., read-only memory (ROM) or
Flash memory), or microelectromechanical systems (MEMS)-based storage media.
The computer readable storage medium may be embedded in the processing system
(e.g., system RAM or ROM), fixedly attached to the processing system (e.g., a
magnetic hard drive), removably attached to the processing system (e.g., an optical
disc or Universal Serial Bus (USB)-based Flash memory), or coupled to the computer

system via a wired or wireless network (e.g., network accessible storage (NAS)).

In some embodiments, certain aspects of the techniques described above may
implemented by one or more processors of a processing system executing

software. The software includes one or more sets of executable instructions stored
or otherwise tangibly embodied on a non-transitory computer readable storage
medium. The software can include the instructions and certain data that, when
executed by the one or more processors, manipulate the one or more processors to
perform one or more aspects of the techniques described above. The non-transitory
computer readable storage medium can include, for example, a magnetic or optical
disk storage device, solid state storage devices such as Flash memory, a cache,
random access memory (RAM) or other non-volatile memory device or devices, and
the like. The executable instructions stored on the non-transitory computer readable
storage medium may be in source code, assembly language code, object code, or
other instruction format that is interpreted or otherwise executable by one or more

processors.

Note that not all of the activities or elements described above in the general
description are required, that a portion of a specific activity or device may not be
required, and that one or more further activities may be performed, or elements
included, in addition to those described. Still further, the order in which activities are

listed are not necessarily the order in which they are performed. Also, the concepts
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have been described with reference to specific embodiments. However, one of
ordinary skill in the art appreciates that various modifications and changes can be
made without departing from the scope of the present disclosure as set forth in the
claims below. Accordingly, the specification and figures are to be regarded in an
illustrative rather than a restrictive sense, and all such modifications are intended to

be included within the scope of the present disclosure.

Benefits, other advantages, and solutions to problems have been described above
with regard to specific embodiments. However, the benefits, advantages, solutions to
problems, and any feature(s) that may cause any benefit, advantage, or solution to
occur or become more pronounced are not to be construed as a critical, required, or
essential feature of any or all the claims. Moreover, the particular embodiments
disclosed above are illustrative only, as the disclosed subject matter may be modified
and practiced in different but equivalent manners apparent to those skilled in the art
having the benefit of the teachings herein. No limitations are intended to the details
of construction or design herein shown, other than as described in the claims below.
It is therefore evident that the particular embodiments disclosed above may be
altered or modified and all such variations are considered within the scope of the
disclosed subject matter. Accordingly, the protection sought herein is as set forth in

the claims below.
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WHAT IS CLAIMED 1S:

1. A method comprising:
independently adjusting at least one of a first frequency of a first clock signal
received by one or more shader engine modules [104] and a second
frequency of a second clock signal received by one or more non-
shader-engine modules [106] of a graphics processing unit [100] based
on a first workload of the one or more shader engine modules and a

second workload of the one or more non-shader-engine modules.

2. The method of claim 1, wherein independently adjusting the at least one of the
first frequency and the second frequency is based on first performance counter
[109] data indicative of the first workload and second performance counter
data indicative of the second workload, the method further comprising:
calculating a differential between the first performance counter data and the
second performance counter data, wherein independently adjusting the
at least one of the first frequency and the second frequency is

performed based on the differential.

3. The method of claim 2, further comprising:
determining that the differential is less than a lower threshold of a predefined
guardband [404] for more than a predefined time period, wherein
independently adjusting the at least one of the first frequency and the
second frequency comprises:
independently adjusting the first frequency of the first clock signal
without adjusting the second frequency of the second clock

signal.

4. The method of claim 2, further comprising:
determining that the differential is greater than an upper threshold of a
predefined guardband [404] for more than a predefined time period,
wherein independently adjusting the at least one of the first frequency

and the second frequency comprises:
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independently adjusting the second frequency of the second clock
signal without adjusting the first frequency of the first clock

signal.

5. The method of claim 2, wherein independently adjusting the at least one of the
first frequency and the second frequency comprises:
determining that the differential is between an upper threshold and a lower
threshold of a predefined guardband [404], wherein independently
adjusting the at least one of the first frequency and the second
frequency comprises:
adjusting the first frequency of the first clock signal to match the second

frequency of the second clock signal.

6. The method of claim 1, wherein independently adjusting the at least one of the

first frequency and the second frequency comprises:

sending at least one control signal to a divider [110];

with the divider, sending the first clock signal with the first frequency to the one
or more shader engine modules based on the at least one control
signal; and

with the divider, sending the second clock signal with the second frequency to
the one or more non-shader-engine modules based on the at least one

control signal.

7. The method of claim 1, wherein independently adjusting the at least one of the

first frequency and the second frequency comprises:

sending a first control signal to a first plurality of dividers [210-1, 210-N];

sending a second control signal to a second plurality of dividers {211-1, 211-
NJ;

with the first plurality of dividers, sending the first clock signal with the first
frequency to the one or more shader engine modules based on the first
control signal; and

with the second plurality of dividers, sending the second clock signal with the
second frequency to the one or more non-shader-engine modules

based on the second control signal.
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A graphics processing unit (GPU) [100] comprising:

a divider [110];

a plurality of shader engine modules [104] coupled to the divider and
configured to receive a first clock signal from the divider,;

a plurality of non-shader-engine modules [106] coupled to the divider and
configured to receive a second clock signal from the divider; and

a controller [108] configured to output a first control signal and a second
control signal to the divider to selectively control a first frequency of the
first clock signal and a second frequency of the second clock signal
based on a first detected workload of the plurality of shader engine
modules and a second detected workload of the plurality of non-shader-

engine modules.

The GPU of claim 8, further comprising:

a first plurality of performance counters [109] configured to generate first
performance counter data indicative of at the first detected workload of
the plurality of shader engine modules; and

a second plurality of performance counters configured to generate second
performance counter data indicative of the second detected workload of

the plurality of non-shader-engine modules.

The GPU of claim 9, wherein the controller is further configured to:

receive the first performance counter data from the first plurality of
performance counters;

receive the second performance counter data from the second plurality of
performance counters; and

independently adjust at least one of the first frequency and the second
frequency based on the first performance counter data and the second

performance counter data.

The GPU of claim 10, wherein the controller is further configured to:
calculate a differential between the first performance counter data and the

second performance counter data; and
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independently adjust at least one of the first frequency and the second

frequency based on the differential.

The GPU of claim 11, wherein the controller is further configured to:
determine that the differential is less than a lower threshold of a predefined
guardband [404] for more than a predefined time period; and

independently adjust the first frequency of the first clock signal without

adjusting the second frequency of the second clock signal.

The GPU of claim 11, wherein the controller is further configured to:

determine that the differential is greater than an upper threshold of a
predefined guardband [404] for more than a predefined time period; and

independently adjust the second frequency of the second clock signal without

adjusting the first frequency of the first clock signal.

The GPU of claim 11, wherein the controller is further configured to:

determine that the differential is between an upper threshold and a lower
threshold of a predefined guardband [404]; and

adjust the first frequency of the first clock signal to match the second

frequency of the second clock signal.

A graphics processing unit (GPU) [100] comprising:

a plurality of dividers [210-1, 210-N, 211-1, 211-N];

a plurality of shader engine modules [104] configured to receive first clock
signals, each having a first frequency, from a first subset of the plurality
of dividers;

a plurality of non-shader-engine modules [106] configured to receive second
clock signal signals, each having a second frequency, from a second
subset of the plurality of dividers; and

a controller [108] configured to output a first control signal to the first subset of
the plurality of dividers to selectively control the first frequency of the
first clock signals and to output a second control signal to the second
subset of the plurality of dividers to selectively control the second

frequency of the second clock signals based on a first detected
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workload of the plurality of shader engine modules and a second

detected workload of the plurality of non-shader-engine modules.

The GPU of claim 15, further comprising:

a first plurality of performance counters [109] configured to generate first
performance counter data indicative of at the first detected workload of
the plurality of shader engine modules; and

a second plurality of performance counters configured to generate second
performance counter data indicative of at the second detected workload

of the plurality of non-shader-engine modules.

The GPU of claim 16, wherein the controller is further configured to:

receive the first performance counter data from the first plurality of
performance counters;

receive the second performance counter data from the second plurality of
performance counters;

calculate a differential between the first performance counter data and the
second performance counter data; and

independently adjust at least one of the first frequency and the second

frequency based on the differential.

The GPU of claim 17, wherein the controller is further configured to:
determine that the differential is less than a lower threshold of a predefined
guardband [404] for more than a predefined time period; and

independently adjust the first frequency without adjusting the second

frequency.

The GPU of claim 17, wherein the controller is further configured to:

determine that the differential is greater than an upper threshold of a
predefined guardband [404] for more than a predefined time period; and

independently adjust the second frequency without adjusting the first

frequency.

The GPU of claim 17, wherein the controller is further configured to:
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determine that the differential is between an upper threshold and a lower
threshold of a predefined guardband [404]; and

adjust the first frequency to match the second frequency.
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