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(54) LOW POWER COMPUTATIONAL IMAGING

(57) The present application discloses a computing
device (100) that can provide a low-power, highly capable
computing platform for computational imaging. The com-
puting device can include one or more processing units,
for example one or more vector processors (102) and
one or more hardware accelerators (104), an intelligent

memory fabric (106), a peripheral device (108), and a
power management module (110). The computing de-
vice can communicate with external devices, such as one
or more image sensors, an accelerometer, a gyroscope,
or any other suitable sensor devices.
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Description

Cross-reference to related application

[0001] This application claims benefit of the earlier pri-
ority date of U.S. Patent Application No. 14/458,014, en-
titled "LOW POWER COMPUTATIONAL IMAGING,"
filed on August 12, 2014, which claims priority to U.S.
Provisional Patent Application No. 62/030,913, entitled
"LOW POWER COMPUTATIONAL IMAGING COM-
PUTING DEVICE," filed on July 30, 2014, and to U.S.
Patent Application No. 14/082,396, entitled "APPARA-
TUS, SYSTEMS, AND METHODS FOR PROVIDING
COMPUTATIONAL IMAGING PIPELINE," filed on No-
vember 18, 2013, which claims priority to the Romanian
Patent Application OSIM Registratura A/00812, entitled
"APPARATUS, SYSTEMS, AND METHODS FOR PRO-
VIDING CONFIGURABLE AND COMPOSABLE COM-
PUTATIONAL IMAGING PIPELINE," filed on November
6, 2013, and to the U.K. Patent Application No.
GB1314263.3, entitled "CONFIGURABLE AND COM-
POSABLE COMPUTATIONAL IMAGING PIPELINE,"
filed on August 8, 2013. This application also claims ben-
efit of the earlier priority date of U.S. Patent Application
No. 14/458,052, entitled "APPARATUS, SYSTEMS,
AND METHODS FOR LOW POWER COMPUTATION-
AL IMAGING," filed on August 12, 2014, which claims
priority to U.S. Provisional Patent Application No.
62/030,913, entitled "LOW POWER COMPUTATIONAL
IMAGING COMPUTING DEVICE," filed on July 30, 2014,
and to U.S. Patent Application No. 14/082,396, entitled
"APPARATUS, SYSTEMS, AND METHODS FOR PRO-
VIDING COMPUTATIONAL IMAGING PIPELINE," filed
on November 18, 2013, which claims priority to the Ro-
manian Patent Application OSIM Registratura A/00812,
entitled "APPARATUS, SYSTEMS, AND METHODS
FOR PROVIDING CONFIGURABLE AND COMPOSA-
BLE COMPUTATIONAL IMAGING PIPELINE," filed on
November 6, 2013, and to the U.K. Patent Application
No. GB1314263.3, entitled "CONFIGURABLE AND
COMPOSABLE COMPUTATIONAL IMAGING PIPE-
LINE," filed on August 8, 2013. Each one of the applica-
tions is hereby incorporated by reference herein in its
entirety.

Field of the application

[0002] The present application relates generally to pro-
viding a low power computational imaging computing de-
vice.

Background

[0003] Computational imaging is a new imaging para-
digm that is capable of providing unprecedented user-
experience and information based on images and videos.
For example, computational imaging can process imag-
es and/or videos to provide a depth map of a scene, pro-

vide a panoramic view of a scene, extract faces from
images and/or videos, extract text, features, and meta-
data from images and/or videos, and even provide auto-
mated visual awareness capabilities based on object and
scene recognition features.
[0004] While computational imaging can provide inter-
esting capabilities, it has not been widely adopted. The
slow adoption of computational imaging can be attributed
to the fact that computational imaging comes with fun-
damental data processing challenges. Oftentimes, im-
age resolution and video frame rates are high. Therefore,
computational imaging generally requires hundreds of
gigaflops of computational resources, which may be dif-
ficult to obtain using regular computer processors, espe-
cially where that performance has to be sustainable and
backed up by high memory bandwidth at low power dis-
sipation. Furthermore, computational imaging is gener-
ally sensitive to latency. Because users are unlikely to
wait several minutes for a camera to recognize an object,
computational imaging cameras are generally designed
to process images and videos quickly, which further bur-
dens the computational requirement of computational im-
aging.
[0005] Unfortunately, it is difficult to implement com-
putational imaging techniques in customized hardware.
As the field of computational imaging is in its relative in-
fancy, implementation techniques are in constant flux.
Therefore, it is difficult to customize computational imag-
ing entirely in hardware as changes to implementation
techniques would require redesigning the entire hard-
ware. Accordingly, it is generally desirable to provide a
flexible hardware architecture and a flexible hardware
infrastructure.
[0006] At the same time, the demand for such video
and image processing is coming to a large extent from
portable electronic devices, for example tablet comput-
ers and mobile devices, where power consumption is a
key consideration. As a result, there is a general need
for a flexible computational imaging infrastructure that
can operate even under a constrained power budget.

Summary

[0007] In accordance with the disclosed subject mat-
ter, systems and methods are provided for providing low
power computational imaging.
[0008] Disclosed subject matter includes a computing
device. The computing device can include a plurality of
vector processors, wherein one of the plurality of vector
processors is configured to execute an instruction that
operates on a first array of values. The computing device
can also include a hardware accelerator configured to
perform a filtering operation on a second array of values.
The computing device can also include a memory fabric
comprising a plurality of memory slices and an intercon-
nect system having a first interface and a second inter-
face, wherein the first interface is configured to couple
the plurality of vector processors to the plurality of mem-
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ory slices and wherein the second interface is configured
to couple the hardware accelerator to the plurality of
memory slices. In addition, the computing device can in-
clude a host processor configured to cause the memory
fabric to provide the first array of values to the one of the
plurality of vector processors via the first interface and
to provide the second array of values to the hardware
accelerator via the second interface, thereby enabling
the one of the plurality of vector processors to process
the first array of values in accordance with the instruction
and enabling the hardware accelerator to process the
second array of values in accordance with the filtering
operation.
[0009] In some embodiments, the computing device
can include a plurality of power islands each comprising
at least one power domain, wherein a first of the plurality
of power islands is coupled to a first supply voltage to
provide the first supply voltage to one of the plurality of
vector processors, and wherein a second of the plurality
of power islands is coupled to a second supply voltage
to provide the second supply voltage to the hardware
accelerator.
[0010] In some embodiments, the computing device
can include a power management module configured to
provide an enable signal to a switch that couples the first
of the plurality of power islands to the first supply voltage,
thereby placing the one of the plurality of vector proces-
sors into an active mode.
[0011] In some embodiments, the one of the plurality
of vector processors can comprise a logic circuit region
for processing the first array of values and local memory
for storing at least a subset of the first array of values,
and the power management module can be configured
to cause the first supply voltage to be provided to the
logic circuit region and to cause a third supply voltage to
be provided to the local memory to control a power con-
sumption of the logic circuit region and the local memory
independently.
[0012] In some embodiments, the power management
module can be configured to turn off the switch to dis-
connect the first of the plurality of power islands from the
first supply voltage, thereby placing the one of the plu-
rality of vector processors into a low-power mode.
[0013] In some embodiments, the power management
module can comprise a valid signal generator configured
to generate a valid signal, indicating a time instance at
which circuit blocks in the first of the plurality of power
islands are ready to process input data, wherein the valid
signal generator comprises a daisy chain of switches that
provides the first supply voltage to the circuit blocks in
the first of the plurality of power islands.
[0014] In some embodiments, the computing device
can include a peripheral device coupled to a plurality of
input / output (I/O) pins, wherein the peripheral device is
configured to provide a communication channel between
at least one of the plurality of vector processors and an
external device.
[0015] In some embodiments, the peripheral device

can be within a power island that is always powered on.
[0016] In some embodiments, the peripheral device
can be configured to monitor signals from the external
device to detect an event to which one of the plurality of
vector processors should respond to, and when the pe-
ripheral device detects the event, cause the power man-
agement module to place the one of the plurality of vector
processors into the active mode.
[0017] In some embodiments, the peripheral device
can comprise an emulation module that is configured to
cause the peripheral device to emulate a functionality of
a plurality of standard protocol interfaces via a common
set of the I/O pins.
[0018] In some embodiments, the peripheral device
can be coupled to a differential pair of I/O pins, and the
peripheral device is configured to change a polarity of
the differential pair based on a polarity control signal.
[0019] In some embodiments, the differential pair of
I/O pins can comprise a differential pair of Mobile Industry
Processor Interface (MIPI) lanes.
[0020] In some embodiments, the peripheral device
can comprise a bypass buffer that is configured to per-
form a bypass between an input I/O pin and an output
I/O pin, thereby providing a communication channel be-
tween the input I/O pin and the output I/O pin without
placing the one of the vector processors in an active
mode.
[0021] Disclosed subject matter includes a method.
The method can include providing a memory fabric com-
prising a plurality of memory slices and an interconnect
system having a first interface and a second interface.
The method can also include coupling, using the first in-
terface, the plurality of memory slices and a plurality of
vector processors, and coupling, using the second inter-
face, the plurality of memory slices and a hardware ac-
celerator. The method can further include providing, by
the memory fabric, a first array of values to one of the
plurality of vector processors via the first interface and
providing a second array of values to the hardware ac-
celerator via the second interface, executing, at the one
of a plurality of vector processors, an instruction that op-
erates on the first array of values, and performing, by the
hardware accelerator, a filtering operation on the second
array of values.
[0022] In some embodiments, the method can include
providing a first supply voltage to one of the plurality of
vector processors, and providing a second supply volt-
age to the hardware accelerator, wherein the one of the
plurality of vector processors and the hardware acceler-
ator are associated with a first power island and a second
power island, respectively.
[0023] In some embodiments, the method can include
providing, by a power management module, an enable
signal to a switch that couples the first power island to
the first supply voltage, thereby placing the one of the
plurality of vector processors into an active mode.
[0024] In some embodiments, the method can include
generating a valid signal, indicating a time instance at
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which circuit blocks in the first power island are ready to
process input data, using a daisy chain of switches that
provides the first supply voltage to the circuit blocks in
the one of the plurality of vector processors .
[0025] In some embodiments, the method can include
providing a peripheral device coupled to a plurality of
input / output (I/O) pins, wherein the peripheral device is
associated with a power island that is always powered on.
[0026] In some embodiments, the method can include
monitoring signals from an external device to detect an
event to which the one of the plurality of vector processors
should respond to, and causing the power management
module to place the one of the plurality of vector proces-
sors into the active mode.
[0027] In some embodiments, the method can include
emulating, by the peripheral device, a functionality of a
plurality of standard protocol interfaces via a common
set of the I/O pins.
[0028] In some embodiments, the peripheral device is
coupled to a differential pair of I/O pins, and the method
further comprises changing a polarity of the differential
pair based on a polarity control signal.
[0029] In some embodiments, the method can include
performing a bypass between an input I/O pin and an
output I/O pin using a bypass buffer, thereby providing a
communication channel between the input I/O pin and
the output I/O pin without placing the one of the vector
processors in an active mode.
[0030] Disclosed subject matter includes an electronic
device. The electronic device can include a plurality of
vector processors, wherein one of the plurality of vector
processors is configured to execute an instruction that
operates on a first array of values. The electronic device
can also include a hardware accelerator comprising a
programmable datapath pipeline that is programmed us-
ing configuration information received from a software
module, wherein the programmable datapath pipeline is
configured to perform a filtering operation on a second
array of values in accordance with the configuration in-
formation. The electronic device can also include a mem-
ory fabric comprising a plurality of memory slices. The
electronic device can further include
a host processor configured to cause the memory fabric
to provide the first array of values to the one of the plurality
of vector processors and to provide the second array of
values to the hardware accelerator, thereby enabling the
one of the plurality of vector processors to process the
first array of values in accordance with the instruction
and enabling the hardware accelerator to process the
second array of values in accordance with the configu-
ration information.
[0031] In some embodiments, the hardware accelera-
tor can include an output buffer for receiving a scan-line
of an image processed by the programmable datapath
pipeline, and a pipeline stall controller configured to stall
an operation of the programmable datapath pipeline
when the output buffer is full.
[0032] In some embodiments, the hardware accelera-

tor can include a plurality of functional units that are
chained together to perform the filtering operation.
[0033] In some embodiments, an order in which the
plurality of functional units is chained together is deter-
mined using the configuration information received from
the software module.
[0034] In some embodiments, an output of a first of the
plurality of functional units is provided to a buffer in a
memory fabric, and an input of a second of the plurality
of functional units is received from the buffer.
[0035] In some embodiments, the hardware accelera-
tor can include a depth map client that is configured to
receive depth information that is indicative of a depth of
an object represented by a pixel in the scan-line of the
image.
[0036] In some embodiments, the hardware accelera-
tor can include a depth map module that is configured to
process the depth information to match a resolution of
the depth information to a resolution of the scan-line of
the image.
[0037] In some embodiments, the depth map module
is configured to time-synchronize the depth information
to the scan-line of the image.
[0038] In some embodiments, the memory fabric can
include a mutual-exclusion (mutex) controller that is con-
figured to monitor a status of an exclusive access request
requesting an exclusive access to a shared resource by
one of the vector processors, and when the one of the
vector processors receives an exclusive access to the
shared resource, send an acknowledgement message
to the one of the vector processors, indicating that the
one of the vector processors has the exclusive access
to the shared resource.
[0039] In some embodiments, the memory fabric can
include a plurality of buffers, wherein a first of the plurality
of buffers is associated with a first of the vector proces-
sors, and wherein a second of the vector processors is
configured to send data to the first of the vector processor
by storing the data in the first of the plurality of buffers.
[0040] In some embodiments, the memory fabric can
be configured to dynamically modify a capacity of the first
of the plurality of buffers based on an amount of data
transferred to the first of the vector processors.
[0041] In some embodiments, the memory fabric can
be configured to dynamically associate two or more of
the plurality of buffers to the first of the vector processors
based on an amount of data transferred to the first of the
vector processors.
[0042] In some embodiments, the plurality of buffers
can be a part of one of the plurality of memory slices in
the memory fabric.
[0043] In some embodiments, the memory fabric can
be configured to store state information of one of the vec-
tor processors when the one of the vector processors
enters a low-power mode.
[0044] In some embodiments, the state information is
stored in a static random access memory in the memory
fabric.
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[0045] In some embodiments, the memory fabric can
include a direct memory access (DMA) controller, where-
in the DMA controller comprises an operation list indicat-
ing an order in which DMA operations are to be per-
formed.
[0046] In some embodiments, the DMA controller can
be configured to perform a subset of the DMA operations
in the operation list based on an enable buffer, wherein
the enable buffer includes a plurality of bits, wherein one
of the plurality of bits is associated with one of the DMA
operations, and a value of the one of the plurality of bits
is indicative of whether the one of the DMA operations
is to be performed by the DMA controller.
[0047] Disclosed subject matter includes a method.
The method can include providing, by a memory fabric
comprising a plurality of memory slices, a first array of
values to one of a plurality of vector processors. The
method can also include providing, by the memory fabric,
a second array of values to a hardware accelerator com-
prising a programmable datapath pipeline, executing, by
one of the plurality of vector processors, an instruction
that operates on the first array of values, configuring the
datapath pipeline in the hardware accelerator using con-
figuration information, and
performing, using the datapath pipeline in the hardware
accelerator, a filtering operation on the second array of
values in accordance with the configuration information.
[0048] In some embodiments, the method can include
receiving, at an output buffer, a scan-line of an image
processed by the programmable datapath pipeline; and
stalling, by a pipeline stall controller, an operation of the
programmable datapath pipeline when the output buffer
is full.
[0049] In some embodiments, the hardware accelera-
tor comprises a plurality of functional units, and the meth-
od includes chaining the plurality of functional units in
accordance with the configuration information to perform
the filtering operation.
[0050] In some embodiments, the plurality of functional
units comprises a first functional unit and a second func-
tional unit, and wherein chaining the plurality of functional
units comprises an output of the first functional unit to an
input of the second functional unit.
[0051] In some embodiments, the method can include
receiving depth information that is indicative of a depth
of an object represented by a pixel in the scan-line of the
image; and synchronizing the depth information to the
scan-line of the image.
[0052] In some embodiments, the method can include
monitoring, by a memory controller in the memory fabric,
a status of an exclusive access request requesting an
exclusive access to a shared resource by one of the vec-
tor processors, and when the one of the vector proces-
sors receives an exclusive access to the shared re-
source, sending an acknowledgement message to the
one of the vector processors, indicating that the one of
the vector processors has the exclusive access to the
shared resource.

[0053] In some embodiments, the memory fabric can
include a plurality of buffers, wherein a first of the plurality
of buffers is associated with a first of the vector proces-
sors, and the method further comprises sending, by a
second of the vector processors, data to the first of the
vector processor by storing the data in the first of the
plurality of buffers.
[0054] In some embodiments, the method can include
dynamically modifying a capacity of the first of the plu-
rality of buffers based on an amount of data transferred
to the first of the vector processors.
[0055] In some embodiments, the method can include
dynamically associating two or more of the plurality of
buffers to the first of the vector processors based on an
amount of data transferred to the first of the vector proc-
essors.
[0056] In some embodiments, the method can include
storing state information of one of the vector processors
in the memory fabric when the one of the vector proces-
sors enters a low-power mode.
[0057] In some embodiments, the state information is
stored in a static random access memory in the memory
fabric.
[0058] In some embodiments, the method can include
maintaining, at a direct memory access (DMA) controller,
an operation list indicating an order in which DMA oper-
ations are to be performed.
[0059] In some embodiments, the method can include
performing a subset of the DMA operations in the oper-
ation list based on an enable buffer, wherein the enable
buffer includes a plurality of bits, wherein one of the plu-
rality of bits is associated with one of the DMA operations,
and a value of the one of the plurality of bits is indicative
of whether the one of the DMA operations is to be per-
formed by the DMA controller.

Description of Drawings

[0060] Various objects, features, and advantages of
the disclosed subject matter can be more fully appreci-
ated with reference to the following detailed description
of the disclosed subject matter when considered in con-
nection with the following drawings, in which like refer-
ence numerals identify like elements. The accompanying
figures are schematic and are not intended to be drawn
to scale. For purposes of clarity, not every component is
labeled in every figure. Nor is every component of each
embodiment of the disclosed subject matter shown
where illustration is not necessary to allow those of ordi-
nary skill in the art to understand the disclosed subject
matter.

FIG. 1 provides a high level illustration of a computing
device in accordance with some embodiments.

FIG. 2 illustrates a detailed illustration of a computing
device in accordance with some embodiments.
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FIG. 3 illustrates a hardware accelerator in accord-
ance with some embodiments.

FIG. 4 illustrates a hardware accelerator that can
adapt a filtering operation based on depth informa-
tion in accordance with some embodiments.

FIG. 5 illustrates a hardware accelerator.

FIG. 6 illustrates a hardware accelerator based on
generic functions in accordance with some embod-
iments.

FIG. 7 illustrates a hardware accelerator that in-
cludes a first-in-first-out (FIFO) buffer for communi-
cation between image signal processing (ISP) func-
tion modules in accordance with some embodi-
ments.

FIG. 8 illustrates power supply gating of a power is-
land in accordance with some embodiments.

FIG. 9 illustrates a valid signal generator in accord-
ance with some embodiments.

FIG. 10 illustrates an event signal monitoring mech-
anism in accordance with some embodiments.

FIG. 11 shows a software defined interface in ac-
cordance with some embodiments.

FIG. 12 shows a detailed implementation of a soft-
ware defined interface in accordance with some em-
bodiments.

FIG. 13 illustrates an event processor in accordance
with some embodiments.

FIG. 14 illustrates an event filter in an event proces-
sor in accordance with some embodiments.

FIG. 15 shows a bypass mode of a peripheral device
in accordance with some embodiments.

FIG. 16 shows a programmable Mobile Industry
Processor Interface (MIPI) interface in accordance
with some embodiments.

FIG. 17 illustrates an application of a polarity reversal
mechanism for an input/output interface in accord-
ance with some embodiments.

FIG. 18 illustrates a memory fabric having a hard-
ware-based mutual exclusion (mutex) controller in
accordance with some embodiments.

FIG. 19 illustrates a dynamic assignment of buffers
in accordance with some embodiments.

FIG. 20 illustrates a power management mechanism
that provides different voltages to logic circuits mem-
ory devices in accordance with some embodiments.

FIG. 21 illustrates a direct memory access (DMA)
engine that implements a buffer-based DMA data
structure enable mechanism in accordance with
some embodiments.

FIG. 22 illustrates an electronic device that includes
the computing device in accordance with some em-
bodiments.

Detailed Description

[0061] In the following description, numerous specific
details are set forth regarding the systems and methods
of the disclosed subject matter and the environment in
which such systems and methods may operate, etc., in
order to provide a thorough understanding of the dis-
closed subject matter. It will be apparent to one skilled
in the art, however, that the disclosed subject matter may
be practiced without such specific details, and that certain
features, which are well known in the art, are not de-
scribed in detail in order to avoid complication of the dis-
closed subject matter. In addition, it will be understood
that the examples provided below are exemplary, and
that it is contemplated that there are other systems and
methods that are within the scope of the disclosed subject
matter.
[0062] Computational imaging can transform the ways
in which machines capture and interact with the physical
world. For example, via computational imaging, ma-
chines can capture images that were extremely difficult
to capture using traditional imaging techniques. As an-
other example, via computational imaging, machines can
understand their surroundings and react in accordance
with their surroundings.
[0063] One of the challenges in bringing computational
imaging to a mass market is that computational imaging
is inherently computationally expensive. Computational
imaging often uses a large number of images at a high
resolution and/or a large number of videos with a high
frame rate. Therefore, computational imaging often
needs the support of powerful computing platforms. Fur-
thermore, because computational imaging is often used
in mobile settings, for example, using a smart phone or
a tablet computer, computational imaging often needs
the support of powerful computing platforms that can op-
erate at a low power budget.
[0064] The present application discloses a computing
device that can provide a low-power, highly capable com-
puting platform for computational imaging. FIG. 1 pro-
vides a high level illustration of a computing device in
accordance with some embodiments. The computing de-
vice 100 can include one or more processing units, for
example one or more vector processors 102 and one or
more hardware accelerators 104, an intelligent memory
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fabric 106, a peripheral device 108, and a power man-
agement module 110.
[0065] The one or more vector processors 102 in-
cludes a central processing unit (CPU) that implements
an instruction set containing instructions that operate on
an array of data called vectors. More particularly, the one
or more vector processors 102 can be configured to per-
form generic arithmetic operations on a large volume of
data simultaneously. In some embodiments, the one or
more vector processors 102 can include a single instruc-
tion multiple data, very long instruction word (SIMD-
VLIW) processor. In some embodiments, the one or more
vector processors 102 can be designed to execute in-
structions associated with computer vision and imaging
applications.
[0066] The one or more hardware accelerators 104 in-
cludes computer hardware that performs some functions
faster than is possible in software running on a more gen-
eral-purpose CPU. Examples of a hardware accelerator
in non-vision applications include a blitting acceleration
module in graphics processing units (GPUs) that is con-
figured to combine several bitmaps into one using a raster
operator.
[0067] In some embodiments, the one or more hard-
ware accelerators 104 can provide a configurable infra-
structure that is tailored to image processing and com-
puter vision applications. The hardware accelerators 104
can be considered to include generic wrapper hardware
for accelerating image processing and computer vision
operations surrounding an application-specific computa-
tional core. For example, a hardware accelerator 104 can
include a dedicated filtering module for performing image
filtering operations. The filtering module can be config-
ured to operate a customized filter kernel across an im-
age in an efficient manner. In some embodiments, the
hardware accelerator 104 can output one fully computed
output pixel per clock cycle.
[0068] The intelligent memory fabric 106 can be con-
figured to provide a low power memory system with small
latency. Because images and videos include a large
amount of data, providing a high-speed interface be-
tween memory and processing units is important. In
some embodiments, the intelligent memory fabric 106
can include, for example, 64 blocks of memory, each of
which can include a 64-bit interface. In such embodi-
ments, the memory fabric 106 operating at 600MHz, for
example, is capable of transferring data at 307.2GB/sec.
In other embodiments, the intelligent memory fabric 106
can include any other number of blocks of memory, each
of which can include any number of interfaces implement-
ing one or more interface protocols.
[0069] The peripheral device 108 can be configured to
provide a communication channel for sending and re-
ceiving data bits to and from external devices, such as
an image sensor and an accelerometer. The peripheral
device 108 can provide a communication mechanism for
the vector processors 102, the hardware accelerators
104, and the memory fabric 106 to communicate with

external devices.
[0070] The power management module 110 can be
configured to control activities of designated blocks within
the computing device 100. More particularly, the power
management module 110 can be configured to control
the power supply voltage of designated blocks, also re-
ferred to as power islands, within the computing device
100. For example, when the power management module
110 enables a power supply of a power island, the com-
puting device 100 can be triggered to provide an appro-
priate power supply voltage to the power island. In some
embodiments, each power island can include an inde-
pendent power domain. Therefore, the power supply of
power islands can be controlled independently. In some
embodiments, the power management module 110 can
also be configured to control activities of power islands
externally attached to the computing device 100 via one
or more of input/output pins in the computing device 100.
[0071] FIG. 2 illustrates a detailed illustration of a com-
puting device in accordance with some embodiments.
The computing device 100 can include a plurality of vec-
tor processors 102. In this illustration, the computing de-
vice 100 includes 12 vector processors 102. The vector
processors 102 can communicate with one another via
the inter-processor interconnect (IPI) 202. The vector
processors 102 can also communicate with other com-
ponents in the computing device 100, including the mem-
ory fabric 106 and/or hardware accelerators 104, via the
IPI 202 and the Accelerator Memory Controller (AMC)
crossbar 204 or a memory-mapped processor bus 208.
[0072] In some embodiments, the one or more vector
processors 102 can be designed to execute a proprietary
instruction set. The proprietary instruction set can include
a proprietary instruction. The proprietary instruction can
be a variable length binary string that includes an instruc-
tion header and one or more unit instructions. The in-
struction header can include information on the instruc-
tion length and the active units for the associated propri-
etary instruction; the unit instruction can be a variable
length binary string that includes a number of fields that
are either fixed or variable. The fields in the unit instruc-
tion can include an opcode that identifies the instruction
and an operand that specifies the value use in the unit
instruction execution.
[0073] Details of the vector processors 102 are provid-
ed in U.S. Patent Application No. TBD, entitled
" VECTOR PROCESSOR," identified by an Attorney
Docket No. 2209599.127US1, filed on an even date here-
with, which is herein incorporated by reference in its en-
tirety.
[0074] The computing device 100 can include hard-
ware accelerators 104. The hardware accelerators 104
can include a variety of accelerator modules that are con-
figured to perform predefined processing functions. In
some embodiments, a predefined processing function
can include a filtering operation. For example, the hard-
ware accelerators 104 can include a raw image process-
ing module, a lens shading correction (LSC) module, a
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bayer pattern demosaicing module, a sharpen filter mod-
ule, a polyphase scaler module, a Harris corner detection
module, a color combination module, a luma channel de-
noise module, a chroma channel denoise module, a me-
dian filter module, a look-up table, a convolution module,
an edge detection module, and/or any other suitable
module or combination of modules. The hardware accel-
erators 104 can be configured to retrieve and store data
in memory devices residing in the memory fabric 106.
[0075] The memory fabric 106 can include a central
memory system that coordinates memory operations
within the computing device 100. The memory fabric 106
can be designed to reduce unnecessary data transfer
between processing units, such as vector processors 102
and hardware accelerators 104. The memory fabric 106
is constructed to allow a plurality of processing units to
access, in parallel, data and program code memory with-
out stalling. Additionally, the memory fabric 106 can
make provision for a host processor to access the mem-
ory system in the memory fabric 106 via a parallel bus
such as the Advanced eXtensible Interface (AXI) or any
other suitable bus 208.
[0076] In some embodiments, a processing unit can
read/write up to 128-bits per cycle through its load-store
unit (LSU) ports and read up to 128 bit program code per
cycle through its instruction port. In addition to IPI 202
and AMC 204 interfaces for processors 102 and hard-
ware accelerators 104, respectively, the memory fabric
106 can provide simultaneous read/write access to a
memory system through the Advanced Microcontroller
Bus Architecture (AMBA) High-performance Bus (AHB)
and AXI bus interfaces. The AHB and AXI are standard
parallel interface buses which allow processing units, a
memory system, and a peripheral device to be connected
using a shared bus infrastructure. Any other suitable bus-
es can be used. In some embodiments, the memory fab-
ric 106 can be configured to handle a peak of 18 x 128-
bit memory accesses per clock cycle. In other embodi-
ments, the memory fabric 106 can be designed to handle
any number of memory accesses per clock cycle using
a high-speed interface with a large number of bits.
[0077] A memory system in the memory fabric 106 can
include a plurality of memory slices, each memory slice
being associated with one of the vector processors 102
and giving preferential access to that processor over oth-
er vector processors 102. Each memory slice can include
a plurality of Random Access Memory (RAM) tiles, where
each RAM tile can include a read port and a write port.
In some cases, each memory slice may be provided with
a memory slice controller for providing access to a related
memory slice.
[0078] The processors and the RAM tiles can be cou-
pled to one another via a bus, also referred to as an IPI
202. In some cases, the IPI 202 can couple any of the
vector processors 202 with any of the memory slices in
the memory fabric 106. Suitably, each RAM tile can in-
clude a tile control logic block for granting access to the
tile. The tile control logic block is sometimes referred to

as tile control logic or an arbitration block.
[0079] In some embodiments, each memory slice can
include a plurality of RAM tiles or physical RAM blocks.
For instance, a memory slice having the size of 128kB
can include four 32kB single-ported RAM tiles (e.g., phys-
ical RAM elements) organized as 4k x 32-bit words. As
another instance, a memory slice having a size of 256kB
can include eight 32kB single-ported RAM tiles (e.g.,
physical RAM elements) organized as 8k x 32-bit words.
In some embodiments, the memory slice can have a ca-
pacity as low as 16kB and as high as 16MB. In other
embodiments, the memory slice can be configured to
have as much capacity as needed to accommodate a
variety of applications handled by the computing device.
[0080] In some embodiments, a RAM tile can include
a single ported complementary metal-oxide-semicon-
ductor (CMOS) RAM. The advantage of a single ported
CMOS RAM is that it is generally available in most sem-
iconductor processes. In other embodiments, a RAM tile
can include a multi-ported CMOS RAM. In some embod-
iments, each RAM tile can be 16-bit wide, 32-bit wide,
64-bit wide, 128-bit wide, or can be as wide as needed
by the particular application of the computing device.
[0081] The use of single-ported memory devices can
increase the power and area efficiency of the memory
subsystem but can limit the bandwidth of the memory
system. In some embodiments, the memory fabric 106
can be designed to allow these memory devices to be-
have as a virtual multi-ported memory subsystem capa-
ble of servicing multiple simultaneous read and write re-
quests from multiple sources (processors and hardware
blocks). This can be achieved by using multiple physical
RAM instances and providing arbitrated access to them
to service multiple sources.
[0082] In some embodiments, each RAM tile can be
associated with tile control logic. The tile control logic is
configured to receive requests from vector processors
102 or hardware accelerators 104 and provide access to
individual read and write-ports of the associated RAM
tile. For example, when a vector processor 102 is ready
to access data in a RAM tile, before the vector processor
102 sends the memory data request to the RAM tile di-
rectly, the vector processor 102 can send a memory ac-
cess request to the tile control logic associated with the
RAM tile. The memory access request can include a
memory address of data requested by the processing
element. Subsequently, the tile control logic can analyze
the memory access request and determine whether the
vector processor 102 can access the requested RAM tile.
If the vector processor 102 can access the requested
RAM tile, the tile control logic can send an access grant
message to the vector processor 102, and subsequently,
the vector processor 102 can send a memory data re-
quest to the RAM tile.
[0083] In some embodiments, the tile control logic can
be configured to determine and enforce an order in which
many processing units (e.g., vector processors and hard-
ware accelerators) access the same RAM tile. For ex-
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ample, the tile control logic can include a clash detector,
which is configured to detect an instance at which two or
more processing units attempt to access a RAM tile si-
multaneously. The clash detector can be configured to
report to a runtime scheduler that an access clash has
occurred and that the access clash should be resolved.
[0084] The memory fabric 106 can also include a mem-
ory bus for transferring data bits from memory to vector
processors 102 or hardware accelerators 104, or from
vector processors 102 or hardware accelerators 104 to
memory. The memory fabric 106 can also include a direct
memory access (DMA) controller that coordinates the
data transfer amongst vector processors 102, hardware
accelerators 104, and memory.
[0085] In some embodiments, the hardware accelera-
tors 104 can be coupled to the memory fabric 106 via a
separate bus. The separate bus can include an acceler-
ator memory controller (AMC) 204, which is configured
to receive requests from at least one hardware acceler-
ator and to grant, to the hardware accelerator, an access
to a memory slice through the related memory slice con-
troller. It will thus be appreciated that the memory access
path employed by the hardware accelerators 104 can be
different to the path employed by the vector processors
102. In effect, the AMC 204 can perform address filtering,
arbitration and multiplexing. In some embodiments, the
hardware accelerators 104 can include an internal buffer
(e.g., a FIFO memory) to account for delays in accessing
the memory fabric 106.
[0086] In some embodiments, the AMC 204 may be
coupled to one or more peripheral devices 108, including,
for example, a plurality of Mobile Industry Processor In-
terface (MIPI) camera interfaces. The AMC 204 can also
be connected to AXI and APB interfaces to allow two
system RISC processors to access memory slices in the
memory fabric 106 via the AMC 204.
[0087] In some embodiments, the AMC 204 can in-
clude a pair of 64 bit ports into each memory slice of the
memory fabric 106. The AMC 204 can be configured to
route requests from a hardware accelerator 104 to an
appropriate memory slice by partial address decode.
[0088] In some embodiments, the AMC 204 can be
coupled to a wide variety of processing units to provide
access to memory slices in the memory fabric 106. For
example, the AMC 204 may be coupled to any type of
hardware accelerators or 3rd party elements to provide
access to memory slices in the memory fabric 106. The
AMC 204 may also be configured to provide access to a
wider memory space of a computing system, including
memory devices that lie outside of the computing device
100.
[0089] In some embodiments, the AMC 204 can arbi-
trate simultaneous memory access requests to the same
memory slice in a round-robin manner. For example, a
processing unit, such as a hardware accelerator 104, can
send, to the AMC 204, a memory access request, which
includes a memory address. When the AMC 204 receives
the memory access request, the AMC 204 determines

whether the memory address in the memory access re-
quest is associated with a memory slice in the memory
fabric 106. If the memory address in the memory access
request is not associated with a memory slice in the mem-
ory fabric 106, then the AMC 204 can forward the memory
request to the AMC’s AXI master. If the memory address
in the memory access request is associated with a mem-
ory slice in the memory fabric 106, the AMC 204 can
arbitrate the memory access request to provide access
to the desired memory location.
[0090] The peripheral device 108 can be configured to
provide a communication channel for sending and re-
ceiving data bits to and from external devices, such as
multiple heterogeneous image sensors and an acceler-
ometer. The peripheral device 108 can provide a com-
munication mechanism for the vector processors 102,
the hardware accelerators 104, and the memory fabric
106 to communicate with external devices.
[0091] Traditionally, the functionality of a peripheral
device has been fixed and hard-coded. For example, mo-
bile industry processor interface (MIPI) peripherals were
only able to interface with an external device that also
implements lower-rate digital interfaces such as the SPI,
I2C, I2S, or any other suitable standards.
[0092] However, in some embodiments of the present
disclosure, the functionality of the peripheral device 108
may be defined using software. More particularly, the pe-
ripheral device 108 can include an emulation module that
is capable of emulating the functionality of standardized
interface protocols, such as SPI, I2C, I2S, or any other
suitable protocol.
[0093] The power management module 110 is config-
ured to control activities of blocks within the computing
device 100. More particularly, the power management
module 110 is configured to control the power supply
voltage of designated blocks, also referred to as power
islands. For example, when the power management
module 110 enables a power supply of a power island,
the computing device 100 is configured to provide an
appropriate power supply voltage to the power island.
The power management module 110 can be configured
to enable a power supply of a power island by applying
an enable signal in a register or on a signal line on a bus.
In some embodiments, the power management module
110 can also be configured to control activities of external
device via one or more of input/output pins in the com-
puting device 100.
[0094] In some embodiments, a power island can be
always powered-on (e.g., the power supply voltage is
always provided to the power island.) Such a power is-
land can be referred to as an always-on power island. In
some embodiments, the always-on power-island can be
used to monitor signals from, for example, General-Pur-
pose-Input-Output (GPIO) pins, external interfaces,
and/or internal functional blocks such as a low frequency
timer or power-on reset. This way, the computing device
100 can respond to an event or a sequence of events
and adaptively power-up only the power-islands that are
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needed to respond to the event or the sequence of
events.
[0095] FIG. 3 illustrates a hardware accelerator in ac-
cordance with some embodiments. The hardware accel-
erator 104 can include a collection of hardware image
processing filters. The hardware accelerator 104 can en-
able some of the computationally intensive functionalities
to be offloaded from the vector processors 102. The ac-
celerator 104 can be coupled to the AMC 204 to access
memory slices in the memory fabric 106 at a high band-
width.
[0096] In some embodiments, the hardware accelera-
tor 104 can be coupled to the memory fabric 106 via the
AMC 204. In some embodiments, the hardware acceler-
ator 104 can include one or more filter modules (e.g., 20
filter modules), including a MIPI receiver filter and a MIPI
transmitter filter. In some embodiments, a filter module
may include one read-only AMC interface (a read client
interface) and one write-only AMC interface (a write client
interface). In other embodiments, a filter module can also
have a plurality of read-only AMC interfaces. For exam-
ple, a filter module may have a plurality of read-only AMC
interfaces for a parallel access to multiple input buffers,
multiple planes (from the same buffer). The plurality of
read-only AMC interface can be used to provide an extra
memory read bandwidth to sustain the filter module’s
processing throughput. The descriptions of a hardware
accelerator 104 can be equally applicable to each filter
module since a hardware accelerator 104 may only have
a single filter module. Likewise, the descriptions of a filter
module can be equally applicable to a hardware accel-
erator since the filter module may be the only filter module
in the hardware accelerator.
[0097] In some embodiments, the AMC 204 has one
or more bi-directional (e.g., read/write) ports into each
memory slice in the memory fabric 106. The ports can
accommodate a large number of bits. For example, the
ports can accommodate a 64-bit communication. In some
embodiments, the AMC 204 can also include an AXI mas-
ter,
which provides a direct connectivity to external DRAM
devices.
[0098] In some embodiments, a filter module can be
designed primarily to process buffers in the memory fab-
ric 106. For example, with the exception of a MIPI receiver
module and a MIPI transmitter filter module, a filter mod-
ule can input and output data only via its AMC clients.
The configuration of filter modules, including their buffer
base addresses, can be achieved via several APB slave
interfaces.
[0099] In some embodiments, the hardware accelera-
tor 104 can receive image data via a MIPI receiver filter
module and a MIPI transmitter filter module. The MIPI
receiver filter module and the MIPI transmitter filter mod-
ule can allow other filter modules in the hardware accel-
erator 104 to establish a direct connection to a MIPI re-
ceiver controller and a MIPI transceiver controller. The
MIPI receiver filter module and the MIPI transmitter filter

module can connect to the MIPI controllers via parallel
interfaces and can be used to stream data into/out of the
memory fabric 106 directly from/to the MIPI Controller.
[0100] In some embodiments, the hardware accelera-
tor 106 can operate on scan-lines of image data buffered
in the memory fabric 106, accessed via the AMC 204.
The AMC 204 can route transactions from its client inter-
faces to the target memory slice (or the AXI master) and
arbitrate between simultaneous transactions from differ-
ent clients at each memory slice. In some embodiments,
multiple filter modules in the hardware accelerator 106
may be connected together in a streaming fashion by
coupling an output buffer of one or more filter modules
(also referred to as producers/parents) to input buffers
of other filter modules (also referred to as consum-
ers/children).
[0101] In some embodiments, a filter module in a hard-
ware accelerator 104 can operate a 2-dimensional kernel
on pixels centered at the current pixel. All the pixels in
the kernel can contribute in processing pixels centered
at the current pixel.
[0102] In some embodiments, a filter module in a hard-
ware accelerator 104 can process an image line-by-line.
For example, a filter module can scan an image from the
top to bottom to generate a scan-line of an image, and
process the scan-lines, for instance, moving from left to
right. In other examples, a filter module can generate
scan-lines of an image by scanning an image in any ori-
entation / ordering suitable for the filter processing.
[0103] In some embodiments, a filter module can proc-
ess a scan-line of an image by reading data to form a
kernel for a first pixel on the scan-line. The filter module
can process the scan-line by sliding the kernel in a sliding-
window manner. Once the processing is complete, the
filter module can write the output pixels into an output
buffer or a memory location.
[0104] In some embodiments, kernels for filtering are
typically square and often have an odd number of pixels
along each side, e.g. 3x3, 5x5, or 7x7. If a filter module
uses a KxK pixel kernel, then K scan-lines of image data
can be read from an input buffer for each line of image
data processed and written to the its output buffer.
[0105] In some embodiments, the hardware accelera-
tor 104 can use a circular input buffer. Suppose that a
target filter module is configured to receive, as input, an
output scan-line of another filter module (also referred to
as a parent filter module). Suppose also that the target
filter module uses a KxK pixel kernel. Then the input buff-
er for the target filter module can be designed to maintain
at least (K+1) scan-lines of image data: K scan-lines for
the filter module and one (or more) scan-line for simul-
taneously receiving an output scan-line of the parent filter
module. In this example, because the input buffer is cir-
cular, after receiving (K+1) scan-lines from the parent
filter module, the (K+2)th scan-line can be written over
the location of the first line. In most cases, the parent
filter module can be ahead of the target filter module in
terms of its current line number within the input image.
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After the initial configuration, the filter modules’ read and
write AMC clients can take care of circular buffer address
wrapping when accessing the filter modules’ input and
output buffers.
[0106] In some embodiments, buffers in the hardware
accelerator 104 can be aligned by a predetermined
number of bytes. For example, buffers in the hardware
accelerator 104 can be aligned on 8-byte boundaries. To
ease the transaction routing, the read and write clients
and the AMC can be configured to provide only aligned
buffer accesses. When an image width is not a multiple
of a predetermined number of bytes, then the hardware
accelerator 104 can be configured to write null bytes to
output buffers between the (unaligned) end of each scan-
line and the next byte boundary.
[0107] FIG. 3 illustrates an implementation of a hard-
ware accelerator for operating a filter kernel, stored in a
filter kernel register 302, on an input data stream (e.g.,
scan-lines of one or more images). The input data
streams can correspond to pixels in one or more images.
The hardware accelerator 104 can include a datapath
pipeline 304, a pipeline stall controller 306, a line buffer
read client 308, a line start control input 310, and a line
buffer write client 310. In some embodiments, a hardware
accelerator 104 can include at least one AMC read client
interface 314 and/or at least one AMC write client inter-
face 316 to access a memory slice in the memory fabric
106. The number of read/write client interfaces on the
AMC 204 is suitably configurable.
[0108] In some embodiments, the filter kernel register
302 can be programmed to modify the kernel to be op-
erated on the input data stream. The filter kernel register
302 can be configured to accommodate a variety of ker-
nel sizes. For example, the filter kernel register 302 can
be configured to accommodate a 3x3 kernel, a 5x5 ker-
nel, a 7x7 kernel, a 9x9 kernel, or any other kernel sizes
represented as m x n. In some cases, m can be the same
as n; in other cases, m can be different from n. In some
embodiments, the filter kernel register 302 can be con-
figured to accommodate kernels of various dimensions.
For example, the filter kernel register 302 can be config-
ured to accommodate a one-dimensional filter, a two-
dimensional filter, a three-dimensional filter, or any inte-
ger-dimensional filters.
[0109] In some embodiments, the line buffer read client
308 is configured to receive a scan-line of an image (e.g.,
a row or a column of an image on an image grid) and to
provide the scan-line to the datapath pipeline 304. The
line buffer read client 308 can receive the scan-line of an
image via an AMC read interface 314. Once the datapath
pipeline 304 receives a kernel and a scan-line of an im-
age, the datapath pipeline 304 can perform the filtering
operation. Once the datapath pipeline 304 completes the
filtering operation, the datapath pipeline 304 can store
the resulting line in the line-buffer write client 312. The
line buffer write client 312 can, optionally, store the re-
sulting line in a memory slice via an AMC write interface
316. The pipeline stall controller 306 can stall certain

parts of the pipeline to ensure that the line-buffer write
client 312 does not overflow.
[0110] In some embodiments, the line start controller
310 can control a time instance at which the datapath
pipeline 304 starts processing the received scan-line of
an image. The line start controller 310 can also be con-
figured to selectively enable one or more portions of the
datapath pipeline 304 to perform customized operations.
In some cases, the line start controller 310 can also con-
trol coefficients to be used during the filtering operation
by the datapath pipeline 304.
[0111] In some embodiments, the datapath pipeline
304 and the line start controller 310 can be programma-
ble. The datapath pipeline 304 and the line start controller
310 can be programmed so that different types of filtering
operations can be performed by the hardware accelera-
tor 104. For example, the datapath pipeline 304 and the
line start controller 310 can be programmed with filter
operation parameters, such as coefficient sets and/or
thresholds, so that customized filtering operation can be
carried out by the hardware accelerator 104. The filter
operation parameters can also include a filter kernel size,
coefficients, scaling ratios, gains, thresholds, look-up ta-
bles, or any other suitable parameters. Therefore, the
hardware accelerator 104 can be considered as a generic
wrapper for accommodating various image filtering op-
erations.
[0112] In some embodiments, the datapath pipeline
304 can be configured to process numbers represented
in one or more number formats. For example, the data-
path pipeline 304 can be designed to operate on floating
point numbers, e.g., fp16 (IEEE754-like 16-bit floating-
point format), integer numbers, fixed-point numbers, or
any other number formats suitable for image processing.
[0113] The hardware accelerator 104 can be config-
ured to control how the datapath pipeline 304 consumes
scan-lines from an input data buffer 308 and how the
datapath pipeline 304 stores processed scan-lines to an
output data buffer 312. The hardware accelerator 104
can be configured to implement one of two control modes:
the buffer fill control (BFC) mode and the synchronous
mode.
[0114] In some embodiments, under BFC mode, the
hardware accelerator 104 can be configured to maintain
internal counts of fill levels (e.g., the number of scan-lines
stored in the input buffer). The hardware accelerator 104
can be configured to process a scan-line from its input
buffer autonomously when (1) the hardware accelerator
is enabled, (2) its input buffer has sufficient number of
scan-lines, and (3) there is space in its output buffer to
store a processed scan-line. In some cases, the buffer
fill level needed to run the datapath pipeline 304 can de-
pend on the height of a kernel. For example, when a
kernel is 3x3, then the hardware accelerator 104 can re-
quire at least three scan-lines to operate a filter.
[0115] In some embodiments, under a synchronous
control mode, a filter module in a hardware accelerator
can be configured to run when a start bit for the filter
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module is turned on. The start bit can be turned on using,
for example, a software module. Under synchronous con-
trol, the software module can be configured to determine
that the input buffer for the filter module has a sufficient
number of scan-lines and that the output buffer for the
filter module has sufficient space to store processed
scan-lines from the filter module. Once these conditions
are satisfied, the software module can turn on the start
bit of the filter module.
[0116] Under both modes, once a filter module proc-
esses a scan-line, the filter module can update its current
line index within its buffer and within the input image. In
some embodiments, when the output image does not
have the same size as the input image, the filter module
can update its current line index in the output image as
well. The values of the line indices (and buffer fill levels
for buffer fill control) can represent the internal state of a
filter module. This internal state can be accessed by a
software module and may be saved, updated, and re-
stored such that the context of the filter module may be
switched before the filter module is run in the next cycle.
[0117] In some embodiments, buffers in a hardware
accelerator 104 can be configured to maintain a plurality
of data planes. For example, buffers in a hardware ac-
celerator 104 can be configured to maintain the red-chan-
nel, the green-channel, and the blue-channel of an image
in separate planes. In some examples, the buffers in a
hardware accelerator 104 can be configured to support
up to sixteen planes. The scan-lines of an image data in
each plane can be stored contiguously and planes can
be defined by their number and by a plane stride.
[0118] In some embodiments, a filter module in a hard-
ware accelerator 104 can be configured to process a
scan-line from each data plane sequentially, one at a
time. For sequential processing, from the control point of
view, scan-lines from all planes may be considered to
have the same time stamp. In other embodiments, a filter
module in a hardware accelerator 104 can be configured
to process multiple data planes in parallel.
[0119] In some embodiments, prior to processing an
image/video stream, or if context is switched, a filter mod-
ule can be appropriately configured and enabled. Each
filter module can include a set of software programmable
registers defining its input buffer(s) and output buffer con-
figuration.
[0120] In some embodiments, a buffer in a filter module
can be programmed using one or more of following pa-
rameters:

• base: Base address. This parameter can specify the
base address of the buffer. Addresses can be
aligned on byte boundaries (e.g., the width of the
AMC client data bus).

• nl: Number of scan-lines. In circular buffer mode, this
parameter can specify the size of a circular buffer in
scan-lines. The maximum number of scan-lines for
a circular buffer can be 1023, but other upper bounds

are also possible. If a buffer is configured with nl =
0, it indicates that the buffer is in a non-circular mode.
Therefore, nl=0 puts the read/write client(s) access-
ing the buffer into non-circular or no-wrap mode in
which the number of scan-lines in the buffer corre-
sponds to the height of the image and no circular
buffer pointer wrapping occurs.

• Is: Line stride. The line stride can be a multiple of a
fixed number of bytes, for example, 8 bytes. The
maximum line stride can be predetermined. For ex-
ample, the maximum line stride can be (32MB - 8)
bytes. The line stride and number of lines can be
used by read/write clients to perform circular buffer
pointer arithmetic. The line stride can be greater than
or equal to the image width.

• np: Number of planes. This parameter indicates a
number of planes represented by a buffer. When
np=0, it indicates that the buffer represents non-pla-
nar data (e.g., a single plane data). The amount of
line buffer storage in a buffer can be multiplied by
the number of planes.

• ps: Plane stride. The plane stride can be a multiple
of a fixed number of bytes, for example, 8 bytes. The
maximum plane stride can be predetermined. For
example, the maximum plane stride can be (32MB
- 8) bytes. Normally, the plane stride can be greater
than or equal to nl multiplied by Is. However, other
plane stride can be possible.

• format: Buffer data format. This parameter can spec-
ify the size of the pixel data in bytes. For example,
for an FP16 buffer, the format can be set to 2, indi-
cating 2 bytes per pixel.

[0121] In some embodiments, an output buffer in a filter
module can be programmed using one or more of follow-
ing parameters:

• offset: The offset can specify the offset from the base
address (and the start of each line) to the first pixel.
This parameter may be used to work-around the lim-
itation of buffers being aligned on a byte boundary.
Using the offset, a space may be reserved on the
left of scan-lines, for example for horizontal pixel
padding by an output buffer’s consumer. The default
offset is zero. If a non-zero offset is specified, then
the null bytes can be written to each output scan-line
before the first output pixel.

[0122] In some embodiments, a filter module may sup-
port a variety of data types. The most common data types
supported by a filter module are listed below:

• U8 - unsigned 8 bit integer data
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• U8F - unsigned 8 bit fractional data the range [0, 1.0]

• U16 - unsigned 16 bit integer data

• U32 - unsigned 32 bit integer data

• FP16 - half-precision (16 bit) floating point

• FP32 - full-precision (32 bit) floating point

[0123] In some embodiments, the datapath pipeline of
a filter module can be optimized for its operation: half-
precision floating point (FP16) arithmetic can used for
operations involving a high dynamic range; optimized
fixed-point arithmetic can be used where maintaining
high precision is more important.
[0124] In some embodiments, a filter module imple-
mented using a FP16 arithmetic may not be restricted to
reading/writing only to FP16 buffers. U8F buffers may
also be accessed with conversion to/from FP16 taking
place automatically within the filter modules.
[0125] In some embodiments, where a filter module is
implemented using FP16 arithmetic, the buffers may be
either FP16 or U8F. When a buffer is FP16, the buffer
configuration format can be set to 2. If a buffer is U8F,
the buffer configuration format can be set to 1. For filter
modules with FP16 datapath pipeline, if the input buffer
format is "1," the read client can convert the U8F input
data to FP16 automatically before processing. If the out-
put buffer format is "1," the write client can convert FP16
from the datapath pipeline to U8F before storage.
[0126] In some embodiments, U8F is converted to nor-
malized FP16, in the range [0, 1.0], by multiplying by
1.0/255. Normalized FP16 can be converted to U8F by
multiplying by 255 and rounding, effectively quantizing
the floating-point values into 8 bits. In some embodi-
ments, the output data from filter modules with FP16 da-
tapath pipeline may optionally be clamped into the nor-
malized range [0, 1.0]. If conversion to U8F is enabled,
then the clamp to the normalized range is implicitly ena-
bled and is performed prior to the conversion to U8F de-
scribed above. Filter modules implemented using FP16
datapath pipelines are not limited to processing data in
the normalized range [0, 1.0]; the full range of FP16 can
also be supported.
[0127] In some embodiments, a filter module is config-
ured to track its vertical position in an input image. A filter
module can use this information to perform vertical pad-
ding at the top and bottom of the image by line replication
or reflection. A filter module that does not perform vertical
padding may create an output image that is smaller than
an input image, which may not be desirable in some cas-
es.
[0128] In some embodiments, when a filter module is
configured to perform vertical padding, the minimum
number of scan-lines M that can be maintained by an
input buffer can be:
M = (K >> 1) + 1, where >> indicates a right bit-shift

operator.
At the top of the image, when the capacity of the input
buffer (in terms of scan-lines) is less than M, there are
not enough scan-lines in the buffer to perform the filtering
operation. When the capacity of the input buffer (in terms
of scan-lines) is greater than or equal to M, data may be
processed if vertical padding is performed. Similarly, at
the bottom of the image, when processing the last (K >>
1) lines, the filter module can perform the replication of
line N-1 (or reflection of line N-1 and the lines above it).
[0129] In some embodiments, vertical padding can be
performed when the kernel has an even dimension. Ver-
tical padding for a kernel with an even dimension can be
virtually identical to vertical padding for a kernel with an
odd dimension, except that one less line should be pad-
ded at the bottom.
[0130] In some embodiments, a filter module can per-
form a horizontal padding. The horizontal padding of a
pixel kernel can be performed as data is read from the
input buffer and written to the pixel kernel registers. The
filter module can be aware of its position on the current
line and at the start and end of a line. Therefore, valid
pixel kernel registers can be replicated into those which
do not hold valid data. As with vertical padding, whether
horizontal padding is performed or not can depend on
the specific functionality and requirements of a given filter
module.
[0131] In some embodiments, in a circular buffer mode,
a filter module can be configured to process one scan-
line from its input buffer and write the processed scan-
line to its output buffer. This set of operation can be re-
ferred to as a filter run.
[0132] In some embodiments, for flexibility, two differ-
ent control mechanisms can be provided by which filter
runs may be controlled. In the first mechanism, called
buffer fill control mode, a filter module can track the fill
levels of its circular buffers and determine, on its own,
whether it can run. This approach is asynchronous in
nature; the filter module can run, possibly repeatedly, as
long as the required conditions are met. Control bits in
registers are provided to allow software to inform the filter
modules when a scan-line has been added to an input
buffer or removed from an output buffer. When a scan-
line is added to an input buffer, the fill level can be in-
creased; when a scan-line is removed from an output
buffer, the fill level can be decreased. In this mode, a
filter module, together with its input and output buffers,
may be viewed as a first-in-first-out (FIFO) with scan-
lines occupying its entries and the depth of the FIFO con-
figured by the number of scan-lines programmed for the
input and output buffers.
[0133] In some embodiments, another filter module
may add a scan-line to the FIFO if the filter module’s input
buffer is not full. Software can check the fill level of an
input buffer before allowing another filter module to add
a scan-line to the input buffer. Subsequently, the software
or a filter module can increase a fill level associated with
the input buffer. On the output side, the software can
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check the fill level of the output buffer, or respond to an
interrupt event signifying that a filter module has added
a new scan-line to its output buffer, before decrementing
the output buffer’s fill level (e.g. after a line in the filter’s
output buffer has been processed by another filter, like
reading the FIFO).
[0134] The second mechanism, called a synchronous
mode, depends on software to explicitly schedule each
filter run. Start bits for each filter module can be provided
in registers to which software may write to start a filter
run immediately. When started by this mechanism, a filter
module can be executed exactly once.
[0135] In some embodiments, a filter module can be
interrupted when it receives an interrupt request. In some
cases, a filter module can have a plurality of interrupt
request sources which are mapped to external interrupt
request lines and routed an interrupt controller. When a
filter module flags an interrupt and that interrupt is ena-
bled, then the corresponding external interrupt request
line can be flagged.
[0136] In some embodiments, the plurality of interrupt
request sources can include:

• Input buffer fill level decrement interrupt

• Output buffer fill level increment interrupt

• Frame done interrupt

The output buffer fill level increment interrupt may also
be deemed to indicate that a filter module has finished
its filter run when the filter module is configured to operate
in synchronous mode.
[0137] In some embodiments, the hardware accelera-
tor 104 can adapt the filtering operation based on depth
information. For example, the hardware accelerator 104
can be configured to conditionally blur only the pixels
associated with objects that are further than 30 yards
away or pixels that are beyond 5 yards could be blurred
less than those beyond 10 yards, etc.
[0138] FIG. 4 illustrates a hardware accelerator that
can adapt a filtering operation based on depth informa-
tion in accordance with some embodiments. The depth-
aware hardware accelerator 402 includes, in addition to
modules in the hardware accelerator 104 in FIG. 3, a
depth map read client 404 and a depth map module 406.
The depth map read client 404 is configured to receive
a depth map that indicates a depth of an object repre-
sented by a pixel in the corresponding image. For exam-
ple, when the line buffer read client 308 receives a scan-
line of an image, the depth map read client 404 can be
configured to receive a depth map corresponding to the
scan-line of the image.
[0139] Subsequently, the depth map read client 404
can provide the depth map to the depth map module 406.
When the resolution of the depth map is lower than the
resolution of a scan-line of an image, the depth map mod-
ule 406 can be configured to up-sample the depth map

to match the resolution of the depth map to the resolution
of the scan-line. When the depth map is not time-syn-
chronized with a scan-line of an image, the depth map
module 406 can be configured to synchronize the depth
map and the scan-line. The depth map module 406 can
subsequently provide the processed depth map to the
line start controller 310 so that the line start controller
310 can control the operation of the datapath pipeline
304. More generally, an arithmetic function can be ap-
plied conditionally either based on comparison of the
depth at a pixel location to one or more thresholds using
a comparator, or alternately, directly using a binary con-
trol bit associated with each pixel which can be applied
in place of the comparator output using a bypass multi-
plexer.
[0140] Traditionally, hardware accelerators for image
processing operations included a fixed set of hard-wired
image signal processing (ISP) functions arranged in a
predetermined order. FIG. 5 illustrates a traditional hard-
ware accelerator. A traditional hardware accelerator 500
would receive an image from a memory device 504, and
process the received image using ISP functions 502A-
502H in the order that is predetermined at design time.
In the example shown in FIG. 5, the hardware accelerator
500 uses 8 ISP functions in the illustrated order to proc-
ess the received image. This approach is rather inflexible
and may limit application areas in which the hardware
accelerator 500 can be used. Image sensor technology
is moving fast and it is difficult to envision using a single
fixed ISP pipeline for all current and future sensors. Fur-
thermore, when an ISP function operates a filter on mul-
tiple scan-lines of an image, the ISP function has to store,
in a buffer, incoming scan-lines until sufficient number of
scan-lines are present. These buffers are typically imple-
mented using RAM devices sized according to the res-
olution of the image, and the size of the buffer is prede-
termined at the design time of the hardware accelerator
500. Therefore, the buffer for the ISP can effectively force
a hard limit on the image resolution that may be handled
by the hardware accelerator 500. Additionally, since the
buffer is private to the ISP function, the buffer cannot be
used in other scenarios (for example by software) and
can consume a large amount of die area.
[0141] In some embodiments, the hardware accelera-
tor 104 addresses the inflexibility of traditional hardware
accelerators by chaining generic, common ISP functions.
Frequently, the difference between hardware accelera-
tors lie not so much in the functionality of ISP functions
implemented by the hardware accelerators, but the order
(and in some cases number of times) in which the ISP
functions are invoked. Therefore, the hardware acceler-
ator 104 can be configured to perform a desired function
by chaining one or more generic, common function mod-
ules that are implemented efficiently.
[0142] For example, a convolution operation can be
represented as a multiplication and a summation. Like-
wise, a finite impulse response (FIR) filtering operation
can also be represented as a multiplication and a sum-
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mation, although the order in which the FIR filtering op-
eration performs the multiplication and summation may
be different from that of the convolution operation. De-
spite the difference between the convolution operation
and the FIR filtering operation, the multiplication opera-
tion and the summation operation are the common func-
tions for the convolution operation and the FIR filtering
operation. Therefore, the hardware accelerator 104 can
be designed to perform the convolution operation and
the finite impulse response filtering operation using the
same multiplication module and the same summation
module.
[0143] In some embodiments, the order in which the
generic, common functions are invoked can be deter-
mined using software. For example, software can pro-
gram the hardware accelerator to invoke the multiplica-
tion module and the summation module to perform either
the convolution operation or the FIR filtering operation
by chaining the multiplication module and the summation
module in a different order.
[0144] FIG. 6 illustrates a hardware accelerator based
on generic functions in accordance with some embodi-
ments. The hardware accelerator 102 can include a plu-
rality of generic ISP function modules 602A-602H, a data
receiver module 604 for receiving one or more scan-lines
of an image for processing, and a data output module
606 for outputting one or more scan-lines that have been
processed by one or more generic ISP function modules
602A-602H. In some embodiments, the one or more ge-
neric ISP function modules 602A-602H can include a
configuration register and a control register. The values
for these registers can be controlled using software. In
some embodiments, the plurality of generic ISP function
modules 602A-602H can be a part of the datapath pipe-
line 304.
[0145] In some embodiments, one or more of the ge-
neric ISP function modules 602A-602H can include a
self-contained hardware filter that also includes direct
memory access (DMA) capabilities. The one or more of
the generic ISP function modules 602A-602H can use
the DMA capabilities to load and/or store data from and/or
to a memory slice in the memory fabric 106. The DMA
capabilities can be controlled using software.
[0146] In some embodiments, the data receiver mod-
ule 604 can include a DMA module for retrieving one or
more scan-lines of an image. In other embodiments, the
data receiver module 604 can include a sensor interface
module such as a MIPI module. In some embodiments,
the data output module 606 can include a DMA module
for storing one or more processed scan-lines of an image.
In other embodiments, the data output module 606 can
include a display device.
[0147] In some embodiments, the hardware accelera-
tor 102 can be coupled to a memory fabric 106 that in-
cludes an ISP table. The ISP table can include one or
more buffers 608. Each buffer can include a pointer to
one of the generic ISP function modules 602A-602H.
Since the memory fabric 106 can include a multi-ported

common (or uniform) memory, multiple devices can ac-
cess the one or more buffers 608 in the ISP table to iden-
tify available generic ISP function modules.
[0148] In some embodiments, software ISP functions
612A-612C, running on a processor 610, can be de-
signed to execute one or more generic ISP function mod-
ules 602A-602H in the hardware accelerator 102. For
example, a software ISP function 612A can determine
(1) a list of generic ISP function modules 602A-602H to
be executed to perform a desired function and (2) an
order in which the list of generic ISP function modules
602A-602H should be executed. Then, the software ISP
function 612A can use one or more buffers 608 corre-
sponding to the list of generic ISP function modules 602A-
602H to chain the generic ISP function modules, thereby
performing the desired function. In essence, the function-
ality of the hardware accelerator can be determined by
software in its look-up of the buffers 608 in the ISP table.
[0149] In some embodiments, an input interface of ISP
function modules may be directly coupled to an output
interface of other ISP function modules by means of a
small memory mapped first-in-first-out (FIFO) buffer.
FIG. 7 illustrates a hardware accelerator that includes a
FIFO buffer for communication between ISP function
modules in accordance with some embodiments. The
ISP function modules 602 can be coupled to a memory
bus interface 702, which is in turn coupled to a FIFO
buffer 704 and a memory fabric 106.
[0150] When a first ISP function module 602A com-
pletes its operation on a scan-line of an image, the first
ISP function module 602A can store the processed scan-
line in a FIFO buffer 704. As the first ISP function module
602A continues to process additional scan-lines, the first
ISP function module 602A can continue to store the proc-
essed scan-lines in the FIFO buffer 704 until the FIFO
buffer 704 is full. When the FIFO buffer 704 is full, the
first ISP function module 602A can be stalled until the
FIFO buffer 704 is no longer full. In the meanwhile, a
second ISP function module 602B can retrieve proc-
essed scan-lines from the FIFO buffer 704 for further
processing, until the FIFO buffer 704 is empty. In effect,
the first ISP function module 602A can be considered the
producer of data; the second ISP function module 602B
can be considered the consumer of data; and the FIFO
buffer 704 can be considered an arbitrator. Since the
second ISP function module 602B can retrieve proc-
essed scan-lines from the FIFO buffer 704, which has a
lower latency compared to a memory slice in the memory
fabric 106, the FIFO buffer 704 can reduce the latency
of a chain of ISP function modules 602.
[0151] In some embodiments, the computing device
100 can include a plurality of power islands. Each power
island can be associated with a dedicated power domain.
Therefore, the power supply voltage of each power island
can be controlled independently. For example, the com-
puting device 100 can determine which power islands
are needed to perform a certain operation, and turn on
the power supply voltage of only those power islands that
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are needed. This way, the computing device 100 can
reduce the leakage power consumption.
[0152] In some embodiments, when the computing de-
vice 100 determines that a power island is currently in a
low-power mode (e.g., no power supply voltage is pro-
vided), and that the power island is needed for a particular
operation, the computing device 100 can invoke a power-
up sequence for the power island and provide a power
supply voltage to the power island.
[0153] In some embodiments, each of the vector proc-
essors 102 can be associated with a unique power island.
In some embodiments, the hardware accelerator 104 can
be associated with a unique power island. In some em-
bodiments, the memory fabric 106 can be associated with
a unique power island. In some embodiments, the pe-
ripheral device 108 can be associated with a unique pow-
er island.
[0154] In some embodiments, the computing device
100 can invoke a power-up sequence by providing an
enable signal to the power island. The enable signal can
subsequently close switches located between a power
supply voltage and the power island, thereby providing
the power supply voltage to the power island. This oper-
ation is sometimes referred to as power supply gating.
[0155] FIG. 8 illustrates power supply gating of a power
island in accordance with some embodiments. FIG. 8
shows a power island 802, which may include circuit
blocks for processing input data, one or more switches
804A-804B for providing a power supply voltage or a
ground signal to the power island 802, and an input reg-
ister 806 for holding input data until the power island 802
is ready to process the input data. In some embodiments,
the input register 806 is triggered to provide the input
data to the power island 802 when the input register 806
receives a valid signal received from a valid signal gen-
erator 808, indicating that the power island 802 is ready
to process the input data.
[0156] In some embodiments, the computing device
100 is configured to generate a valid signal indicating
that the power supply voltage of the power island has
reached an appropriate operating voltage. The valid sig-
nal can indicate a time instance at which circuits in the
power island can be used to perform desired operations.
The valid signal can be generated by the valid signal
generator 808.
[0157] The valid signal generator 808 could generate
the valid signal using a timer. For example, the valid sig-
nal generator 808 can determine a time instance at which
the enable signal is applied to the power-island, and wait
a predetermined amount of time using a timer, and then
generate the valid signal. However, determining the pre-
determined amount of time at design time is difficult be-
cause the amount of time it takes to ramp up the power
supply voltage of a power island would be subject to proc-
ess, voltage and temperature (PVT) variations. To ad-
dress the PVT variations, the predetermined amount of
time is often set conservatively (e.g., to be sufficiently
large) to accommodate worst-case PVT corners, which

may unnecessarily add latency to the power-up se-
quence.
[0158] To address these issues, in some embodi-
ments, the valid signal generator 808 is configured to
generate the valid signal adaptively. More particularly,
the power island can be configured to generate the valid
signal by adaptively delaying the enable signal provided
to the power island.
[0159] FIG. 9 illustrates a valid signal generator in ac-
cordance with some embodiments. The valid signal gen-
erator 808 can include a plurality of power switches con-
figured to provide a power supply voltage to logic cells
coupled to the plurality of power switches. In some em-
bodiments, the power switches can be a part of each
logic cell. For example, the power switches can include
one or more P-channel devices in series with the positive
supply and/or one or more N-channel devices in series
with the negative supply (ground). These power switches
can be distributed throughout the logical block compris-
ing the power-island. In FIG. 9, for simplicity, the N and
P-channel power switches are shown as a single power-
switch block associated with each logic cell.
[0160] In some embodiments, the valid signal gener-
ator 808 can apply the enable signal to the daisy chain
of power switches and wait until the enable signal reach-
es the end of the daisy chain of power switches. Once
the enable signal reaches the end of the daisy chain of
power switches, then it is ensured that all logic cells in
the power island are properly powered on. Therefore, the
valid signal generator 808 can use the enable signal,
delayed by the daisy chain of power switches, as the
valid signal. This self-calibration mechanism can adap-
tively capture any process-voltage-temperature (PVT)
variations of the particular computing device. This way,
the computing device need not unnecessarily wait a long
period of time for a power island to power-up; the com-
puting device can wait only the amount of time needed
to appropriately power-up the power island.
[0161] In some embodiments, a power island can be
always powered-on. In other words, a power island can
be designed not to enter into a low-power mode in which
no power supply voltage is provided. Such a power island
can be referred to as an always-on power island.
[0162] In some embodiments, an always-on power-is-
land can be used to monitor external signals. For exam-
ple, the always-on power island can be used to monitor
signals from General-Purpose-Input-Output (GPIO)
pins, external interfaces, and/or internal functional blocks
such as a low frequency timer or power-on reset. This
way, the computing device 100 can analyze external sig-
nals, determine whether one or more power islands need
to be powered up to respond to the external signals, and
adaptively power-up only the power-islands that are
needed to respond to the external signals.
[0163] FIG. 10 illustrates an event signal monitoring
mechanism in accordance with some embodiments. FIG.
10 shows an always-on power island 802 and a power
management module 110. The always-on power island

29 30 



EP 3 506 053 A1

17

5

10

15

20

25

30

35

40

45

50

55

802 can include a power domain for the peripheral device
108. Since the always-on power island 802 does not enter
into a low-power mode, the peripheral device 108 in the
always-on power island 802 can monitor signals that are
asynchronous with a clock of the computing device 100.
When the peripheral device 108 detects an event signal
to which the computing device 100 should respond, the
peripheral device 108 can alert the power management
module 110. In turn, the power management module 110
can determine which one of the power islands in the com-
puting device 100 should be turned on. Subsequently,
the power management module 110 can cause one or
more of the power islands to be powered on.
[0164] In some embodiments, the peripheral device
108 can include a software defined interface, whose func-
tionality may be defined using software. More particular-
ly, the peripheral devices 108 can include an interface
protocol emulation (IPE) module that is capable of emu-
lating the functionality of standardized interface proto-
cols, such as SPI, I2C, I2S, or any other suitable protocol.
The software defined interface is beneficial because the
peripheral device 108 can maintain only a single software
defined interface that can be programmed to accommo-
date a plurality of interface protocols, instead of main-
taining a plurality of interfaces each dedicated to one
particular interface protocol. Since a single software de-
fined interface can consume a lot less die area compared
to a plurality of dedicated interfaces, the single software
defined interface can drastically reduce the cost associ-
ated with interfaces.
[0165] FIG. 11 shows a software defined interface in
accordance with some embodiments. FIG. 11 shows a
software defined interface that includes a generic in-
put/output (I/O) interface 1104, an IPE module 1106, and
an internal bus 1108 for a computing device 100. The
generic input/output interface 1104 can include an inter-
face for communicating with an external device, such as
a sensor or a camera module.
[0166] The functionality of an I/O interface 1104 can
be configured using an IPE module 1106. For example,
when an IPE module 1106 determines that the I/O inter-
face 1104 should operate as an I2C interface, then the
IPE module 1106 can program the I/O interface 1104 to
use the I2C interface protocol for communication with the
external device. In some embodiments, the IPE module
1106 can be programmed using software. The IPE mod-
ule 1106 can be programmed so that the IPE module
1106 can configure the I/O interface 1104 to implement
standardized interface protocols, such as SPI, I2C, I2S,
or any other suitable standards.
[0167] FIG. 12 shows a detailed implementation of a
software defined interface in accordance with some em-
bodiments. The software defined interface 1102 can in-
clude a general-purpose input/output (GPIO) interface
1202 and its registers 1204. A host processor can control
the operation of the GPIO 1202 by configuring bits in the
GPIO registers 1204. The GPIO 1202 can control some
of the pins in the I/O interface 1104 to communicate with

external devices, such as an accelerometer, an ambient
light sensor, or an audio sensor.
[0168] The software defined interface 1102 can also
include an IPE module 1106 and its registers 1206. A
host processor can control the operation of the IPE mod-
ule 1106 by configuring bits in the IPE registers 1206.
The IPE module 1106 can be configured to determine
(1) an interface protocol to be implemented by the soft-
ware defined interface 1102 and (2) I/O interface pins to
be used to implement the interface protocol. Once the
IPE module 1106 determines the I/O interface pins to be
used to implement the interface protocol, the IPE module
1106 can send a control signal to a multiplexer 1208 to
multiplex the selected I/O interface pins to the IPE module
1106. The IPE module 1106 can cause the I/O interface
pins to emulate the interface protocol by causing the I/O
interface pins to send control signals and data in accord-
ance with the interface protocol.
[0169] In some embodiments, the timer 1214 and/or
the prescaler 1216 can be used to convert a high fre-
quency reference clock (e.g., in the range of hundreds
of mega-hertz) to a low frequency clock (e.g., in the range
of hundreds of kilo-hertz) to provide an adequate clock
signal to the IPE. In some embodiments, the frequency
of the output clock from the prescaler 1216 can be mul-
tiplied by an integer value to emulate certain interfaces.
For example, when the output clock of the prescaler 1216
is operating at 500 kHz, the frequency of the output clock
from the prescaler 1216 can be multiplied by three to
emulate I2C interfaces. This way, the 500 kHz clock can
be used to operate the IPE logic and to sample the output
registers connected to the I/O pins.
[0170] In some embodiments, the IPE module 1106 in
the peripheral device 108 can be configured to perform
a bypass between input pins and output pins of the I/O
interface 1104, thereby emulating an input on one side
of the computing device 100 and an output on the other
side of the computing device 100 without actually pow-
ering up the processing units. This allows a first external
device, such as an accelerometer coupled to the com-
puting device 100 via I2C, to communicate with a second
external device, such as an application processor SoC,
without waking up the processing units of the computing
device 100.
[0171] The software defined interface 1102 can also
include an event processor 1210 and its registers 1212.
The event processor 1210 can be configured to receive
external signals and detect any events to which the com-
puting device 100 should respond. The functionality of
the event processor 1210 can be configured using EP
registers 1212. In some embodiments, once the event
processor 1210 detects an event to respond to, the event
processor 1210 can determine the vector processors
102, hardware accelerators 104, and/or memory fabric
106 needed to respond to the event, and send a power-
enable signal to the power island associated with the
determined vector processors 102, hardware accelera-
tors 104, and/or memory fabric 106.

31 32 



EP 3 506 053 A1

18

5

10

15

20

25

30

35

40

45

50

55

[0172] FIG. 13 illustrates an event processor in accord-
ance with some embodiments. As discussed above, the
event processor 1210 may communicate with external
devices and receive signals from the external devices.
The signals can include audio samples, accelerometer
values, ambient light sensor values, or any other inputs
that can be provided via a communication interface, such
as a GPIO. The event processor 1210 can be configured
to compare the received signals to a particular configu-
ration to recognize an event or a sequence of events.
Once the event processor 1210 recognizes an event or
a sequence of events, the event processor 1210 can
cause one or more components in the computing device
100 to wake from a low power mode and commence op-
eration.
[0173] In some embodiments, the event processor
1210 can include one or more event filters 1302A-1302N.
An event filter 1302 is configured to receive an input sig-
nal from an interface 1104, and determine whether a par-
ticular event has occurred. If the particular event has oc-
curred, the event filter 1302 can send a control signal
and/or a power island enable to one of a plurality of power
islands in the computing device 100.
[0174] FIG. 14 shows an implementation of an event
filter in accordance with some embodiments. The event
filter 1302 can include a register 1402, a comparator
1404, and a Boolean operator 1406. The event filter 1302
can be controlled via the event processor control regis-
ters 1212 and a timer 1214.
[0175] The input registers 1402 can be configured to
receive input signals from one or more external devices
and to provide the received input signals a bank of com-
parators 1404. The comparators 1404 can be configured
to support a wide range of input signal representations,
including Boolean, integer, fixed-point, and floating-point
representations.
[0176] Subsequently, the outputs from the compara-
tors 1404 can be logically combined based on the timer
value from the EP timer 1214 in order to determine if a
particular event or a sequence of events has happened.
In some cases, the particular event or the sequence of
events is deemed to have happened when a particular
relationship between comparator outputs persists for a
predetermined period of time. Once the event filter 1302
determines that a particular event or a sequence of
events has happened, the event filter 1302 can output
control signals for controlling other components in the
computing device 100, such as a vector processor 102
or a hardware accelerator 104, or external devices cou-
pled to the peripheral device 108.
[0177] The event processor 1210 can be configured to
detect an event in which a user starts using an electronic
device. The event processor 1210 can subsequently turn
on components in the computing device 100 to respond
to the start-up event. For instance, the event processor
1210 can be configured to detect a change in ambient
light, which may indicate that the electronic device has
been removed from a pocket. When the ambient light

remains at a high level for more than a few milliseconds,
the event processor 1210 can check the audio input to
determine whether there is a change in input audio sig-
nals. When the event processor 1210 detects a change
in input audio signals, the event processor 1210 can en-
able a digital signal processor in the computing device
100 to detect a spoken command. This way, the event
processor 1210 allows components in the computing de-
vice 100 to remain in a low-power mode and perform
operations only when an event or a sequence of events
has occurred. Therefore, the event processor 1210 can
significantly reduce the average standby power of the
computing device 100.
[0178] FIG. 15 shows a bypass mode of a peripheral
device in accordance with some embodiments. In FIG.
15, the computing device 100 can be in a low-power op-
eration mode in which one or more power islands are in
a low-power mode (e.g., no power supply voltage applied
to the one or more power islands.) In this case, the IPE
module 1106 can be configured to perform a bypass be-
tween input pins and output pins of the I/O interface 1104,
such as an input MIPI lane 1502 and an output MIPI lane
1504. In this example, the input MIPI lane 1502 is coupled
to a camera module and the output MIPI lane 1504 is
coupled to an application processor. Therefore, the cam-
era module can be coupled to the application processor
without actually waking up the one or more power islands
that are in a low-power mode.
[0179] In some embodiments, peripheral devices 108
for different interface protocols can share physical pins
(or pads) of the computing device 100. For example, the
peripheral devices 108 can include a first interface for a
first communication protocol and a second interface for
a second communication protocol. The first interface and
the second interface can be configured to time-multiplex
the physical I/O pins so that the number of I/O pins ded-
icated to the peripheral devices 108 can be reduced. In
some cases, the peripheral devices 108 can include a
table that includes a mapping between signals in the first
and second interfaces and physical pins.
[0180] In applications where the computing device 100
is connected to a range of MIPI devices, such as cameras
and displays, or to an application processor or other de-
vices where the computing device 100 "appears" as a
camera, the configuration of the computing device 100,
in terms of the number of MIPI interface blocks and as-
sociated pins, may not be known at design time. For this
reason, it is advantageous to connect a set of MIPI I/O
pins to a plurality of programmable MIPI I/O protocol con-
trol blocks so that the number of MIPI inputs and outputs
required to support a particular MIPI use case can be
configured at run-time via software.
[0181] FIG. 16 shows a programmable MIPI interface
in accordance with some embodiments. The program-
mable MIPI interface 1600 can include a MIPI media ac-
cess control (MAC) protocol block 1602, a MIPI transmit-
ter 1604, a MIPI receiver 1606, a multiplexer 1608 that
is configured to channel signals from either one of the
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MIPI transmitter 1604 or the MIPI receiver 1606, a MIPI
polarity switch 1610 that is configured to change the po-
larity of the differential MIPI I/O pads 1612, and a bypass
multiplexer 1614 and a bypass buffer 1616 for performing
a bypass between input pins and output pins of the I/O
interface 1104 as illustrated with respect to FIG. 15.
[0182] In some embodiments, the MIPI MAC protocol
block 1602 is designed to control the operation of the
MIPI transmitter 1604 and/or the MIPI receiver 1606 so
that the operation of the MIPI transmitter 1604 and/or the
MIPI receiver 1606 conforms with the MIPI protocol.
[0183] In some embodiments, the programmable MIPI
interface 1600 can allow only one of the MIPI transmitter
1604 or the MIPI receiver 1606 to communicate via the
MIPI I/O pad 1612 at a particular time instance. For ex-
ample, the programmable MIPI interface 1600 can cou-
ple only one of the MIPI transmitter 1604 or the MIPI
receiver 1606 with the MIPI I/O pad 1612 via a multiplexer
1608. This way, to an external device, the MIPI I/O pad
1612 can be considered a bi-directional MIPI interface.
[0184] In some embodiments, the programmable MIPI
interface 1600 can use the MIPI polarity switch 1610 to
reverse the polarity of the differential MIPI I/O pads so
that the polarity of the differential MIPI I/O pads can be
reversed at run time in order to achieve better impedance
matching or to correct errors in external PCB design with-
out rework. FIG. 17 illustrates an application of a polarity
reversal mechanism for an input/output interface in ac-
cordance with some embodiments. While FIG. 17 illus-
trates the application of the polarity reversal mechanism
for MIPI I/O pads, the polarity reversal mechanism can
be used in a variety of other interfaces that use differential
pair of signal lines.
[0185] In some embodiments, as described generally
above with respect to FIG. 15, the programmable MIPI
interface 1600 can provide a low-power MIPI bypass
mode by providing MIPI multiplexers 1614 and buffers
1616 that allow MIPI I/O pads 1612 to be connected to
outputs without requiring the processing units of the com-
puting device 100 to be powered up. This feature is de-
sirable in modes where multiple camera sensors are con-
nected to the computing device 100 to perform computer
vision tasks while in other use-cases the computing de-
vice 100 is not required and the application processor
performs still or video image capture using the same set
of sensors. With the provision of internal MIPI multiplex-
ers 1614, such uses cases can be supported via the in-
ternal bypass multiplexers 1614 rather than using exter-
nal components and greatly simplifies the cost and com-
plexity of the PCB on which the chips are combined.
[0186] In some embodiments, the memory fabric 106
can include cache memory that is designed to exploit
data locality, in terms of both the spatial and temporal
locality. When a computing device 100 is not coupled to
an external memory device, then the memory fabric 106
can allow vector processors 102 and hardware acceler-
ators 104 to use the cache memory as a general memory
device. In some embodiments, the cache memory can

be partitioned into sections so that each section is exclu-
sively used by one of the vector processors or one of the
hardware accelerators.
[0187] In some embodiments, the memory fabric 106
is configured to maintain state information of the com-
puting device 100 when the computing device 100 is in
a power saving mode. This way, when the computing
device 100 is switched on again, the computing device
100 can redistribute the state information to appropriate
devices so that the delay associated with the "wake-up"
procedure can be reduced.
[0188] In some cases, the state information is main-
tained in cache memory. In such cases, the cache mem-
ory that stores the state information may be powered on
even when the computing device 100 enters a power
saving mode. The state information can include binaries
of application(s) loaded at boot-time or during run-time.
The state information can also include configuration in-
formation such as register settings, operating mode,
pipeline configuration, and runtime environment settings
loaded at boot-time and modified during run-time which
would otherwise have to be stored in external non-volatile
memory and retrieved in the event of a power-down to
power-up sequence. The state information can also in-
clude data such as image data, and values from other
sensors. The state information can also include the state
of communications protocols between the computing de-
vice 100 and other system components which would oth-
erwise need to be stored and retrieved from external non-
volatile memory in the event of a power-down to power-
up sequence.
[0189] In some embodiments, the memory fabric 106
can include a hardware-based mutual-exclusion (mutex)
controller 206. FIG. 18 illustrates a memory fabric having
a hardware-based mutex controller in accordance with
some embodiments. FIG. 18 shows a plurality of process-
ing units 1802A-1802P, a memory fabric 106, and a mu-
tex controller 206. A processing unit 1802 can include a
vector processor 102 or a hardware accelerator 104. The
mutex controller 206 can include one or more independ-
ently addressable mutex elements that are configured to
coordinate multitasking of processing units 1802 that
share a data element. More particularly, a mutex element
can be configured to lock a shared data element, stored
in the memory fabric 106 or other parts of the computing
device 100, to a first processing unit 1802A so that other
processing units 1802P that also use the shared data
element can wait until the first processing unit 1802A
releases the shared data element. Because the mutex
controller 206 resides within the memory fabric 106, the
time to release or lock a shared resource is reduced when
compared to using a shared bus or other means.
[0190] Traditionally, when a mutex controller receives
a request for an exclusive access to a shared resource,
the mutex controller immediately responds to the re-
quest, indicating whether the requesting processing unit
can get an exclusive access to the shared resource.
Therefore, if the requesting processing unit does not get
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an exclusive access, the requesting processing unit has
to request the mutex controller continuously until the re-
questing processing unit receives the exclusive access
from the mutex controller. This can increase the traffic
on the bus between the traditional mutex controller and
processing units.
[0191] To address this issue, in some embodiments,
when a processing unit 1802A sends an exclusive access
request, requesting an exclusive access to a shared re-
source, the mutex controller 206 can monitor the status
of the request on its own. Once the mutex controller 206
determines that the processing unit 1802A is granted with
the exclusive access, the mutex controller 206 can send
an acknowledgment message to the processing unit
1802A, indicating that the processing unit 1802A has the
exclusive access to the shared resource. This way, the
processing unit 1802A is not required to send the exclu-
sive access request multiple times until the processing
unit 1802A receives the exclusive access; the processing
unit 1802A can send the exclusive access request only
once and wait to receive the exclusive access from the
mutex controller 206. This messaging mechanism can
reduce the communication load on the memory fabric
106.
[0192] In some embodiments, the memory fabric 106
can include a flexible bus architecture that provides com-
munication between processing units. Frequently, an in-
terface for communication between processing units in-
cludes a buffer, such as a First-In-First-Out (FIFO). For
example, when a first processing unit is ready to send a
message to a second processing unit, the first processing
unit can send the message to a buffer that is assigned
to the second processing unit. When the second process-
ing unit is ready to receive the message, the second
processing unit can retrieve the message from the buffer.
[0193] However, buffers in traditional interfaces have
a limited storage capacity. Therefore, buffers in tradition-
al interfaces are often limited to storing control messages
and could not accommodate large amount of data, such
as image and video data. Furthermore, each buffer is
permanently assigned to one of the processing units.
Therefore, while a first buffer assigned to a first process-
ing unit may be overflowing, a second buffer assigned to
a second processing unit may be empty. Thus, the ca-
pacity of buffers may not be fully utilized at the system
level.
[0194] The memory fabric 106 addresses these short-
comings of traditional interfaces by increasing the capac-
ity of buffers and by dynamically assigning buffers to
processing units based on the real-time needs for com-
munication. The memory fabric 106 provides a flexible
mechanism for creating, managing, and releasing buff-
ers. The buffers can be created for the duration of a proc-
ess, and can be released once the process is completed.
The released buffer can be made available for other ap-
plications or processing units under a software program
control.
[0195] FIG. 19 illustrates a dynamic assignment of

buffers in accordance with some embodiments. The
memory fabric 106 can include a plurality of buffers
1902A-1902P, each of which may be exclusively as-
signed to one of the processing units, such as a vector
processor or a hardware accelerator. In some cases,
multiple buffers 1902 can be assigned to the same
processing unit.
[0196] In some embodiments, the plurality of buffers
1902 can be a part of a repository of buffers that can be
partitioned and exclusively assigned to one of the
processing units. The repository can comprise a memory
slice from the memory fabric 106. In some embodiments,
each of the plurality of buffers 1902 may have the same
capacity. In other embodiments, one or more of the buff-
ers 1902 may have a variable capacity. For example,
when a first processing unit 1802N attempts to send a
small number of control messages to a second process-
ing unit1802C, the memory fabric 106 can assign a small
buffer 1902C to the second processing unit 1802C so
that the second processing unit 1802C can receive the
small number of control messages. However, when the
first processing unit 1802N attempts to send a large
amount of video data to the second processing unit
1802M, the memory fabric 106 can assign a buffer having
a large capacity to the second processing unit 1802M so
that the second processing unit 1802M can receive the
large amount of video.
[0197] In some embodiments, one or more of the plu-
rality of buffers 1902 can be associated with particular
applications, such as a communications interface includ-
ing USB, MIPI or Ethernet that can be foreseen at the
device (system-on-chip) design time.
[0198] In some embodiments, the power management
module 110 can be configured to provide a different pow-
er supply voltage to logic circuits and memory devices.
FIG. 20 illustrates a power management mechanism that
provides different voltages to logic circuits memory de-
vices in accordance with some embodiments. A single
power island 2002A can include a logic circuit area 2004
and a memory area 2006. The power management mod-
ule 110 can be configured to provide a first voltage V1 to
the logic circuit area 2004 and a second voltage V2 to a
memory area 2006. In some embodiments, the first volt-
age and the second voltage can be provided by a different
power regulator. Therefore, the first voltage and the sec-
ond voltage can be controlled independently.
[0199] In some embodiments, the logic circuit area
2004 and the memory area 2006 can independently enter
a low-power mode. For example, the power management
module 110 can use local switches 2008, 2010 to cut off
the power supply voltage to the logic circuit area 2004
and the memory area 2006, respectively. In some em-
bodiments, the power management module 110 can use
the global switch 2012 to cut off the power supply voltage
to memory areas 2006 in one or more power islands
2002A, ..., 2002N.
[0200] In some embodiments, the memory fabric 106
can include a direct memory access (DMA) engine. The
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DMA engine can maintain an operation list, which in-
cludes a double linked list of DMA data structures. Each
DMA data structure indicates a particular operation to be
performed by the DMA engine. The DMA data structures
are maintained in the order in which the DMA engine
should perform operations associated with the DMA data
structures.
[0201] Because the operation list includes a double
linked list of DMA data structures, it takes a significant
amount of time to remove a DMA operation to the se-
quence of operations represented by the double linked
list. In some embodiments, the DMA engine can address
this issue by maintaining a buffer that indicates whether
a DMA data structure should be executed. Each bit in
the buffer can be considered an enable signal for the
associated DMA data structure.
[0202] FIG. 21 illustrates a DMA engine that imple-
ments a buffer-based DMA data structure enable mech-
anism in accordance with some embodiments. The DMA
engine includes an operation list 2102 that has a plurality
of DMA data structures 2104. The plurality of DMA data
structures 2104 can be coupled to one another as a dou-
ble linked list. The DMA engine also includes an enable
buffer 2106. The enable buffer 2106 can include a plu-
rality of bits. The number of bits in the enable buffer 2106
can be identical to the number of DMA data structures in
the operation list 2102. Each bit in the enable buffer 2106
can indicate whether a DMA data structure associated
with the bit is enabled. For example, when a first bit in
the buffer is a "1", then the DMA engine can determine
that the first DMA data structure is enabled and execute
the first DMA data structure. When a second bit in the
buffer is a "0", then the DMA engine can determine that
the second DMA data structure is enabled and not exe-
cute the second DMA data structure. This way, the DMA
engine can selectively execute a subset of the DMA data
structures in the operation list without actually removing
DMA data structures from the operation list. Since the
DMA engine does not need to remove DMA data struc-
tures, the delay associated with disabling one or more
DMA data structures can be small.
[0203] In some embodiments, the parallel computing
device 100 can reside in an electronic device. FIG. 22
illustrates an electronic device that includes the comput-
ing device in accordance with some embodiments. The
electronic device 2200 can include a processor 2202,
memory 2204, one or more interfaces 2206, and the com-
puting device 100.
[0204] The electronic device 2200 can have memory
2204 such as a computer readable medium, flash mem-
ory, a magnetic disk drive, an optical drive, a program-
mable read-only memory (PROM), and/or a read-only
memory (ROM). The electronic device 2200 can be con-
figured with one or more processors 2202 that process
instructions and run software that may be stored in mem-
ory 2204. The processor 2202 can also communicate
with the memory 2204 and interfaces 2206 to communi-
cate with other devices. The processor 2202 can be any

applicable processor such as a system-on-a-chip that
combines a CPU, an application processor, and flash
memory, or a reduced instruction set computing (RISC)
processor.
[0205] The memory 2204 can be a non-transitory com-
puter readable medium, flash memory, a magnetic disk
drive, an optical drive, a programmable read-only mem-
ory (PROM), a read-only memory (ROM), or any other
memory or combination of memories. The software can
run on a processor capable of executing computer in-
structions or computer code. The processor might also
be implemented in hardware using an application specific
integrated circuit (ASIC), programmable logic array
(PLA), field programmable gate array (FPGA), or any oth-
er integrated circuit.
[0206] The interfaces 2206 can be implemented in
hardware or software. The interfaces 2206 can be used
to receive both data and control information from the net-
work as well as local sources, such as a remote control
to a television. The electronic device can also provide a
variety of user interfaces such as a keyboard, a touch
screen, a trackball, a touch pad, and/or a mouse. The
electronic device may also include speakers and a dis-
play device in some embodiments.
[0207] In some embodiments, a processing unit, such
as a vector processor 102 and a hardware accelerator
104, in the computing device 100 can include an inte-
grated chip capable of executing computer instructions
or computer code. The processor might also be imple-
mented in hardware using an application specific inte-
grated circuit (ASIC), programmable logic array (PLA),
field programmable gate array (FPGA), or any other in-
tegrated circuit.
[0208] In some embodiments, the computing device
100 can be implemented as a system on chip (SOC). In
other embodiments, one or more blocks in the parallel
computing device can be implemented as a separate
chip, and the parallel computing device can be packaged
in a system in package (SIP). In some embodiments, the
parallel computing device 400 can be used for data
processing applications. The data processing applica-
tions can include image processing applications and/or
video processing applications. The image processing ap-
plications can include an image processing process, in-
cluding an image filtering operation; the video processing
applications can include a video decoding operation, a
video encoding operation, a video analysis operation for
detecting motion or objects in videos. Additional applica-
tions of the present invention include machine learning
and classification based on sequence of images, objects
or video and augmented reality applications including
those where a gaming application extracts geometry from
multiple camera views including depth enabled cameras,
and extracts features from the multiple views from which
wireframe geometry (for instance via a point-cloud) can
be extracted for subsequent vertex shading by a GPU.
[0209] The electronic device 2200 can include a mobile
device, such as a cellular phone. The mobile device can
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communicate with a plurality of radio access networks
using a plurality of access technologies and with wired
communications networks. The mobile device can be a
smart phone offering advanced capabilities such as word
processing, web browsing, gaming, e-book capabilities,
an operating system, and a full keyboard. The mobile
device may run an operating system such as Symbian
OS, iPhone OS, RIM’s Blackberry, Windows Mobile,
Linux, Palm WebOS, and Android. The screen may be
a touch screen that can be used to input data to the mobile
device and the screen can be used instead of the full
keyboard. The mobile device may have the capability to
run applications or communicate with applications that
are provided by servers in the communications network.
The mobile device can receive updates and other infor-
mation from these applications on the network.
[0210] The electronic device 2200 can also encom-
passes many other devices such as televisions (TVs),
video projectors, set-top boxes or set-top units, digital
video recorders (DVR), computers, netbooks, laptops,
tablet computers, and any other audio/visual equipment
that can communicate with a network. The electronic de-
vice can also keep global positioning coordinates, profile
information, or other location information in its stack or
memory.
[0211] It will be appreciated that whilst several different
arrangements have been described herein, that the fea-
tures of each may be advantageously combined together
in a variety of forms to achieve advantage.
[0212] In the foregoing specification, the application
has been described with reference to specific examples.
It will, however, be evident that various modifications and
changes may be made therein without departing from
the broader spirit and scope of the invention as set forth
in the appended claims. For example, the connections
may be any type of connection suitable to transfer signals
from or to the respective nodes, units or devices, for ex-
ample via intermediate devices. Accordingly, unless im-
plied or stated otherwise the connections may for exam-
ple be direct connections or indirect connections.
[0213] It is to be understood that the architectures de-
picted herein are merely exemplary, and that in fact many
other architectures can be implemented which achieve
the same functionality. In an abstract, but still definite
sense, any arrangement of components to achieve the
same functionality is effectively "associated" such that
the desired functionality is achieved. Hence, any two
components herein combined to achieve a particular
functionality can be seen as "associated with" each other
such that the desired functionality is achieved, irrespec-
tive of architectures or intermediate components. Like-
wise, any two components so associated can also be
viewed as being "operably connected," or "operably cou-
pled," to each other to achieve the desired functionality.
[0214] Furthermore, those skilled in the art will recog-
nize that boundaries between the functionality of the
above described operations are merely illustrative. The
functionality of multiple operations may be combined into

a single operation, and/or the functionality of a single
operation may be distributed in additional operations.
Moreover, alternative embodiments may include multiple
instances of a particular operation, and the order of op-
erations may be altered in various other embodiments.
[0215] However, other modifications, variations and al-
ternatives are also possible. The specifications and draw-
ings are, accordingly, to be regarded in an illustrative
rather than in a restrictive sense.
[0216] In the claims, any reference signs placed be-
tween parentheses shall not be construed as limiting the
claim. The word "comprising" does not exclude the pres-
ence of other elements or steps than those listed in a
claim. Furthermore, the terms "a" or "an," as used herein,
are defined as one or more than one. Also, the use of
introductory phrases such as "at least one" and "one or
more" in the claims should not be construed to imply that
the introduction of another claim element by the indefinite
articles "a" or "an" limits any particular claim containing
such introduced claim element to inventions containing
only one such element, even when the same claim in-
cludes the introductory phrases "one or more" or "at least
one" and indefinite articles such as "a" or "an." The same
holds true for the use of definite articles. Unless stated
otherwise, terms such as "first" and "second" are used
to arbitrarily distinguish between the elements such
terms describe. Thus, these terms are not necessarily
intended to indicate temporal or other prioritization of
such elements. The mere fact that certain measure are
recited in mutually different claims does not indicate that
a combination of these measures cannot be used to ad-
vantage.
[0217] The disclosure of the present invention also in-
cludes the following Examples:

Example 1: A computing device comprising:

a plurality of vector processors, wherein one of
the plurality of vector processors is configured
to execute an instruction that operates on a first
array of values;
a hardware accelerator configured to perform a
filtering operation on a second array of values;
a memory fabric comprising a plurality of mem-
ory slices and an interconnect system having a
first interface and a second interface, wherein
the first interface is configured to couple the plu-
rality of vector processors to the plurality of
memory slices and wherein the second interface
is configured to couple the hardware accelerator
to the plurality of memory slices; and
a host processor configured to cause the mem-
ory fabric to provide the first array of values to
the one of the plurality of vector processors via
the first interface and to provide the second array
of values to the hardware accelerator via the
second interface, thereby enabling the one of
the plurality of vector processors to process the
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first array of values in accordance with the in-
struction and enabling the hardware accelerator
to process the second array of values in accord-
ance with the filtering operation.

Example 2: The computing device of Example 1, fur-
ther comprising a plurality of power islands each
comprising at least one power domain, wherein a
first of the plurality of power islands is coupled to a
first supply voltage to provide the first supply voltage
to one of the plurality of vector processors, and
wherein a second of the plurality of power islands is
coupled to a second supply voltage to provide the
second supply voltage to the hardware accelerator.

Example 3: The computing device of Example 2, fur-
ther comprising a power management module con-
figured to provide an enable signal to a switch that
couples the first of the plurality of power islands to
the first supply voltage, thereby placing the one of
the plurality of vector processors into an active mode.

Example 4: The computing device of Example 3,
wherein the one of the plurality of vector processors
comprises a logic circuit region for processing the
first array of values and local memory for storing at
least a subset of the first array of values, and wherein
the power management module is configured to
cause the first supply voltage to be provided to the
logic circuit region and to cause a third supply voltage
to be provided to the local memory to control a power
consumption of the logic circuit region and the local
memory independently.

Example 5: The computing device of Example 3,
wherein the power management module is config-
ured to turn off the switch to disconnect the first of
the plurality of power islands from the first supply
voltage, thereby placing the one of the plurality of
vector processors into a low-power mode.

Example 6: The computing device of Example 3,
wherein the power management module comprises
a valid signal generator configured to generate a val-
id signal, indicating a time instance at which circuit
blocks in the first of the plurality of power islands are
ready to process input data, wherein the valid signal
generator comprises a daisy chain of switches that
provides the first supply voltage to the circuit blocks
in the first of the plurality of power islands.

Example 7: The computing device of Example 3, fur-
ther comprising a peripheral device coupled to a plu-
rality of input / output (I/O) pins, wherein the periph-
eral device is configured to provide a communication
channel between at least one of the plurality of vector
processors and an external device.

Example 8: The computing device of Example 7,
wherein the peripheral device is within a power island
that is always powered on.

Example 9: The computing device of Example 8,
wherein the peripheral device is configured to mon-
itor signals from the external device to detect an
event to which one of the plurality of vector proces-
sors should respond to, and when the peripheral de-
vice detects the event, cause the power manage-
ment module to place the one of the plurality of vector
processors into the active mode.

Example 10: The computing device of Example 7,
wherein the peripheral device comprises an emula-
tion module that is configured to cause the peripheral
device to emulate a functionality of a plurality of
standard protocol interfaces via a common set of the
I/O pins.

Example 11: The computing device of Example 10,
wherein the peripheral device is coupled to a differ-
ential pair of I/O pins, and the peripheral device is
configured to change a polarity of the differential pair
based on a polarity control signal.

Example 12: The computing device of Example 10,
wherein the differential pair of I/O pins comprises a
differential pair of Mobile Industry Processor Inter-
face (MIPI) lanes.

Example 13: The computing device of Example 7,
wherein the peripheral device comprises a bypass
buffer that is configured to perform a bypass between
an input I/O pin and an output I/O pin, thereby pro-
viding a communication channel between the input
I/O pin and the output I/O pin without placing the one
of the vector processors in an active mode.

Example 14: A method comprising :

providing a memory fabric comprising a plurality
of memory slices and an interconnect system
having a first interface and a second interface;
coupling, using the first interface, the plurality of
memory slices and a plurality of vector proces-
sors;
coupling, using the second interface, the plural-
ity of memory slices and a hardware accelerator;
providing, by the memory fabric, a first array of
values to one of the plurality of vector processors
via the first interface and providing a second ar-
ray of values to the hardware accelerator via the
second interface;
executing, at the one of a plurality of vector proc-
essors, an instruction that operates on the first
array of values; and
performing, by the hardware accelerator, a fil-
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tering operation on the second array of values.

Example 15: The method of Example 14, further
comprising:

providing a first supply voltage to one of the plu-
rality of vector processors; and
providing a second supply voltage to the hard-
ware accelerator, wherein the one of the plurality
of vector processors and the hardware acceler-
ator are associated with a first power island and
a second power island, respectively.

Example 16: The method of Example 15, further
comprising providing, by a power management mod-
ule, an enable signal to a switch that couples the first
power island to the first supply voltage, thereby plac-
ing the one of the plurality of vector processors into
an active mode.

Example 17: The method of Example 15, further
comprising generating a valid signal, indicating a
time instance at which circuit blocks in the first power
island are ready to process input data, using a daisy
chain of switches that provides the first supply volt-
age to the circuit blocks in the one of the plurality of
vector processors .

Example 18: The method of Example 14, further
comprising providing a peripheral device coupled to
a plurality of input / output (I/O) pins, wherein the
peripheral device is associated with a power island
that is always powered on.

Example 19: The method of Example 18, further
comprising monitoring signals from an external de-
vice to detect an event to which the one of the plurality
of vector processors should respond to, and causing
the power management module to place the one of
the plurality of vector processors into the active
mode.

Example 20: The method of Example 18, further
comprising emulating, by the peripheral device, a
functionality of a plurality of standard protocol inter-
faces via a common set of the I/O pins.

Example 21: The method of Example 20, wherein
the peripheral device is coupled to a differential pair
of I/O pins, and the method further comprises chang-
ing a polarity of the differential pair based on a po-
larity control signal.

Example 22: The method of Example 18, further
comprising performing a bypass between an input
I/O pin and an output I/O pin using a bypass buffer,
thereby providing a communication channel be-
tween the input I/O pin and the output I/O pin without

placing the one of the vector processors in an active
mode.

Example 23: An electronic device comprising:

a plurality of vector processors, wherein one of
the plurality of vector processors is configured
to execute an instruction that operates on a first
array of values;
a hardware accelerator comprising a program-
mable datapath pipeline that is programmed us-
ing configuration information received from a
software module, wherein the programmable
datapath pipeline is configured to perform a fil-
tering operation on a second array of values in
accordance with the configuration information;
a memory fabric comprising a plurality of mem-
ory slices; and
a host processor configured to cause the mem-
ory fabric to provide the first array of values to
the one of the plurality of vector processors and
to provide the second array of values to the hard-
ware accelerator, thereby enabling the one of
the plurality of vector processors to process the
first array of values in accordance with the in-
struction and enabling the hardware accelerator
to process the second array of values in accord-
ance with the configuration information.

Example 24: The electronic device of Example 23,
wherein the hardware accelerator comprises:

an output buffer for receiving a scan-line of an
image processed by the programmable datap-
ath pipeline; and
a pipeline stall controller configured to stall an
operation of the programmable datapath pipe-
line when the output buffer is full.

Example 25: The electronic device of Example 23,
wherein the hardware accelerator comprises a plu-
rality of functional units that are chained together to
perform the filtering operation.

Example 26: The electronic device of Example 25,
wherein an order in which the plurality of functional
units is chained together is determined using the
configuration information received from the software
module.

Example 27: The electronic device of Example 26,
wherein an output of a first of the plurality of func-
tional units is provided to a buffer in a memory fabric,
and an input of a second of the plurality of functional
units is received from the buffer.

Example 28: The electronic device of Example 24,
wherein the hardware accelerator further comprises
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a depth map client that is configured to receive depth
information that is indicative of a depth of an object
represented by a pixel in the scan-line of the image.

Example 29: The electronic device of Example 28,
wherein the hardware accelerator further comprises
a depth map module that is configured to process
the depth information to match a resolution of the
depth information to a resolution of the scan-line of
the image.

Example 30: The electronic device of Example 29,
wherein the depth map module is further configured
to time-synchronize the depth information to the
scan-line of the image.

Example 31: The electronic device of Example 23,
wherein the memory fabric comprises a mutex con-
troller that is configured to monitor a status of an
exclusive access request requesting an exclusive
access to a shared resource by one of the vector
processors, and when the one of the vector proces-
sors receives an exclusive access to the shared re-
source, send an acknowledgement message to the
one of the vector processors, indicating that the one
of the vector processors has the exclusive access
to the shared resource.

Example 32: The electronic device of Example 23,
wherein the memory fabric comprises a plurality of
buffers, wherein a first of the plurality of buffers is
associated with a first of the vector processors, and
wherein a second of the vector processors is config-
ured to send data to the first of the vector processor
by storing the data in the first of the plurality of buffers.

Example 33: The electronic device of Example 32,
wherein the memory fabric is configured to dynam-
ically modify a capacity of the first of the plurality of
buffers based on an amount of data transferred to
the first of the vector processors.

Example 34: The electronic device of Example 32,
wherein the memory fabric is configured to dynam-
ically associate two or more of the plurality of buffers
to the first of the vector processors based on an
amount of data transferred to the first of the vector
processors.

Example 35: The electronic device of Example 32,
wherein the plurality of buffers is a part of one of the
plurality of memory slices in the memory fabric.

Example 36: The electronic device of Example 32,
wherein the memory fabric is configured to store
state information of one of the vector processors
when the one of the vector processors enters a low-
power mode.

Example 37: The electronic device of Example 36,
wherein the state information is stored in a static ran-
dom access memory in the memory fabric.

Example 38: The electronic device of Example 23,
wherein the memory fabric comprises a direct mem-
ory access (DMA) controller, wherein the DMA con-
troller comprises an operation list indicating an order
in which DMA operations are to be performed.

Example 39: The electronic device of Example 38,
wherein the DMA controller is configured to perform
a subset of the DMA operations in the operation list
based on an enable buffer, wherein the enable buffer
includes a plurality of bits, wherein one of the plurality
of bits is associated with one of the DMA operations,
and a value of the one of the plurality of bits is indic-
ative of whether the one of the DMA operations is to
be performed by the DMA controller.

Example 40: A method comprising:

providing, by a memory fabric comprising a plu-
rality of memory slices, a first array of values to
one of a plurality of vector processors;
providing, by the memory fabric, a second array
of values to a hardware accelerator comprising
a programmable datapath pipeline;
executing, by one of the plurality of vector proc-
essors, an instruction that operates on the first
array of values;
configuring the datapath pipeline in the hard-
ware accelerator using configuration informa-
tion; and
performing, using the datapath pipeline in the
hardware accelerator, a filtering operation on
the second array of values in accordance with
the configuration information.

Example 41: The method of Example 40, further
comprising:

receiving, at an output buffer, a scan-line of an
image processed by the programmable datap-
ath pipeline; and
stalling, by a pipeline stall controller, an opera-
tion of the programmable datapath pipeline
when the output buffer is full.

Example 42: The method of Example 41, wherein
the hardware accelerator comprises a plurality of
functional units, and the method further comprises
chaining the plurality of functional units in accord-
ance with the configuration information to perform
the filtering operation.

Example 43: The method of Example 42, wherein
the plurality of functional units comprises a first func-
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tional unit and a second functional unit, and wherein
chaining the plurality of functional units comprises
an output of the first functional unit to an input of the
second functional unit.

Example 44: The method of Example 41, further
comprising:

receiving depth information that is indicative of
a depth of an object represented by a pixel in
the scan-line of the image; and
synchronizing the depth information to the scan-
line of the image.

Example 45: The method of Example 40, further
comprising:

monitoring, by a memory controller in the mem-
ory fabric, a status of an exclusive access re-
quest requesting an exclusive access to a
shared resource by one of the vector proces-
sors, and
when the one of the vector processors receives
an exclusive access to the shared resource,
sending an acknowledgement message to the
one of the vector processors, indicating that the
one of the vector processors has the exclusive
access to the shared resource.

Example 46: The method of Example 40, wherein
the memory fabric comprises a plurality of buffers,
wherein a first of the plurality of buffers is associated
with a first of the vector processors, and the method
further comprises sending, by a second of the vector
processors, data to the first of the vector processor
by storing the data in the first of the plurality of buffers.

Example 47: The method of Example 46, further
comprising dynamically modifying a capacity of the
first of the plurality of buffers based on an amount of
data transferred to the first of the vector processors.

Example 48: The method of Example 46, further
comprising dynamically associating two or more of
the plurality of buffers to the first of the vector proc-
essors based on an amount of data transferred to
the first of the vector processors.

Example 49: The method of Example 46, further
comprising storing state information of one of the
vector processors in the memory fabric when the one
of the vector processors enters a low-power mode.

Example 50: The method of Example 49, wherein
the state information is stored in a static random ac-
cess memory in the memory fabric.

Example 51: The method of Example 40, further

comprising maintaining, at a direct memory access
(DMA) controller, an operation list indicating an order
in which DMA operations are to be performed.

Example 52: The method of Example 51 , further
comprising performing a subset of the DMA opera-
tions in the operation list based on an enable buffer,
wherein the enable buffer includes a plurality of bits,
wherein one of the plurality of bits is associated with
one of the DMA operations, and a value of the one
of the plurality of bits is indicative of whether the one
of the DMA operations is to be performed by the DMA
controller.

Example 53: A computing device comprising:

a plurality of vector processors, wherein one of
the plurality of vector processors is configured
to execute an instruction that operates on a first
array of values;
a hardware accelerator configured to perform a
filtering operation on a second array of values;
a memory fabric comprising a plurality of mem-
ory slices and an interconnect system having a
first interface and a second interface, wherein
the first interface is configured to couple the plu-
rality of vector processors to the plurality of
memory slices and wherein the second interface
is configured to couple the hardware accelerator
to the plurality of memory slices; and
a host processor configured to cause the mem-
ory fabric to provide the first array of values to
the one of the plurality of vector processors via
the first interface and to provide the second array
of values to the hardware accelerator via the
second interface, thereby enabling the one of
the plurality of vector processors to process the
first array of values in accordance with the in-
struction and enabling the hardware accelerator
to process the second array of values in accord-
ance with the filtering operation; and
a peripheral device coupled to a plurality of input
/ output (I/O) pins, wherein the peripheral device
is configured to provide a communication chan-
nel between at least one of the plurality of vector
processors and an external device, wherein the
peripheral device comprises an emulation mod-
ule that is configured to cause the peripheral de-
vice to emulate a functionality of a plurality of
standard protocol interfaces via a common set
of the I/O pins.

Example 54: A method comprising:

providing a memory fabric comprising a plurality
of memory slices and an interconnect system
having a first interface and a second interface;
coupling, using the first interface, the plurality of
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memory slices and a plurality of vector proces-
sors;
coupling, using the second interface, the plural-
ity of memory slices and a hardware accelerator;
providing, by the memory fabric, a first array of
values to one of the plurality of vector processors
via the first interface and providing a second ar-
ray of values to the hardware accelerator via the
second interface;
executing, at the one of a plurality of vector proc-
essors, an instruction that operates on the first
array of values; and
performing, by the hardware accelerator, a fil-
tering operation on the second array of values;
providing a peripheral device coupled to a plu-
rality of input / output (I/O) pins, wherein the pe-
ripheral device is associated with a power island
that is always powered on; and
emulating, by the peripheral device, a function-
ality of a plurality of standard protocol interfaces
via a common set of the I/O pins.

Claims

1. A computing device comprising:

a plurality of vector processors, a first vector
processor of the plurality of vector processors
to operate on a first array of values, the first vec-
tor processor to receive power from a first power
island;
a hardware accelerator to perform a filtering op-
eration on a second array of values, the hard-
ware accelerator to receive power from a second
power island;
a memory fabric including a plurality of memory
slices storing the first array of values and the
second array of values, the memory fabric in
communication with the first vector processor
via a first interface and in communication with
the hardware accelerator via a second interface;
a memory controller to cause the memory fabric
provide the first array of values to the first vector
processor via the first interface, and to cause
the memory fabric to provide the second array
of values to the hardware accelerator via a sec-
ond interface; and
a peripheral device coupled to a plurality of in-
put/output (I/O) pins, the peripheral device to
provide a communication channel between the
first vector processor and an external device,
and the peripheral device to emulate a function-
ality of a plurality of standard protocol interfaces
via at least some of the plurality of I/O pins.

2. The computing device of claim 1, further including a
power manager to, based on information supplied

by the external device:

control when power is supplied to the first vector
processor via the first power island; and
control when power is supplied to the hardware
accelerator via the second power island, the ex-
ternal device to communicate with the comput-
ing device via the peripheral device.

3. The computing device of claim 1, wherein the first
power island is in circuit with a first supply voltage
via a first switch , the second power island is in circuit
with a second supply voltage via a second switch,
and the power manager is to control when power is
supplied to the first vector processor by operating
the first switch, and to control when power is supplied
to the hardware accelerator by operating the second
switch.

4. The computing device of claim 3, wherein the power
manager is to place the first vector processor into an
active power mode via an enable signal supplied to
the first switch.

5. The computing device of claim 4, wherein the first
vector processor includes a logic circuit to process
the first array of values and a local memory to store
at least a subset of the first array of values, the logic
circuit to receive power from the first power island,
the local memory to receive power from a third power
island, the power manager to cause the first supply
voltage to be provided to the logic circuit via the first
power island, the power manager to cause a third
supply voltage to be provided to the local memory
via the third power island, the supply of power to the
logic circuit to be controlled independently of the sup-
ply of power to the local memory.

6. The computing device of claim 4, wherein the power
manager is to place the first vector processor into a
low power mode by controlling the first switch be-
tween the first power island and the first supply volt-
age.

7. The computing device of claim 4, wherein the power
manager is to generate a valid signal with a daisy
chain of switches when circuits associated with the
first vector processor in the first power island are
powered to process input data.

8. The computing device of claim 4, wherein the pe-
ripheral device is associated with a power island that
is always powered on.

9. The computing device of claim 8, wherein the pe-
ripheral device includes an event monitor to monitor
signals from the external device to detect an event
to which the first vector processor is to respond, the
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peripheral device is to alert the power manager when
the event is detected, and the power manager is to
respond to the alert by placing the first vector proc-
essor into an active mode.

10. The computing device of claim 9, wherein the first
array of values and the second array of values are
associated with image data, the external device is a
light sensor, and the event monitor is to cause one
or more of the first vector processor and the hard-
ware accelerator to enter an active power mode
when light is detected by the light sensor.

11. A computing device comprising:

a processor to operate on first array of values;
hardware logic to perform a filtering operation
on a second array of values;
a plurality of memory slices;
a first interface in communication with the proc-
essor and the plurality of memory slices;
a second interface in communication with the
hardware logic and the plurality of memory slic-
es; and
means for power managing to, based on infor-
mation supplied by an external device, control
when power is supplied to the processor, and
control when power is supplied to the hardware
logic, the external device coupled to the com-
puting device via a peripheral device, the pe-
ripheral device to emulate a functionality of a
plurality of standard protocol interfaces via a
common set of input/output (I/O) pins.

12. The computing device of claim 11, further including
a plurality of power islands each including at least
one power domain, a first power island of the plurality
of power islands coupled to a first supply voltage,
the first power island to provide the first supply volt-
age to the processor, a second power island of the
plurality of power islands coupled to a second supply
voltage, and the second power island to provide the
second supply voltage to the hardware logic.

13. The computing device of claim 12, wherein the power
managing means is to provide an enable signal to a
means for switching, the switching means to couple
the first power island to the first supply voltage, and
the enable signal to place the processor into an ac-
tive mode.

14. The computing device of claim 13, wherein the proc-
essor includes a logic circuit to process the first array
of values and a local memory to store at least a sub-
set of the first array of values, and the power man-
aging means to control the supply of power to the
logic circuit independently from the supply of power
to the local memory.

15. The computing device of claim 13, wherein the power
managing means is to turn off the switching means
to disconnect the first power island from the first sup-
ply voltage, the disconnecting of the first power is-
land from the first supply voltage to place the proc-
essor into a low-power mode.
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