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(57) Abstract: In an example, a method includes determining, by an
electronic device, a user experience metric associated with content cap-
tured by at least one camera of the electronic device. The method also
includes adjusting at least one operating parameter of the device to pro-
duce an operating characteristic target, wherein the adjustment is based
on an estimated change to the determined user experience metric due to
the adjustment.
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THERMAL AND POWER MANAGEMENT

[8801] This application claims the benefit of ULS. Provisional Application No.

61/919,543 filed December 20, 2013,

TECHNICAL FIELD
[8862] This disclosure relates to techniques for rendering video data with a computing

device,

BACKGROUND
[8883] Mobile devices may take the form of mobile telephones, tablet computers, laptop
computers, portable compuiers with wircless commumication cards, personal digital
assistants (P Ag), digital cameras, video gaming devices, portable media players, flash
memory devices with wireless conmmunication capabilities, wireless communication
devices including so-called “smart” phones and “smart” pads or tablets, e-readers, or
other of a wide variety of other types of portable devices. Mobile devices are beconung
mereasingly powerful with the addition of high-power processors, the capability to
process media content, and the ability to interact with networks in the clond. The
advancements in processing power and capabilities of devices may also cause the

devices o consume power and/or gonerate heat,

SUMMARY
{8604] The technigues of this disclosure include adjusting one or more operating
parameters of an electronic device in response 10 an estimation of a user experience.
For example, an clectronic device may consame energy and produce heat during
operation, According to aspects of this disclosure, a device may determing a user
experience metric that provides an cstimation of a user experience. The device may
tactically adjust one or more operating parameters based on the user experience metric
to maintain the device operating below a target power usage limit or temperature Hmit,
but that minimizes the impact to the user expericnee.
8005] In an example, & methed includes determining, by an electronic device, a user
experience metric associated with content captared by at least one camera of the
glectronic device, and adjusting at least one operating parameter of the device to

produce an operating characteristic target, wherein the adjustment is based on an
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estimated change to the determined user experience metric due to the adjustment.

[8065] In another example, an clectronic device inchudes at least one camera, and one or
more processors configured to determine a user expericnce metric associated with
condent capiured by the at least one camera of the clectronic device, and to adjust at
least one operating parameter of the device to produce an operating characteristic target,
wherein the adjustment is based on an estimated change to the determined user
experience metric due to the adjustment.

18867] In another example, an apparatus mchades means for determining a user
experience metric associated with content captured by at least one camera of an
clectronic device, and means for adjusting at least one operating parameter of the device
to produce an operating characteristic target, wherein the adjustent is based on an
estimated change to the determined user experience metric due 1o the adjustment.

[8088] In another example, a non-transitory computer-readable medium has instructions
stored thereon that, when executed, cause one or more processors to determing a user
experience metric associated with content captured by at least one camera of an
electromic device, and adjust at least one operating parameter of the deviee to produce
an operating characteristic target, wherein the adjustment 18 based on an estimated
change to the determined user experience metric duc to the adjustment.

{B8089] The details of one or move aspects of the disclosure are set forth in the
accompanying drawings and the description below. Gther features, objects, and
advantages of the techniques described in this disclosure will be apparent from the

description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS
18618) FI1G. 1 illustrates example devices that may implement techuigques of this
disclosure.
{8811 FIG. 2 1s a block diagram showing an example of a device that may be
configured to implomont the techniques of this disclosure
19812] F1G. 3 illustrates an cxample of 2 management system of a device that may
mmplement techmiques of this disclosure.
[8013] FIGS. 4A and 4B illustrate an example of a relationship between power
consumption, a frame rate, and a user experience.
18014] FIGS. 5A and 5B iHustrate an example relationship between power

consumption, resolution, and user experience.
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{8018} FIG. 6 illustrates example models of a user experience for a varicty of operating
parameters.

{8616] FI1G. 7 is a flowchart that illustrates an example process for adjusting an
operating parameter of a device based on a user experience metric, according to aspects
of this disclosure.

[8817] FIG. 8 is a flowchart that iHlusirates another example process for adjusting an
operating parameter of a dovice based on a user expericnce metric, according to aspects

of this disclosure.

DETAILED DESCRIPTION
18818] The techniques of this disclosure include adjusting one ot more opcrating
parameters of an electronic device in response to an estimation of a user experience.
For example, an clectronic device may consame energy and produce heat during
operation, According to aspects of this disclosure, a device may determing a user
experience metric that provides an cstimation of a user experience. The device may
tactically adjust one or more operating parameters based on the user experience metric
to maintain the device operating below a target power usage limit or temperature Hmit,
while minimizing the impact to the user experience.
[8819] FIG. | illustrates example devices that may implement technigques of this
disclosure. In general, the technigues of this disclosure may be implemented with
devices having at least one image sensor and imagce processor (which may be
configured for high resolution picturcs and/or video) and a power and/or thermal Lot
For example, device 20A includes a front image sensor 224, a rear image sensor 24A, a
display 26A and a picture-in-picture (PIP) window 28A. In addition, device 208
incihudes a front image sensor 228, a rear image sensor 248, a display 268, a first PIP
window 288 and a second PIF window 30B.
{8828] Devices 20A and 208 may comprise any of a wide range of deviees inchuding,
for exanple, telephone handsets such as so-called “smart” phones, tablet computers,
cameras, notebook (1o, laptop) computers, digital media players, video gaming
consoles, video streaming devices, or the like. While devices 20A and 208 may be
portable devices, the techniques of this disclosure are not Hmited in this way. For
cxample, according {o other aspects, the techniques may be used with deskiop

computers, set-top boxes, televisions, or other dovices.
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[8621] Front image sensors 22A and 228 and rear image sensors 24A and 248 may be
configured to capture tmages. For example, front image sensors 22ZA and 22B and rear
image sensors 24A and 248 may inchide any components for converting an optical
image inte an electronic signal. Example image sensors include charge-coupled devices
(CCD), complementary metal-oxide-semicondactor (CMOS), N-type metal-oxide-
semiconductor (NMOS), or the Hike, In some instances, as described in greater detatl
below, front tmage sensors 2ZA and 22B and rear image sensors 24A and 248 may be
ncluded in one or more camera systems ot sub-systoms.

[8622] Displays 26A and 268 may include a liquid crystal display (LCD), a Hght
emitting diode (LED), an organic light emitting dicde (OLED), or any other type of
device that can generate output to a user. In some instances, displays 26A and 268 may
be configured as touch-sensitive and/or presence-sensitive displays.

[8023] In the example shown in FIG. 1, device 20A includes PIP window 28A and
device 20B includes PIP windows 28B and 30B. In some examples, the PIP windows
may provide arcas for displaving contont independently from other content being
displayed at displays 26A and 268, For example, devices 20A and/or 208 may be
configured to perform picture-in-pictire video recording. In this example, device 20A
may record images being displayed at display 26A, while PIP window 28A may display
an image of a user capturing the recorded fmages. In another example, devices 20A
and/or 208 may perform video conferencing in conjunction with gaming. For example,
device 20B may output a video game to display 268 while also displaying images of 3
user playing the video game in PIP window 288 and an opponent or companion of the
user {also playing the video game) in PIP window 308, Other examples are also
possible.

{8624 In some instances, devices 20A and 208 may approach or exceed operating
parameters. As an cxample, as devices 20A and 208 perform an increasing musber of
fumctions (e.g., capturing video, rendering graphics, encoding/decoding video,
displaying video, or the hike}, the power consumed by devices 20A and 208 may risc.
In addition, in soroe instances, one or more components of devices 20A and 208 (e.g., 2
central processing unit (CPU), graphics processing unit (GPL)), a camera sub-system,
displays 26A and 26B, or the like, as described in greater detail, for example, with
espect to FIG. 2) may generate heat as a byproduct. Somce example functions inciude

wide guad high definition (WQHD) picture-in-picture (PIP) video recording, ultra high
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definition (UHD) video recording, gaming and video conferencing, high-resohution
three-dimensional (3D graphics rendering with video conferencing, or the like.

{18625] Devices 20A and 208 may approach or exceed operating parameters such as 2
power budget (e.g., 2 watis) or a temperatare Hmit. In some instances, a camera sub-
system including, for example, any combination of one or more image processors, front
image sensors 22A and 22B and rear image sensors 24A and 248, and other
components associated with capturing images, may contribute o the consumption of
power and/or the generation of heat. For example, enhancements in quality,
performance, and/or concurrency may result in a higher power and/or temperature cost.
18826] The technigues of this disclosure include adjusting one or more operating
parameters of an electronic device, such as device 20A or device 208, in response to an
estimation of a user experience. For example, according to aspects of this disclosure,
devices 20A or 20B may determine a user experience metric that provides an estimation
of a user experience. Devices 20A or 20B may adjust onc or more operating parameters
hased on the user experience metric to maintain the device operating below a target
power usage limit or teraperatire Hmit. For example, according to aspects of this
disclosure, devices 20A or 20B may utilize the user experience metric to adjust one or
MOre operating parameters in a way that minimizes the impact to the user experience yet
satisfies the target power usage Hmit or temperature Himit.

[8827] FIG. 2 is a block diagram showing one example of a device 40 that may be
configured to imploment the techniques of this disclosure, In some examples, one or
more components shown and described with respect to device 40 may be incorporated
m device 20A and/or device 208 (FIG. 1).

{8028} In the example shown in FIG. 2, device 40 includes one or more processors 44,
memory 48 having 3 frame buffer 233 and storing one or more applications 50, display
processor 54, local display 56, audio processor 60, speakers 62, transport moduie 66,
wireless modem 68, input devices 72, camera system(s) 76, and thermal/power manager
8. Other examples may include more or fewer components than those shown in FIG.
2. In addition, while certain components are described separately for purposes of
discussion, it should be understood that some components shown and described with
respect to FIG. 2 may be highly integrated or combined to form a single component.
18029} Each of components 44, 48, 54, 60, 66, 72, 76 and 80 may be interconnected
{physically, communicatively, and/or operatively} for inter-componerd cornmunications

via communication channels 82. In some examples, communication chamnels 82 may
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include a system bus, network connection, nter process communication data structure,
or any other channel for commumicating data.

{8638] Onc or more processors 44 may be capable of processing mstructions stored in
storage device memory 48. Oune or more of processors 44 may form a contral
processing unit (CPU) for device 40. Processors 44 may include, for example, one or
more microprocessors, DSPs, ASICs, FPGAs, discrete logic, or any combinations
thereof. In some examples, processors 104 may include fixed function logic and/or
programmable fogic, and reay exccute software and/or frmware. When the technigues
are implemented partially in software, a device may store instructions for the software
in a suitable, non-transitory computer-readable medium and execute the instractions in
hardware using one or more processors o perform the techniques of this disclosure.
[{8831] In some examples, processors 44 may be configured to encode and/or decode
A/V data for transport, storage, and display. For example, one or more of processors 44
may operate as a video encoder or a video decoder, cither of which may be integrated as
part of a combined video encoder/decoder {codec). In some instances, the codec may
operate according to a video compression standard, such as the ITU-T H.264 standard,
aiternatively referred to as MPEG-4, Part 14}, Advanced Video Coding (AVC), or
extensions of such standards. Other examples of video compression standards inclade
MPEG-2 and F'TU-T H.263 and the High Efficiency Video Coding (HEVC) standard.
[8832] With respect to HEVC, a video picture may be divided into a sequence of
treeblocks or largest coding units (LCU) that include both luma and chroma samples.
Syntax data within a bitsircam may define a size for the LCU, which is a largest coding
anit in terms of the number of pixels. A slice includes a number of consecutive
trecblocks i coding order. A video picture may be partitioned into one or more shices.
Each trecblock may be split into coding units (CUs) according io a quadirge.

8833] A CU has a similar purpose as a macroblock of the H.264 standard, except that a
CL does not have a size distinction. A CU includes a coding node and prediction units
(PUs) and transform units (TUs) associated with the coding node. In gencral, s PU
represents a spatial area corresponding to all or a portion of the corresponding CU, and
may include data for retrieving a reference sample for the PUL

{8834] For example, spatial or temporal prediction results in a predictive block fora
block fo be coded. Residual data represents pixel differences between the original block
to be coded and the predictive block. An inter-coded block is coded according to a

motion vector that points to a block of reference samples forming the predictive block,
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and the residual data indicating the difference between the coded block and the
predictive block., An mntra-coded block is encoded according to an intra-coding mode
that indicates the manner tn which the block is predicted from spatially neighboring
sanyples and the residual data.

[B8035] In HEVC, a PU includes data related to prediction. For example, when the PU s
ntra-mode encoded, data for the PU may be included in a residual quadtree (RQT),
which may include data describing an intra-prediction mode for a TU corresponding to
the P, As another example, when the PU is inter-mode encoded, the PU may include
data defining one or more motion vectors for the PU.

18836] TUs may inclode coefficients in the transform domain following application of a
transform, ¢.g., a discrete cosing transform (DCT), an integer transtorm, a wavelet
transform, or a conceptually similar transform to residual video data. The residual data
may correspond to pixel differences between pixels of the unencoded pictore and
prediction valucs corresponding to the PUs. Video encoder 20 may form the TUs
mnchading the residual data for the CU, and then transform the TUs to produce transform
coefficients for the CUl.

8837 Following transformation, the codec may perform quantization of the transform
cocfficients. Quantization generally refers to a process o which transtorm coefficients
are quantized to possibly reduce the amount of data used to represent the coctficients,
providing further compression. The quantization process may reduce the bit depth
associated with some or all of the coefficients. For example, an #-bit valoe may be
rounded down to an m-bit value during quantization, where n is greater than m.

18038} The codec may scan the transform coefficients, producing a one-dimensional
veetor from the two-dimensional matrix including the quantized transform coefficients.
The scan may be designed to place higher encigy {(and therefore lower frequency)
cocfficients at the front of the array and to place lower energy (and therefore higher
frequency) coefficients at the back of the array. After scanning the quantized transform
cocfficients to form a one-dimensional vector, the codee may entropy encode the one-
dimensional vector. In instances in which the codec is decoding video data, the codec
may perform video decoding according to a process generally reciprocal 1o the process
described above.

{8639] Although not shown in FIG. 2, in some aspects, the codec may be provided
along with an audio encoder and decoder. Appropriate MUX-DEMUX units, or other

hardware and software, may also be provided 1o handle encoding of both andio and
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video in a common data stream or separate data streams. If applicable, MUX-DEMUX
anits may conform to the ITU H.223 multiplexer protocol, or other protocols such as the
user datagram protocol {UDP).

{8048] Memory 48 of FIG. 2 may comprise agy of a wide varicty of volatile or non-
volatile memory, inchuding but not hmited to random access memory (RAM) such as
synchronous dynamic random access memory (SDRAM), read-only memory {ROM),
non-volatile random access memory (NVRAM), clecirically erasable programmable
read-only memory {EEPROM), raagnetic random access memory (MRAM), FLLASH
memory, and the like, Memory 48 may comprise a computer-readable storage medium
for storing audio/video data, as well as other kinds of data.

{8841] In some examples, momory 48 may store applications 50 that are cxecuted by
processor 44 as part of performing the various techniques described in this disclosure.
Memory 48 may also store certain A/V data for presentation by device 40. For
example, memory 4% may store an entire A/V file, of may comprise a smaller buffer
that simaply stores a portion of an A/V file, e.g., streamed from another device or source.
In any event, memory 48 may buffer A/V data before the data 15 presented by device 40.
18842] In some examples, device 40 may locally process and display A/V data. In
particular, display processor 54 may form a portion of a platform for processing video
data to be displayed on local display 36, In this regard, display processor 54 may
inclade a codec (as described above with respect to processors 44). Drisplay S6 may
inchude a liquid crystal display (LCD), light emitting dicde (LED), organic light
eraitting diode (OLED), or any other type of dovice that can generate intelligible output
to a user. In addition, audio processor 60 may process audio data for output on one or
more speakers 62.

{8643] Transport module 66 may process encoded A/V data for a network transport.
For example, encoded A/Y data may be processed by processors 44 and encapsulated by
transport module 66 into Network Access Layer (NAL)Y anits for communication across
a network. The NAL units may be sent by modem 68 to another device via a network
connection. o this regard, modem 68 may operate according to any number of
communication techmques including, e.g., orthogonal frequency division multiplexing
{OFDM) techniques, time division multi access {TDMA), frequency division muldd
access {FDMAL, code division multi access ({CDMA), or any combination of OFDM,
FDMA, TDMA and/or CDMA, WiF1, Bluctooth, Ethernet, the IEEE 802,11 family of

standards, or any other wireless or wired commmunication technique. In some mstances,
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modem 68 of device 40 may receive encapsulated data packets, such as NAL units, and
sends the encapsulated data vnits to transport unit 66 for decapsulation. For tostance,
fransport unit 66 may extract data packets from the NAL units, and processors 44 can
parse the data packets to extract the user input coromands.

{8844] One or more input devices 72 may be configured 1o receive input from a user
through tactile, audio, or video fecdback. Examples of input device 42 include a touch
and/or presence seunsitive scroen, a mouse, a keyboard, a voice respounsive system, a
microphone or any other type of device for detecting a command from a user.

{8048} Graphics processing unit (GPLY 74 represents one or more dedicated processors
for performing graphical operations. That is, for example, GPU 74 may be a dedicated
hardware unit having fixed function and programamable compouents for rendering
graphics and executing GPU applications. GPU 74 may also include a DBSP, a general
purpose microprocessor, an ASIC, an FPGA, or other equivalent integrated or discrete
fogic circuitry, Although GPU 74 is iHustrated as a scparate unit in the example of FIG.
2, 10 somae examples, GPU 74 may be integrated with one or more other processors 44
{such as a CPU) mnto a single unit.

[8846] Camera system 76 may include one or more image processors, one or more
image sensors {e.g., CCD sensors, CMOS sensors, NMOS sensors, or the like), as well
as a mmber of other components for capturing images. Camera system 76 may melude
one or more components for so-called camera phones or video phones. In some
examples, camera system 76 may support muliipie image sensors {e.g., a front image
sensor and a rear image sensor of a camera phone or video phone). The image streams
generated by sach image sensors of camera system 76 may be processed by one or more
fmage processors. In some instances, camera system 76 may operate in combination
with GPU 74 to generate computer graphics-based data as the source video, ora
combination of live video, archived video, and/or computer-generated video. The
captured, pre-captured, or computer-generated video may be encoded by a video
encoder {described above).

18847] Thermal/power manager %0 may manage one or more components of device 40
to keep the one or more components operating at or below one or more operating
characteristic targets. In an example, the operating characteristic target may be a
thermal target (which alse may be referred to as a thermal Hmit or thermal threshold)
indicative of an operating temperature of device 40, such that adjusting the at least one

operating parameter of the device to produce the operating characteristic target
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comprises adjusting the at least one operating parameter of the device to maintain a
temperatare of one or more components of device 40 equal to or less than the thermal
target. in snother cxample, the operating characteristic target comprises a power target
{which also may be referred to as a power budget or power threshold) indicative of an
amount of power consumed by operating the device, such that adjusting the at least one
operating parameter of device 40 to produce the operating characteristic target
comprises adjusting the at least one operating parameter of device 40 (o maintain a
power consumption of one or more components of device 40 equal to or less than the
power target.

[8048] As described in greater detail below, thermal/power manager 80 may adjust one
or more operating parameters of device 40 based on a user experience metric, For
example, according to aspects of this disclosure, device 40 may utilize the vser
experience metric to adjust one or more operating parameters in a way that minimizes
the impact {0 a user expericnee, yet satisfies the operating characteristic target.

18849] FIG. 3 illustrates an cxamplc a management system 100 of a device that may
mnplement techmques of this disclosure. In the example of FIG. 3, the management
system includes a system level thermal engine 102, system hardware or a combination
of hardware and/or software 104, a camera system 106 having a frame rate scaling voit
108 and a resolution scaling unit 110, a user experience model 112, a power model 114,
and a thermal/power manager 116, As noted below, in some instances, user experience
model 112 and/or power model 114 may be data stored to a memory defining models
for use by thermal/power manager 116 or another processor of management system 100,
In other examples, management system 100 may inchide more or fewer components
than those shown in FIG. 3. In some examples, management system 100 may be
incorporated in device 204, device 208, device 40, or any number of other electronic
devices.

[8858] System level thermal engine 102 may be responsible for mamtaining a
temperature of the device (or one or more compounents the device) below a temperatue
threshold. In some examples, system level thermal engine 102 may issue 2 thermal
mitigation request {¢.g., a request to reduce the terperature of one or more components
of the device) and/or a power budget limitation (e.g., a predetermined power
consumption limitation) to thermal/power manager 116 (thermal mitigation request or

power budget bmiting). Systern level thermal engine 102 may also recetve an



WO 2015/094777 PCT/US2014/069160

[R
Jun—

acknowledgement, a rejection, and/or a request for an increase to the power budget from
thermal/power manager 116.

{8651] System hardware (system HW) or a combination of hardware and software 104
represent hardware or a combination of hardware and software comaponents of the
device, Examples of hardware and/or sofiware 104 include hardware and/or software
for capturing or processing images {e.g., an Auto-White Balancing (AWB) featore, an
Auto Focus (AF) feature, a face detection feature, an Image Sensor Processor (ISP),
face detoction software, a codec, one or more filters for image processing (such as a
high pass filter}, or the hike. Hardware and/or software 104 may, in some mstances,
provide information to thermal/power manager 116 such as image context. Tmage
condext may inchude, as examples, data indicating the presence of a face or skin, data
mdicating a level of detail in captured images or video, data indicating motion in
captared images or video, data indicating brightness of captured images or video, a
distance of a camera to content being captured, or the like.

18852] In some cxamples, camera system 106 may be configured similarly to camera
system 76 of device 40 (FIG. 2). For example, camera system 106 may include one or
MOTe INage Processors, one of more image sensors {e.g., CCD sensors, CMOS sensors,
NMOS sensors, or the like), as well as a number of other hardware or a combination of
hardware and software components for capturing tmages. In some examples, camera
system 106 may support multiple image sensors {¢.g., a front image sensor and a rear
image sensor of a camera phone or video phone). Such tmage sensors of camera system
106, in some fostances, may be physically separate from other components of the device
mmplementing management system 100 {e.g., separate from a system on chip (50C) of
the device). The image streams generated by such image sensors of camera system 106
may be processed by one or more image processors of camers system 106,

{8053] In the example of FIG. 3, camera system 106 also focludes frame rate scaling
unit 108 and resolution scaling unit 110, Frame rate scaling unit 108 may be operable
to change the frame rate of video being captured by camera systemn 106. Resolution
scaling unit 110 may be operable to change the resolution of images captured by camera
system 106, In some examples, as described i greater detail below, frame scaling unit
108 and resolution scaling unit 110 may receive commands from thermal/power
manager 116, For example, frame scaling onit 108 may receive control commands from
thermal/power manager 116 that indicate & particular frame rate. i addition, resolution

scaling unit 110 may receive control commands from thermal/power manager 116 that
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indicate a particular resolution. In some instances, these control signals may be used to
override preexisting frame rate and/or resolution settings, ¢.g., set by another processor
or control unit.

8054] Uscr experience model 112 may represcut one exarople of 2 model that provides
an estimation of a perceived user experience. For example, user experience model 112
may provide an empirical indication of the user experience when a user views images or
video captured by camera system 76, In some instances, user experience model 112
may generate a nuraerical indication of a relative user experience. In an example for
purposes of illustration, user experience model 112 may return a mumerical score in a
predetermined range of values, where the lowest score in the range represents the least
acceptable user experience and the highest score in the range represents the best user
experience. In some instances, the highest score may be subject to the capabilities or
timitations of the device and/or camera system 76 {¢.g., some devices may be capable of
achicving a higher score than others).

18055] In this way, user experience model 112 may provide an estimation of the quality
{or perceived quality) of images or video being captured by camera system 106 and/or
presented at a display of the device (such as local display 56 of device 40 (FIG. 2)). For
example, as described in greater detail below, images or video captured with a relatively
higher resolution may result in a relatively higher result from user experience model
112. Likewise, as another example, video captared at a relatively higher frame rate
(e.g., 60} frames per second (fps), 30 fps, 15 fps, or the like} may resolt in a relatively
higher score from user experience model.

18056] In some examples, as described m greater detail below, user experience model
112 may be configured to determine a change in user experience resulting from changes
{0 one or more operating parameters of the device, such as one or more operating
parameters of camera system 106, For exaraple, user experience model 112 may be
configured to determine an anticipated increase or degradation to the user experience
resulting from a change {0 one or more operating parameters of the device. This change
in user experience may be referred 1o as a user experience raodel 112 delta, as deseribed
n greater detail below,

[8887] As an example for purposes of illastration, user experience model 112 may be
configured o determine a change in the user experience {e.g., a change in quality as
perceived by a user of the device) produced by changing a frame rate of video captured

by camera system 106, For example, increasing the frame vate of camera system 106
o R ol R
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may produce an increase in the result of user experience model 112, Tn another
example, user experience model 112 may be configured to determine a change in the
user experience {¢.g., a change in quality as perceived by a user of the device) produced
by changing a resolution of video captured by camera system 106, In this example,
mereasing the resolution of camera systern 106 may produce an increase in the result of
user gxperience model 112,
18058] In some cxamples, operating parameters associated with components of the
device may be referred to as “knobs.” For example, a mumber of control “knobs” may
be associated with providing a particular user experience. In addition to the frame rate
scaling and resolution scaling knobs described above, other knobs may inchude software
functionality associated with camaera system 106 and/or hardware components of the
device (as described in greater detail, for example, with respect to Table 1 below).
[8859] In some examples, thermal/power manager 116 may determine user experience
model 112 based on a vector of operation conditions and/or parameters. For exanple,
an operating parameter vector S may inchude a mumber of operating parameters
mchiding a frame rate of camera system 106, a resolution of camera system (06, and/or
a number of other knobs, such that the user experience modei may be determined
according to the following equations:

S'=[FPS, resolution, knobl, knob2, ... knobd]

Ux = UxModel(S)
where S is a vector of operating parameters, Ux represents a user experience result, and
UxModel represents a user experience model that is applied to the vector of operating
parameters §.
18868] In instances in which camera system 106 nchides more than one image sensor
generating more than one tmage stream, thermal/power manager 116 may determing
user expericnce model 112 based on a vector of operating conditions and/or parameters
for cach of the image sensors. For example, each image stream of camera system 106
may have its own set of associated knobs, and each stream may be separately controlled
using the knobs. User expericnce model 112 may determine a single user experience
estimate based on all of the operating parameters associated with all of the image
streams.
18061} In an example for purposes of ilhistration, sssume that two image sensors 1S
and IS2 of camera system 106 generate respective image strears that are processed by

camera system 106, In this example, cach image stream (e.g., a first stream associated
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with [31 and a second image stream associated with 1S2) are separately controlied with
separate knobs, as shown in the example vector S below:

&= [FPS for IS1, resclution for IS1, knob1 for IS1, knob?2 for 181, ... knobN for

IS8T, FPS for 182, resolution for 152, knobi for IS2, knob?2 for 182, ... knobN for

1821
[8062] In addition, a single user experience model 112 may be determined based on the
parameters of vector 5. In this example, user experience Ux may be determined in the
same manner as described with respect to the equation above:

Ux = UxModel(8}

where § is the vector of operating parameters that inchudes operating parameters for
both image sensors 151 and 18%, Ux represents a user experience result, and UxModel
represents a user experience model that 18 applied to the vector of operating parameters
S.
18863] Power model 114 may provide an indication of an amount of power consumed
by the device. For example, power model 114 may provide & numerical indication of an
amount of power that is used by one or more components of the device {e.g., suchas a
CPU, GPU, camera systemn 106, or the iike). In some examples, as described in greater
detail below, power model 114 may be configured to determine a change in an amount
of power that will be consumed by the device resulting from changes to one or more
operating parameters of the device, such as one or more operating parameters of camera
system 106.
18864] As an cxample for purposes of Ulustration, power medel 114 may be configured
o determine an amount of power savings {(or an increase in power), e.g., a decrease or
increase in the amount of power consumed by camera system 106 and/or device,
produced by changing a frame rate of video captured by camera system 106. For
example, reducing the frame rate of camera system 106 may result in a declive in the
amoumt of power consumed by camera system 106 and/or other components of the
device {e.g., a CPU, GPU, memory, or the like). in another example, power model 114
may be configured to determine an amount of power savings {or an increasc in power)
produced by changing a resolution of video captured by camera system 106, In this
example, decreasing the vesobution of camera system 106 may result in a decline in the
amount of power consumed by camera systom 106 and/or other components of the

device (e.g., a CPU, GPU, memory, or the like).
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180663} While certain examples described heren are deseribed with respect to changes to
camera system 106, it should be understood that changing one or more operating
parameters of a particular component of the device, such as camera system 106, may
result in a cascading change that affects a number of componenis of the device {e.g., a
CPU, GPU, memory, or the like). Accordingly, as merely one example, reducing a
frame rate associated with camera system 106 may not only resudt in a decrease in an
amount of power consumed by camera system 106, but also a decrease in the amount of
power consumed by other compounents of the device such as a CPU and/or memory.
{8866] Power model 114 may also provide an indication of the heat generated by the
device. For example, typically, as a device consumes more power, the amount of
thermal encrgy or heat created by the device rises. For example, as one or more
components of the device (such as a CPU, GPU, camera system 1036, or the like) draw
more power, the amount of heat that is generated by the one or more components as a
byproduct also increases. Accordingly, power model 114 may be configured to provide
an estipation of an amound of heat that will be generated by componenis of the device
upon changing an operating characteristic of the components.

8867] Thermal/power manager 116 may vuse the information deseribed above to adjust
one or more operating parameters of the device, inchuding camera system 106, For
example, as described in greater detail below, thermal/power manager 116 may adjust a
frame rate of video captured by camera system 106 by issuing a command to frame rate
scaling unit 10¥, a resolution of video captured by camera system 106 by issuing a
command to resolution scaling unit 110, or a number of other operating parameters by
issuing a conmmand to other units of camera system 106 (represented by ellipse i the
example of FIG. 3).

18668] Thermal/power manager 116 may adjust one or more control “knobs™ to
maintain & particular power budget snd/or thermal threshold. 1o addition fo the frame
rate scaling and resolution sealing knobs described above, Table 1 (below) ncludes
number of other knobs (or operating parameters) that may be adjusted by thermal/power
manager 116, Ininstances in which camera system 106 includes more than one image
sensor and/or image processor, each image sensor and/or image processor may have

different parameter settings for the set of knobs.
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aperation dual-ISP power.

Via
automatic
: Sensor rate . , . C
Sensor control frame rate Described in this disclosure.
conirol or
mode change

18869] According to aspects of this disclosure, thermal/power manager 116 may receive
a thermal mitigation request {e.g., a request to reduce the temperature of the device
and/or one or more components of the device) from system level thermal engine 102.
Thermal/power manager |16 may additionally or alternatively receive a power budget
timit (e.g., a power usage threshold) indicating a power usage Hmit for components of
the device from syster level thermal engine 102,

18678] Thermal/power manager 116 may change one or more operating parameters of
components of the device {such as camera systom 106) to meet the received thermal
target or power budget. For exanple, thermal/power manager 116 may adjust one or
mOre operating parameters (such as a frame rate or resolution of video captured by
camera system 106 or a varicty of other “knobs™) of one or more components of the
device to meet the received thermal target or power budget.

{8871] In some cxamples, the operation of thermal/power manager 116 may be
nfluenced by user experience model 112 and/or power model 114, For exanple, as
described in greater detail below, thermal/power mapager 116 may determine a user
cxperience metric associated with content captured by a camera of a device. In some
cxamples, the user expericnce mefric may include one or more results from user
experience model 112, In addition, thermal/power manager 116 may adjust, based on
an estimated change to the determined user experience metric, at least one operating
parameter of the device to produce an operating characteristic target (e.g., a thermal
target ot power budget).

18872] According to aspects of this disclosure, thermal/power manager 116 may adjust
the operating parameters by selecting one or more operating parameters to minimize or
at least decrease the user experience {(as deterodned using user experience model 112)
relative to selecting other operating parameters. Additionally or aliernatively,
thermal/power manager 116 may adjust the operating parameters by selecting one or

more operating parameters {0 maximize or at least tncrease a change in the operating
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parameters, thereby incredasing or potentially maximizing a change in power usage (as
determined using power model 114) relative to selecting other operating parameters.
18673] In some examples, thermal/power manager 116 may determine an optimal
operating parameter adjustient that resufts in the smallest change in user expericnce
(e.g., decrease 1n user experience) and the largest change in power consumption (2.3,
decrease in operating power). Io some examples, as described in greater detail with
respect 1o FIG. 7, the optimal operating parameter adjustment {identifying the ong or
more operating parameters for change and an amount for adjustment) may be
determined based on a ratio of an estimated change in the determined aser experience to
the estimated change in the operating characteristic.

{8874] That is, in 2 example for purposes of illustration, thermal/power manager 116
may determine a ratio of a delta in the user experience model 112 10 a delta in the power
model 114, In this example, thermal/power manager 116 may determine the operating
parameter{s} and adjustment quantitics that produce the relatively smallest ratio.

[8875] In some cxamples, thermal/power manager 116 may be influenced by context
associated with the content being captured by camera system 106, For example,
thermal/power manager 116 may receive contextoal information regarding the content
being captured by camera system 106 from system hardware or a combination of
hardware and software 104. Example context may include whether there is a face
incladed in the content, the hue and/or color of the content (c.g., whether there are at
icast some skin tones included in the content), whether the content inchides a relatively
high amount of detail, whether the content 1s moving (¢.g., an amount of motion
associated with the content), the brightness of the content, a distance between an image
sensor of camera system 106 and the content, or a variety of other context.

{8676] Thermal/power manager 116 may sclect an operating parameter to adjust (e.g2., 2
framue rate, a resolution, or the like) as well as an amount to adjust the sclected operating
parameter based on the context. As an example merely for purposes of illustration,
assume that thermal/power manager 116 receives a request to reduce power
consumption and/or temperature associated with the device. Assume further that
thermal/power manager 116 adjusts a frame rate and a resolution of camera system 106
in order to meet the request. In this example, if a face is detected in the content,
thermal/power manager 116 may adjust a frame rate of camera system 106 relatively
more than a resolution of camera systern 106 under the assumption that capturing the

details of the face {such as an expression) are relatively more important to the user
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experience than captaring smooth motion (associated with the frame rate). Gther
examples are possible using any combination of the context noted above.
{18677] In some examples, according to aspects of this disclosure, thermal/power
manager 116 may apply a weighting factor to one or more operating parameters in the
example, thermal/power manager 116 may determine user experience model 112 based
on the equations below:

5 =[FPS, resolution, knobl, knob?Z, ... knobwV]

Ux = UxModel(8}

Ux = WeightedSum{UxModel 1{FPS), UxModel Z{resohution),

UxsModel 3dknob1).. )

where S'1s a vector of operating parameters, Ux represents 8 user experience result, and
UxModel represents a user experience model that is applied to the vector of operating
parameters 5. In addition, Ux is a function of a weighted sum of operating parameters,
cach of which includes a weighting factor associated with their respective user
experience models (UxModel 1, UxModel 2, UxModel 3, and so on).
18078] As noted above, in some examples, camera system 106 may inclode more than
one image sensor and associated tmage stream, with scparate kuobs for cach steam. In
some instances, vector § may include knobs for all of the tmage streams (e.g., §=[FPS
for IS1, resolution for IS1, knob1 for 151, knob2 for IS1, ... kaobN for IS1, FPS for
182, resohution for IS2, knob1 for 152, knob?2 for IS2, ... knobN for IS2]). In addition,
Ux may be a function of a weighted sum of operating parameters, cach of which
mchides a weighting factor associate with their respective user experience models {c.g.,
Ux = WeightedSum{UxModel I{FPS for IS1), UxModel 2{resohution for IS1),
UxMede! 3(knobl for i81)..., UxModel I{FPS for 182), UxMoedel 2(resolution for
182), UxModel 3(knobl! for I82)...))
[8879] Table 2, shown below, ilhustrates potential weighting factors for a frame rate

operating parameter and a resolution operating paramcter for a varicty of contexts:

Table 2

Exemplary image context (HW Weighting factor Weighting facter for
Bock providing the information) for FPS resolution

User’s face detected (from face

detection block) Low High
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Significant portion of image is , .

‘ & i @ Low High
skin
Lots of detaiis (from HPF biock) Low High
Lots of motion (from video .

C §a motio (from videc High I ow
encoder) >
Low brightness High Low
“lose distance — Arad’s fengt -
Close i Stance - Arm s length Low High
{(from auto-focus)

{6688 In the examples above, the weighting factors may be selected to provide the
relatively smallest degradation in user experience while also maximizing a change in the
operating parameter (and associated power draw). Returning to the example sbove in
which the context includes detection of a face, thermal/power manager 116 may adjust a
frame rate of camera system 106 relatively more than a resolation of camera system 106
vnder the assumption that capturing the details of the face (such as an expression) are
relatively more important to the user expericnce than capturing smooth motion
{associated with the frame raic). In this example, as shown in the example of Table 1
above, thermal/power manager 116 may place a relatively high weight on resolution and
a relatively low weight on the frame rate. Other examples are possible using any
combination of the context noted above.,

[8881] Accordingly, in operation, system level thermal engine 102 may issuc a thermal
mitigation request and/or a power budget limit to thermal/power manager 116,
Thermal/power manager 116 may acknowledge the message, reject the request, or
request an additional power budget {(acknowledge/reject/request more power budget).

In addition, thermal/power manager 116 may issue controls and/or override commands
to camera system 106, including commands for controlling operating parameters such as
frarae rate {command issued to frame rate scaling unit 108}, resolution (command
1ssued to resolution scaling unit 110}, or other control parameters (represented by
gilipse).

{8882] Camera system may provide temperature foedback to system level thermal
engine 102 {cam. sys. temp.} as well as an indication of operating parameters 1o user

experience model 112 and power model 114,



WO 2015/094777 PCT/US2014/069160

N2
-t

{8683] User experience model 112 may be used to determine a user experience metric
representing an estimation of a user experience based on the operating parameters from
camera system 106, While shown as a separate unit in the example of FIG. 3 for
purposes of explanation, in some instances, user experience model 112 may be data
(including, e.g., one or more user experience algorithms) used by thermal/power
manager 116 to provide an estimation of a user experience. In other examples, user
experience model 112 may include separate processing hardware, such as
programmable or fixed function hardware. In some examples, the user expericnce
metric may be a nomerical value, In addition, user experience model 112 may provide
the estimation of the user experience to thermal/power manager 116 and may receive
weighting factors associated with the operating parameters.

{8884] Power model 114 may determine an amount of power consumed by the device
based on the operating parameters from camera system 106, Again, while shown as a
separate unit in the example of FIG. 3 for purposes of explanation, in some instances,
power roodel 114 may be data (inchuding, e.g., one or more algorithros for determining
power consumption) used by thermal/power manager 116 to provide an indication of an
amount of power consumed by the device. In other examples, power model 114 may
inchude separate processing hardware, such as programmable or fixed function
hardware. Power model 114 may provide a numerical indication of an amount of power
that 1s used by one or more components of the device {e.g., such as a CPU, GPU,
camera system 106, or the like) based on the operation of camera system 106, Power
model 114 may also {or alicrnatively) provide an indication of the heat gencrated by the
device. Power model 114 may provide a power {or thermal) estimate to thermal/power
manager 116 and may receive an indication of camera system settings from
thermal/power manager 116.

[B085] According to aspects of this disclosure, thermal/power manager 116 may adjust
one of more operating parameters of the device, including one or more operating
parameters of camera systom 106 basced on the user experience metric (from user
experience model 112) and/or power estimation (from power mode! 114). As noted
above, in some instances, thermal/power manager 116 may adjust one or more operating
parameters having a relatively low impact on user experience and a relatively high
impact on power consumption. In some examples, thermal/power manager 116 may
consider condext, as received from system hardware or a combination of hardware and

software 104, when adjusting the operating parameters.
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[8886] As noted above, aspects of this disclosure include determining operating
parameters for adjustment based on which operating parameters will have a reduced
impact on user experience bui an increased mpact on power consumption. In some
cxamples, thermal/power oanager 116 may attempt 1o achieve an optimal tradeoff
having the lowest tmpact on user experience but the highest impact on power
consumption. In some instances, a user experience metric may assist in the
determination.

[8887] A basis for the above described user experience metric may be founded in the
principal of diminishing returns. For example, human senses have hmitations. A
human may not be able to perceive changes to images or video beyond a certain
perceptual timitation. Hence, as an exaraple, 2 user may not be able to perceive
differences in video presented above a temporal frame rate perceptual Hmitation,
Likewise, as another example, a user may not be able to perecive differences in video
prescnted above a spatial resohution perceptual hmitation.

18088] Accordingly, the relationship between a user expericnce and a particular
operating parameter may not be linear, That is, above a particalar perceptual threshold,
increasing an operating parameter such as frame rate, resohution, or 8 variety of other
operating parameters may 0ot produce an enhanced user experience.

[8089] Aspects of this disclosure leverage this principal of diminishing returns. For
example, by determining an estimation of 8 user experience, operating parameters may
be selected and adjusted based on an impact to user experience. Accordingly, power
and/or thermal savings may be achicved while minimizing an trapact to user experience.
[8898] FIGS. 44 and 48 illustrate one example of a relationship between power
consumption, a frame rate, and a8 user experience. The relationship shown in FIGS. 4A
and 48 may be used to produce a power density reduction via frame rate scaling. In
general, the dots shown in FIGS. 4A and 48 represent particular saraple poinis along the
relationship plots (indicated by the arrows).

18891] For example, FIG. 4A illustrates a relationship between a frame rate (FPS) and
power consumption (power). In this example, as a device (such as the devices described
above with respect to FIGS. 1A-3) increases the frame rate of video captured by a
camera, the power consumption of the device also increases.

18092} As shown in FIG. 4B, as the dovice increases the frame rate (FPS), the user
experience also increases. However, increasing the frame rate (FPS) beyound a certain

point results in little or no gain n user experience.
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18893} A reduced frame rate may directly save active power in camera cores. In
addition, a reduced frame rate may reduce power due to bos traffic. In some tnstances,
reducing the frame rate may also reduce processor loading and power dissipation
throughout the device {e.g., a System on Chip (50C) chain).

[8894] According to aspects of this disclosure, frame rate may be dynamically
controlled to provide graceful power density management. That is, frame rate may be
controlled to atiain an optimal balance between frame rate and power consumption,
taking futo account user expericnce. A customizable tradeoff between power savings
and frame rate performance may be attained.

18095} In some examples, active power can be reduced with camera core FPS scaling
{e.g., frame skipping), which may provide a moderate ievel of power density control. In
some instances, relatively complex programming and synchronization sequences may

be associated with FPS scaling. Granular FPS control may be performed in quantized

)

o

steps {o.g., resohution: 30 FPS, 29 FPS, 28 FPS, 27 FPS, or a smaller granularity).
18096] In other examples, active power can be reduced with sensor mode control
{although not sensors may support this feature). In some instances, sensor mode control
may provide relatively betier power density savings that the FPS scaling deseribed
above.

[8897] To still othor examples, active power can be reduced with sensor frames per
sccond (FPS) control {e.g., auto-frame rate control). Sensors may support automatic
frame rate control via blanking interval stretch. In some instances, FPS control may
provide significantly higher power density savings than the exaniples above. FPS
control may provide smooth and hinear FPS control via simple sensor programming,
[8898] FIGS. 5A and 5B illustrate an example relationship between power
consumption, resohition, and user expericnce. The relationship shown in FIGS. SA and
3B may be contigured to produce a power density reduction via resolution scaling. In
general, the dots shown in FIGS. 5A and 5B represent particular samaple points along the
relationship plots (indicated by the arrows).

18899 For example, FIG. 5A tllustrates a relationship between resolution (Juternal Res)
and power consumption (power). In this example, as a device (such as the devices
described above with respect to FIGS. 1A-3) increases the resolution of video captured

by a camera, the power consumption of the device also increases.
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18169] As shown in FIG, 5B, as the device increases the resolution (Internal Res), the
aser experience also increases. However, increasing the resolution beyond a certain
point results in little or no gain in user expericnce.

18101] Reduced trdermediate (for operations internal to the device, such as image/video
processing and/or coding) and output resolutions may directly save active power in
camera cores. Intermediate resolution control leverages flows within camera pipeline,
and may reduce internal buffer and/or bus traffic, as well as hardware or a combination
of hardware and software processing loads. In some examples, reducing resolution maay
save power and reduce power density by reducing active processing duty ¢veles and/or
bandwidth.

18102} Full dynanic resclution control may enable graceful power deosity
management. That is, resolution control may provide a customizable tradeoff for power
savings versus performance (e.g., quality).

18163] In some examples, active power can be reduced by adjusting camera
ntermediate resolution. The internal camera resolution may be fransparent to an
application and/or user. Image quality can be recovered 1o imperceptibie loss via
internal processing. Reducing internal resolotion may provide relatively large power
savings due to lighter tratfic loads and core active duty cveles. Compensation may be
achieved using a chroma downscale followed by a chroma upscale. In some instances,
this downscale and upscale process may be used for low-light chroma noise reduction.
However, according to aspects of this disclosure, the same or a similar process may be
used for power/thermal management.

181064} Additionally or alternatively, active power can be reduced by adjusting camera
output resclution. In some instances, adjusting camera output resolation may include
application intervention to change the output resolution. The camera output resolution
may be managed via the entire imaging pipeline (o.g., camera-conposition-display or
camera-encode).

{8165] FIG. 6 illustrates example models of user experience for a variety of operating
pararmeters. For example, as noted above, the relationship between  user experience
and a particular operating parameter may not be hnear. That 1s, above a particular
perceptual threshold, increasing an operating parameter such as frame rate (FP3),
-esolution, or a variety of other operating parameters {¢.g., other knob) may not produce

an enhanced user experience.
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{8166] The example of FIG. 6 illustrates a diminishing user experience return on a
processing amount ncrease. The relationship between operating parameters and a
diminishing user expericnce may be modeled with curved plots {with dots and arrows
indicating samplc points along the plots). For example, the dots illustrated in FI1G. 6
may be operating points, while the plots may model various impacts on user experience
(UX} depending on the current operating points. According to aspects of this
disclosure, a device (such as the devices described above with respect to FIGS. 1-3)
may determing a user expericnce metric based on the models. As noted above, in some
mstances, the device may determine a weighted sum of user experience factors. The
factors, in some examples, may be weighted based on context associated with the
condent being captured by a camera of the device.

{8187] FIG. 7 15 o flowchart that illustrates an example process for adjusting an
operating parameter of a device based on a user experience metric, according to aspects
of this disclosure. The process shown in FIG. 7 may be carried out by the devices and
systems shown and described with respect to FIGS. 1-3 above, or by a variety of other
electromce devices. FIG. 7 is described with respect to device 40 (FIG. 2) for purposes
of illostration.

18108] The process in FIG. 7 refers to controlling power and/or temperature. In some
mstances, the process of FIG. 7 may be implemented based on power consamption
alone (with corresponding power consumption caleulations and a power budget, as
noted below). In other instances, the process of FIG. 7 may be imaplemented based on
temperature alone (with corresponding teoperature measurement(s) and a temperature
budget, as noted below). In still other instances, the process of FIG. 7 may be
implemented based on a combination of power consumption and temperature. In such
instances, both power consumption and temperature may be monitored. In addition, a
power budget and 2 temperature budget may both be used to determine when to adjust
operating parameters. That is, a predetermined algorithm may specify a priority
between controlling power consumption and controlling temperature.

19169 Device 40 may apply 2 defanlt setting to an operating condition (also referred to
as an operating parameter} vector S (140). Device 40 may then determine power
consumption {P) of one or more components of device 40 (such as, for example, an
image processor or other components of camera system 76) and/or 3 sysiem temperatare
(T} of device 40 (142). In some examples, the power consumption may be composed of

a number of power measurements from individaal components of device 40. Likewise,
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i some examples, the system teroperature may be composed of a number of
temperatare measurements from individual components of device 44,

{8118] Device 40 may determine whether the power consumption (P cxcoeds a
predetermined power budget and/or whether the tenmperature exceeds a predetermined
temperature Hmit (T} (144). If the power consumption (P) exceeds the power budget
and/or the temperature {T) exceeds the temperature Hmit (the yes branch of step 144),
device 40, ¢.g., thormal/power manager 80 of device 40, may determine one or more
operating paramceters in vector S that, when adjusted, produce & nvutmum user
experience ratio (delta UX/delta P (or delta TY) (146). For exanple, device 40 may
determine the user experience ratio based on an estimated change in aser experience
{delta user experience) as well as an estimated change in power consumption (delta
power, or, in the case of temperatare, delta teraperature).

[8#111] As noted above, device 40 may cstimate the change in user experience using a
user experience metric, which may be composed of one or more user experience
models. In addition, device 40 may cstimate the change in power constuption {or
temperature) using one or more power o1 temperature models. By reducing and in some
cases minimizing the user experience ratic (e.g., delta user experience divided by delta
power {(or delta temperature)), device 40 may select the operating parameter{s) that have
a relatively low impact (e.g., a mintmum iropact) on the user expericnce but a relatively
high impact (c.g., 8 maximum impact) on power (o1 temperature ) savings.

{8112} Device 40 may then reduce the determined parameter(s) in vector § (148). In
addition, device 40 may apply the new operating condifion vector S 1o the system,
thereby adjusting one or more operating parameters of the device (150},

[8113] Returning to step 144, if the power consemption (P) is lower than the power
budget and/or the temperature (1) is lower than the tomperature limit (the no branch of
step 144), device 40 may determine ong or maore operating parameters in vector § that,
when adjusted, produce a greater (e.g., 2 maximum) user experience ratio {delta
UX/delta P (or delta T)) (152). For example, device 40 may determine the user
experience ratio based on an estimated change in user expericnce (delta user experience)
as well as an estimated change n power consumption (deha power, or, in the case of
temperaturs, delta temperature),

{8114] Again, device 40 may estimate the change in user cxperience using a user
expericnce metric, which may be composed of one or more user experience models. In

addition, device 40 may estimate the change in power consumption {or temperature)
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asing one of more power or temperature models. By increasing {e.g., maximizing) the
gser experience ratio {e.g., dela user experience divided by delta power (or delta
tcmperature)), the device may select the operating parameter(s) that have a relatively
large (e.g., maxumum)} impact on the user experience but a relatively low (e.g.,
minimized) power (or temperatare) change. That 15, device 40 selects one or more
operating parameters that, when adjusted, produce an imerease in user experience but do
not drastically increase the power consumption or temperatore of device 40.

18118] Device 40 may then increase the determined parameter(s) in vector S (154). In
addition, device 40 may apply the new operating condition vector S to the system,
therchy adjusting one or more operating parameters of the device (150}

18116] After adjusting the one or muore operating parameters of the device (1503, c.g.,
by applyimg the new operating condition vecter S 1o the system, device 40 may
determine whether the user experience (UX)} is greater than a mininnam user experience
threshold (156}, If the user experience (UX) is loss than the minimuom (the no branch of
step 156), device 40 may return to step 142 for additional adjustment of operating
parameters to ncrease the user experience. I the user experience {UX) is greater than
or equial to the minimum {(the ves branch of step 156}, device 40 may request additional
power budget or a temperature Hout increase from a system level thermal engine and
update the budget or limit if permitted (158). In other examples, device 40 may
continue to mounitor the user experience (UX) until the user experience falls below the
minimum user experience threshold.

18117} It should be understood that the steps shown and described with respect to FIG.
7 are provided as merely one example. That is, the steps of the method of FIG. 7 need
not necessarily be performed in the order shown in FIG. 7, and fewer, additional, or
alternative stops may be performed.

{8118] FiIG. 8 15 a flowchart that illustrates another exarple process for adjusting an
operating parameter of a device based on 4 user experience metric, according to aspects
of this disclosure. The process shown in FIG. 8 may be carried out by the devices and
systems shown and described with respect to FIGS. 1-3 above, or by a variety of other
electromic devices. FIG. 8 is described with respect to device 40 (FI1G. 2) for purposes
of illostration.

{8119] Device 40 may determine s user experience metric associated with content
captured by a camera of the clectronic device (166). According to aspects of this

disclosure, deviee 40 may avtomatically determine the user experience metric. For
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example, device 40 may automatically determine the user experience metric without
input from a user.

18128] Device 40 may, in some cxamples, determine a user expericnec metric by
applying a user experience model 1o each operating parameter of device 40 to generate
one of more user expericnee factors. Device 40 may caleulate a sum of the one or more
user experience factors. In some instances, calenlating the sum user experience factors
may include applying, based on context associated with the content, one or more
weighting factors to one or more of the user experience factors to produce one or more
weighted user experience factors. Device 40 may then caleulate a weighted sum of the
weighted user experience factors.

[8121] Device 40 also adjusts, based on an estimated change to the determined user
experience metric, at least one operating parameter of the device to produce an
operating characteristic target (168). As noted above with respect to FIG. 3, example
operating parameters mclude one or more of 2 frame rate, a resolution, a software
application operating at the device, one or more operating parameters associated with
one or more hardware components of a camera sub-system that inchudes the camera, a
sensor for the camera capturing the content, or the like.

18122] According to aspects of this disclosure, device 40 may adjust the operating
parameter based on context of content captuved by the camera. Device 40 may adjust
the operating parameter based on whether the content includes, as examples, a presence
of a face in the content, prescnce of a skin hue in the content, a frequency of the content,
an estimation of motion associated with the content, a brightness of the content, a focal
length of the content, or the like. Tn an example for purposes of illustration, assume that
the operating parameters being adjusted include resolation and frame rate. In this
cxample, device 40 may adjust the resolution more {or less than) the frame rate,
depending on the content being captured.

{B123] In an example, device 40 may determine whether a face is present in captured
content as context. In this example, device 40 may apply a user experience model to the
frame rate to genorate a frame rate user experience factor and apply a user experience
maodel to the resolution to generate a resolation user experience factor. Device 40 may
apply a first weighting factor to the frame rate user experience factor and a second
weighting factor to the resohution user experience factor, where the first weighting

factor s less than the second weighting factor.
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{8124} In another example, device 40 may determine whether a hue associated with a
skin tone is present in captured content as context. In this example, device 40 may
apply a user cxperience model to the frame rate to generale a frame rate user experience
factor and apply a user experience model to the resolution to gencrate a resolution user
experience factor. Device 40 may apply a first weighting factor to the frame rate aser
experience factor and a second weighting factor to the resolution user experience factor,
where the first weighting factor is less than the second weighting factor.

18125 In another examnple, device 40 may determine a frequency of the captured
content as context. nthis example, device 40 may apply a user experience medel to the
frame raie to gencrate a frame rate user experience factor and apply a user experience
model to the resolution to generate a resolution user experience factor. Device 40 may
apply a first weighting factor to the frame rate user experience factor and a second
weighting factor to the resohution user experience factor, where the first weighting
factor is less than the second weighting factor when the frequency exceeds a
predetermained threshold.

18126} In another example, device 40 may determine an estimation of motion in
captured content as context. In this example, device 40 may apply a user experience
maodel to the frame rate to generate & frame rate user experience factor and apply a user
experience model to the resolution to generate a resolution user experience factor.
Device 40 may apply a first weighting factor to the frame rate user experience factor
and a second weighting factor to the resclution user experience factor, where the first
weighting factor is greater than the second weighting factor when the cstumation of
motion exceeds a predetermined threshold.

18127} In another example, device 40 may determine an estimation of brightness in
captured content as context. In this example, device 40 may apply a user experience
model to the frame rate to generate a frame rate user experience factor and apply a user
experience model to the resolution to generate a resolution user experience factor.
Dievice 40 may apply a first weighting factor to the frame rate user experience factor
and a second weighting factor to the reselution user experience factor, where the first
weighting factor is greater than the second weighting factor when the estimation of
brightness exceeds a predetermined threshold.

18128} In another example, device 40 may determine a focal length of content as
condext. In this cxample, device 40 may apply a user experience raodel to the frame rate

to generate a frame rate user experience factor and apply a user experience model to the
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resolution to generate a resolunion user experience factor. Device 40 may apply a first
weighting factor to the frame rate oser experience factor and a second weighting factor
to the resolution user experience factor, where the first weighting factor is less than the
second weighting factor when the focal length is less than a predetermined threshold.
[8#129] In some examples, according to aspects of this disclosure, the device may adjust
the operating parameters to minimize the impact t0 user experience. In addition, the
device may intelligently select one or more of the parameters relative to other
pararaeiers based on thetr impact to user experience. For example, the device may
select one or more operating parameters from a plurality of operating parameters to
minimize a decrease in the user experience metric relative to selecting another of the
operating parameteors.

{8138] Hence, in some nstances, the operating characteristic target may be a
predetermined power budget (which may also be referred to as a power Hmit or power
threshold). In such instances, when a power draw of onc or more components of device
40 exceeds the predetermined power budget, device 40 may adjust the at least one
operating parameters by deternining one or more operating parameters of a plurality of
parameters that, when adjusted, produce the greatest change in the power draw of
device 40 and the smallest change in the user experience metric refative to other
operating parameters of the plurality,

[#131] Likewise, in some instances, the operating characteristic target may be a
predetermined temperature limit (which may also be referred to as a thermal limit or
thermal threshold). In such instances, when a temperature of one or more componeonts
of device 40 exceeds the predetermined temperature himit, device 40 may adjust the at
least one operating parameters by determining one or more operating parameters of a
phuarality of parameters that, when adjusted, produce the greatest change in the
temperature of device 40 and the smallest change o the user experience metric relative
to other operating parameters of the plurality.

18#132] In some exampics, according to aspects of this disclosure, device 40 may adjust
the at icast onc operating parameter based on a ratio of an estimated change in the
operating characteristic to the estimated change to the determined user experience.
8133] Device 40 may, in some examples, adjust the at one operating parameter based
on a weighted sum of user experience factors, as noted above. In an example for
purpoeses of illustration, assume operating parameters inchude a frame rate and a

resolution. Assume further that the context associated with the content includes at least
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one of a presence of a face in the content, presence of a skin hue in the content, a
frequency of the content, an estimation of motion associated with the content, a
brighiness of the content, or a focal length of the content. In this example, applying the
user expericnce model to cach of the operating parameters may include applying a user
experience model to the frame rate to generate a frame rate user experience factor and
applying the user experience model to the resohution to gencrate a resohution user
experience factor. Device 40 may apply a first weighting factor (o the frame rate user
experience factor and a second, difforent weighting factor to the resolution user
experience factor based on the context.

[8134] It should be understood that the steps shown and described with respect to FIG.
8 are provided as merely one example. That is, the steps of the method of FIG. 8 need
not necessarily be performed in the order shown in FIG. §, and fewer, additional, or
alternative steps may be performed.

18135} In this way, the techoigques of this disclosure may provide ong or more
advantages over other power and/or temperature control technigues. For exanple, a
device may typically perform clock throttling (frequency Himiting) when a temperature
becomes higher than a threshold. According to aspects of this disclosure, the device
may control image capture resolution/frame rate/other controls (image workload
control) rather than just clock control.

[#136] A device may typically have many different clocks for various function blocks.
Clock throttling may be applied to a fow function blocks achieving only partial clock
throttling and partial power reduction (and none for some function blocks). According
to aspects of this disclosure, the device may have comprehensive control over the fisdl
camera system flow nchiding, for example, an external camera sensor module, image
processing components and memory read/write,

18137} A device may typically perform frame rate control via frame skip. According to
aspects of this disclosure, the device may have finer frame rate control via simpler
interfaces for user experience aware thermal manager (e.g., using automatic frame rate
control via blanking interval siretch), which may produce a significantly higher power
savings.

[8138] A device may typically bave no consideration for the impact to user experionce
when adjusting for power or temperature overages. According fo aspects of this

disclosure, as described above, the device may balance degradation on image
5 J & f=1
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resolution/frame rate/other operating parameters based on a user experience model that
considers the impact to user experience.

18139} A device may typically have passive controls with respect to a power budget
{e.g., no power budget negotiation). According to aspects of this disclosure, if the
quantified image quality (e.g., user experience) resolution/frame rate/other operating
parameters become lower than a threshold, the device may reject the power reduction
request from thermal cngine or request more power budget from it

18148 1t should also be understoed that, depending on the example, certain acis or
events of any of the methods described heren can be performed i a different sequence,
may be added, merged, or left out altogether (¢.g., not all described acts or events are
necessary for the practice of the method). Morcover, in cortain examples, acts or evenis
may be performed concurvently, ¢.g., through multi-threaded processing, mternpt
processing, or muhtiple processors, rather than sequentially.

18141} Moreover, in one or more examples, the functions described herein may be
implemented in hardware, software, fitnyware, or any combination thoreof, If
mnplemented in software, the functions may be stored on or transmitted over as one or
more nstructions or code on a comprter-readable mediim and executed by a hardware-
based processing unit. Computer-readable media may include computer-readable
storage media, which corresponds to a tangible medium such as data storage media, or
comumunication media inchiding any medium that facilitates transfer of a computer
program from one place to another, ¢.g., according (¢ a communication protocol.
18142} In this manner, computer-readable media generally may correspond to (1)
tangible computer-readable storage media which is non-transitory or (2} a
communication medivan such as a signal or carrier wave. Data storage media may be
any available media that can be accessed by one or more computers of 0ne of more
PTOCessors 1o retricve nstructions, code and/or data structures for oplementation of the
techniques described in this disclosare. A computer program product may inclade a
compuicr-readable medium. By way of cxample, and not mitation, sach computer-
readable storage media can comprise RAM, ROM, EEPROM, CD-ROM or other
optical disk storage, magnetic disk storage, or other magnetic storage devices, flash
memory, or any other medium that can be used to store desired program code in the
form of instructions or data structures and that can be accessed by a computer.

18143} Also, any connection is properly termed 2 computer-readable medivm. For

example, if instructions are transmitted from a website, server, or other remote source
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using a coaxial cable, fiber optic cable, twisted pair, digital subscriber ne (DSL), or
wireless technologies such as infrared, radio, and microwave, then the coaxial cable,
fiber optic cable, twisted pair, DSL, or wircless technologics such as infrared, radio, and
microwave are included in the definition of medium,

{8144] It should be understood, however, that computer-readable storage media and
data storage media do not include connections, carrier waves, signals, or other transignt
media, but are instead directed {o non-transicnt, tangible storage media. Disk and dise,
as used herein, includes conpact dise (CD), laser dise, optical disc, digital versatile disc
(DVD), floppy disk and blu-ray disc where disks usually reproduce data magnetically,
while discs reproduce data optically with lasers. Combinations of the above should also
be mncluded within the scope of computer-readable media.

[8145] Instroctions may be executed by one or more processors, such as one or more
DSPs, general purpose microprocessors, ASICs, FPGAs, or other equivalent integrated

bH

or discrete logic circuitry. Accordingly, the term “processor,” as used herein may refer
to any of the foregoing structure or any other structure suitable for tuplementation of
the techniques described herein. In addition, in some aspects, the functionality
described herein may be provided within dedicated hardware and/or software modules
configured for encoding and decoding, or incorporated in a combined codec. Also, the
techniques could be fully mplemented in one or more circuits or logic elements.

[8#146] The techniques of this disclosure may be implemented in a wide variety of
devices or apparatuses, including a wireless handset, an integrated circuit (IC) or a set of
1Cs {e.g., a chip s¢t). Various components, modules, or units are described in this
disclosure to emphasize functional aspects of devices configured to perform the
disclosed techniques, but do not necessarily require realization by different hardware
units. Rather, as deseribed above, various units may be combined in a codec hardware
untt or provided by a collection of interoperative hardware units, including one or more
processors as described above, in conjunction with suitable software and/or firmware,
18147} Various aspects of the disclosure have been described. These and other aspects

arc within the scope of the following claims.
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WHATIS CLAIMED IS:

1. A method comprising:

determining, by an electronic device, a user experience metric associated with
content captured by at least one camera of the clectronic device; and

adjusting at least one operating parameter of the device to produce an operating
characteristic target, wherein the adjustient is based on an estimated change to the

determined user experience metric due to the adjustment.

2. The method of claim 1, wherein adjosting the at least one operating parameter of
the device comprises adjusting the at least one operating parameter based on a context

of the content.

3. The method of claim 2,

wherein the at least one operating parameter comprises a frame rate and &
resolution, and

wherein adjosting the at least one operating parameter comprises adjusting the

frame rate one of more or less than the resolution based on the context,

4. The method of claim 2, wherein the context comprises at least one of a presence
of a face in the content, prescnce of a skin hue in the content, a frequency of the content,
an estimation of motion associated with the countent, a brightness of the content, or a
focal length of the content.

3. The method of claim |, wherein the at least ong camera comprises a phirality of
cameras and wherein adjusting the at least one operating parameter of the device
comprises separately adjusting at least one operating parameter for cach camera of the

phurality of cameras.
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6. The method of claim 1,

wherein the at least one operating parameter comprises a plorality of operating
parameters, and

wherein adjusting the at loast one operating parameter further conprises
sclecting one or more operating parameters from the plurality of operating parameters
for adjustment to minbmize a decrease in the user experience metric relative o selecting

at lcast one other of the operating parameters.

7. The method of claim {, wherein the at least one operating parameter comprises a
phirality of operating parameters, wherein the operating characteristic target comprises
a predetermined power budget, and the method further conprising:
determining a power draw of one or more components of the device relative to
the predetermined power budget;
wherein, when the power draw exceeds the predetermined power budget,
adjusting the at least one operating paraneter of the device comprises:
determining one or more operating parameters of the plurality of
operating parameters that, when adjusted, produce the greatest change in the
power draw of the device and the smaliest change in the user experience metric
relative to at least one other operating parameter of the plurality of operating
parameters; and

adjusting the determined operating parameter.

8. The method of claim {, wherein the at least one operating parameter comprises a
phirality of operating parameters, wherein the operating characteristic target comprises
a predetermined tomperature limit, and the method further comprising:

determining a temperature of one or more componends of the device relative to
the predetermined temperature it

wherein, when the temperature exceeds the predetermined temperature Himit,
adjusting the at least one operating paraneters of the device comprises:

determining an operating parameter of the plirality of operating

parameters that, when adjusted, produces the greatest change in temperature of

the one or more components of the device and the smallest change in the user

cxperience mefric relative to at feast one other operating parameter of the

plurality of operating parameters; and
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adjusting the determined operating parameter.

9, The method of claim I, wherein adjusting the at least one operating parameter
comprises adjusting the at least one operating parameter based on a ratio of an estimated
change in the operating characteristic to the estimated change to the determined user

experience.

10, The method of claim 9, wherein the at least onc operating parameter COnpTises &
plurality of operating parameters, and wherein adjusting the at least one operating
parameter based on the ratic further comprises:

sclecting onc or more operating parameters from the plurality of eperating
parameters for adjustment to maximize the estimated change in the operating

characteristic and minimize the estimated change to the determined user experience.

11.  The method of claim 1, wherein determining the user expericnce metric further
COmMpPrises:

applying a user experience model to each of the at least one operating parameter
to generate one OF moTe user experience factors;

calculating a sum of the one or more user experience factors; and

wherein adjusting the at least one operating parameter comprising adjusting the

at lcast one operating paramcter based at least partially on the calculated sum .

12, The method of claim 11, wherein calculating the sam of the one or more user
experience factors further comprises:

applying, based on context associated with the content, one or more weighting
factors to one or more of the user experience factors to produce one or more weighted
user experience factors;

calculating a weighted sum of the weighted user experience factors; and

wherein adjusting the at least one operating pararaeter comprises adjusting the at

least one operating parameter based at least partially on the calculated weighted sum.

13. The method of claim 12,
wherein the at least one operating parameter comprises 2 frame rate and a

resolution,
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wherein the context associated with the content comprises at least one ofa
presence of a face in the content, a presence of a skin hoe in the content, a frequency of
the content, an estimation of motion associated with the content, a brightness of the
content, or a focal length of the content,

wherein applying the user experience model to each of the at least one operating
parameters comprises applying the user expericnce model to the frame rate to generate a
frame rate uscr experience factor and applying the user expericnce model to the
resolution to gencrate & resolution user experience factor, and

wherein applying the one or more weighting factors comprises applying a first
weighting factor to the frame rate user experience factor and a second, different

weighting factor to the resolution user experience factor.

14.  The method of claim 1, wherein the at least one operating parameter comprises
at lcast one of a frame rate, a resolution, one or more operating parameters associated
with one or more hardware components of at least one camera sub-system that includes
the at least one camera, or at least one sensor for the at least one camera capturing the

content,

15, An electronic device comprising:
at least one camera; and
one of more processors configured to:
determine a user experience metric associated with content captured by
the at least one camera of the electronic device; and
adjust at least one operating parameter of the device to produce an
operating characteristic target, wherein the adiustiment is based on an estimated

change to the determined user experience metric due to the adjustment.

16.  The clectronic device of claim 15, wherein to adjust the at lcast one operating
b o
parareter of the device, the one or more processors are configured to adjust the at least

one operating parameter based on a context of the content,

i7. The electronic device of claim 16,
wherein the at least one operating parameter comprises 2 frame rate and a

resolution, and
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wherein to adjust the at least one operating parameter, the one or more
processors are configured to adiust the frame rate one of more or less than the resolution

based on the context,

18.  The electronic device of claim 16, wherein the context comprises at least one of
a presence of a face n the content, presence of a skin hue o the content, a frequency of
the content, an ¢stimation of motion asscciated with the content, a brightness of the

content, or a focal length of the content.

19, The electronic device of claim 15, wherein the at least one camera comprises a
plurality of cameras and wherein to adjust the at least one operating parameter of the
deviee, the one or more processors are configured to separately adjust at least one

operating parameter for cach camera of the plurality of cameras.

20, The clectronic device of claim 15,

wherein the at least one operating parameter comprises a plurality of operating
parameters, and

wherein to adjust the at lcast one operating parametcr, the one or more
processors are further configured to select one or more operating parameters from the
plorality of eperating parameters for adjustment to mintmize 2 decreasc in the user

experience metric relative to selecting at least one other of the operating parameters.

21, The electronic device of claim 15, wheremn the at least one operating parameter
comprises a plarality of operating parameters, wherein the operating characteristic
target comprises a predetermined power budget, the one or more processors further
configured fo:

determine a power draw of one or more components of the device relative to the
predetermined power budget;

wherein, when the power draw exceeds the predetermined power budget, to
adjust the at least one operating parameter of the device, the one ot more processors are
configured to:

determine one or more operating parameters of the plurality of operating
parameters that, when adjusted, produce the greatest change in the power draw

of the device and the smallest change in the user experience metric relative to at
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least one other operating parameter of the plurality of operating parameters; and

adjust the determined operating parameter.

22, The clectronic device of claim 15, wherein the at least one operating parameter
comprises a plurality of operating parameters, wherein the operating characteristic
target comprises a predetermined temperature limit, and wherein the one or more
processors are further configured to:

determinge a temperature of one or more comaponents of the device relative to the
predetermined temperature limit;

wherein, when the temperature exceeds the predetermined temperatare limit, to
adjust the at least one operating parameters, the one or more processors are configured
o

determine an operating parameter of the plurality of operating parameters

that, when adjusted, produces the greatest change in temperature of the one or

more components of the device and the smallest change in the user expericoce

metric relative 1o at least one other operating parameter of the plurality of

operating parameters; and

adjust the determined operating parameter,

23. The electronic device of claim 15, wherein to adjust the at least one operating
parameter, the one of more processors are configured to adjust the at least one operating
pararaeier based on a ratio of an estimated change 1o the operating characteristic to the

estimated change to the determined user experience.

24, The electronic device of claim 23, whercin the at icast onc operating parameter
comprises a plorality of operating parameters, and wherein to adjust the at least one
operating parameter based on the ratio firther, the one or more processors are
configured to:

sclect one or more operating parameters from the plarality of operating
parameters for adjustment to maximize the estimated change in the operating

characteristic and mimimize the estimated change to the determined user expericnce.

25, The electronic device of claim 15, wherein to determine the user experience

metric, the one or more processors are configored to:
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apply 8 user experience model to each of the at least one operating parameter 1o
generate one or more user experience factors;

calculate a sum of the one or more user experience factors; and

wherein to adjusting the at least one operating parameter, the one or more
processors are configured to adjust the at least one operating parameter based at least

partially on the caleulated sum .

26, The clectronic device of claim 25, wherein to calculate the sum of the one or
maore user experience factors, the one or more processors are configured to:

apply, based on context associated with the content, one or more weighting
factors to one or more of the user experience factors to produce one or more weighted
user experience factors;

calenlate a weighted sum of the weighted user experience factors; and

wherein to adjust the at icast onc operating parameter, the one or more
processors are contigured to adjust the at least one operating parameter based at least

partially on the calculated weighted sum.

27, The electronic device of claim 26,

wherein the at least one operating parameter comprises a frame rate and a
resohition,

wherein the context associated with the content comprises at lcast onc of 2
presence of a face in the content, a presence of a skin hue in the content, a frequency of
the content, an estimation of motion associated with the content, a brightness of the
content, or a focal length of the content,

wherein o apply the user experience model to cach of the at least onc operating
parameters, the one or more processors are configured to apply the user expericnce
model to the frame rate to generate a frame rate user experience factor and apply the
user experience model to the resohution to generate a resolution user experience factor,
and

wherein to apply the one or more weighting factors, the one or more processors
are configared to apply a first weighting factor to the frame rate user experience factor

and a second, different weighting factor to the resolution user cxperience factor.

28, The electronic device of claim 15, wherein the at least one operating parameter
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comprises at least one of a frame rate, a resolation, one or more operating parameters
associated with one or more hardware components of at least one camera sub-system
that includes the at least one camera, or at least one sensor for the at least one camera

capturing the content.

29. An apparatos comprising:

means for determining a user expericnce metric associated with coutent captured
by at least one camera of an electronic device; and

means for adjusting at least one operating parameter of the device to produce an
operating characteristic target, wherein the adjostment 1s based on an estimated change

to the deterodned user experience metric due to the adjustment.

34, A pon-transitory computer-readable medium having instructions stored thereon
that, when executed, cause 0ne oF more Processors to:

determinge a user experience metric associated with content captured by at least
one camera of an clectronic device; and

adiust at least one operating parameter of the device to produce an operating
characteristic target, wherein the adjustment is based on an estimated change to the

determined user experience metric due to the adjustment.
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