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MACHINE INTELLIGENCE PERFORMANCE
BOOST WITH ENERGY RESERVOIR

BACKGROUND

[0001] Machine intelligence (MI) systems use specially
programmed or configured processors to execute the algo-
rithms or programs for machine learning. For example,
central processing units (CPUs), graphics processing units
(GPUs), and tensor processing units (1PUs), or specialized
programmable hardware or specially-designed application
specific 1ntegrated circuits (ASICs), may be used as MI
processors. Such processors may be configured to accelerate
performance of calculation-intensive algorithms such as
neural networks.

[0002] Often the power supply to such systems supply has
a limit on maximum power that can be delivered, which
forces the system to throttle the operating speed of the MI
processor 1n order to keep the power consumption below the
system’s allocated power limit. There are also frequent
occurrences of situations in which the MI processor uses
only a fraction of the available power, typically when the
processor 1s not performing calculation intensive operations.
These two {frequently-occurring situations present inefli-
ciencies to both the power usage and speed of processing for
an MI processor. In this first situation, the total processing
ability of the processor 1s not used etliciently. In the second,
the total power supply ability of the system power supply 1s
not used ethiciently.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 shows in block diagram form a machine
intelligence system and its power delivery system according
to some embodiments;

[0004] FIG. 2 illustrates in block diagram form an
example energy reservoir controller according to some
embodiments;

[0005] FIG. 3 illustrates a timing diagram of an example
time series depicting power usage during operation accord-
ing to some embodiments;

[0006] FIG. 4 1llustrates in flow diagram form an example
process ol controlling power delivery to a MI processor
according to some embodiments;

[0007] FIG. 5 shows 1n flow diagram form a process for
discharging energy reservoir according to some embodi-
ments;

[0008] FIG. 6 shows 1n flow diagram form a process for
charging an energy reservolr according to some embodi-
ments;

[0009] FIG. 7 shows 1n flow diagram form a process of
analyzing power usage of a MI processor according to some
embodiments.

[0010] In the following description, the use of the same
reference numerals 1n different drawings indicates similar or
identical items. Unless otherwise noted, the word “coupled”
and its associated verb forms include both direct connection
and 1ndirect electrical connection by means known in the art,
and unless otherwise noted any description of direct con-
nection implies alternate embodiments using suitable forms
ol indirect electrical connection as well.
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DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0011] As will be described below 1n one form, a circuit 1s
provided, that 1s adapted to receive power from a power
supply. The circuit includes a machine intelligence (MI)
pProcessor, an energy reservoir, power switching circuitry
adapted to be coupled to the power supply, the energy
reservolr, and to power delivery circuitry of the MI proces-
sor, and control circuitry operable to direct the power
switching circuitry to charge the energy reservoir from the
power supply or discharge the energy reservoir to the MI
processor based on MI state information obtained from the
MI processor.

[0012] As will also be described below, 1n another form, a
method of power control includes receiving state informa-
tion from an integrated circuit configured to perform
machine intelligence (MI) operations. From the state infor-
mation, the method determines a first condition exists in the
integrated circuit, and in response directs power from a
power supply to an energy reservoir. The method, also from
the state information, determines that a second condition
exists 1n the integrated circuit, and in response directs power
from the energy reservoir to the integrated circuait.

[0013] As will further be described below, 1n still another
form, a system 1s provided adapted to receive power from a
power supply. The system includes a semiconductor device
configured for operating a machine intelligence (MI) pro-
cessor, and including power terminals adapted to be coupled
to positive and negative terminals of the power supply. An
energy reservoir 1s adapted to be coupled to the power
supply positive and negative terminals and the power ter-
minals of the semiconductor device. An energy reservoir
controller coupled to the power supply, the energy reservoir,
and to power delivery circuitry of the semiconductor device,
the energy reservoir controller operable to direct power to
charge the energy reservoir from the power supply or
discharge the energy reservoir to the semiconductor device
based on state information associated with the semiconduc-
tor device.

[0014] FIG. 1 1llustrates 1n block diagram form a machine
intelligence system 100 and its power delivery system.
System 100 includes a machine intelligence (MI) processor
110 connected to receive power from power supply 102
through power delivery circuitry 104. MI processor 110
includes at least one semiconductor chip configured for
operating a machine intelligence (MI) processor, and may be
implemented as a monolithic semiconductor chip, a multi-
chip module, or a group of interconnected chips or modules.
MI processor 110 includes power terminals adapted to be
coupled to positive and negative terminals of the power
supply 102.

[0015] Power supply 102 may be any suitable power
supply 1ncluding a point-of-load power supply, a module-
level, or a board-level power supply. Power delivery cir-
cuitry 104 may include power conditioning circuitry, a
point-of-load supply or converter, smoothing capacitors,
decoupling capacitors, or other suitable known power deliv-
ery circuitry. Power delivery circuit 104 may provide volt-
age boost or buck capability for the voltage delivered to MI
processor 110. Power delivery circuitry 104 may be imple-
mented board level circuitry, package level circuitry, or
on-chip power conditioning circuitry.

[0016] An energy reservoir controller 120 1s connected to
the power supply positive and negative terminals, and con-
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nected to positive and negative terminals of an energy
reservoir 130. Energy reservoir controller 120 1s further
connected to signaling terminals of MI processor 110, or to
a suitable signaling bus, for sending and receiving data and
instructions. Energy reservoir controller 120 1s connected to
power delivery circuitry 104 of MI processor 110 and 1s
generally operable to direct power to charge energy reservoir
130 from power supply 102 or discharge energy reservoir
130 to deliver power to power delivery circuitry 104 for
supplying MI processor 110 with additional power beyond
that delivered by power supply 102. Such charging or
discharging 1s controlled based on based on state informa-
tion associated with MI processor 110 as further discussed
below. Energy reservoir 130 may be implemented as capaci-
tor, a group ol capacitors, a battery, an inductor, or other
suitable element for storing electrical energy. Energy reser-
voir 130 may be a separate element on the system’s board or
module, or may be integrated with energy reservoir control-

ler 120.

[0017] MI processor 110 may include special purpose MI
processing circuits, programmable hardware, or processors
such as a graphics processing unit (GPU) programmed for
MI applications. MI processor 110 in the depicted embodi-
ment includes a massively parallel single instruction mul-
tiple data (SIMD) computation engine programmed to oper-
ate a neural network or other MI application. A memory 112
1s connected to MI processor 110 and holds data for pro-
cessing by MI processor 110. In this version, memory 112
holds MI kernels for loading and execution by MI processor
110°s SIMD computation engine. In other embodiments,
memory 112 may include other suitable executable code of
for MI applications.

[0018] FIG. 2 illustrates in block diagram form an
example energy reservoir controller 120. In this embodi-
ment, energy reservoir controller 120 includes power
switching circuitry 122 adapted to be coupled to the power
supply 102, the energy reservoir 130, and to power delivery
circuitry 104 of the MI processor 110. Power switching
circuitry 122 includes suitable power transistors or switches.
In some embodiments, power switching circuitry 122 may
also 1nclude boost or buck power converter circuitry in order
to maintain a desired output voltage during the discharge
cycle. Energy reservoir controller 120 also includes control
circuitry 124 operable to direct the power switching circuitry
122 to charge energy reservoir 130 from power supply 102,
or to discharge energy reservoir 130 to supply MI processor
110 based on MI state information obtained from MI pro-
cessor 110. Energy reservoir controller 120 may be imple-
mented separately 1n a single mixed-signal semiconductor
chip, or 1n multiple devices such as a digital controller chip
and one or more analog power switching devices. Energy
reservolr controller 120 may also be configured to supply
power from energy reservoir 130 to other system devices,
such as memory 112. Controller circuitry 124 1s typically
includes a small microprocessor, digital logic, or program-
mable logic configured to perform control functions as
further described below. In other embodiments, control
circuitry 124 may be part of a chip or module implementing
MI processor 110. In operation, the state information 1s
recerved through data I/O circuits 126, and passed to control
circuitry 124 which execute the control functions.

[0019] FIG. 3 illustrates in chart form an example time
series 300 depicting power usage during operation according
to some embodiments. Time series 300 depicts several
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power usage states that will be further discussed below, with
the vertical axis showing power consumption of MI proces-
sor 110. A power limit 302 shows the power level normally
allocated to MI processor 110 by power supply 102. Power
limit 302 might be, on present day systems as an example,
250 watts, 300 watts, or 400 watts. This 1s merely an
example and as MI processors increase in scale and com-
plexity such limits will go up for certain applications. For
other applications, such limits may be lower as more efli-
cient processors are developed. Low power states 310 depict
power usage ol MI processor 110 1n low power consumption
states. Generally low power states and high power states
refer to power consumption of the MI processor while
operating, and not to defined power management states of a
processor such as C-state (1dle) and P-state, although an i1dle
state may be employed 1n recognizing a low power state.
Both the depicted low power states 310 and high power state
320 may occur with MI processor 110 1n an operating state
such as the traditional P-state. Transition 304 shows a
transition from a low power state 310 to a high power state
320. High power state 320 as shown depicts the effects of
throttling the performance of MI calculation circuitry within
MI processor 110 1n order to maintain power usage within
the power limit 302. In this example, which shows power
consumption of a GPU configured for MI processing accord-
ing to the techniques herein, the time scale depicted 1s about
9 ms along the horizontal axis. Typically, the power states
may range in length from micro-seconds to milliseconds. An
extra power state 330 shows example power usage when
energy reservoir 130 1s being discharged to supplement the
power supplied by power supply 102. The amount of addi-
tional power 1s typically set by designers as further
described below, considering the thermal limits and process-

ing needs, 1n order to increase speed of MI processor 110
when performing intense MI calculations.

[0020] FIG. 4 illustrates in flow diagram form an example
process 400 of controlling power delivery to a MI processor
according to some embodiments. Process 400 1s typically
controlled by an embodiment of energy reservoir controller
120, however this relationship 1s not limiting, and other
suitable circuitry may perform process 400. Generally, it 1s
noted that while process 400 includes process blocks
depicted 1n a certain order, process 400 may be implemented
with the process blocks designed to execute asynchronously,
such as with event driven programming or with program-
mable hardware blocks dedicated to selected functions. As
such, the depicted order 1s not limiting.

[0021] As depicted at process block 402, process 400
receives state information 401 regarding the MI processor
110. State information 401 may include such imformation as
power usage data of MI processor 110, the status or state of
digital circuitry or operations 1n MI processor 110, or the
memory access status of the MI processor 110, as further
discussed with regard to FIG. § and FIG. 6. State informa-
tion 401 may be received directly or indirectly from MI
processor 110, or may be received from other circuitry
associated with MI processor 110 or power supply 102, such
as power usage monitoring circuitry, for example. State
information 401 may also be produced by process 400 based
on other information received or measurements taken
regarding MI processor 110. At process block 404, process
400 may analyze state information 401 to recognize a power
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usage pattern of MI processor 110 based on the state
information. An example process for such analysis 1s shown

in FIG. 7.

[0022] Based on the received state information 401, pro-
cess 400 at block 406 determines 11 the MI processor power
usage 1s currently sustaining below its maximum power
usage. Low power state 310 of FIG. 3 1s an example of such
a state. If a low power state 1s detected at block 406, process
400 directs power from power supply 102 to energy reser-
voir 130 as shown at process block 407. When implemented
with the energy reservoir controller 120 of FIG. 2, for
example, this block includes turning ON switches to direct
the power supply voltage to energy reservoir 130. Preferably
such a charging state lasts until the low power state changes
or the reservoir 1s charged to capacity. Block 407 may
include causing the voltage supplied by power delivery
circuitry 104 to MI processor 110 to be reduced.

[0023] If process 400 determines that the MI processor 1s
in a high power usage state, such as a state 1n which 1t 1s
currently being throttled, and could benefit from power
above the power supply maximum, or 1s already drawing
such power, process 400 goes to block 409 where directs
energy to discharge from energy reservoir 130 to MI pro-
cessor 110. This discharge supplies a total power to MI
processor 110 above the maximum power of power supply
102. Process block 409 may include sending instructions to
power throttling circuitry of MI processor 110 to increase
the upper threshold of power consumption allowed to pro-
vide a high power draw condition such as that depicted in
extra power state 330 of FIG. 3. Block 409 may include
causing power delivery circuitry 104 to boost the voltage
supplied to MI processor 110. Again, the state reached at
block 409 pretferably lasts until the power demand state of
MI processor 110 changes, or until energy reservoir 130 1s
discharged sufliciently that it cannot supply the additional
power. While discharging energy reservoir 130 to supply
power to MI processor 110 1s shown, energy reservoir 130
may also be discharged to supply other parts of the system
such as memory 112.

[0024] If process 400 determines that the MI processor
power usage 1s currently in a neutral state at block 410,
process 400 goes to block 411 where i1t disconnects the
energy reservoir, neither charging nor discharging. Such a
neutral state may be defined differently for different appli-
cations, but generally includes a steady power demand at MI
processor 110 at or near the power supply maximum, and
may 1nclude other conditions such as determiming that
energy reservoir 130 1s fully charged or determining that MI
processor 110 1s 1n a designated state. The loop from block
410 back to state information 401 indicates that process 400
continues to monitor state information 401, typically with
event driven logic such that detecting the designated con-
ditions changes the charging state of energy reservoir 130.

[0025] FIG. S shows in flow diagram form a process 500
for discharging energy reservoir 130. Process 500 receives
state information indicating that MI processor 110 1s enter-
ing an MI calculation phase at block 502. For example, state
information 401 may include an indicator that a kernel of MI
processor 110 1s mvoked to operate a neural network, or
otherwise that neural network simulation circuitry has
entered a calculation phase as opposed to a data load phase.
State information 401 may include an indicator of a number
of processor kernels invoked to operate the neural network.
State information 401 may include information indicating
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whether circuitry implementing neural network calculations
1s operating, or, more generally, information indicating that
MI calculation circuitry of MI processor 110 1s entering an
active phase. State information 401 may include information
that MI calculation circuitry 1s being throttled or otherwise
limited o avoid using more than an allocated amount of
power. As another example, state information 401 may
include an indicator that the semiconductor device 1s loading
data from memory 112 to inputs of a neural network.

[0026] In response to block 502, process block 504 dis-
charges energy reservoir 130 to supply power to MI pro-
cessor 110. In the embodiment of FIG. 1, block 504 1s
implemented by energy reservoir controller 120 configuring
power switching circuitry 122. At process block 506, pro-
cess 500 increases the clock speed of MI processor 110. In
some embodiments, block 506 may be controlled by energy
reservoir controller 120 signaling MI processor 110, or may
be controlled by circuits or software within MI processor
110. Process block 506 may also include increasing the
supply voltage level of MI processor 110. Such voltage
increase may be provided by voltage buck circuitry 1n power
switching circuitry 122, or voltage buck circuitry in power
delivery circuitry 104. At process block 508, MI processor
110 consumes power greater than the maximum power
normally provided to MI processor 110 by power supply
102. Such a maximum may represent the total maximum
output of power supply 102, or may represent the maximum
power allocated by power supply 102 for MI processor 110,
for example 1n embodiments in which power supply 102
also supplies other circuitry. An example of the increased
power consumption at block 508 1s depicted 1n FIG. 3, at the
extra power state 330, where the power consumption 1is
increased by about 25% about the depicted power limit 302.
This example 1s not limiting, any suitable additional above
the supply maximum may be provided, such as 10%, 20%,
30%, 40%, or 50%, for example. The additional power 1is
typically set by designers, considering the thermal limits and
processing needs, 1n order to increase speed of MI processor
110 when performing intense MI calculations. As can be
seen 1 the example of FIG. 3, the power consumption
during extra power state 330 1s also throttled, but at a higher
level, which may be set at block 506 by adjusting the power
throttling settings of the MI processor. Therefore, 1t should
be noted that increased voltage and clock frequency are not
necessarily required to achieve the higher power consump-
tion at block 508. That 1s, generally when MI processor 110
consumes more power, 1s either running faster at higher
frequency clocks, which typically requires higher voltage, or
it 1s running at the same clock frequencies but more com-
ponents of the circuits are imvolved (for example 1nstead of
10 out of 32 compute units, an increase to 20 out of 32
compute units may be running, with the clock frequency
unchanged). Therefore, while FIG. 5 and FIG. 6 include
changing the clock speed of MI processor 110, other
embodiments may not include changing the clock speed.

[0027] FIG. 6 shows 1n flow diagram form a process 600
for charging energy reservoir 130. Process 600 receives state
information indicating that MI processor 110 1s entering an
MI data load phase at block 602. This phase typically
includes loading data from memory for analysis by MI
processor 110. While a data load phase 1s shown, other
operating conditions of MI processor 110 may trigger the
energy reservolr 130 charging state. For example, a standby
phase or other conditions that generally include power
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consumption lower than the maximum power provided by
power supply 102 to MI processor 110 may also be recog-
nized by process 600 at block 602. In response, process
block 604 charges energy reservoir 130 from power supply
102. As with the discharging process of FIG. 4, block 604
may be implemented by configuring power switching cir-
cuitry 122. At process block 606, process 600 decreases the
clock speed of MI processor 110. The supply voltage may
also be altered at block 606, if so 1t 1s typically lowered from
an 1increased supply voltage set at block 506. Then, at
process block 608, process 600 includes operating the MI
processor 110 with it consuming less power than the maxi-
mum power normally provided to MI processor 110 by
power supply 102.

[0028] FIG. 7 shows in flow diagram form a process 700
of analyzing power usage of MI processor 110 according to
some embodiments. The depicted process 700 may be
employed to configure an energy reservoir controller 130 1n
some embodiments. As with the other flow diagrams herein,
the depicted order 1s an example and 1s not limiting. Some
of all of the depicted process blocks may be performed, for
example, to 1implement process block 404 of FIG. 4. At
process block 702, process 700 begins analyzing power
usage of MI processor 110. At block 704, process 700
detects periods of low power requirements by MI processor
110. Block 704 may include gathering power consumption
data over time, such as the example data depicted in FIG. 3,
and gathering state information of MI processor 110 accom-
panying the power consumption data. As part of block 704,
process 700 operates to recognize a power usage pattern of
the MI processor based on the state information. Preferably
block 704 detects periods of power requirements signifi-
cantly below a capacity of the power supply allocated to MI
processor 110. Preferably the periods analyzed are bounded
by state changes of MI processor 110, such as, for example,
the transition from accessing memory and loading data to
analyzing the loaded data. This 1s not limiting, however, and
the periods may be determined by other methods, for
example based only on power usage data over time. A
transition of power consumption or a short term average of
power consumption, up or down through a determined
threshold may form the boundaries of the periods, for
example. Examples of such transitions are shown in FIG. 3,
with transition 304 exemplifying an upward transition from
a low power state to a high power state, and transition 306
exemplifying a transition from a high power state to a low
power state. Such a threshold may be set by designers or
determined by process 700, such as, for example, by rec-
ogmzing periods with different sustained levels or ranges of
power usage and setting the threshold between the levels or
ranges. As such, what 1s meant by “significantly below the
capacity” may vary based on application. In some versions,
this may be 40% below or 50% below capacity, while in
others 1t may mean 20% or 25% below, for example. In the
example of FIG. 3, the low power state 310 has an upper
bound about 30% below the depicted maximum capacity
305, and generally averages out to about 50% below capac-

1ty.

[0029] At process block 706, process 700 configures
energy reservolr controller 120 with state information con-
troller to 1dentity a first condition indicating low power
consumption. This block may store the state information 401

necessary to identity the low power state, power threshold
levels, or other suitable configuration information. At pro-
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cess block 708, process 700 detects periods of high power
requirements by MI processor 110. Such detection proceeds
similarly to that of block 704, detecting periods of power
usage at or near the capacity of the power supply 102. At
block 710, process 700 configures energy reservoir control-
ler 120 with state information to identify a second condition
indicating high power consumption by MI processor 110.

[0030] The techmiques herein may be used, in various
embodiments, with any suitable products (e.g. machine
learning, i1mage analysis, neural networks, autonomous
vehicles) that use dedicated MI processors. Further, the
techniques are broadly applicable for use MI processors

implemented with GPU and CPU architectures or ASIC
architectures, as well as programmable logic architectures.

[0031] While particular embodiments have been
described, various modifications to these embodiments will
be apparent to those skilled in the art. For example, the
front-end controllers and memory channel controllers may
be 1ntegrated with the memory stacks in various forms of
multi-chip modules or vertically constructed semiconductor
circuitry. Diflerent types of error detection and error correc-
tion coding may be employed.

[0032] Accordingly, it 1s intended by the appended claims
to cover all modifications of the disclosed embodiments that
fall within the scope of the disclosed embodiments.

What 1s claimed 1s:

1. A circuit adapted to receive power from a power supply,
the circuit comprising;:

and a machine 1ntelligence (MI) processor;

an energy reservoir;

power switching circuitry adapted to be coupled to the
power supply, the energy reservoir, and to power deliv-
ery circuitry of the MI processor; and

control circuitry operable to direct the power switching
circuitry to charge the energy reservoir from the power
supply or discharge the energy reservoir to the MI
processor based on MI state information obtained from
the MI processor.

2. The power controller circuit of claim 1, 1n which the MI
state information comprises information indicating whether
a kernel implementing a neural network layer 1s active.

3. The power controller circuit of claim 1, 1n which the MI
state information comprises information indicating whether
circuitry implementing neural network calculations 1s oper-
ating.

4. The power controller circuit of claim 1, in which the MI
state information comprises information indicating whether

the MI processor 1s loading data from memory to mputs of
a neural network.

5. The power controller circuit of claim 1, in which the
control circuitry 1s further operable to signal the MI proces-
sor to 1ncrease a clock rate of MI calculation circuitry.

6. The power controller circuit of claim 1, in which the MI
processor 1s 1implemented as a monolithic semiconductor
chip.

7. A method comprising;

recerving state information from an integrated circuit

configured to perform machine intelligence (MI) opera-
tions;

from the state information, determining a first condition

exists 1n the integrated circuit, and 1n response directing
power from a power supply to an energy reservoir; and
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from the state information, determining a second condi-
tion exists in the integrated circuit, and 1n response
directing power from the energy reservoir to the inte-
grated circuit.

8. The method of claim 7, 1n which the state information
includes information indicating whether a processor kernel
1s 1nvoked to operate a neural network.

9. The method of claim 8, which the state information
includes an indicator of a number of processor kernels
invoked to operate the neural network.

10. The method of claim 7, 1n which the integrated circuit
includes a massively parallel single mstruction multiple data
(SIMD) computation engine programmed to operate a neural
network.

11. The method of claim 7, in which the state information
comprises information indicating whether the integrated
circuit 1s loading data from memory to inputs of a neural
network.

12. The method of claim 7, in which the state information
comprises information indicating that MI calculation cir-
cuitry of the integrated circuit 1s entering an active phase.

13. The method of claim 7, further comprising:

detecting periods of power requirements significantly

below a capacity of the power supply;

in response, configuring state information for an energy

reservoir controller to identify the first condition;
detecting periods of power usage at or near the capacity
of the power supply; and

in response, configuring state information for the energy

reservoir controller to 1dentily the second condition.

14. The method of claim 7, further comprising directing
power from the energy reservoir to an additional integrated
circuit.

15. A system adapted to receive power from a power
supply, the system comprising:
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a semiconductor device configured for operating a
machine intelligence (MI) processor, and including
power terminals adapted to be coupled to positive and
negative terminals of the power supply;

an energy reservoir 1s adapted to be coupled to the power
supply positive and negative terminals and the power
terminals of the semiconductor device; and

an energy reservolr controller 1s adapted to be coupled to
the power supply, the energy reservoir, and to power
delivery circuitry of the semiconductor device, the
energy reservoir controller operable to direct power to
charge the energy reservoir from the power supply or
discharge the energy reservoir to the semiconductor
device based on state information associated with the
semiconductor device.

16. The system of claim 15, in which the state information
comprises an indicator that a kernel of the semiconductor
device 1s invoked to operate a neural network.

17. The system of claim 15, in which the state information
comprises an indicator that the semiconductor device 1is
loading data from memory to inputs of a neural network.

18. The system of claim 15, 1n which the semiconductor
device 1s adapted to use more power than a maximum power
of the power supply when the energy reservoir 1s discharged
to the semiconductor device.

19. The system of claim 15, in which the energy reservoir
controller 1s further operable to recognize a power usage

pattern of the semiconductor device based on the state
information.

20. The system of claim 15, 1n which the semiconductor
device includes a massively parallel single 1nstruction mul-
tiple data (SIMD) computation engine programmed to oper-
ate a neural network.
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