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variety of applications) to stay in a low-power (e.g., sleep mode) most of the time as conventional, while becoming active only when
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(57) Abstract: Techniques disclosed herein utilize a vision sensor that integrates a special-purpose camera with dedicated computer
vision (CV) computation hardware and a dedicated low-power microprocessor for the purposes of detecting, tracking, recognizing,
and/or analyzing subjects, objects, and scenes in the view of the camera. The vision sensor processes the information retrieved from
the camera using the included low-power microprocessor and sends "events" (or indications that one or more reference occurrences
have occurred, and, possibly, associated data) for the main processor only when needed or as defined and configured by the applica -
tion. This allows the general-purpose microprocessor (which is typically relatively high-speed and high-power to support a variety of
applications) to stay in a low-power (e.g., sleep mode) most of the time as conventional, while becoming active only when events are
received from the vision sensor.
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LOW-POWER ALWAYS-ON FACE DETECTION, TRACKING,
RECOGGNITION AND/OR ANALYSIS
USING EVENTS-BASED VISION SENSOR

BACKGROUND

9801]  Human-computer mteraction uses reany modalities including language
{typing, voice recognition, on-screen text display, speech synthesis, and the Hke) and
vision (still and video cameras, graphic displays, and the like}. Face detection,
ecogrition, oxpressions, and so forth forms an tmportant part of buman-to-human
commuwmication and thereby is importard for human-machine interaction as well. There
are many methods and applications available for detection, tracking, recoguition of
face(s) in still images and videos, incloding emotion detection, gender classification, lip

reading, cyo/gaze tracking, cic.

18602] Traditional systems for face or general obiect detection and tracking use
computing-intensive algorithms requiring high-speed, power-hungry microprocessors,
bigh-consuruption of data path bandwidth for moving large sumbers of operands, and
heavy usage of memory. These systems typically use a still/video camera captoring and
delivering intensity-based images to a gencral-purpose microprocessor, which analyzes
the tmages, displays the images gleaned on g screen, ot otherwise acts based on the
scene-information thus retrieved. Given the high power consumption of the existing
systems, use-cases and applications fur face or general object detection have become
fairly limited. For example, the camera and the processor sub-system cannot be kept

turned on for most of the time for portable, battery-powered devices.
SUMMARY

[8803] Techuigues disclosed herein utilize a vision sensor that integrates a special-
purpose camera with dedicated computer vision (CV) computation hardware and a
dedicated low-power microprocessor for the purposes of detecting, fracking,
recognizing, and/or analyzing subjects, objects, and scenes in the view of the camera,
The vision sensor processes the information retricved from the camera using the
mchided low-power microprocessor and sends "events” (or indications that one or more
reference oecnrrences have occurred) for the main processor only when needed or as
defined and configured by the application. This allows the general-purpose

microprocessor (which 18 typically relatively high-speed and high-power to support a
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varicty of applications) to stay in a low-power (¢.g., slcep mode) most of the time as

conventional, while becoming active only when events are retricved from the vision

sCNSOT.

[#604] A smart sensor for sensing dypamic scenc-based ccourrences, according to the
description, can comprise dedicated computer vision {CV) computation hardware
configured to receive sensor data from a sensor array comprising more than one sensor
pixel and capable of computing one or more CV features using readings from
neighboring sensor pixels of the sensor array, and a first processing unit
commumicatively coupled with the dedicated CV computation hardware and configured
to process signals resulting from operations based on the one or more computed CV
features. The smart sensor can be configured fo generate an event to be received by a
second processing unit in response to the processing of the signals resulting from the
operations based on the one or more computed CV features by the first processing unit,

the event indicating a reference occurrence for the second processing umit,

{6083]  The smart sensor can include one or more of the following features. The
reference occurrence can be one or more of a coming into view of a human face, a
coming into view of a human body, an emotion expressed on a human face, coming into
view of an non-huwman animal face, coming into view of a non-human anmimal body,
coming into view of a luiman hand, a hand gesture, a coming into view of a reference
object, a change from an indoor cnvironment to an oetdoor eovironment, a refercnce
movement, rapid movement in a scene indicating a fall, motion toward an object
ndicating a risk of collision, movement or objects in a scene indicating danger, or any
combination thereof. The event may comprise face detection. The dedicated OV
computation hardware may be configured to provide Local Binary Patterns (LBPs).

The smart sensor may comprise cascade classifier hardware configured to detect a
presence of a reforence object in a subset of the sensor data coupled to the dedicated OV
computation hardware. The operations based on the one or more computed CV features
may comprise operations performed by the cascade classificr hardware, the reference
pecurrence being associated with the reference object The fivst processing unit may be
configured to receive an indication from the cascade classifier hardware of the presence
of the reference obiect when the presence of the reference object s detected by the

cascade classifier hardware. The dedicated CV conputation hardware may be
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configured to receive raw sensor data from the sensor array and oo image signal
processing circuitry is disposed between the sensor array and the dedicated CV
computation hardware. The dedicated CV computation hardware may comprise an
integrated circutt. The smart sensor may be configured to disable at least part of the
dedicated CV computation hardware to generate at least one lower-power optical sensor
reading indicative of ambient light sensing, a proximity detection, a proximity to a
reference object, a motion detection, or any combination thercof. The smart sensor may
generate the referenee occurrence based on the at least onc lower-power optical scansor
reading. The smart sensor may be configured to disable at least part of the dedicated
CV computation hardware while operating in a lower-power mode, detect a scene
change in the lower-power mode, and to activate the dedicated CV computation
hardware based on detection of the scene change. The event may indicate the reference
occurrence for the second processing unit and further includes data associated with the
reference occurrence. The smart sensor may be configured to the perform a higher-
power operation as at least part of the operations based on the one or more computed
CV features inchudes, the higher-power operation consuming more power than a lower-
power operation, and provide a parameter for the lower-power operation is based on the
event. The smart sensor may be configured to perfurm a lower-power operation as at
fcast part of the operations based on the one of more computed CV features includes,
the lower-power operation consuming less power than a higher-power operation, and

crovide o sensor reading for the higher-power operation.
5

[8006] An cxample apparatus for deternrining face detection events, according to the
description, nay comprise a sensor array comprising more than one sensor pixel,
dedicated computer vision {CV) computation hardware capable of receiving sensor data
from the sensor array and computing CV features using readings from neighboring
sensor pixcls of the sensor array, and a frst processing unit conununicatively coupled
with the dedicated CV computation hardware and configured to determing, from one or
more signals resulting from operations based on the one or more computed CV features
that a face bas been detected, and in response to the determvnation, gencrate a face-

detected event, to be recetved by a second processing unit.

[6607] The apparatus can inchide onc or more of the following features. The

apparatus may comprise the second processing untt, wherein the first processing unit 1s
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configured to communicate the face-detected event 1o the second processing unlt while
the second processing unit is operating in a low-power mode. The dedicated CV
computation hardware may be configored to receive raw sensor data from the sensor
array and no image signal processing circuitry s disposed between the sensor array and
the dedicated CV computation hardware. The apparatus may comprise peripheral
circutiry contigured 1o provide at feast one of a timing operation, a focusing operation,
an auto-exposure correction operation, object detection, object recognition, storing a
scanning window, an cvent-gucuing and/or procossing opceration, analog processing,
analog-to-digital conversion, an fntegration operation, CV feature computation, a
cascade-classifier-based classification, a histogram-based classification, or memory
butfering, or any combination thereof. The apparatus may comprise the second
processing unit, and the first processing unit may be forther configured to communicate
the face-detected ovent to the sccond processing unit while the second processing unit is

operating in 4 low-power mode.

[B808] A method for sensing dynamic scene-based occurrences with an apparatus,
according to the description, may comprise receiving, with dedicated computer vision
(CV) computation hardware, sensor data from a sensor array comprising more than one
sensor pixel, computing, with the dedicated CV computation bardware, one or more CV
features using readings from neighboring sensor pixels of the sensor array, processing,
with a first processing unit, signals resulting from operations based on the one or more
computed CV features, and generating an event to be received by a sccond processing
unit o response to the processing of the signals resulting from the operations based on
the one or more computed CV features by the first processing unit, the event indicating

a reference occurrence for the second processing unit,

1880%] The method may further include one or more of the following featires. The
reference oocurrence may be one or more of a coming into view of a human face, a
coming into view of a human body, an emotion expressed on a human face, coming into
view of an non-human animal face, coming mto view of a non-human animal body,
coming e view of a human hand, a hand gesture, a coming mto view of a reference
ohiect, a change from an indoor enviromment to an outdoor environment, a reference
movement, rapid movement in a secne indicating 2 fall, motion toward an objoct

indicating a visk of collision, movement or objects in a scene indicating danger, or any
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combination thereof. The method may comprise providing, with the dedicated CV
computation hardware, Local Binary Patterns (LBPs). The method may comprise
detecting, with cascade classifier hardware, a preseunce of a reference object in a subset
of the sensor data, wherein the operations based on the one or more computed CV
features comprise operations performed by the cascade classifier hardware, the
reference vccurrence being associated with the reference object. The method may
comprise receiving, by the first processing unit, an indication from the cascade classifier
hardware of the presence of the refercuce object when the presence of the reference
object is detected by the cascade classifier hardware. The method may comprise
disabling at least part of the dedicated CV computation hardware to gencrate at least one
fower-power optical sensor reading indicative of ambicnt light sensing, a proximity
detection |, a proximity to g reference object, a motion detection, or any combination
theroof. The method may further comprise dotecting the reference occurrence based on
the at feast one lower-power optical sensor reading. The method may further conmprise
disabling at least part of the dedicated CV computation hardware while operating ina
lower-power mode, detecting & scene change while operating in the lower-power modce;
and activating the disabled at least pant of the dedicated CV computation hardware
based on detection of the seene change. Receiving with the dedicated CV computation
hardware, the sensor data from the scnsor array comprises receiving raw sensor data
from the sensor array and wherein no image signal processing is performed on the

sensor data prior to the recciving,

18018] A method for determining face detection events, according to the description,
may include receiving, with dedicated computer vision (CV) computation hardware,
sensor data from a sensor arvay, computing one or more CV features using readings
from neighboring sensor pixels of the sensor array, and using a first processing unit to:
determine, from one or more signals resulting from operations based on the one or more
computed CV features that a face has been detected, snd i response to the
ctermination, generate a face-detected event, to be received by a second processing
unit. Receiving, with the dedicated CV computation hardware, the sensor data from the
SENSOT array ey comprise receiving raw sensor data from the sensor array and wherein

ne image signal processing is perfurmed on the sensor data prior to the receiving.
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[0010a] According to one aspect of the present invention, there is provided a smart
sensor for sensing dynamic scene-based occurrences, the smart sensor comprising:
dedicated computer vision (CV) computation hardware configured to receive sensor data
from a sensor array comprising more than one sensor pixel and capable of computing one
or more CV features using readings from neighboring sensor pixels of the sensor array;
and a first processing unit communicatively coupled with the dedicated CV computation
hardware and configured to process signals resulting from operations based on the one or
more computed CV features; wherein the smart sensor is configured to generate an cvent
to be received by a second processing unit in response to the processing of the signals
resulting from the operations based on the one or more computed CV features by the first
processing unit, the event configured to trigger an operation to be performed by the second
processing unit and indicating a reference occurrence for the second processing unit and

comprising a multi-field message.

[0010b]  According to another aspect of the present invention, there is provided an
apparatus for determining face detection events, the apparatus comprising: a sensor array
comprising more than one sensor pixel; dedicated computer vision (CV) computation
hardware capable of receiving sensor data from the sensor array and computing CV
features using readings from neighboring sensor pixels of the sensor array; and a first
processing unit communicatively coupled with the dedicated CV computation hardware
and configured to: determine, from one or more signals resulting from operations based on
the one or more computed CV features that a face has been detected, and in response to the
determination, gencrate a face-detected event comprising a multi-field message, to be
received by a second processing unit and configured to trigger an operation to be

performed by the second processing umnit.

[0010c] According to still another aspect of the present invention, there is provided a
method for sensing dynamic scene-based occurrences with an apparatus, the method
comprising: receiving, with dedicated computer vision (CV) computation hardware, sensor
data from a sensor array comprising more than one sensor pixel; computing, with the
dedicated CV computation hardware, one or more CV features using readings from
neighboring sensor pixels of the sensor array; processing, with a first processing unit,
signals resulting from operations based on the one or more computed CV features; and

generating an event to be received by a second processing unit in response to the

5a

Date regue/ date received 2021-12-22
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processing of the signals resulting from the operations based on the one or more computed
CV features by the first processing unit, the event configured to trigger an operation to be
performed by the second processing unit and indicating a reference occurrence for the

second processing unit and comprising a multi-field message.

[0010d] According to yet another aspect of the present invention, there is provided a
method for determining face detection events, the method comprising: receiving, with
dedicated computer vision (CV) computation hardware, sensor data from a sensor array;
computing one or more CV features using readings from neighboring sensor pixels of the
sensor array; and using a first processing unit to: determine, from one or more signals
resulting from operations based on the one or more computed CV features that a face has
been detected, and in response to the determination, generate a face-detected event
comprising a multi-field message, to be received by a second processing unit and

configured to trigger an operation to be performed by the second processing unit.

5b
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BRIEF DESCRIPTION OF THE DRAWINGS

[#811] A understanding of the pature and advantages of various embodiments may

be realized by reforence to the following figures.

18612] FIG. 1 illustrates an example setup in which a user may be interacting with a

mobile device that incorporates the features and techniques described herein

{B813]  FIG. 2A 1s a block diagram of a configuvation including a sensor system and

main processor, according to one embodiment.

[8814] FIG. 2B is a block diagram of a sensor system with a sensor array unit,

microprocessor, and example peripheral circuitry 214, according to one embodiment.

[BBIS8]  FIGS. 3A-3C are block diagrams illusirating how components of a sensor
system can be utilized to provide low-power sensor processing, according to some

embodiments.

[8816] FIG. 4 15 a flow diagram of a method of sensing dynamic scenc-base

occurrences, according to an embodiment.
{B817]  FIG. 515 a simplified illostration of an example sensor array.

16618] FIG. 6 is a stmplified illustration of an example configurations of the seosor

array of FIG. 5.

{8619} FIGS. 7-9 are flow diagrams illustrating example methods for using a sensor
system for computer vision computations and lower-power optical sensor readings.
18628] FIGS. 10A-10B are state diagrams illustrating example states of a sensor system
for computer vision computations and lower-power opiical sensor readings.

18621} FIGS. 11A-11C illustrate a process of converting the sensor readings from a
plurality of sensor elements to CV features, according to some embodinents.

{8022] FIG. 12 is a block diagram an cmbodiment of a mobile device that can utilize

the techmques and features described herein,

N
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DETAILED DESCRIPTION

{8823] The ensuing description provides embodiment(s) only, and is not intended to
Hmit the scope, applicsbility or configuration of the disclosure. Rather, the ensuing
description of the embodiment(s) will provide those skilled in the art with an cnabling
description for implementing an embodiment. 1t is understood that various changes
may be made in the fimetion and arrangement of elements without departing from the

scope of this disclosure,

[8824] FIG. 1 ilhustrates an example setup 100 1 which a user 130 may be interacting
with a mobile device 105 that incorporates the features and technigues described herein,
Here, the user 130 nuay interact with the moobile device 105, at least in part, via a sensor
system having a special-purpose camera, dedicated computer viston (CV) computation
hardware, and 8 dedicated low-power microprocessor as described herein below. These
features cnable the mobile device 103 1o deteet, track, recoguize, and/or analyze a
subject (such as the user 130) and other objects and scenes within the field of view 1053
of the camera. The sensor system processes the information retrisved from the camera
using the included embedded processor and sends "events” (or indications that one or
more reference occurrences have occurred) for the main processor only when needed or
as detined and configured by the application. This allows the general-purpose
microprocessor (which is typically relatively high-speed and high-power to support a
varigty of applications) o siay in a low-power (e.g., sleep mode} most of the time as
conventional, while becoming active ouly when events are received from the sensor
system. While Hlustrated and described with reference (o mobile device 105, it s
understood that & smart sensor capable of performing object detection, recognition, ote.,

can be uscful in a varicty of applications including internet of things (IoT) applications.

[B#425]  As deseribed herein, the dedicated CV computation hardware computes or 1s
capable of computing CV features, or localized CV features for ocach sensor clement or
pixel in a sensor array unit, based on, at least in part, on signals associated with
neighboring sensor elements. {Herein, the term “local” or “localized” refers to features
computed based on one or more neighboring sensor elements rather than statistical or
other mathematical cvaluation of the catire tmage.) As deseribed herein, the sensor
elements including a subject sensor clement and other sensor elements relatively close

to the subject sensor element may be referred to us neighboring sensor elements. In

&
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certain aspects of the disclosure, the neighboring sensor clements may include the
subject sensor clement and sensor clements immediately adjacent to the subject sensor
clement. In certain other aspects of the disclosure, neighboring sensor elements may
also inchude sensor elements that are relatively close to the subject sensor clement and
not imediately adjacent. For example, fn certain instances, sensor olements within
three sensor clements from the subject sensor element may still be considered
neighboring sensor elements when the width or height of the number of sensors is sixty

four sensor elements.

[8826] As deseribed herein, OV features or localized CV features may refer to
detecting low kevel computer vision markers or indicators, such as labels associated
with each sensor clement or pixel of the seusor. As indicated o further detall below,
such CV features can inclide outputs such as a Histogram of Signed Gradients (H3G)
and/or a Local Binary Pattern (LBP). An LBP calculation can be based on neighboring
sensor clements, for example a reference or subject sensor pixel and its eight
mmmediately-adjacent neighboring sensor pixels, The LBP calculation may score cach
ofthe reference pixel’s immediately-adjacent neighboring pixels based on thow
respective difference in intensity. (Color would be dealt with using different LBPs for
different color chamels (e.g., red, blug, and green)) A HSG compuiation also employs
neighboring sensor elemnents, for example a reference pixel and one or more

immediately-adjacent neighboring pixels to detect various features within 4 scene.

18027] For exanple, in the setup 100 of FIG. 1, the user 130 raay have picked up the
mobile device 105 while the mobile device’s general-purpose microprocessor ts ina
sleep mode. The sensor systern of the mobile device 105, however, may remain active
and may be capable, for example, of recognizing the face of the user 130, a band
gestore, other objects in the scene, and/or the like. Upon recognizing a cerain reference
occurrence has taken place—in this case, the specific facial features of the user 130 are
within the sensor system’s field of view 118-—the sensor system can send an event to
the mobile device’s general-purpose microprocessor indicating that the facial foatures of
the user 130 have been recognized and/or causing the mobile device’s general-purpose

microprocessor to exit the low-power mode and become fully active.

18828] Reference occurrences that cause the sensor systom to sond an event to the

mobile device’s gencral-purpose microprocessor cen include any of a variety of CV-

e
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detectable occurrences, depending on desired functionality. These occurrences may
nchude, for exanwple, facial and/or object detection, facial and/or object recognition,
gesture recognition, and/or the like. In some embodiments, one or more reference
securrences may be configurable by a user 130, Additional examples of reference

pecurrences are provided herein below.

18829] Because the special-purpose camera is dedicated o the sensor system, it may
not be primarify intended for clicking photegraphs or shooting videos. Therefore, the
special-purpose camera may not vield mtensity-based mmages out. Instead, the special-
purpose camera may inclode pixel-level computer vision feature computations like
LBPs, Gradients, Edges, H5Gs, and/or other operations in which readings from
neighboring sensor pixels of the special-purpose camera are used to compute CV

features, for a low-power hardware-based computation of the said features.

{8638] That said, although a sensor system comprising a special-purpose camera may
be used, embodiments are not so Hmited. More broadly, a sensor system can include a
sensor array umit that inchades sensor cells for sensing chemical, visual, aural,

biolegical, mechanical, and/or other types of input.

[8831] Additionally, although FIG. 1 and other embodiments describe a sensor system
being incorporated into a mobile device, embodiments are not so Hmited. Power
savings brought by the techniques and features described hercin can have particular
benefit to mobile devices—such as mobile phones, tablcts, laptops, portable media
players, and/or the like—but other devices, such as televisions, desktop computers,
and/or other devices that may not be gencrally considered mobile may utilize the

features and techniques described herein.

[8632] FIG. 2A is a block diagram that iHustrates how a sensor system 210 (also
referred to herein as a “smart sensor”) can be configured to enable high-level sensing

o 3 . 3 3 - < “- X7 o 3 3 £ o ‘e prove o)
operations while a main processor 220 can be operating in 8 low-power {(e.g., “sleep” or
“stand-by”} mode, according to one embodiment. Components of FIG. 2A canbe
incorporated into a larger clectronic dovice., An example of @ mobile device in which an

sensor system 210 may be incorporated is described below, with regard to FIG. 3.

{8833] Also, it will be undersiood that alternative embodimoents may vary from the

components shown in FIG. ZA. For cxample, as described below, embodiments of a
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sensor system 210 may or may not include peripheral circultry 214, a microprocessor
216, and/or memory 218, Additionally or alternatively, embodiments may combine,
separate, add, onut, and/or rearrange the components of FIG. 2A, depending on destred
functionality., For example, where the sensor system 210 comprises a sensor array (2.4,
a pixel array or camera), somae optics may be utilized to manipulate the input (e.g., light)
before it reaches the sensor array. [t is noted that, although embodiments hevein
describe the ose of an “image array,” embodiments sre not so Hmited an may more
broadly utilize a scnsor array that docs not necessarily produce or capture an imagge.
{F1G. 28, described in more detail below, tllustrates a sensor system 210 with a sensor
array unit 212, microprocessor 216, and example peripheral circuitry 214, according 10

gne embodiment.)

16634]  As illustrated in FIG. 2A, an sensor system 210 receiving an input can
comprise a sensor array unit 212, peripheral circuitry 214, microprocessor 216, and/or
memory 218, The electronic sensor can be communicatively coupled through cither a
wired or wircless connection with a main processor 220 of an clectronic deviee (such as
an application processor of a mobile phone), which can provide queries to the sensor
system 210 and receive events and/or other triggers from the sensor system 210, In
some embodiments the “main processor” 220 may simply correspond to a larger, for
example greater in processing power and/or greater in electric power use, processing
unit than the microprocessor 216, In some implementations, mieroprocessor 216 can
correspond to a dedicated microprocessor or a first processing unit and can be
configured to consume less power than the rain processor 220 which can correspond to

a sccond processing unit.

19835] The type of sonsor array unit 212 utihized can vary, depending on the desired
functionality of the electronic sensor. As previously indicated, an sensor array umit 212
can include an array {(¢.g., a one- or two-dimensional array) of sensor cells for sensing
chemical, visual, aural, biological, mechanical, and/or other types of input. For
cxample, the sensor array unit 212 can comprise a camera sensor or other vision and/or

sensor array where the plurality of sensor cells forms a grid of pixels.

18636] In some erabodiments, the sensor array vnit 212 may include a “smant” array,
that meludes some additional memory and/or logic circuitry with which operations on

one or more outputs of the sensor cells may be performed. In some cmbodiments, each

10
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sensor pixel in the sensor arrgy may be coupled with the memory and/or logic circuitry,
which may or may not be part of the peripheral circuttry 214 {discussed in more detail
below). The output of the sensor array umnit 212 and/or peripheral circuitry may mnclude
outputs in addition or as an alternative fo the raw sensor readings of the sensor eclls,

For example, in some embodimoents, the sensor array vuit 212 and/or peripheral circuitry
can mchide dedicated CV computation hardware configured to receive mage data from
an sensor array of the sensor array vnit 212 comprising more than one sensor pixel. CV
festures can then be computed or extracted by the dedicated CV computation hardware
using readings from neighboring sensor pixels of the sensor array, providing outputs
such as a computed HSG and/or an LBP feature, label, or descriptor. Tn some
embodiments, no timage signal processing circuitry may be disposed between the sensor
array unit 212 and the dedicated CV computation hardware. Put differently, dedicated
CV corputation hardware may receive raw sensor data from the sensor array unit 212
before any image signal processing 1s performed on the raw sensor data. Other OV
comynitations are also possible based on other CV computation algorithms inclading
edge detection, corner detection, scale-invariant feature transform (or SIFT), speeded up
robust features (SURF), histogram of oriented gradients (HOG), local ternary patierns

(LTP), ete., as well as extensions of any of the above.

188371 The synchronieity {or asynchronicity) of the sensor array unit 212 may also
depend on desired fanctionality, In some embodiments, for example, the sensor array
unit 212 may comprise a iraditional {L.¢., “frame-based”) camera with readout circuitry
timed 1o provide periodic samphing of cach pixel based on cortain timing requiremeants.
I some embodiments, the sensor array unit 212 may comprise an event-driven array by
which sensor output may be determined by when a sensor reading or other output
reaches a certain threshold and/or changes by a certain threshold, rather than {or in
addition to) adhering to a particular sampling rate. For a “smart” array, as discussed
above, the sensor reading or other output could inclade the output of the additional
memory and/or logic (e.g., an HSG or LBP output from a smart sensor array). In one
embodiment, 8 smart sensor array can comprise a dynamic vision scosor (DVS) in
which, for each pixel in the smart sensor arvay, a pixel value is asynchronously output
when the valoe changes from a previcus value by a threshold amount. In some

implementations, the sensor array unit 212 can be a hybrid frame-cveni-driven array

i
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that reads vahies out at a given frame rate, but saves power by only reading out values

for clenments in the array that have changed since the previous read-out.

{#038] The peripheral circuitry 214 can also vary, deponding on the desired
functionality of the electronic sensor. The peripheral circuitry 214 can be configured to
recetve information from the sensor array umit 212, In some embodiments, the
peripheral circaitry 214 may receive information from some or all pixels within the
sensor array unit 212, some or all of the tn-pixel circuitry of the sensor aray unit 212
{in tuplementations with significant in-pixel circuitry), or both. For embodiments m
which the sensor array unit 212 provides a synchronized output, for example, peripheral
circuitry can provide timing and/or control operations on the scnsor array unit output
{(2.g., execute frame-based and/or similar timing). Other functionality provided by the
peripheral cireuitry 214 can include an event-quening and/or processing operation,
analog processing, analog-to-digital conversion, an integration operation (e.g. a one- or
two-dimensional integration of pixel valges), CV feature computation, olbject
classification (for example, cascade-classificr-based classification or histogram-based
classification), or histogram operation, memory buffering, or any combmation thercot,
“pixel block valoe sammation,” “neighboring pixel value comparison and
thresholding,” “vector dot product computation,” and the like. Means for performing
such functionality can inchude, for example, peripheral circuitry 214, in various
implementations. In some embodiments, the peripheral cireuitry 214 is coupled to the
sensor cell outputs of the sensor array unii 212 and dogs not include a microprocessor or
other processing unit,  Sowme examples of pevipberal civcuitry 214 are included herein

below, with regard 1o FI1Q. 2B.

18939] That said, some embodiments can further include a microprocessor 216
coupled to the output of the peripheral cireuitry 214, The microprocessor 216 generally
can comprisc a processing unit that operates on relatively low-power, relative to the
main processor 220, In some ioplementations, the microprocessor 216 can further
execute comnputer vision and/or machine-learning algorithms (which can be frame-
and/or event-based) using its own program (for example, software-based) and data
memory. Thus, the microprocessor 216 is able to perform computer vision and/or
machine [carning functions based on input reccived by the sensor array unit 212 while

the main processor 220 operates i a low-power mode. When the microprocessor 216
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determines that an event requiring cutput to the main processor 220 has taken place, the
microprocessor 216 can comnwnicate an cvent to the main processor 220, which can
bring the main processor 220 out of its low-power mode and mto a novmal operating

mode.

16848] Optionally, in some embodiments, the output of the microprocessor 216 may

forther be provided to memory 218 before being relayed to the main processor 220,
The memory 218 may nchade working memory and/or data structures maintained by
the microprocessor 216 on the basis of which events or friggers are sent 1o the main
processor 220, Memory may be utilized, for example, in storing tmages, tracking
detected objects, and/or performing other opeorations as discussed in more dotail below
with regard to FIG. 2B, Additionally or aliernatively, memory 218 can include
information that the main processor 220 may query from the sensor systenm 210, The
main processor 220 can execcute apphcation software, algorithms, efe. 222, some of

which may further utilize information received from the sensor system 210,

[B841]  As previcusly noted, the ability of the sensor system 210 to perform certain
functions, such as image processing and/or computer vision functions, independent of
the main processor 220 can provide for vast power, speed, and memory savings in an
clectronic device that would otherwise have to utihize the mam processor 220 1o perform
some o1 all of the functions of the sensor system 210, In particalar, the combination, of
the sensor array unit 212, periphoral clreuitry 214, and microprocessor 216 allow scene
understanding that is capable of detecting, in a dynamically changing scenc captured by

the fmage array, au occurrence.

18842] o onc cxampie, a moebile phouve baving the configuration shown in FIG. ZA,
can use facial detection to exit out of a standby mode. In this exarople, the mobile
phone enters into a standby mode in which a display of the mobile phone is powered
down, and the wwain processor 220 operates on a low-power, sleep mode. Howsever, the
sensor system 210 with an image array as the sensor array unit 212 continues to operate,
processing data from the sensor array unit 212 as objects enter and exit the image
array’s fleld of view. When a face euters the field of view of the image array (such as in
FIG 1, when the face of the user 130 enters o the field of view 110 of the mobile
device 105}, it may be detected by the sensor array unit 212, the peripheral circuitry

214, the microprocessor 216, or any combination thereof. If the detected face remaing

.
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in the field of view of the image array for a threshold period of time (e.g., 0.5 seconds, 1
second, 2 second, ete.), the microprocessor 216 can send an a facial-detection event to
the main processor 220, mdicating that a face detection has cccurred. The mam
processor 220 and the display of the mobile phone can then switch back to normal

operating mode.

{88431  As noted elsewhere herein, an event can be an indication that one or more
reference ceawrrences have ccarred. Pot more generally, events can include data
rofated 0 a reference cccurrence. Depending on desived functiovality, the data nchaded
in an event can be ndicative of a detected reference object, location infuormation related
to the reference object, number of reference objects, movement associated with detected
reference object, and the fike, This data may be conveyed in any of a variety of ways,
For example, in the case of object detection, an event can be a simply binary output

s

where means the reference object has not been detected, and “1” means the

reference chiect has been detected.

{6044]  An event may include information other than an indication that a reference
gocurrence has occurred. For instance, an event may also inchuide some data associated
with the reference ocourrence. In some cobodiments, an event may include an o-
bit/byte message, or multi-field message, where cach bit or ficld 18 mapped to 8 specific
piece of data. For example, an event may inchide an output where the first bivficld
indicates whether an object has been detected, the sccond bit/ficld indicates whether the
object s moving or stationary, the third bit/field relates the location of the object {or
location-related information, such as four comners of a minimal box bounding the object,
or location of a corner of the object, ete.), the fousth bit/field relates how many objects
are detected, etc. In general, the ovent could include any data, inchuding the bardware-
computed CV features, or the image, in any way associated with the reference
occurrence, inchuding measurements or computations related to the reference

occutrence, above the mere reference occurrence.

[8845] Depending on desired finctionality, the reference occurrence may inclade any
of a variety of triggers, such as a face or other object detection event, gesture event, face
and/or reference object detection and/or recogaition, and the Hke. Face detection, which
can be maplemented using any of a variety of face-detection algorithms, can inclade the

coming into view of a uman face or a non-human animal face (c.g., dog, cat, or other
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pet), or the coming inte view of a buman body or non-luman animal body, Such
“coming into view” of an object can be a rosult of movement of the object and/or
movement of the camera. A reference occirrence may go bevond facial detection to
determine an emotion or other expression of a human face from an analysis of various
facial features and/or position of those features indicative of the expression.
Additionally or alternatively, 4 reference ocaurrence may include detection and/or
recognition of additional objects and/or object movements, such as a coming into view
of'a human hand, a hand gesture, a coming nto view of a reference object (such as a
certain object, a logo, or other reference object}, and the like. In some embodiments a
sensor aystem 210 may be preconfigured to detect certain reference objects.
Additionally or alternatively, an object for detection and/or recognition by the sensor
system 210 may be sclectable by & user and/or application executed by the main
processor 220. A reference occurrence may include detected environmental changes,
such as a change from an indoor environment to an ocutdoor enviromment, a reference
movement, rapid movement in a scene {¢.g., indicating a fall), motion toward an object
{c.g., ndicating a risk of collision), movement or objocts in a scene indicating danger
{e.g., a fire for five detection), or any combination thercof. In some implementations, a
reference occorrence may be related to, or based on, the detection of a reference object,
as described in forther detail below 1o F1G. 2B and clsgwhere herein. In some
implementations, once a reference object is detected in an image frame, the
microprocessor 216 can check 1o see if the same object is subsequently detected in a
subsequent tmage frame. The microprocessor 216 can use location mformation and
other data associated with the detected object received from the peripheral circuitry 214,
or generated by the microprocessor 216 itself, to determine the occurrence of the
reference occurrence, which can be based on the detection of the reference shijcct.
Referring again to the example of facial detection in the previous paragraph, facial
detection (reference occurrence) may take place if the detection of & face (reference
object) remains in the field of view of the image array for a thresheld period of time,
resulting in a corresponding facial-detection event being sent to the main processor 224,
[0846] FIG. 2B illustrates an example implementation sensor system, such as the
sensor system 210 of FIG. 24, inchiding a sensor array onit, CV computation hardware,
and microprocessor that inchudes an interface for communication with a second

nricroprocessor. The sensor array unit 212 may jnclude a correlated double sampling
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circuit. The sensor array unit 212 may also include circuitry to combine, sum or
average sensor clement or pixel signals or values before ouiputting the signals fo line
bufter(s) 230, for example in implementations where CV computation 15 improved
using combined pixel values or a lower resolution. Line buffer(s) 230 may include one
or more Hine buffers to transter signals representing the image or porticns of the image
out of the sensor array it 212 to other portions of the vision sensor. In some
implementations, the senor element array 212, unlike more conventional sensor array
untits, may not mchude circuitry for imrage signal processing (ISP}, and henee, FIG. 2B
illustrates an implementation where the sensor array urit 212 and CV computation
hardware 242 are connected without infervening I8P circuitry, hence, in some
implementations, no 3P circnitry 13 disposed betwoeen the sensor array unit 212 and the
hardware scanning window array 238 or dedicated CV computation hardware 242. For
example, in some implementations, the signals received by the CV computation
hardware 242 from the sensor array unit 212 have not undergone I8P, for example, the
signals have not undergone one or more of defect correction, white balancing, color
balancing, auto focus, lens roll off, demosaicing, debayering, or image sharpening, or
any combination thereof, However, 1n some such no-18P implementations, some
processing may cecur, such as focusing or aute-exposure correction. Such signals that
have not undergone ISP may be referred to as raw signals or raw sensor readings or raw
sensor data. Raw signals, raw sensor readings, or vaw sensor data can be converted to
digital, integrated to form an integral image, stored in a scanning window and dedicated
CV computation hardware can be configured to receive the raw signals, raw sensor
readings, or raw sensor data, even though it is understood that the raw signals, raw
sensor readings, or raw sensor data has undergone some data manipulation (ncluding
sammmation o1 integration), but have not undergone ISP, In one implementation, the
sensor atray unit 212 is a Quarter Video Graphics Array (QVGA) camera sensor

without 18P circuitry with the array comprising 216 by 240 sersor clements,

{8647] Invarious implementations, the CV computation hardware 242 can perform
CV computations in either the digital or analog domain.  Therefore, optionally, in
digital smplementations, an analog-to-digital converter (ADC) 234 may be disposed
between the line buffer(s) 230 and the OV computation hardware 242, In some

implementations, the CV computation hardware 242 is dedicated CV computation
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hardware in the sense that it is hardware designed to have little or no functionality other

than to compute CV features, labels, or descriptors.

{#048] 1o some ioplomentations, the TV computation hardware 242 may use
combinations, sums, or averages of signals associated with blocks of sensor elements or
pixels. In such implementations, an integral image can be useful 10 computing such
combinations, sems, or averages prior to input into the CV computation hardware 242,
For example, for summing more than four pixels {e.g., for blocks greater than 2x72, such
as 3x3 or 1Ix11), summation can be much faster using an intogral image since only four
vahies need to be added or sabtracted to determine the sum of pixel values in an integral
imagg, rather than sum 9 or 121 values for respective 3x3 or 11x11 image blocks.
Therefore, optionally, the vision sensor may alse include two dimensional integration
hardware 236 for computing an integral imasge of at least a part of the tmage based on at
icast a subset of the signals representative of the image sampled by at Ieast a subset of
sensor clements (2.2, pixels) in the sensor array unit. As ithusirated, the two
dimensional integration computation hardware 236 can be in conununication with the
dedicated CV computation hardware 242, As previously noted integral image
representative of the image sampled by the sensor array unit and/or the integral image of
a poction of the image sampled by the sensor array unii can be used o more quickly
combine, sumn, or average signal values for blocks of sensor elements compared 1o
adding the signal valies divectly, Two dimensional integration hardware 236 can
nehude circuitry capable of generating signals representative of the integral image of all
ot a portion of the tmage sampled by sensor array unit io cither the digital or avalog
domains based on raw signals from the sensor array unit 212, In some implementations,
the imtegral image (which may be an miegral image of only a portion or sample window
ofthe image sampled by the sensor array unit) generated by the two dimensional
integration hardware 236 can be stored m a hardware scanning window array 238, as
ifustrated n FIG. 2B, For example, the hardware scanning window array may mchude
a random-access memory {(RAM) array or other form of analog or digital memory for
storing the integral image. In implementations where computing combinations, sums,
or averages of signals corresponding to blocks of sensor elements 13 not useful, such as
pizel-level LBP, it is understood that the two dimensional integration hardware 236 may
not be included, and hence a sample window including analog raw signals from the

ensor array unit 230 or converted-to-digital vaw sigoals from the ADC 234 may be
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stored directly in the hardware scanning window array 238. Furthermore, it is
understood that in some inplementations, two dimensional integration bardware 236
may also or mstead perform one dimensional integration, Sumlarly, the hardware
scanning window array 238 may store 8 one dimensional integral image corresponding
to a saraple window of the image captured by the sensor array 230. Use of one
dimensional integral tmages can allow for the computation of ouilti-block LBP, for
example, using rotated blocks in order to detect rotated reference objects, for example,
faces, Optionally, a frame buoffer {not illustrated) may be used before or after the two
dimensional integration hardware 236, In implementations with a frame buffor disposed
before the two dimensional infegration hardware 236, the entire frame or image can be
transferred from the sensor array onit 212 1nto the frame buffer. The two dimensional
integration hardware 236 can then generate integral images of portions or windows of
the image stored in the frame butfor and store such windows in the hardware scanning
window array 238, Alternatively, the two dimensional integration hardware 236 can

-

integrate the entire image and store the entire integral image in a frame buffer disposed
between the two dimensional integration hardware 236 and the hardware scanning
window array 238, in which case windows of the integral image stored in the frame
buffer can be stored in the scanning window array 238, 1t is understood, however, that
the frame buffer is optional and two dimensional integration hardware 236 can receive
data corresponding to windows or portions of the image from the sensor array unit 212
and integrate the windows or portions one the thy and store such integral image

windows m the hardware scamning window array 233,

[8849]  The vision sensor may also include CV computation hardware 242, In some
implementations, the CV computation hardware can compute a localized CV featwre for
a block of one or more subject sensor elemenis based on, at least in part, signalg
assoctated with a plurality of neighboring sensor clements in proximity to the block of
sensor elements. For example, n a local binary pattern (LBP) implementation of CV
computation hardware, CV computation hardware can include bardware that receives
signal values corresponding to raw image signals—or combmations, sums, or averages
of raw image signals (generated, for example, using an integral image)—and generates a
digital LBP label or vector based on the raw image signals. In implementations where
multi-block LBP is computed, the block of one or more subject sensor clomenis can

include a block of m by n sensor clements, for example, 11 by 11 sensor elements, It is
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also understood that a pixel-level LBP computation may also be made where the biock
of one or more subject sensor clements for which the localized CV feature is computed
15 a single subject sensor element. Although the description above referenced CV
computation hardware 312 as separate from the dedicated microprocessor 320, it is
understood that in some implementations, dedicated CV computation hardware 312 may

be implernented in hardware within the dedicated microprocessor 320

80568]  Genersting the CV features, such as the LBP labels discussed above, in
dedicated hardware can reduce the power of the vision sensor conparad 1o computing
the CV featares i 4 processor, for example a general purpose processor such as an
application processor or oven microprocessor 216, However, the vision sensor may still
include a nicroprocessor 216 coupled to the OV computation hardware 242 1o perform
functions other than OV feature computation, such as CV-related operations or
computations other than CV feature computation, or fo perform additional CV featore
computation refative to compuiations performed using CV feature computation
hardware 242. The microprocessor 216 receives the hardware-computed CV features
from the CV computation hardware 238 and can perform higher-level computer vision
operations such as object-class detection (of which face detection can be regarded as a
specific case, with other examples inclading upper torsos, pedestrians, and cars), in
which the task 1s to find the locations and sizes of all objects u an image that belong 1o
a given class, among other compaoter vision operations. Forthermore, the
microprocessor 216 can provide control signals to the line buffer(s) 230, ADC 234, two
dimensional integration hardware 236, hardware scanning window array 238, and CV
computation hardware 242, In some implementations, to perform the object-class
detection or other computer vision operations, the microprocessor 216 may use a
cascade classifier algorithm to perform object-class detection, for example face
detection. In an optional mmplementation, further power savings are possible by
mnplementing the cascade classifier in hardware, to further reduce the computational
burden on the microprocessor 216.

[8851]  The optional cascade classificr hardware 244 includes a hardware
implementation of a cascade classifier. In some implementations, the cascade classifier
is trained using machine learning technicques on a data sct of images including examples

of the reference obiect the cascade classifier will be trained to detect or classify and
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cxamples of non-obiects, for example images of faces and non-faces, or images of cars
and non-cars, or images of upper torsos and non-upper torsos, eie. For example, ina
first stage, the cascade classitier hardware may request the CV computation hardware
242 to compute LBP featores for a cortain mumber, 7, of sabject sensor elements stored
i, for example, the hardware scanning window array 238, In addition, the location of
the subject sensor elements, {{Xi1, ¥i1), ... (X, vi3}, will also be provided by the
caseade classifier hardware 244, Once the CV computation hardware 242 computes and
provides the requested LBP features, which can be treated as vector values, the cascads
classifier hardware perforos 2 summation of a dot product of each of the LBP featuras
with one or more weights to generate a first weighted scalar sum value. In general, each
LBP feature, (LBPy,, ..., LBP:) will be multiplicd by a given weight, (wi, ..., wi),
cach of which can be different. The first weighted scalar sum value is then compared to
a first threshold, I the scalar sum is fess than the threshold, then to a given probability,
there is no reference object in the portion of the immage represented by the signals stored
in the hardware seanning window array 238, and hence the caseade classifier hardware
244 scads a signal o the hardware scanning window array 238, and optionally to othe
components of the vision sensor, such as the line buffer(s) 230 and the sensor array unit
212, to indicate that the hardware scanning window array 238 should continue seanning
and add onc or more new columns and/or rows and remove one or more old columns
and/or rows, With a subsequent window of the image, or a subsequent plurality of
signals corresponding to a subsequent subset of sensor elements of the sensor array unit,
stored i the hardware scenming window array 238, the process can begin anew. 1t is
understood that the subsequent window of the image may overlap in large part with the
previous window of the image. n some implementations, the image is scanned from
feft to right, and once the end of the sensor array unit 212 s reached, the image may be
scanned again from left to right after moving down one or more rows. In another
implementation, the image may be scanned from right to left after shifting down by onc

or more rows which may allow for an increased overlap with the prior imag

[8052] U the scalar sum is instead greator than the first threshold, then the cascade
clagsifier hardware 244 moves to the next stage. In the next (in this example, second)
stage, the cascade classifier hardware again requests the CV computation hardware 242
to provide LBP features for m subjoct sensor clements at focations {{(x21, v21), ... (5,

V)t stored in the hardware scanning window array 238, Once the CV conputation
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hardware 242 corapuices and provides the requested LBP features, (LBPyy, ..., LBPy.),
the cascade classifier hardware 244 performs another summation of a dot product of
gach of the LBP features with one or more weights, {(wy, ..., way), to generate a second
weighted scalar sam vahie, The second weighted scalar sum valoe is then compared to
a second threshold. If the scalar sam is less than the second threshold, there is a low
Hkelihood of a reference object being present in the portion of the image represented by
the signals stored in the hardware scanning window array 238, and the cascade classifier
sends a signal o the other components n the vision sensor array o continue scanning
and move to 2 next portion of the image. If the second weighted scalar sum value is
greater than the sccond threshold, the process continues to a third stage as described
above. At the end of a final stage, for example an Nth stage in a N-stage cascade
classifier, if the Nth weighted scalar sum value is greater than the Neh threshold, then a
reference object is detected in the portion of the image stored in the hardware scanning
window array 238, The cascade classifier hardware 244 can then indicate to the
microprocessor 216 that the reference object has been detected, and may further
optionally indicate the location of the portion of the image i which the teference
ohiect, or portion of reference object, was detected. In general, the cascade classifier
hardware 244 can be configored to send an indication to the microprocessor 216 that
the reference objoct was detected along with data associated with the reference object,
such as the all or some of the CV features computed in the process of detecting the
reference object, the location within the image of those CV features, or any other data
associatod with the computations or operations performed by the CV computation

hardware 242 and/or the cascade classifier hardware 244,

[#453] The numbers and locations of subjoct sensor clements within the hardware
scanning window array 238 for which LBP features, labels, or vectors is 1o be computed
at cach stage is generally programmed indo the cascade classifier hardware 744 and
result from the machme learning traiming discussed above. Similarly, the weights to
muitiply to cach of the LBP features arc also generally determined during machine
icarning training and thep programmed into the cascade classifier hardware 244, The
number of stages also results from the training, and is programmed into the cascade
clagsifier hardware 244, In some implementations, 4 cascade classifier can inclode
between 1 and 31 stages, for cxample, 15 stages. In some implementations, a cascade

classifier can include between 1 and 31 stages, for examiple, 15 stages. Cascade
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classificr hardware 244 can, in some implementations, be considered dedicated cascade
classificr hardware in the scnse that it is hardware designed to perform the cascade
classifier function and httle to no other significant fumctions. While the implementation
described above refates to a cascade classifier based on programmed weights and
thresholds based on previous, in the laboratory, training and machine learning to
generate a model, it 15 understood that cascade classifier hardware 244, or other
hardware in peripheral efrenitry designed to perform CV operations based on hardware-
computed OV features reccived from OV computation hardware 242, can be designed to

perform machive learning in the field

[6654] In the implementations just deseribed, the microprocessor 216 can then
determine what to do with the, for example, reference object detected event. For
example, 1t may send an event 10 a second microprocessor. [n some implementations,
the microprocessor 216 and the sceond microprocessor may correspond to
microprocessor 216 and the main processor 220 of FIG. ZA. As illostrated in FIG. 28,
the microprocessor 216 includes an interface 246 for comununications with the second
microprocessor. Additionally or alternatively, the microprocessor 216 might rack a
position of the detected reference object over time (¢.g., over multiple images) to
determine movement for gesture recognition, risk of collision, danger, and/or other

events, for example.

[8655] More generally, some embodiments can enable a wide range of functionality
by first detecting an object then determining other features. On such ersbodiments,
ohject detection may be made via peripheral cireuitry (e.g., caseade classifier hardware
244 and/or other dedicated hardware), and additional operations may be performed by a
nmricroprocessor 216, For instance, a coming into view of an object may be determined
first by detection of the object, then (¢.g., using a microprocessor) a determination that
the object has been in the camera’s ficld of view for a threshold period of time. Gesture
detection, as noted above, may be made by detecting a gesturc-control object (2.2., a
hand), then determining the movement of the hand. Risk of collision may be made by
detecting an object and determining movement indicative of nisk of collision with the
oliject (¢.g., by the camera, by a second object within the camera’s ficld of view, ete.).
A person of ordinary skill in the art will rocogaize that embodiments may iaclude any

combination of the features above, and/or variations on these features.
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{8836] Although the description above referenced cascade classifier hardware 244 as
scparate from the microprocessor 216, it is understood that in some implementations,
the cascade classifier hardware 244 may be oplemented in hardware within the
microprocessor 216, Also, cascade classifier hardware 244 can, in some
wnplementations, he given some controlling functionality to allow it to, as ilfesirated,
control CV computation hardware 242 and hardware scanning window array 238, As
such, the cascade classifier hardware 242 can detect features avtonomously from
microprocessor 216, and hence microprocessor 216 can be in 8 low-power state while
cascade classifier hardware 244 performs its functions. As such, the smart sensor can
perform lower-power operations based on the one or more computed CV features, and
when an object, for example, 18 detected, cascade classifier hardware 242 can provide an
event, inchuding data such as a sensor reading to the microprocessor 216, to awaken the
microprocossor 216, Microprocessor 216 can then determine the next course of action,
for example sending an event to a second microprocessor through interface 246, It s
understood that even in the low-power state, microprocessor 216 can, in some
mmplementations, st provide control signals to sensor array unit 212, line buffer(s)
234, ete., o, alternatively or additionally, sach control signals may be provided by
fower power controd logie. Alternatively, a cascade classifier may be run as a software
aigorithm on the microprocessor 216, Furthermore, other software algorithros may be
run on the mricroprocessor in the place of the cascade classifier. For example, reference
object detection may be performed using histograms, as described m FIG. 11T, In some
such mplementations, a histogram of all LBP labels computed for a sample window of
the image stored in the scanning window array 23¥ can be compared 1o 2 reference
histogram to detect the presence of a face in the sample window stored in the scamning
window array 238, In some mmplementations, dedicated hardware may be implemented
to detect, for example, a face using bistograms. Such an implementation may include
such dedicated hardware in the place of, or jn addition to, cascade classifier hardware

244,

[8857]  Inthe implementation illustrated in FIG. 2B, one or more of the hue butfer(s)
230, the ADC 234, the two dimensional integration hardware 236, the hardware
scanming window array 238, the OV computation hardware 242, the cascade clagsifier
hardware 244, or any combination thercof, may be considered peripheral circuitry, that

18 cireuitry that is peripheral o the sensor array vnit 212 and may correspond to
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peripheral circuitry 214 of FIG. 2A. It is also understood that the various components
just listed, or any combination thereof, may be implemented instead as in-pixel cireuitry

within the sensor arvay unit 212,

[8658] FIGS. 3A-3C arc block diagrams illustrating how components of a sensor
system 210 can be utilized to provide low-power sensor processing. Hoere, only cortamn
components are illustrated. It will be understood that the sensor system may have

additional componenis, as shown i FIGS. 2A and 2B.

[B838]  In FIG. 34, peripheral circuitry 214 is coupled with a plarality of sensor cell
ouiputs of a sensor array unit 212, The sensor array vnit 212 and/or peripheral circuitry
214 inclade dedicated CV computation hardware fo perform a feature detection
computation using at least a subset of the plurality of sensor cell outputs, where the
subset of the plurality of sensor cell cutpuds comrespond to a region of the sensor array
unit 212 (e.g., an image array) comprising neighboring sensor cells or pixels. Thus, the
output of the peripheral circuitry 214 is based (at least partially) on the featore detection
computation. Such feature detection computation can include any of a variety of
compuiations using neighboring sensor cells or pixels of the sensor areay unit 212 that
can provide for feature detection (e.g., edge detection, Hae detection, ete.). Such featwre
detection computations include, for example, LBP, HSG, and the ke, In some
embodiments, the dedicated CV computation hardware may comprise an integrated

circuit.

[8868] In FIG. 3B, a first processing unit 217 1s communicatively coupled with one
or more outputs of a smart image array 213, in which multiple sensor pixels are coupled
with memory and/or logic circuitry, Here, the first processing unit 217 may correspond
to the microprocessor 216 of FiGs. 2A and 2B, and the smart tmage array 213 may
correspond to the sensor array unit 212 of FIGs. 2A and 2B, The smart image array 213
may include dedicated CV computation hardware for computing CV features computed
using readings from neighboring sensor pixels, as deseribed above in regard to FIG. 3A
and/or FIG. 2B. As shown in FIGs. 2A and 2B, these two components may not be
directly coupled to cach other, but may have intervening cireuitry. The first processing
unit 217 processes signals reccived from the one or more outputs of the smart image

array to detect a reference ocourrence. The first processing unit 217 then gencrates an
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event, indicating the reference occurrence, 1o be recelved by a second processing unit

{c.g., the main processor 220 of FIG. 2A).

{#661] The event can be generated based on processing signals resulting from
operations that arc based on one or more computed CV features. Such operations can
mehide, m some implementations, operations or computations performed by the cascade
classifier {¢.g., cascade classifier hardware 244 of FIG. 2B) to detect @ face. The event
being generated based on processing signals resulting from those operations may
therefore fnchade the microprocessor processing a signal, such as an indication from the
cascade classifier, that a reference object was detected. The indication may inchude data
associated with the detected object, such as the focation, associated LBP features and
their focations, and/or the image data tself. This onables the microprocessor to

conserve gnergy by not analyzing image data when no reference objeet is detected.

[8862] In FIG, 3C, the setup is similar to FIG. 3B, Here, a first processing unit 217 is
communicatively coupled with one or more outputs of an image array 215, Again, the
first processing anit 217 may correspond with the microprocessor 216 of FIG. 2A
and/or 2B, and the image array 215 may similarly correspond with the sensor array onit
212 of FIG. 2A and/or 28, In this embodiment, however, the first processing voit 217
determines that a face has been detected and generates the face-detection event fora
second processing unit. Depending on desired functionality, the first processing onit
217 may be operable to detect a face using the one or more signals received from the

one or more outputs of the image array 215,

[#663] FIG. 4 is a flow diagram illustrating a method 400 of sensing dynamic scene-
based occurrences, according to an cmbodiment. As with other figures provided herein,
FIG. 4 is provided as a non-limiting example. Aliernative embodiments may include
additional functionality o that shown in the figure, and/or the functionality shown in
one or more of the blocks in the figure may be omitted, combined, separated, and/or
performed simultaneously. Means for performing the fumctionality of the blocks may
include one or more bardware and/or software components of an clectronic device, such
as one or more comaponents of the mobile device illustrated in FIG. 5 and described

below. A person of ordinary skill in the art will recognize many variations.
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{8864] The method 400 can begin at block 410, where dedicated CV hardware
reocives image data from a sensor array. The image data can include sensor readings
from a plurahity of image pixels of the sensor array. As previousty mdicated, the
dedicated CV hardware may be implemented in and/or incorporated into the sensor
array unit 212 and/or peripheral circuitry 214 of FIG. 2A. (The sensor array can be

ncluded in the sensor array unit 212}

80865] At block 420, one or more OV features is computed by the dedicated OV
computation hardware using readings from neighboring sensor pixels of the sensor
array. Here, CV features can include edges, Hines, and the like, which may be computed
using, for example, LBP, HSG, and/or other computations. The usage of the dedicated
CV computation bardware can enable quick and efficient computations without the need

to use comparatively higher amounts of energy and/or processing power.

{8866] At block 425, one or more CV operations are performed based on the one or
more CV features. As previously noted, such operations can occur in peripheral
circuitry. For example, as described o relation to FIG. 2B a cascade classifier may
perform operations to detect a face or other obiect, and provide a signal tndicative of the
detection of the face or other object to a microprocessar. As noted below, however,
performing CV operations based on one or more CV features can be performed by
cither or both peripheral cireuttry {(e.g., dedicated hardware) and/or a microprocessor.
The hardwarc and/or software components performing the CV operations can produce
cutput siguals {e.2., an output of 2 cascade classifier, signals indicating the LBP
computations reeetved directly from the CV computation HW, signals internally
generated within the microprocessor, ete ). The microprocessor may use one or more of

these signals to determine a reference occurrence {(e.g., face detection) has happened.

{8867] At block 434, it is determined that a reference occurrence has happened. As
mdicated previously, 8 reference occurrence can inchide one or more of a variety of
events. These can include, for example, 4 coming into view of a human face, an
emotion cxpressed on a human face, coming into view of an non-heman animal face,
coming into view of a human hand, a band gesture, 2 conming into view of a reference
object, a change from an indoor enviromment 1o an cutdoor envirommend, a refercoce
movement, rapid movement 1n a scene 1ndicating a fall, motion toward an object

indicating a risk of collision, movement or objects in 8 scene Indicating danger, or any
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combination thereof. In some embodiments, these reference occurrences may be

predefined and/or user configurable.

{8068] At block 440, an event for a second processing unit is generated, where the
event is indicative of the reference occurrence. As used herein, the term “event”
describes mformation provided o a processing unit, mdicative of a reference
occurrence. Here, the event is provided to a second processing unit. In some
embodiments, the event may siraply iochide an tndication that a reference occwrrence
bas bappened. In some embodiments, the event may further include an indication of the
type of reference occurrence that was detected. The event may be generated by the first
processing unit and sent to the second processing unit. In some embodiments, there

may be imtervening circuitry between the first and second processing units,

{8869] It can be noted that the fenctionality performed by the various blocks
illustrated in FIG. 4 can be performed by various components of a sensor system {e.g.,
sensor system 210 of FIGS. 2A and 2B), depending on desired fonctionality. The
functionality of block 410 and 420, for cxample, may be performed by in-pixel or
peripheral circuitry {e.g., CV computation hardware). The functionality of block 4285,
for example, may be performed by 2 microprocessor or dedicated hardwarc {eg., a
cascade classifier or other dedicated hardware). In some embodiments, the functionahty
of blocks 425, 430, and 440 may all be performed by a microprocessor. Ahernatively,
some emhodiments may perform the functionality of block 425 with peripheral
circuitry, and the functionakity of blocks 430 and 440 with & microprocessor. A porson

of ordinary skill in the art will recognize several variations.

18078] Rofornng again to FIG. 2A, crubodiments of the sensor system 210 described
herein can further perform different types of functions, such as lower-power operations
and higher-power operations, which relate to power or energy consumption used in
respactive lower-power and higher-power modes. 1n the higher-power mode, for
example, the sensor system may provide fmage processing capabilities within the sensor
system 210 itself by wtilizing dedicated CV computation hardware as described herein,
It is vmderstood that the use of “lower-power™ and “higher-power” herein is intended to
be relative. In other words, even in the higher-power mode, the sensor system described
may still be capable of performing powerful CV-based computations bascd on

hardware-computed CV features using less power than performing those same CV-
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based computations with a microprocessor ronning CV algorithms in software. As
detailed previously, dedicated CV computation hardware can include in-pixel circuitry
ntegrated mto the sensor array umt 212, wiach may include circuits for some or all
pixels, capable of performing processing on each respective pixel, such as detecting a
sensed light intensity relative to one or more neighboring pixels, detecting edges of
objects based on differences in colors or intensities of sensed Hight with respect to
neighboring pixels, and/or making LBP, HSG, and/or other CV computations.
Dedicated CV computation hardware can further include peripheral circuitry 214, which
can be used in addition or alternatively 1o jn-pixel circutiry 1o perform some or all of
these computations. Embodiments may disable, or otherwise operate in a low-power
mode, some or all of this dedicated CV computation hardware of the sensor system 210
when higher-power operations are not needed, which can save power. Thus, as
described berein, higher-power operations involve dedicated CV computation hardware
{e.g., m-pixel circuitry in the sensor array umit 212 amd/or peripheral circuitry 214),
whereas lower-power operations are performed when some or all of the dedicated CV

computation hardware is disabled or in a reduced-power state.

[8871]  In onc example, the sensor system 210 can configure the sensor array unit 212
to operate as a single pixel. In such a case, the scnsor sysiem 210 can disable all io-
pixel circuits and/or and peripheral circnitry 214, In such a configuration, cach of the
individual pixels of the array contribute to a single sensed value for the entire sensor

array.

[8872] FIG. 8 shows a simplified illustration of the sensor array unit 212 of FIG. 2A,
In the sensor array unit 212, pixels 518 are arranged in rows and colanms and placed in
the focal plane of a receiving optics to provide image capture. (For clarity, only a fow
pixels 510 in FIG. 3 bave numerical labels.) It will be imderstood that features of the
sensor array unit such as pixel size, aspect ratio, resolution, and the like can vary
depending on desired functionality, For instance, the simaplified illustration of FIG. 5

shows a 10x10 pixel arvay, but crobodiments may have hundreds, thousands, or millions

ofpixels {or more).

18673]  As previously indicated, cach pixel 510 may include a sensor as well as in-
pixel circwitry to perform CV calculations for the pixel 510, Additionally or

alternatively, peripheral circuitry may be inchided to perform CV calculations for the
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pixel, as indicated elsewhere herein. Continuing with the example above, one or more
components in in-pixel circuitry of the sensor array unit 212 and or peripheral circuitry
may be disabled o enable the sensor arvay unit 212 to perform lower-power operations
in a power efficient manner to, for example, turn of all but one pixel, or read and
combine sensad values from all pixels o offectively operate as only a single pixel,
referred to as a “single-pixel mode.” In this configuration, the sensor system 210 is
configured to perform one or more lower-power operations, such as ambient light
sensing {ALRS), proximity detection (PD), proximity to a reference object detection, or
motion detection. Tn some cases cach of these functions may be adequately performed

wsing a sensor array having only a single pixel.

18074] Adduionally or alterratively the sensor array unit 212 may enable in a lower-
resolution configuration in which, rather than effectively operating as only a single
pixel, the sensor array onit 212 may operate as a plurality of pixels. As shown in FIG.
6, subgroups 610 of pixels 510 of the sensor array unit 212 can each operaic in 3 manner
similar to the single-pixel mode described above, thereby effectively operating as a
sensor with nuiltiple pixels (n the configuration of FIG. 6, the four subgroups 610
effectively form a 2x2 pixel array). Again, for example, some or all of the dedicated
CV computation hardware of the sensor systom 210 (e.g., peripheral clrouitry 214
and/or in-pixel civeuitry of the sensor array unit 212) can be disabled during this mode.
In this configuration, the sensor system 210 may perform one or more lower-power
operations, such as ALS, PD, change detection (CD), or motion detection. And while
the example of FIG. ¢ eroploys an apparent resolution of 2x2 pixels, other reduced
resolutions may be configured. Again, such reduced resolutions may include
aggregating multiple individual pixels 518 to operate collectively as a fower number of
pixels, or may include disabling one or more of the pixels 510 in the sensor array unit
212 such that the pixel does not sense light or doces not provide an output while it is

disabled.

[8075]  As with the operations described in relation to FIGS, 3A-3C, the sensor system
210 may be configured to detect one or reference occurrences and generate one or more
corresponding events while it 18 performing in a lower-power operation. For example,
the sensor system 210 may be incorporated info a mobile phone and configered to detect

a reference occurrence when & sensed vakue for the single pixel 310 indicates &
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significant increase in an amount of light detected by the seusor system 210, Sucha
change in the amount of detected light may indicate that the mobile phone has been
retrieved from a user’s pocket or has been picked up from a table or nightstand. The
sensor system 210 can determine, while in lower-power operation, that this reference
pecurrence happened and generate an event indicative of the reference occurrence for
the main processor 220. Upon detecting this event, the sensor system 210 can further
activate dedicated CV computation hardware to enable higher-power operation to

perform different types of CV operations, such as face detection and face recognition.

[B876] FIG. 7 s a stmplified flow diagram illostrating an example method 700 for
using a s¢nsor system as an optical sensor. As with other figures provided herein, FIG.
7 18 provided as a non-limiting example. Additionally, the method 700 may apply
broadly to embodiments described hevein, including the method 400 of sensing dynamic
scenc-based occurrences shown in FIG. 4. Means for performing the fimetionality of
the blocks tlustrated in FIG. 7 may inclode one or more hardware components of the
sensor system, such as the sensor systom 210 of FIG. 2A. In some embodiments, means
may further include 8 mam processor, such as the main processor 220 of FIG. ZA. And
although the method 500 is described below as being performed by the sensor system
210 of FIG. 2A, ecmbodiments are not limited to such a scnsor systom.

188771 The method 700 can begin at block 710 when the sensor system 210 initiates a
lower-power operation. For example, in onc aspect, the scnsor system 210 initiates one
of an ALS operation, a PD operation, C1? operation, or 2 MD operation. In this aspect,
the sensor system 210 injtiates the lower-power operation by disabling dedicated CV
computation hardware, and configures the sensor array vmit 212 to operate at a reduced
resolution. As discussed above, in different sxamples, the reduced resolution may
include a single-pixel mode. In some embodiments, the sensor system 210 may initate
a plurality of lower-power operations, such as both an ALS operation and a PD
operation, a CD operation and MD operation, or all four of an ALS operation, a PD
operation, CD operation, and a MD operation.  After initiating the lower-power

operation, the method 700 proceeds to block 720,

18678] At block 720, while performing the lower-power operation, the sensor system
210 detects a reference ocourrence. In one example in which the sensor system 210 18

configured to perform an ALS function, the sensor system 210 generates at least one
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lower-power optical sensor reading, which may be used to detect the reference
occutrence. For example a lower-power optical sensor reading may indicate a change in
an amount of ambient hght, and the sensor systern 210 may detect a reference
securrence based on the lower-power optical sensor reading when a sensed level of light
changes at a rate above a reference threshold, or changes color at arate above a

reference threshold.

8079]  In another example, the sensor system 210 is configured to parform a PD
function, In this exarople, the sensor system 210 further comprises a light emitter, such
as u light emitting diode {LED), and the sensor array unit 212 is configured to detect an
amount of reflected light. When the amount of detected reficcied light excceds a
threshold, the sensor system 210 detects a reference occurrence. For example, the
sensor system 210 may detect a reference occurrence indicating an object is near the
sensor system 210, In one aspect, when the amount of detected reflected light is below
a threshold, the sensor system 210 may detect a reference occurrence. For example, the
sensor system 210 may detect an event that an object is no longer near the sensor system

214,

18686] In one example, the sensor system 210 is configured to perform a CD function,
Change detection can detect a change in the scene that exceeds a threshold where such a
scene change corresponds to a reference cecurrence, for example, as described in block
720 of FIG. 7. With reference io FIG. 2B, in some implementations, hardware scanning
window array 238, CV computation hardware 242, cascade classifier 244, and/or
dedicated microprocessor 216, or any combination thereot, may be disabled or in a low-
power mode. As used here, disabled is intended to indicate that sach components are in
a reduced power state as thetr functicunality is either not being utilized or their
functionality is drastically reduced compared to their normal operstion. Therefore, in
such a state, the sensor sysicm can operale in 3 lower-power mode compared to normal
operation invelving CV feature computation and subsequent CV operations. Pixel
values for large blocks of pixels in the sensor array wnit 212, for example as illustrated
n FIG. 6 blocks corresponding to subgroups 610, can be summmed to get a single value
representing all pixel values in each block, Such a summation can be computed vsing
an integral image provided by the two-dimeasional integration hardware 236 and stored,

for example, m an integral image frame buffer (not shown in FIG. 2B). The bleck
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summations can then be compared from frame to frame in time. [n a given block, if the
change in the summation value from a current frame compared to a provious frame is
greater than a reference change threshold, then a scene change reference occurrence can
be detected. In an alternative implementation, a seene change reference oeowrrence will
be detected only if 2 reference minbmom munber of blocks register sach a change, For
example, in a system with the sensor element arvay divided into 81 blocks (pixels are
grouped into a 9 by 9 array, where each block in the 9 by © armay includes a subarray of
pixels), change in cach block can be detected as described above, and a scene change
reference occurrence may ondy be triggered if three, four, or another number of blocks
register a change. Upon detecting the scene change, the sensor systemns 210 can further
activate any combination of hardware scanming window array 238, CV computation
hardware 242, cascade classifier 244, and/or dedicated microprocessor 216, I is
understood that CI3 operation described above may be implemented without the usc of
an fntegral image or two-dimensional integration hardware, but may use other hardware

to determine the summed block vahues.

[8881]  In onc cxample, the sensor systern 210 can be configured to performa MD
function. In this example, the sensor system 210 configures the sensor array unit 212 to
have a reduced resohution greator than a 2x2 pixel resciution, but fess than a maximn
resolution of pixels n the sensor arvay unit 212, In this example, the sensor system 210
is configured to detect relative changes in sensed light at different effective pixels. In
such an cxample, the scnsor system 210 analyzes an armnount of light sensed at cach of
the effective pixels (e.g., subgroups 610 as shown in FIG. &), detormings a first set of
differences between the amouont of light sensed at each effective pixel relative to at least
one other effective pixel. The sensor system 210 then detects a second amount of
sensed light at cach of the effective pixels, and determines a second set of differences
between the amount of light seased at each effective pixel relative to at least one other
effective pixel. The sensor system 210 then determines a change in the differences
based on the first set and the second set. The sensor systera 210 detects 2 reference
occurrence if the change i the differences exceeds a reference motion threshold, 1o one
aspect, the sensor system 210 may detect a mootion event if 8 first effective pixel
indicates a positive change in sensed Heht relative to 2 second effective pixel, and
subscquently the first effective pixel indicaics a negative change in seosed light relative

o a second effective pixel.

Lar
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{8882] The detection of the reference occurrence at block 720 can then trigger the
mnitiation of at least one higher-power operation. In block 730, the sensor system 210
mitiates a higher-power operation by enabling dedicated CV computation hardware.
For example, the sensor system 210 may initiate a face detection operation or a face
recognition operation, o a gesture recognition operation.  Alternatively, the sensor
system 210G may initiate an object detection operation to detect the presence of a

reference object in the images captured by the sensor system 210,

I8083]  In suuations where the reference aceurronce that triggers the ligher-power
operation 1s 4 PD operation, detection of a reference object in images captured by the
sensor system 210 could indicate the proximity of the reforence object. Thus, in this
exanple method, the higher-power operation is based on a one-way dependence
relationship between the lower-power operation and the higher-power operation. The
one-way dependence relationship m this example relates to the higher-power operation

only occurring after the lower-power operation detects a reference occurrence,

[6684] Further, the higher-power operation may be based on cvaluating the at least
one lower-power optical sensor reading. For example, as discussed above, the sensor
system 210 may perform a lower-power ALS operation and initiate a higher-power
operation. In some examples, the higher-power operation moay also cvaluate the seosor
reading from the lower-power ALS operation. For example, a higher-power operation
may include 2 face detection or recogaition function. In onc aspect, the seosor system
210 may evaluste the ALS sensor reading to determine an ambient light level and adjust
an eXposure Hme oF an apertme size when performing the face recognition fometion. Or
0 some aspects, 8 PD function may generate a sensor reading that a higher-power
operation may evaluate to determine an estiroated range to a detected object. Insome
aspects, the sensor system 210 may initiate other or mukiple higher-power operations.
In some aspects, the sensor system 210 may repeatedly exceute the method 700, For
example, after performing a higher-power operation, the sensor system 210 may restart
the method 700 and perform the functionality at block 710 by initiating a lower-power
opcration. Upon detecting the scene change, for instance, the sensor system 210 can
further activate any combination of additional components {e.g., hardware scaming
window array 234, CV computation hardware 242, cascade classifier 244, and/or

microprocessor 216) to perform one or more higher-power operations, The sensor

(U9
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system 210 may then revert back to a lower-power mode once the higher-power

operations are performed.

{#085]  While the method 700 of FIG. 7 has been described as a sequence of lower-
power and higher-power operations, in some examples, the scosor systom 210 may
substantially stmubtancousty perform both lower-power and higher-power operations.
For example, at block 730, after performing the higher-power operation, the sensor
system 210 may initiate a lower-power operation bt contimie to perform higher-power
operations. Thus, in some exampiles, at block 710, while the sensor systern 210 s
performing a lower-power operation, the sensor system 210 may alse be performing
additional functions, such as highor-power operations, and by initiating a lower-power
operation, the sensor system 210 may not be exclusively performing lower-power
operations. Further, when the sensor system 210 initiates a higher-power operation at
block 738, the sensor system 210 1n some examples may continue to perform lower-

power operations.

[6886] FIG. & shows an cxample method 800 for using a sensor systom as an optical
sensor. Again, the mothod 800 will be discussed with respect t¢ the example sensor

system 210 shown in FIG. 24, but is not Bmited 1o such a scosor system.

{8887] The method 800 begins at block 810, where the sensor sysiem 210 inktiates a
lower-power operation as discossed above with respect to the method 700 of FYG. 7. At
block 820, while performung the lower-power operation, the sensor system 210 detects a
reference occurrence as discussed above with respect to the method 700 of FIG. 7.

After detocting the reference occurrence, the method 800 proceeds to block 430,

188881 At block 830, the sensor system 210 provides a parameter value for a higher-
power operation. In one exarple, the sensor system 210 provides a level of ambient
tight as a configuration sctting for a higher-power operation. In this cxample, the sensor
system 216 may provide the parameter value as a configuration setting associated with a
fight intensity or auto-exposure parameter, of with an integration time for an image. In
another example, the sensor systera 210 provides an estimated distance to an object. In
one such cxample, if the sensor system 2190 performed a PD operation and detected an
object, the sensor system 210 provides an estimated distance to the object or an amount

of detected refiected light. In ancther example, the sensor system 210 provides a
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direction of motion to g higher-power operation. In ong such example, the sensor
system 210 may be configured to perform a lower-power MD operation and/or
movement of a block registering change (see discussion of CD, above) and detect a
direction of motion based on changes in relative amounts of sensed light over time, The
direction of motion may be provided to a higher-power operation, such as a gesture

detection operation.

{8089]  In some embodiments, the sensor system 214 may be configured to provide a
parameter that indicates whother a scene viewed by the sensor system 210 s likely an
indoor scene or an outdoor scene. For example, if a level of ambient light is above a
pre-defined threshold, the sensor system 210 may provide a paramcter indicating that
the scene is an outdoor scene, while if the ambient light is below a second pre-defined
threshold, the sensor system 210 may provide a parameter indicating that the scenc is an
in scene. In some examples, an indoor/outdoor determination may be made based on a

peak intensity detected at one or more frequency.

{6098]  In some cmbodiments, the sensor system 210 may be configured to provide a
parameter indicating a region of interest in the scene. In one example, the sensor
system 210 has configured the sensor arvay unit 212 to oporate in a reduced resolation
ot 3x3 effective pixels. In such an example, the sensor system 210 may determine an
effective pixel of intereat, which may be based on detected changes in ambient light, a
proximity detection reference occurrence, change detection in one or more of the
effective pixels, and/or a detected divection of motion. In one example, the sensor
system 210 may be configured to provide a parameter associated with a reference
osecurrence frequency. In this example, the sensor system 210 detects multiple

oecurrences of an event and deferraines a frequency at which the event ocours.

{8891] According to some embodiments, a parameter may be used to determing a
higher-power operation. In one example, a parameter may indicate a CV feature
sclection operation. For example, the parameter may indicate whether to use an LBP
function, an HSG function, or a UV function based on intensity of light. After the

sensor system 210 provides the parameter, the method proceeds to block 844,

18892] At block 844, the sensor system 210 initiates a higher-power operation using

the parameter (provided at block 830} as discussed above.
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{8093] As discussed above with respect to the method 700 of Figure 7, while the
method 8040 of Figure 8 has heen described as a sequence of lower-power and higher-
power operations, in some examples, the sensor system 210 may substantially perform
both lower-power and higher-power operations simultaneoosly. For example, at block
844, after performing the higher-power operation, the sensor system 210 may inttiate a
fower-power operation but contimae to perform a higher-power operation. Thus, in
some examples, at block 810, while the sensor system 210 is performing a lower-power
operation, the sensor system 210 may also be performing additional functions, such as
bigher-power operations, and by initiating a lower-power operation, the sensor system
210 may not be exclusively performing lower-power operations. Further, when the
sensor system 2140 inttiates 3 higher-power operation at block 8§40, the sensor system
210 in some examples may contimie to perform lower-power operations. Here, rather
than disabling dedicated CV computation bardware to perform lower-power operations,
the sensor system 210 may continue to operate with the dedicated CV computation
hardware enabled. However, the lower-power operations may sumply not utilize the

dedicated CV computation hardware.

[06894] FIG. % shows an example method for using a sensor system as an optical
sensor. As with other methods described herein, the method 900 will be discussed with
respect to the example sensor system shown in FIG. 24, but is not Bmited to such a

Sensor system.

18095] The method 900 begins at block 910, where the sensor systemn 210 inttiates a
higher-power operation as discussed above. At block 920, the sensor system 210
detects a reference occurrence, such as face detection or face recoguition, based on the
higher-power operation at block 910, Afier defecting the reference ocouwrrence, the

method 900 proceeds to block 930,

18896] At block 934, the sensor system 210 provides a parameter for lower-power
operation. In one embodiment, a higher-power operation may detect an object near the
sensor system 210, and in some example systems may also determine an cstimated
distance to the object. The sensor system 210 may provide an ovent comprising a
parameter to the lower-power operation indicating the presence of the object, or may
also {or mstead) provide a parameter mdicating a distance to the object. Sucha

parameter may be employed by the lower-power operation to assist with or enhance a

(O8]
<
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PD function. For example, the PD function may be able to more accurately detect an
object near the sensor based on the parameter, such as by establishing or adjusting a

threshold intensity fevel

[#697] 1o somce embodiments, the sensor systern 210 can provide a parameter
mdicating a divection to a hght source. For example, a higher-power operation may
detect an ilhuminated object or a reflective object, and a location or a direction to the
object. The sensor system 210 may provide a parameter based on the higher-power
operation indicating & direction to the light source. The lower-power operation may
employ this parameter, for example when performing ALS. In one example, the higher-
power opcration may determing that a scene viewed by the sensor system 210 is an
indoor or an outdoor scene. The sensor system 210 may provide a parameter to the
lower-power operation.  For example, the parameter may assist or enhance the fower-
power operation, such as by assisting with an ALS function by providing information

associated with a threshold for detecting changes in smbiont lighting,

[6698] In some crbodiments, the example sensor system 210 provides a parameter
indicating an indicator of cecupancy of a room or of & number of people visible ina
scene viewed by the sensor systen 210, For example, 2 higher-power operation may
detect ong or more fages, or one or more people, in a scene viewed by the sensor system
218, The sensor system 210 may then provide a parameter indicating a number of
people or faces in a scene, or an indicator of a level of occupancy of an arca. In one
example, a lower-power operation, such as a M function, may use such information to
better detect motion, or to reduce & sensitivity of the MD function to motion. For
exarple, if the sensor system 210 provides a parameter indicating a high level of
oecupaney, the M function reay switch to a predetermined threshold that requires a
stronger indication of moetion and thus the MD function is less sensitive to motion.
Alternatively, if the scnsor system 210 provides a parameter indicating a low lovel of
cccupancy, @ MD function may increase its sensitivity when detecting motion evenis.

Tn another example, a higher power operation may set the threshold and/or the minimum

number of blocks for the CD operation described above,

18699] At block 940, the sensor systen 210 initiates a lower-power operation using
the parameter. For example, the sensor system 210 may initiate a lower-power

operation as described above with respect to FIGS. 7 and 8. In this example, the lower-
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power operation, after initiation, is configured o use the parameter. For instance, as
discussed above, a PD function may be able to more accurately detect an object near the
sensor based on the parameter, such as by establishing or adjusting a threshold mtensity
fevel. In one example, the parameter may assist or enhance the lower-power operation,
such as by assisting with an ALS function by providing mformation associated with a

theeshoeld for detecting changes in ambient lighting.

{8188] Some embodiments may repeatedly exeocute the method 900, For example,
aftor performing a higher-power operation, the seosor systen 210 may restart the

method 900 and initiate a lower-power operation at block 910,

18181} As discussed above with respect to the methods 700, 800 of FIGS. 7 and &,
while the method 900 of Figure 9 has been described as a sequence of higher-power and
fower-power operations, in some examples, the sensor system 210 may substantially
perform both lower-power and higher-power operations sirauftancously. For exanple,
at block 940, after performing the lower-power operation, the sensor system 210 may
initiate a higher-power operation but continue to perform lower-power operations.
Thus, in some examples, at block 910, while the sensor system 21{ is performing a
higher-power operation, the sensor system 210 may also be poerforming additional
operations, such as lower-power operations, and by imtiafing a higher-power operation,
the sensor system 210 may not be exclasively performing higher-power operations.
Further, when the sensor system 210 initiates a lower-power aperation at block 940, the

sensor system 210 o some exanples may continue 10 perform higher-power operations,

19102] 1o some embediments, one or more methods may be combined. For example,
the methods of FIGH. 7 or 8 may be combined with the method of FIG, 9. For exanple,
after completing block 730 of the method 700 of FIG. 7, the method may proceed to
black 920 of the method 900 of FIG 2. In one example, after completing block 840 of
the method 800 of FIG 8, the methoed may procoed to block 920 of the method 900 of

FIG 9. Still further combinations arc contemplated as well,

1$#193] FIG. 10A shows an example state diagram for computor-vision computations
and lower-power optical sensor readings, which may be performed by the sensor system
210, F1G. 10A inclades two states, a lower-power operation(s) state 1010 and a higher-

power operation{s) state 1020. In a lower-power operation(s} state (010, the sensor
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system 210 is configured to perform one or more lower-power operations and may
obtain one or more sensor readings. in a higher-powoer operation{s) state 1020, the
sensor system 210 is configured to perform one or more higher-power operations, such
as computer-vision computations and operations, and may obtain one or more sensor
readings. In some embodiments, the sensor system 210 is configured to he in cither the
fower-power operation(s) state 1010 or the lower-power operation(s) state 1020, but not
both simaltaneously. In one such example, the sensor system 210 is configured to
transition from one state to the other based on sensor readings, which may establish a
one-way dependence relationship between the states. For exarople, in one example,
execution of a higher-power operation is dependent on & sensor reading from a lower-
power operation, or execution of a lower-power operation is dependent on a sensor

reading from a higher-power operation.

18104] However, in some examples, the sensor system 210 may be configured to
operate in both states 1010, 1620 substantially simultancousty, For exanple, in one
example, the sensor system 210 may comprise a plurality of sensor array units 212, one
of which may be configured to perform lower-power operations and another of which
may be configured to perform higher-power operations. In some examples, the sensor
system 210 may subdivide a scnsor array usit 212 such that a portion of the sonsor array
unit 212 s configured to perform a lower-power (or operations), while another portion
of the sensor array unit 212 is configared to perform g higher-power operation (or
operations). In one example where a sensor system 210 is configured to operate in both
states 1010, 1020 substantially stouliancously, a one-way dependence relationship may
be established based on a sensor reading from one of the states that causes the initiating
ota specific operation in the other state or causes a reconfiguring of an operation in the
other state. In some embodiments, an operation in one state may provide one of more
parameter values usable by an operation in the other state, such as may be seen in FI1G.

108,

[B105] FIG. 168 shows an example state diagram for computer-vision computations
and lower-power optical sensor readings, which may be performed by the sensor system
210. FIG. 10B inchudes the states described above with respect 1o FIG. 10A, but also
includes state transitions or information passing between states 1010, 1020 in response

to gvent detections in one or both of the states 1010, 1020, As with the state diagram in
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FIG. 10A, the sensor system 210 may transition between the two states 1010, 1020 in
sequence, or may operate in both states 1010, 1020 simultaneously. The sensor system
210 can be configured to detect events in cach of the states. Examples of reference
gecurrences are described carfier in this disclosure. As shown in FIG. 10B, the sensor
system 210 provides one or more parameter values based on a detected event from a

function In one state 1o ong or More functions in the other state.

8186] For example, if the sensor system 214 is porforming a PD operation in a lower-
power operation state 1010 and detects an object near the sensor system 210, the sensor
system 21{ provides a parameter valge, such as a flag value indicating an object is
detected or an cstimated range to the objcct, to a compuicr-vision function in the higher-
power operation state 1020, such as a face detection function. In some situations, the
sensor system 210 may also travsition from the lower-power operation state 1010 to the
higher-power operation state 1020; however, the sensor system 210 may activate or
continue executing operations in the higher-power operation{s) state 1020 using the one
or mors parameter values. The sensor system 210 may also detect cvents in the higher-
power operation state 1620 and provide one or more parameter values 1o a lower-power
operation and the sensor system may transition to the lower-power operation state or
activate or continue executing operations in the lower-power operation{s) staie 1020

using the one or mwore parameter values.

8147] FIGS. 11A, 11B and 11C illustrate 2 process of converting the sensor readings

fron o plurality of sensor elemerds to CV features, according to some erubodiments,

[#108] FIG. 11A illustraics a group of sensor readings (window 1102) from a
phurality of sensor clements of & sensor arvay unit {e.g., scusor array unit 212 of FIGS,
2A or 2B) that are under consideration for generating a histogram and detecting

features.

[8109] FIG. 118 iHustrates the process of generating the binary threshold vahies for
the center sensor element 1104 for generating an LRP label. OV computation hardware
242 of FIG. 2B can include hardware for computing the LBP label. The label generated
for the center sensor clement may be represented by the binary value 1111000,
Similarly, an LBP label is generated for each of the nine sensory elements from window

1102, Hach label may provide an indication of a CV feature from the perspective of the
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subject sensor clement. The thresholding to generate the label may be repeated for
signals corresponding to multiple subject sensor clements 1o the sensor array. The
pixel-level LBP illustrated m FIG. 11B can be expanded to imclude nulti-block LBP
where the ilustrated binary threshold values are generated for a block of one or more
subiect sensor elements by comparing a value corresponding to the block of one or more
subiject sensor clements, such a sum of the values associated with the one or more
subject sensor elements in the block, to its neighboring sensor element blocks.
Computations of the valucs corresponding to cach of the blocks of sensor clements can
be facilitated by computing an integral tmege. Similarly, it is understood that
extensions of LBP may also be similarly computed, such as local ternary patterns
(LTP), which provides three cutputs depending on the difference betweoen the subject
sensor clement and the neighboring sensor elements. For example, in one
implementation of LTP, the output is one if the signal corresponding o the neighboring
sensor elernent is greater than the signal comresponding to the subject sensor element
plus a threshold, the output is zero if the signal corresponding to the neighboring sensor
clement is within the threshold compared to the sigoal corresponding to the subject
sensor element, and the output is negative one if the signal corresponding 1o the
neighboring sensor element is less than the signal corvesponding to the subject sensor

clement minus the threshold.

8118] FIG. 11 illustrates a normalized lstogram for a window, for example a
window reprosenting some subset of sensor clements from a sensor element array,
generated from the plurality of labels for cach of the sensor clements from the window,
for example a sample window stored in hardware scanning window array 238 of FIG.
2B. As shown 1 FIG. 11C, cach of the LBP labels for the sensor readings from window
1102 may fall anywhere on g histogram with, for example, 256 slots. So, for example,
when comparing a subject scnsor element to its cight neighbors, an 8 bit number will be
generated meaning that 256 ditferent LB labels arc possible. The histogram can
cpresent the number of times each of the given LBP labels were actually generated in
the window. To determing if a face is present in the window, in one implementation,
the generated histogram can be compared to 4 reference histogram of a face. An
ntersection between the gencrated histogram and the reference histogram can be
computed, and a scalar sum generated from a summation of the intersection. If the

scalar sum is greater than a threshold, then, to a given probability, a face is detected
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within the window, The reference histogran: and the threshold are generally determined
in a training phasc using machine learning algorithms on a datasct of, in this example,
sample faces and sample non-faces and their LBP histograms, Once the reference
histogram and the threshold are determined in the training phase, for the same
architectare, they can be prograsuncd in, for example, the microprocessor 216 of FIGS.
2A or 2B, or alternatively the above histogram process maay be performed by dedicated
hardware for computing a histogram for a given window within an bmage and
determining whether a face, or other object, is present within the window similar to
cascade classifier hardware 244 discussed in FIG. 218 above. It is understood that the
LBP tabels can be used by a cascade classifier for object detection, as discussed in FIG.

2B, mstead of or in addition to using the LBP labels for histogram generation.

181111 FRG. 12 illustrates an embodiment of a mobile device 103, which can utilize
the sensor system 214 as described above. I should be noted that FIG. 12 18 meant only
to provide a generalized illustration of various componerus, any or all of which may be
utitized as appropriate. It can be noted that, in some instances, components illustrated
by FiG. 12 can be localized to a single physical device and/or distributed among various

networked devices, which may be disposed at different physical locations.

18112] Themobile device 103 13 shown comprising hardwarce clements that can be
clectrically coupled via a bus 1205 {or may otherwise be in commaonication, as
appropriate). The hardware clements may ioclude a processing unit{sy 1210 which can
mchude without lottation one or more gencral-purpose processors, one or more special-
purpose processors (such as digital signal processing (DSP) chips, graphics acceleration
processors, application specific integrated circuits (ASICs), and/or the like), and/or
other processing structure ot means, In the embodiments described above, the
processing unit(s} 1210 may correspond to the main processor 220 of FIG. 2A and/or
the sccond processing unit described ia relation to FIG. 4. As shown in FIG. 12, some
cembodiments may have a separate DEP 1220, depending on desired functionality, The
mobile device 1035 also can include one or more inpui devices 1270, which can include
without Hmitation a touch sercen, a touch pad, microphone, button(s), dial(s),
switch{es), and/or the like; and one or more output devices 1215, which can include

without limitation a display, light emitting diode (LED), speakers, and/or the like.
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{8113] The mobile device 105 might also include a wireless conumunication interface
1230, which can mnclude without limitation a2 modem, a network card, an infrared
commumnication devies, a wireless commumnication device, and/or a chipset (such as a
Bluctooth™ device, an IEEE 802.11 device, an IEEE 802.15.4 device, 3 WiFi device, a
WiMax device, cettular commmication facilities, etc.}, and/or the fke. The wireless
communication interface 1230 may permit data to be exchanged with a network,
wireless access points, other computer systems, and/or any other electronic devices
described herein. The commaunication can be carried out via one or more wireless

comnunication sutennalsy 1232 that sond and/or reccive wireless signals 1234,

181314] Depending on desired functionality, the wireless communication interface
1230 can inchade separate transceivers to communicate with basce transceiver stations

.
{e.

., base stations of a cellular network) and/or access point{s). These different data

i1}

networks can inchude various network types. Additionally, a Wireless Wide Avea
Network {WWAN) may be a8 Code Division Maltiple Access (CDMA) network, a Time
Division Multiple Access {TDMA) network, a Frequency Division Multiple Access
{(FDMA) network, an Orthogonal Frequency Division Multipie Access (OFDMA)
network, a Single-Carrier Frequency Division Multiple Access (SC-FDMA) network, a
Wibfax (IEEE 802.16}, and so on. A CDMA network may implement one or more
radic access technologies (RATS) such as cdma000, Wideband-COMA (W-CDMA),
and so on. CdmaZf00 includes 1S-95, IS-2000, and/or 1S-856 standards, A TDMA
network may implement Global System for Mobile Commmunications (GSM), Digital
Advanced Mobile Phone Systcm (D-AMPS), or some other RAT. An OFDMA network
may employ LTE, LTE Advanced, and se on. LTE, LTE Advanced, GSM, and W-
COMA are described in documents from 3GPP. CdmaZ000 is described in documents
from a consortium named “3rd Generation Partnership Project 27 (3GPP2). 3GPP and
3GPPZ documents are publicly gvailable. A Wireless Local Ares Network (WLAN)
may also be an IEEE 802.11x network, and a Wireless Personal Arca Network (WPAN)
may be a Bloetooth network, an IEEE 802.15x, or some other type of network, The
techniques described herein may also be used for any combination of WWAN, WLAN

and/or WPAN,

{8113] The mobile device 105 can further include sensor(s) 1240. Such sensors can

inchede, without limitation, ong or more accelerometer(s), gyroscope(s), camera(s),

>N
()
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magnetometer(s), altimeter(s), microphone(s), proximity sensor(s), light sensoi(s), and
the like. Additionally or alternatively, the sensor{s) 1240 may include the sensor system
210 of FIGS, 2A or 2B and/or similar electronic sensors. Thus, embodiments described
herein can inclode & first processor {e.g., microprocessor 216 in FIGS. ZA or 2By ina
sensor system 210 of the sensor(s) 1240 that generates an evend for a second processing
unit included n the processing umit(s) 1210 of FIG. 12 (corresponding to the main
processor 220 of FIG. ZA). In some embodiments, a first processing unit of sensor(s)
1246 {(c.g., microprocessor 216 of sensor system 210 m FIGS, ZA or 2B) can determine,
from one or more signals received from the one or more cutputs of an image array (e.2.,
sensor array unit 212 of FIGS, 2A or 2B), that a fuce has been detected, and in response
to the determination, generate a face-detection ovent, Yor a second processing unit {c.g.,
processing unit{s) 1210 of FIG. 12). In some embodiments, the processing unit{s) 1210
can operate in a low power mode, and a first processing unit of sensor(s) 1240 (e.g.,
microprocessor 216 of sensor system 210 in FIGS, 2A or 2B) is operable to or generate
the event to be received by and/or communicate an event to the processing anit(s) 1210

while the processing vnit{s) 1210 is/are operating in a low power mode,

[8116] Embodiments of the mobile device may also include a Sateliite Positioning
Systam (SPS) receiver 1280 capable of receiving signals 1284 from ong or more §P8
satelites using an SPS anterma 1282, The SPS receiver 1280 can extract a position of
the mobile device, using conventional techniques, from satellites of un SPS system,
such as a global navigation satclhife system (GNSS) {e.g., Global Positioning Systom
{GPS)), Galileo, Glonass, Compass, Quasi-Zenith Satellite System (QZSS) over Japan,
Indian Regional Navigational Satellite System (IRNSS) over India, Beidou over Ching,
and/or the Bke. Morcover, the SPS receiver 1280 can be used various augmentation
systems {¢.g., an Satclitc Based Augmentation System {(SBAS)) that may be associated
with or otherwise enabled for use with one or more global and/or regional navigation
sateHite systerns. By way of example but not limitation, an SBAS may meluade an
angmentation system(s that provides integrity information, differential corrections, ete.,
such as, ¢.g., Wide Arca Augmentation Systom (WAAS), European Geostationary
Navigation Overlay Service (EGNOS), Multi -functional Sateliite Augmentation
System (MSAS), GPS Aided Geo Augmented Navigation or GPS and Geo Augmented
Navigation system (GAGAN), and/or the like, Thus, as used herein an SPS may inchude

any combination of one or more global and/or regional navigation satellite systoms
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and/or angmentation systems, and SPS signals may include SPS, SPS-like, and/or other

signals associated with such one or more SPS.

{#117]  The mobile device 105 may further include and/or be in communication with a
memory 1260, The memory 1260 can include, without limitation, local and/or network
accessible storage, a disk drive, a drive arvay, an optical storage device, a solid-state
storage device, sach as a random access memory (“RAM™), and/or a read-only memory
{“ROM™), which can be programmable, flash-updateable, and/or the like. Such storage
devices may be configured to mplement any appropriate data stores, including without
fimitation, varicus file systems, database structures, and/or the like. The memory 218 of
FIG. 2A, which can include any of the memory types provicusky Hsted, may be included
in the memory 1260 or may be distinet from memory 1264, depending on desired

functionality.

{8118] The memory 1260 of the mobile device 103 alsc can comprise software
clements (not shown), ncluding an operating system, device drivers, executable
fibraries, and/or other code embedded in 2 computer-readable mediom, such as one or
more application programs, which may comprise computer programs provided by
various embodiments, and/or may be designed to implement methods, and/or configure
systems, provided by other embodiments, as described herein, fn an aspect, then, such
code and/or instructions can be used to configure and/or adapt a general purpose
computer {or other device) to perform onc or more operations in accordance with the

described methods,

[#139] It will be apparent o those skilled in the art that subsiantial variations may be
made in accordance with specific roquitemeonts, For example, customized hardware
might also be used, and/or particular elements might be mplemented in hardware,
software (inchading portable software, such as applets, ote.), or both. Further,
connection to other computing devices such as notwork toput/output devices may be

enployed.

19128] With reference to the appended figures, components that can toclude memory
can include noun-transitory machine-readable media. The term “machine-readable
medium” and “computer-readable mediam™ as used herein, refer to any storage medium

that participates in providing data that canses a machine to operate in a specific fashion.



CA 02959549 2017-02-27

WO 2016/053886 PCT/US2015/052684

In embediments provided hereinabove, various machine-readable media might be
mvolved in providing instructions/code to processing units and/or other device(s) for

execution. Additionally or alternatively, the machine-readable media might be used to

store and/or carry such instructions/code. In many nplementations, a computer-
readable medinm is a physical and/or tangible storage medimm. Such a medium may
take many forms, including but not hmited to, non-volatile media, volatile media, and
transmission media. Common forms of compater-readable media mclude, for exampie,
maguoetic and/or optical media, puncheards, papertape, any other physical medium with
patterns of holes, a RAM, a PROM, EPROM, a FLASH-EPROM, any other memory
chip or cartridge, a carrier wave as described hereinafter, or any other medivm from

whichk a computer can read instructions and/or code.

181211 The methods, systems, and devices discussed herein are examples. Various
embodiments may omit, substitute, or add various procedures or components as
appropriate. For instance, features described with respect to certain embodiments may
be combined in various other cobodiments, Different aspects and clements of the
embodiments mway be combined i a similar manner. The various components of the
figures provided herein can be embodied in hardware and/or software. Alse, technology
evolves and, thus, many of the clements are examples that do pot imit the scope of the

disclosure to those specific examples.

[8122] It has proven convenient at times, principally for reasons of common usage, to
refer 10 such signals as bits, information, values, elements, symbols, characters,
variables, terms, numbers, numerals, or the Hike. It should be understoed, howeves, that

all of these or sinmlar terms are to be associated with appropriate physical quantities and

.

ate merely convenient labels. Unless specifically stated otherwise, as is apparent from

the discussion above, it is apprecisted that throughout this Specification discussions

utifizing terms such as “processing,” “computing,” “calculating,” “determining,”

2% 46 ELITS LINTY

“ggcertaining,” “identifying,” “associating,” “measuring,” “performing,” or the Hke
refer to actions or processes of 2 specific apparatus, such as a special purpose computer
or a similar speeial purpose clectronic computing device. In the context of this
Specification, therefore, a special purpose computer or a similar special purpose
clectronic compuiing device is capable of masnipulating or transforming signals,

typically represented as physical electronic, electrical, or magnetic guantities within
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memories, registers, or other information storage devices, transmission devices, or
display devices of the special purpose computer or similar special purpose electronic

computing device.

18123]  Terms, “and” and “or” as used herein, may include a varicty of meanings that
also is expected to depend at least i part upon the context in which such terms are used.
Typically, “or” if used to associate a hist, such as A, B, or C, 18 intended to mean A, B,
and C, here used in the inclusive sense, as well as A, B, or C, here used in the exclusive
sense. In addition, the term “one or more” as used herein may be used to doscribe any
featore, structure, or characteristic in the singular or may be used to describe some
combination of features, structures, or characteristics. However, it should be noted thai
this is merely an dlustrative example and clatined subject matter is not Hintted to this
example. Furthermore, the term “at least one of” if used to associate a list, such as A,
B, or C, can be interpreted to mean any combination of A, B, and/or C, such as A, AB,

AA, AAB, AABBCCC, ete.

{#124] Having described several embodiments, various medifications, alternative
consiructions, and equivalents may be used without depavting from the spirit of the
disclosure, For example, the above cloments may merely be a component of a larger
system, wherein other rules may take precedence over or othorwise modify the
application of the invention. Alse, a number of steps may be undertaken before, during,
or after the above clemenis are considered. Accordingly, the above description does not

firait the scope of the disclosure,
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CLAIMS:

1. A smart sensor for sensing dynamic scene-based occurrences, the

smart sensor comprising:

dedicated computer vision (CV) computation hardware configured to
receive sensor data from a sensor array comprising more than one sensor pixel and capable
of computing one or more CV features using readings from neighboring sensor pixels of

the sensor array; and

a first processing unit communicatively coupled with the dedicated CV
computation hardware and configured to process signals resulting from operations based

on the one or more computed CV features;

wherein the smart sensor is configured to generate an event to be received
by a second processing unit in response to the processing of the signals resulting from the
operations based on the one or more computed CV features by the first processing unit, the
event configured to trigger an operation to be performed by the second processing unit and
indicating a reference occurrence for the second processing unit and comprising a multi-

field message.

2. The smart sensor of claim 1, wherein the reference occurrence is

one or more of’
a coming into view of a human face,
a coming into view of a human body,
an emotion expressed on a human face,
coming into view of an non-human animal face,
coming into view of a non-human animal body,
coming into view of a human hand,
a hand gesture,
a coming into view of a reference object,
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a change from an indoor environment to an outdoor environment,
a reference movement,

rapid movement in a scene indicating a fall,

motion toward an object indicating a risk of collision,

movement or objects in a scene indicating danger, or

any combination thereof.

3. The smart sensor of claim 1, wherein the reference occurrence

comprises face detection.

4. The smart sensor of claim 1, wherein the dedicated CV computation

hardware is configured to provide Local Binary Patterns (LBPs).

5. The smart scnsor of claim 4, furthcr comprising cascadc classificr
hardware configured to detect a presence of a reference object in a subset of the sensor
data coupled to the dedicated CV computation hardware, wherein the operations based on
the one or more computed CV features comprise operations performed by the cascade

classifier hardware, the reference occurrence being associated with the reference object.

6. The smart sensor of claim 5, wherein the first processing unit is
configured to receive an indication from the cascade classifier hardware of the presence of
the reference object when the presence of the reference object is detected by the cascade

classifier hardware.

7. The smart sensor of claim 1, wherein the dedicated CV computation
hardware is configured to receive raw sensor data from the sensor array and no image
signal processing circuitry is disposed between the sensor array and the dedicated CV

computation hardware.

8. The smart sensor of claim 1, wherein the dedicated CV computation

hardware comprises an integrated circuit.
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9. The smart sensor of claim 1, wherein the smart sensor is configured
to disable at least part of the dedicated CV computation hardware to generate at least one
lower-power optical sensor reading indicative of ambient light sensing, a proximity
detection, a proximity to a reference object, a motion detection, or any combination

thereof.

10.  The smart sensor of claim 9, wherein the smart sensor generates the

reference occurrence based on the at least one lower-power optical sensor reading.

11. The smart sensor of claim 1, wherein the smart sensor is configured
to disable at least part of the dedicated CV computation hardware while operating in a
lower-power mode, detect a scene change in the lower-power mode, and to activate the

dedicated CV computation hardware based on detection of the scene change.

12. The smart sensor of claim 1, wherein, in the multi-ficld message,
the event indicates the reference occurrence for the second processing unit and further

includes data associated with the reference occurrence.

13.  The smart sensor of claim 1, wherein the smart sensor is configured

to:

perform a higher-power operation as at least part of the operations based on
the one or more computed CV features, the higher-power operation consuming more

power than a lower-power operation, and
provide a parameter for the lower-power operation is based on the event.

14. The smart sensor of claim 1, wherein the smart sensor is configured

to:

perform a lower-power operation as at least part of the operations based on
the one or more computed CV features includes, the lower-power operation consuming

less power than a higher-power operation, and

provide a sensor reading for the higher-power operation.
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15.  An apparatus for determining face detection events, the apparatus

comprising:
a sensor array comprising more than one sensor pixel;

dedicated computer vision (CV) computation hardware capable of receiving
sensor data from the sensor array and computing CV features using readings from

neighboring sensor pixels of the sensor array; and

a first processing unit communicatively coupled with the dedicated CV

computation hardware and configured to:

determine, from one or more signals resulting from operations based on the

one or more computed CV features that a face has been detected, and

in response to the determination, generate a face-detected event comprising
a multi-field message, to be received by a second processing unit and configured to trigger

an operation to be performed by the second processing unit.

16.  The apparatus of claim 15, further comprising the second processing
unit, wherein the first processing unit is configured to communicate the face-detected
event to the second processing unit while the second processing unit is operating in a low-

power mode.

17.  The apparatus of claim 15, wherein the dedicated CV computation
hardware is configured to receive raw sensor data from the sensor array and no image
signal processing circuitry is disposed between the sensor array and the dedicated CV

computation hardware.

18.  The apparatus of claim 15, further comprising peripheral circuitry

configured to provide at least one of:
a timing operation,
a focusing operation,

an auto-exposure correction operation,

51

Date regue/ date received 2021-12-22



81803631

object detection,

object recognition,

storing a scanning window,

an event-queuing and/or processing operation,
analog processing,

analog-to-digital conversion,

an integration operation,

CV feature computation,

a cascade-classifier-based classification,
a histogram-based classification, or
memory buffering, or

any combination thereof.

19.  The apparatus of claim 15, further comprising the second processing
unit, wherein the first processing unit is further configured to communicate the face-
dctected cvent to the sccond processing unit whilce the sccond processing unit is operating

in a low-power mode.

20. A method for sensing dynamic scene-based occurrences with an

apparatus, the method comprising:

receiving, with dedicated computer vision (CV) computation hardware,

sensor data from a sensor array comprising more than one sensor pixel;

computing, with the dedicated CV computation hardware, one or more CV

features using readings from neighboring sensor pixels of the sensor array;

processing, with a first processing unit, signals resulting from operations
based on the one or more computed CV features; and
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generating an event to be received by a second processing unit in response
to the processing of the signals resulting from the operations based on the one or more
computed CV features by the first processing unit, the event configured to trigger an
operation to be performed by the second processing unit and indicating a reference

occurrence for the second processing unit and comprising a multi-field message.

21. The method of claim 20, wherein the reference occurrence is one or

more of:
a coming into view of a human face,
a coming into view of a human body,
an emotion expressed on a human face,
coming into view of an non-human animal face,
coming into view of a non-human animal body,
coming into view of a human hand,
a hand gesture,
a coming into view of a reference object,
a change from an indoor environment to an outdoor environment,
a reference movement,
rapid movement in a scene indicating a fall,
motion toward an object indicating a risk of collision,
movement or objects in a scene indicating danger, or
any combination thereof.

22. The method of claim 20, further comprising providing, with the
dedicated CV computation hardware, Local Binary Patterns (LBPs).
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23.  The method of claim 22, further comprising detecting, with cascade
classifier hardware, a presence of a reference object in a subset of the sensor data, wherein
the operations based on the one or more computed CV features comprise operations
performed by the cascade classifier hardware, the reference occurrence being associated

with the reference object.

24.  The method of claim 23, further comprising, receiving, by the first
processing unit, an indication from the cascade classifier hardware of the presence of the
reference object when the presence of the reference object is detected by the cascade

classifier hardware.

25.  The method of claim 20, further comprising disabling at lcast part of
the dedicated CV computation hardware to generate at least one lower-power optical
sensor reading indicative of ambient light sensing, a proximity detection, a proximity to a

reference object, a motion detection, or any combination thereof.

26. The method of claim 25, further comprising detecting the reference

occurrence based on the at least one lower-power optical sensor reading.
27.  The method of claim 20, further comprising:

disabling at least part of the dedicated CV computation hardware while

operating in a lower-power mode;
detecting a scene change while operating in the lower-power mode; and

activating the disabled at least part of the dedicated CV computation

hardware based on detection of the scene change.

28. The method of claim 20, wherein, receiving, with the dedicated CV
computation hardware, the sensor data from the sensor array comprises receiving raw
sensor data from the sensor array and wherein no image signal processing is performed on

the sensor data prior to the receiving.

29. A method for determining face detection events, the method

comprising:
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receiving, with dedicated computer vision (CV) computation hardware,
sensor data from a sensor array;

computing one or more CV features using readings from neighboring

sensor pixels of the sensor array; and
using a first processing unit to:

determine, from one or more signals resulting from operations based on the

one or more computed CV features that a face has been detected, and

in response to the determination, generate a face-detected event comprising
a multi-field message, to be received by a second processing unit and configured to trigger

an operation to be performed by the second processing unit.

30. The method of claim 29, wherein, receiving, with the dedicated CV
computation hardware, the sensor data from the sensor array comprises receiving raw
sensor data from the sensor array and wherein no image signal processing is performed on

the sensor data prior to the receiving.
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