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(57) Abstract: A system, method, and computer pro-
gram product are provided for simultaneously capturing
flash and ambient illuminated images. In use, an ambi-
ent sample is stored based on an electrical signal from a
photodiode of an image sensor. Also, a flash sample is
stored based on the electrical signal from the photodi-
ode of the image sensor. Further, a first value is output
based on the ambient sample, and a second value is out-
put based on the flash sample, for generating at least
one image. Finally, at least one of the first value and the
second value is amplified utilizing two or more gains.
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IMAGE SENSOR APPARATUS ANDMETHOD FOR
SIMULTANEOQUSLY CAPTURING FLASH AND AMBIENT
ILLUMINATED IMAGES

FIELD OF THE INVENTION

(60301} The present invention relates to photographic systems, and more particularly to ap

image scnsor apparatus and method for simultaneously capturing multiple images.

BACKGROUND

16662} Traditional digital photography systems are inherently himited by the dynamic
range of a capturing image sensor. One solution to such limitation s the use of high
dynamic-range (HDR) photography. HDR photography involves capturing multiple
exposures of a same scene, where each of the exposures s metered differently, and then

merging the multiple captares to ¢reate an image with a larger dynamic range.

SUMMARY

(6603} A system, method, and computer program product are provided for
simultaneously capturing flash and ambient iltaminated images. Tn use, an ambient sample is
stored based on an electrical signal from a photodiode of an tmage sensor. Also, a flash
sample is stored based on the electrical signal from the photodiode of the image sensor.
Farther, a first value is output based on the ambient sample, and a second value is cutput
based on the flash sample, for generating at least one image. Finally, at least one of the first
value and the second value is amplitied utilizing two or more gains. Additional systems,
methods, and computer program products are also presented.

16604} Tn one embodiment, an apparatus comprises circuitry for storing an ambient
sample based on an electrical signal from a photodiode of an tmage sensor, and storing a
flash sample based on the electrical signal from the photodiode of the image sensor.
Additionally, circuity s included for ontputting a first value based on the ambient sample,
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and a second vahue based on the flash sample, for generating at least one image. Further,
circuitry is provided for amplifying at least one of the first value and the second value
utilizing two or more gains,

[3865] In another embodiment, the electrical signal includes a photodiode current
received from the photodiode of the image sensor. In another embodiment, the first value is
output in an ambient analog signal, and the second value is output in a flash analog signal.
16806} In one embodiment, the amplification of the at least one of the first value and the
second value utilizing the two or more gains includes amplifying at feast one of the ambient
analog signal and the flash analog signal utilizing the two or more gains. Additionally, in
another embodiment, the ambient analog signal is amplified vtilizing the two or more gains 1o
generate a first amplified ambient analog signal and a second amplified ambient analog
signal.

16667} Tu another embodiment, the fivst amplified ambient analog signal is converted to a
first ambicnt digital signal with a first light sensitivity, and the second amplified ambient
analog signal is converted 1o a second ambient digital signal with a second light sensitivity. In
another embodiment, the first ambient digital signal is blended with the second arnbient
digital signal, in response to user input. To another embodiment, shiding indicia s displayed
and the user input includes manipulation of the sliding indicia.

{6608} In one embodiment, the first ambient digital signal is blended with the second
ambient digital signal, resulting in a blended ambient digital signal with a blended ambient
hight sensttivity, the flash analog signal is amplified utilizing at least one gain to generate at
feast one araplified flash analog signal, the at least one amplified flash analog signal is
converted to at least one tlash digital signal, and the blended ambient digital signal is blended
with the at least one flash digital signal, in response to user input.

18069} In another cmbodiment, the first ambient digital signal is blended with the second
ambient digital signal, resulting in a blended ambient digital signal with a blended ambient
hight sensitivity, the flash analog signal is amplified atilizing another two or more gains to
generate two or more amplified flash analog sigoals, the two or more amplified flash analog
signals are converted to two or more flash digital signals, the two or more flash digital signals
are blended to generated a blended flash digital signal with a blended flash light sensitivity,
and the bicnded tlash digital signal 15 blended with the bicnded arnbient digital signal.

16610} In another embodiment, the flash analog signal is amplified utilizing the two or
more gains to gencrate a first amplified flash analog signal and a second amplified flash
analog signal. In another embodiment, the first amplified flash analog signal is converted to a
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first flash digital signal with a first light sensitivity, and the second amplified flash analog
signal is converted to a second flash digital signal with a second light sensitivity. In another
embodiment, the first flash digital signal 5 blended with the second tlash digital sigoal, in
response to user input.

(6611} Still yet, in one embodiment, sliding indicia is displayed and the user input
mchides manipulation of the shding indicia. In another embodiment, the first flash digital
signal is blended with the second flash digital signal, resulting in a blended flash digital
signal with a blended flash light sensitivity, the ambient analog signal is amplified utilizing at
teast one gain to gencrate at least one amplified ambient analog signal, the at feast one
amplified ambicnt avalog signal 1s converted to at least one ambicnt digital signal, and the
blended flash digital signal is blended with the at least one ambient digital signal, in response
o user input.

18612} T another embodiment, the first flash digital signal is blended with the second
flash digital signal, resulting in a blended flash digital signal with a blended flash light
sensitivity, the ambient analog signal 18 amplified utilizing another two or more gains {0
generate two or more amplified ambicnt analog signals, the two or more amplified ambient
analog signals are converied 10 two or more arabient digital signals, the two or more arbicut
digital signals are blended to generated a blended arabient digital signal with a blended
ambient fight sensitivity, and the blended ambient digital signal is blended with the blended
flash digital signal.

16613] Tu another embodiment, the two or more gains comprises the same gains as the
other two or more gains, and each of the gains is associated with a different light sensitivity
value. In another embodiment, the first ambient digital signal and the second ambient digital
sigoal are transferred over a network for being combined remotely, resulting 1o at least a
portion of 3 high dynamic range (HDR) image.

(6814} in one embodiment, a computer program product embodied on a non-transitory
computer readable mediom comprises code for allowing storage of an ambient sample based
on an clectrical signal from a photodiode of an image sensor, and code for aliowing storage
ot a flash sample based on the electrical signal from the photodiode of the tmage sensor.
Additionally, code is provided for generating at least one image utilizing a first value based
on the ambient sarople and a second value based on the flash sarople, wherein the computer
program product is operable such that at least one of the first value and the second value is

amplified vtilizing two or more gains.
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3315} In one embodiment, a method comprises storing an ambient sample based on an
clectrical signal from a photodiode of an image sensor, and storing a flash sample basced on
the electrical signal from the photodiode of the image sensor. Additionally, a first value based
on the ambient sample, and a second value based on the flash sample, for generating at least
ong image is outputied. Further, at least one of the first vahie and the second value utilizing

two or more gains is amplified.
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BRIEF BESCRIPTION OF THE DRAWINGS

(60316} Figure 1 illustrates an exerplary syster for simultaneously capturing flash and

ambient tluminated tmages, in accordance with an embodiment.

16617} Figure 2 illustrates an exemplary method carried out for simultancously capturing

flash and ambient illuminated images, in accordance with an ernbodiment,

(6318} Figure 3A illustrates a digital photographic system configured to simultancously

capture tlash and arbient illuminated images, in accordance with an erobodiment.

(6619} Figure 3B illustrates a processor complex within a digital photographic system,

according to one embodiment.

j3626] Figure 3C illustrates a digital camera, in accordance with an embodiment.

(0321} Figure 3D tllustrates a wireless mobile device, 1o accordance with another

cmbodiment.

16632} Figure 3E llustrates a camera module configured to sample an image, according

1o one erabodiment,

16323} Figure 3F ithustrates a camera module configured o sample an image, according

to another embodiment.

(6624} Figure 3¢ illustrates a camera module in communication with an application

processor, in accordance with an embodiment.

18625} Figure 4 illustrates a network service systern, in accordance with another

embodiment.

18826} Figures 8A-SE illustrate systems for converting optical scenc information to an

electronic representation of a photographic scene, in accordance with other embodiments.
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184271 Figure 6A illustrates a circuit diagram for a photosensitive cell, according to one

embodiment.

{68628} Figure 6B illustrates a system for converting analog pixel data to digital pixel

data, in accordance with an embodiment.

13629} Figure 7 illustrates a system for converting analog pixel data of more than one

analog signal to digital pixel data, in accordance with another embodiment.

(6030} Figure 8 dlustrates various timing configurations for amplifving analog signals, in

e D

accordance with other embodiments,

16631} Figure 8 illustrates a system for converting in parallel analog pixel data to

multiple signals of digital pixel data, in accordance with one embodiment.

16332} Figure 10A llustrates a user interface system for generating a combined image,

according to an embodiment.

(6633} Figure 10B illustrates another user interface system for generating a combined

image, according to one embodirment,

16034} Figure 108C illustrates usor interface {Ul) systems displaying comabined images

with differing levels of strobe exposure, according to an embodiment.

18835} Figure 11 is a flow diagram of method steps for generating a combined image,

according to one embodiment,

16636} Figure 12 illustrates a message sequence for generating a corabined image

utilizing a network, according to another embodiment.

BETARED DESCRIPTION

(6837} Figure ¥ illustrates a system 108 for capturing flash and ambient tiluminated
fmages, in accordance with one possible ernbodiment. As an option, the systemn 188 may be
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implemented in the context of any of the Figures disclosed herein. Of course, however, the
system 180 way be implemented in any desired environment. Further, the aforementioned

definitions may equally apply to the description below.

(6638} As shown in Figure 1, the system 1088 includes a first input 182 that is provided to
an arnbient sample storage node 133(8) based on a photodiode 181, and a second input 164
provided to a flash sample storage node 133(1) based on the photodiode 161, Based on the
input 162 to the ambient sample storage node 133(8) and the input 184 to the flash sample
storage node 133(1), an ambient sample is stored 1o the ambient sample storage node 133(6)
sequentially, at least in part, with storage of a flash saraple to the flash sample storage node
133(13 In one emboediment, simultancous storage of the ambient sample and the flash
sample includes storing the ambient sample and the second sample at least partiaily

sequentially.

6343391 In one embodiment, the input 104 may be provided to the flash sample storage
node 133(1) after the inpat 182 15 provided to the ambient sample storage node 133¢(8). In
such an embodiment, the process of storing the flash sample roay occur after the process of
storing the ambient sample. In other words, storing the ambient sample may occur during a
first time duration, and storing the flash sample may occur during a second time duration that
begins after the first time duration. The second time duration may begin nearly

simultanecusly with the conclusion of the first tume duration.

(63401 While the following discussion describes an image sensor apparatus and method
for simnultancously capturing multiple images using one or more photodiodes of an image

sensor, any photo-sensing electrical element or photosensor may be used or implemented.

186411 Tu one embodiment, the photodiode 181 may comprise any semicondactor diode
that generates a potential difference, current, or changes us electrical resistance, in response
to photon absorption.  Accordingly, the photodiode 181 may be used to detect or mecasure a
fight intensity. Further, the input 1062 and the input 184 received at sample storage nodes
133(0) and 133(1), respectively, may be based on the hight intensity detected or measured by
the photodiode 101, In such an embodiment, the ambient sample stored at the ambicnt
sample storage node 133(8) may be based on 3 first exposure time to light at the photodiode
161, and the second sample stored at the flash sample storage node 133(%) may be based on a

7
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second exposure time to the light at the photodiode 181. The second exposure time may
begin concurrently, or near concurrently, with the conclusion of the conchision of the first

SXposure time.

(6642} in one embodiment, a rapid rise in scene illumination may occur after completion
of the first exposure time, and doring the second exposare time while input 184 1s being
received at the flash sample storage node 133(1). The rapid risc in scene illumination may be
due to activation of a flash or strobe, or any other near instantancous illamination. As a result
ot the rapid rise in scene humination after the first exposure time, the light intensity detected
ot rucasured by the photodiode 101 during the second exposure time may be greater than the
tight intensity detected or measured by the photodiode 181 during the first exposure time.
Accordingly, the second exposure time may be configured or selected based on an anticipated

light intensity.

63431 In one embodiment, the first input 182 may inchude an electrical signal from the
photodiode 181 that is received at the ambient sample storage node 133(8), and the second
mput 184 may include an clectrical signal from the photodiode 101 that s received at the
flash sample storage node 133(1). For cxample, the first input 182 may include a current that
is received at the ambient sample storage node 133(83, and the second input $1#4 may include
a current that is received at the flash sample storage node 133(1). In another embodiment, the
first input 192 and the second input 104 may be transmutied, at least partially, on a shared
electrical interconnect. In other embodiments, the first input 102 and the second input 184
may be transmitted on different electrical interconuects. In sore embodiments, the inpot 162
may include a first current, and the input 184 may include a second current that is different
than the first current. The first current and the second current may cach be a function of
mcident light intensity measured or detected by the photodiode 1801, In yet other
embodiments, the first input 182 may include any nput from which the ambient sample
storage node 133(0) may be operative to store an ambient saruple, and the second fnput 104
may include any input from which the flash sample storage node 133{1} may be operative to

store a flash sample.

6044} In one embodiment, the first input 162 and the second input 164 may include an
electronic representation of a portion of an optical image that has been focused on an image
sensor that inchudes the photodiode 181, In such an embodiment, the optical image ay be

8
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focused on the image sensor by a lens. The electronic representation of the optical image
may comprise spatial color intensity information, which may include different color intensity
samples {e.g. red, green, and blue light, etc.). In other erobodiments, the spatial color
intensity information may also include samples for white light. In one embodiment, the
optical image may be an optical image of a photographic scene. In some embodiments, the
photodiode 181 may be a single photodiode of an array of photodiodes of an image sensor.
Such an image sensor may comprise a complementary metal oxide semiconductor (CMOS)
image sensor, or charge-coupled device (CCD) image sensor, or any other technically
feasible form of image sensor. In other embodiments, photodiode 181 may include two or

maore photodiodes.

(6045} in one embodiment, each sample storage node 133 includes a charge storing
device for storing a sample, and the stored sample may be a function of a light inteusity
detected at the photodiode 181, For example, cach sample storage node 133 may include a
capacitor for storing a charge as a sample. In such an embodiment, each capacitor stores a
charge that corresponds 1o an accumulated exposure during an exposure tirne or sample time,
For example, current received at each capacitor from an associated photodiode may cause the
capacitor, which has been previcusly charged, to discharge at a rate that is proportional to an
mcident light intensity detected at the photodiode. The remaining charge of each capacitor
may be subsequently output from the capacitor as a value. For example, the remaining
charge of cach capacitor roay be output as an analog value that is a function of the remaining

charge on the capacitor.

630346} To this end, an analog value received from 4 capaciior may be a function of an
accunmlated intensity of light detected at an associated photodiode. In some embodiments,
cach sample storage node 133 may include circuitry operable for receiving input based on a
photodiode. For example, such circuitry may inchude one or more transistors. The one or
more transistors may be contigured for rendering the sample storage node 133 responsive 1o
various control signals, such as sample, reset, and row sclect signals received from one or
more controlling devices or components. In other embodiments, each sample storage node
133 may include any device for storing any sanple or value that 15 2 function of a hight

intensity detected at the photodiode 181
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1633471 Further, as shown in Figure 1, the ambient sample storage node 133(81} outputs
first vahie 196, and the flash sample storage node 133(1) outputs second value 168, Tn one
embodiment, the ambient sample storage vode 133(0) outputs the fivst value 186 based on the
ambient sample stored at the ambient sample storage node 133(8), and the flash sample
storage node 133{1) cutputs the second value 168 based on the flash sample stored at the
flash sample storage node 133¢¥). An ambient sample may inclade any value stored at ap
ambicnt sample storage node 133(8) due to input 182 from the photodiode 181 during an
gxposure time in which the photodiode 181 measures or detects ambient light. A flash
sample may include any value stored at a flash storage node 133{%) due to input 144 from the
photodiode 181 during an exposure time in which the photodiode 101 measures or detects

flash or strobe illumination.

16848] In some embodiments, the ambicnt sample storage node 133(8) outputs the first
vahue 136 based on a charge stored at the ambient sample storage node 133(8), and the flash
sample storage node 133(3 ) outputs the second value 188 based on a second charge stored at
the flash sample storage node 133(1). The first value 186 may be output serially with the
second value 188, such that one value is output prior 1o the other value; or the first value 186
may be output in paralle] with the output of the second value 168, In various embodiments,
the first value 186 may include a first analog value, and the second value 188 may inchude a
second analog value. Each of these values may inclade a current, which may be output for
inchusion in an analog signal that includes at least one analog value associated with cach
photodiode of a photodiode array. In such embodiments, the first analog value 186 may be
mcluded in an ambient analog signal, and the second analog value 188 may be included ina
flash analog signal that is different than the ambient analog signal. In other words, an
ambient analog signal may be generated to include an analog value associated with each
photodiode of a photodiode array, and a flash analog signal may also be generated to include
a different analog value associated with each of the photodiodes of the photodiode array. In
such an embodiment, the analog values of the ambicut analog signal would be sampled
during a first exposure tirae in which the associated photodiodes were exposed to ambient
fight, and the analog values of the flash analog signal would be sampled during a second
exposure time in which the associated photodiode were exposed 1o strobe or tlash

tifumination.
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8349} To this end, a single photodiode array may be utilized to generate a plurality of
analog signals. The phurality of analog signals may be generated concurrently or in paraliel.
Further, the plurality of analog signals may each be amplified utilizing two or more gaiuos,
and cach amplitied analog signal may converted to one or more digital signals such that two
or more digital signals may be generated, where each digital signal may include a digital
image. Accordingly, due to the contemporaneous storage of the ambient sarnple and the flash
sample, a single photodiode array may be utilized to concurrently generate multiple digital
signals or digital images, where at least one of the digital signals is associated with an
ambient exposure photographic scene, and at least one of the digital signals is associated with
a flash or strobe illuminated exposure of the same photographic scene.  {n such an
cmbodiment, multipic digital signals having different exposure characteristics may be
substantially sirmiltancously generated for a single photographic scene captured at ambient
ilfumination. Such a collection of digital signals or digital images may be referred to as an
ambient image stack, Further, multiple digital signals having different exposure
characteristics may be substantially simultancously generated for the single photographic
scene captured with strobe or flash iHumination. Such a collection of digital signals or digital

tmages roay be referred to as a flash image stack,

(6850} In certain embodiments, an analog signal comprises a phurality of distinct analog
signals, and a signal amplifier comprises a corresponding set of distinct signal aroplifier
circuits, For example, each pixel within a row of pixels of an tmage sensor may have an
associated distinct analog signal within an analog signal, and ecach distinct analog signal may
have a corresponding distinct signal amplifier circuit. Further, two or more amplified analog
sigonals may cach include gain-adjusted analog pixel data representative of a comymon analog
value from at least one pixel of an image sensor. For example, for a given pixel of an image
sensor, & given analog value may be output in an analog signal, and then, after signal
amplification operations, the given analog value is represented by a first amoplified value ina
first amplified analog signal, and by a second amplified value in a sccond amplified analog
signal. Analog pixel data may be analog signal values associated with one or more given

pixels.

(6851} In various embodiments, the digital images of the ambient image stack and the
flash image stack may be combined or blended to generate one or more new blended images
having a greater dynamic range than any of the individoal images. Further, the digital images

1
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of the ambient image stack and the flash image stack may be combined or blended for

controtiing a flash contribution in the one or more new blended images.

16852} Figure 2 ilustrates a method 206 for capturing flash and ambient tHluminated
images, in accordance with one embodiment. As an option, the method 208 may be carried
out in the context of any of the Figures disclosed herein. Of course, however, the method 280
may be carried out in any desired environment. Further, the aforementioned definitions may

equally apply to the description below.

(60333} As shown in operation 282, an ambient sample 18 stored based on an ¢lectrical
signal from a photodiode of an image sensor. Further, sequentiaily, at feast in part, with the
storage of the ambient sample, a flash sample is stored based on the electrical signal from the
photodiode of the image sensor at operation 284. As noted above, the photodiode of the
HNage sensor may comprise any semiconductor diode that generates a potential difference, or
changes its clectrical resistance, in response to photon absorption. Accordingly, the
photodiode may be ased to detect or measure light intensity, and the electrical signal from the

photodiode may nclude a photodiode current that varies as a function of the light intensity.

(6854} In some embodiments, each sample may include an electronic representation of a
portion of an optical image that has been focused on an tmage sensor that inclades the
photodiode. In such an embodiment, the optical irnage may be focused on the image sensor
by a lens. The electronic representation of the optical image may comprise spatial color
mtensity information, which roay include different color intensity samples (e.g. red, green,
and blue light, ete.). v other crubodiments, the spatial color intensity information may also
include samples for white light. In one erabodiment, the optical image may be an optical
image of a photographic scene. The photodiode may be a single photodiode of an array of
photodiodes of the image sensor. Such 4n image sensor may comprise a complementary
metal oxide semiconductor (CMOS) tmage sensor, or charge-coupled device (CCD ) image

sensor, or any other technically feasible form of image sensor

[8055] In the context of one erabodirnent, cach of the samples may be stored by storing
energy. For example, each of the samples may include a charged stored on a capacitor. In
such an embodiment, the ambient sample may inchude a first charge stored at a first capacitor,
and the flash sample may include a second charge stored at a second capacitor. In one

12
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embodiment, the ambient sample may be different than the flash sample. For example, the
ambient sample may inchude a first charge storved at a first capacitor, and the flash sample
may include a second charge stored at a second capacitor that is difforent than the fivst

charge.

16656} Tu one embodiment, the ambient sample may be different than the flash sample
due to being sampled at different sample times. For example, the ambient saraple may be
stored by charging or discharging a first capacttor during a first sample time, and the flash
sample may be stored by charging or discharging a second capacitor during a second sample
tirne, where the first capacitor and the second capacitor roay be substantially identical and
charged or discharged at a substantially identical rate for 3 given photodiode current. The
second sample time may be contemporaneously, or near conternporancously, with a
conclusion of the first sample time, such that the second capacitor may be charged or

discharged after the charging or discharging of the first capacitor has completed.

{6357} In another embodiment, the ambient sample may be different than the flash
sample due to, at least partially, different storage characteristics. For exaraple, the ambient
sample may be stored by charging or discharging a first capacitor for a period of time, and the
flash sample may be stored by charging or discharging a second capacitor for the same period
of tirne, where the first capacitor and the second capacitor may have different storage
characteristics and/or be charged or discharged at different rates. More specitically, the first

capacitor may have a difforent capacitance than the second capacitor,

3038} In another crubodiment, the ambient sarople may be ditferent than the flash
sample due to a flash or strobe illumination that occurs during the second exposure time, and
that provides different illumination characteristics than the ambient illumination of the first
exposure time. For example, the ambient sample may be stored by charging or discharging a
first capacitor for a period of time of ambient tHurination, and the flash sample may be
stored by charging or discharging a second capacitor for a periad of time of flash
iHumination. Due to the differences in iHlumination between the first exposure time and the
second exposure time, the second capacitor may be charged or discharged faster than the first
capacitor due to the increased light intensity associated with the flash iilumination of the

second exposure time,
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33591 Additionally, as shown at operation 286, after storage of the ambient sample and
the flash sample, a first valoe is output based oun the ambient sample, and a second vahie is
output based on the flash sarople, for generating at least one image. In the context of one
cembodiment, the first value and the second value are transmitted or output in sequence. For
example, the first value may be transmitted prior to the second value. In another

embodiment, the first value and the second value may be transmitted in paralicl.

| B3606] In one embodiment, each output value may comprise an analog vahie. For
example, each cutput value may imchide a current representative of the associated stored
sample, such as an ambicnt sample or a flash sample. More specifically, the first value may
include a current value representative of the stored ambient sample, and the second value
may inchide a current value representative of the stored flash sample. In one embodiment,
the first value is output for inclusion in an ambient analog signal, and the second value is
output for inchusion in a flash analog signal ditfercnt than the ambient analog signal. Further,
each value may be ocutput in a manner such that it is combined with other values output based
on other stored samples, where the other stored samples are stored responsive to other
clectrical signals received from other photodiodes of an image sensor. For example, the first
value may be combined in an arabient analog signal with values output based on other
ambient samples, where the other ambient samples were stored based on electrical signals
received from photodiodes that neighbor the photodiode from which the electrical signal
utilized for storing the ambient sample was received. Similarly, the secound value may be
combined in a flash analog signal with values output based on other flash samples, where the
other flash samples were stored based on electrical signals received from the same
photodiodes that neighbor the photodiode from which the clectrical signal utilized for storing

the flash sample was received.

186611 Finally, at operation 288, at least one of the first value and the second value are
amaplified utilizing two or more gains. In one embodiment, where cach output value
comprises an analog value, amplifying at least one of the first value and the second value
may result in at least two amplified analog values. In another embodiment, where the first
value is output for inclusion in an ambicnt analog sigual, and the second value s output for
inclusion in a flash analog signal different than the ambient analog signal, one of the ambicnt
analog signal or the flash analog signal may be amplified utilizing two or more gains cach.
For example, an ambient analog signal that inchides the first value may be amplified with a
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first gain and a second gain, such that the first value is amplified with the first gain and the
second gain. Amplifying the ambient analog signal with the first gain roay result in a fivst
amplified ambient analog signal, and aroplifying the ambient analog sigoal with the second
gain may result in a second amplified ambient analog signal. Of course, more than two
analog signals may be amplified using two or more gains. In one embodiment, sach

amplified analog signal roay be converted to a digital signal coroprising a digital image.

6621 To this end, an array of photodiodes may be utilized t0 generate an ambient
analog signal based on a set of ambient samples captured at a first exposure time or sample
tirne and dlumivated with ambient light, and a flash analog signal based on a set of flash
samples captured at a second exposure time or sample time and illominated with flash or
strobe illumination, where the set of ambient samples and the set of flash samples may be two
different sets of samples of the same photographic scene. Further, each analog signal wmay
mclude an analog value generated based on each photodiode of cach pixel of an image
sensor. Bach analog value may be representative of a light intensity measured at the
photodiode associated with the analog valae. Accordingly, an analog signal may be a set of
spatially discrete intensity samples, each represented by continuous analog values, and analog
pixel data may be analog signal valucs associated with one or more given pixels. Sall
further, each analog signal may undergo subsequent processing, such as amplification, which
may facilitate conversion of the analog signal into one or more digital signals, cach incloding

digital pixel data, which may cach coroprise a digital image.

8063} The embodiments disclosed herein may advantageously enable a camera module
to sample images comprising an image stack with lower {e.g. at or near zero, ¢ic. ) inter-
sample time {c.g. interframe, ctc.) than conventional techniques. In certain embodinents,
images comprising an analog image stack or a flash image stack are effectively sampled or
captured simultanecusly, or near simultancously, which may reduce inter-sample time to
zero. {o other embodiments, the camera module may sarople irnages in coordination with the
strobe unit to reduce inter-sample tirae between an image sampled without strobe

illurnination and an image sampled with strobe illumination.

18864} More illustrative information will now be set forth regarding various optional
architectures and uses in which the foregoing method may or may not be implemented, per
the desires of the user. It should be strongly noted that the following information is set forth
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for illustrative purposes and should not be construed as limiting in any manner. Any of the
following features may be optionally incorporated with or without the exclusion of other

features described.

16665] Figure 3A illustrates a digital photographic system 388, in accordance with one
embodiment. As an option, the digital photographic systern 368 may be implemented 1o the
context of the details of any of the Figures disclosed herein. Of course, however, the digital
photographic system 308 may be implemented in any desired environment. Further, the

aforementioned definitions may equally apply to the description below,

(6866} As shown, the digital photographic system 308 may include a processor complex
318 coupled to a camera module 338 via an interconnect 334, In one embodiment, the
processor complex 310 is coupled to a strobe untt 336. The digital photographic system 364
may also include, without limitation, a display unit 312, a set of input/output devices 314,
non-volatile memory 316, volatile memory 31§, a wircless unit 348, and sensor devices 342,
each coupled to the processor complex 318, In one embodiment, a power managerent
subsystem 328 is configured to generate appropriate power supply voltages for cach clectrical
load element within the digital photographic system 388, A battery 322 may be configured to
supply electrical energy to the power management subsystem 328, The battery 322 may
iroplement any technically feasible cnergy storage system, including primary or rechargeable
hattery technologies. Of course, in other embodiments, additional or foewer features, units,

devices, sensors, or sebsystems may be included in the system.

[8067] In one embodiment, a strobe unit 336 may be integrated into the digital
photographic system 308 and configured to provide strobe tlumination 356 during an image
sample event performed by the digital photographic system 388, In another embodiment, a
strobe unit 336 may be implemented as an independent device from the digital photographic
systern 300 and configured to provide strobe illumination 358 during an image sample event
performed by the digital photographic system 308, The strobe unit 336 may comprise one or
more LED devices, a gas-discharge Hluminator {e.g. a Xenon strobe device, a Xenon flash
tamap, eic.), or any other technically feasible illumination device. In certain embodiments,
two or more strobe units are configured to synchronously generate strobe illumination in

conjunction with sampling an image. In one embodiment, the strobe anit 336 is controlled
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through a strobe control signal 338 to cither emit the strobe illumination 358 or not emit the
strobe tHumination 358, The strobe control signal 338 may be implemented using any
technically feasible signal transmission protocol. The strobe control signal 338 may indicate
a strobe parameter {©.g. strobe intensity, strobe color, strobe time, etc.), for directing the
strobe unit 336 to generate a specified mtensity and/or color of the strobe llumination 3586
The strobe control signal 338 may be generated by the processor complex 318, the camera
module 338, or by any other technically feasible combination thereof, In one embodiment,
the strobe control signal 338 is generated by a camera interface unit within the processor
complex 318 and transmitted to both the strobe unit 336 and the camera module 338 via the
mterconnect 334, In another embodiment, the strobe control signal 338 is generated by the

camera module 338 and transmitted to the strobe unit 336 via the interconnect 334,

[6863] Optical scene information 352, which may inclade at least a portion of the strobe
tlumination 350 refiected from objects in the photographic scene, is focused as an optical
image onto an image sensor 332 within the camera module 338, The image sensor 332
generates an electronic representation of the optical image. The electronic representation
comprises spatial color intensity information, which may include different color intensity
samples {e.g. red, green, and blue light, ctc.}. In other embodiments, the spatial color
intensity information may also include samples for white light. The electronic representation
is transmitted to the processor complex 318 via the interconnect 334, which may iroplement

any tochnically teasible signal transmission protocol,

[8869] In one embodiment, input/ouiput devices 314 may include, withowt Himitation, 8
capacitive touch input surface, a resistive tablet input surface, one or more buttons, one or
more knobs, light-cmitting devices, light detecting devices, sound emitting devices, sound
detecting devices, or any other technically feasible device for recetving user input and
converting the input to electrical signals, or converting electrical signals into a physical
signal. In one embodiment, the joput/output devices 314 include a capacitive touch input
surface coupled to a display unit 312, A touch entry display system may include the display

unit 312 and a capacitive touch input surface, also coupled to processor complex 318,

[6878] Additionally, in other embodiments, non-volatile (NV) memory 316 is configured
to store data when power 1s interrupted. In one embodiment, the NV memory 316 comprises
one or more flash memory devices (e.g. ROM, PCM, FeRAM, FRAM, PRAM, MRAM,
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NRAM, ete.). The NV memory 316 comprises a non-transitory computer-readable medium,
which may be configured to inchide programming instructions for execution by one or more
processing units within the processor coraplex 310, The programuning instructions may
implement, without limitation, an operating system (O8), Ul software modules, image
processing and storage software modules, one or more input/output devices 314 connected to
the processor complex 318, one or more software modules for sampling an image stack
through camera module 330, one or more software moduies for presenting the image stack or
one or more synthetic images generated from the image stack through the display unit 312.
As an example, in one embodiment, the prograroming instructions muay also implement one
or ruore software modules for ruerging images or portions of tmages within the image stack,
aligning at feast portions of cach image within the image stack, or a combination thereof. In
another embodiment, the processor complex 318 may be configured to execute the
programming instructions, which may implersent one or more software modules operable to

create a high dynamic range (HDR) image.

(6671} Still yet, in one embodiment, one or more memory devices comprising the NV
mernory 316 may be packaged as a module contigured to be jostalled or removed by 4 user.
In one embodiment, volatile memory 318 comprises dynamic random 8ccess memory
{DRAM) configured to temporarily store programming instructions, image data such as data
associated with an 1mage stack, and the like, accessed during the course of normal operation
of the digital photographic systern 306, Of course, the volatile racmory roay be used 1o any
manner and in association with any other input/output device 314 or sensor device 342

attached to the process complex 316,

[6672] In one embodiment, sensor devices 342 may include, without limitation, one or
more of an accelerometer to detect motion and/or orientation, an electronic gyroscope o
detect motion and/or orientation, a magnetic flux detector to detect orientation, a global
positioning systera (GPS) module to detect geographic position, or any combination thercof,
Of course, other sensors, inchuding but not limited to a motion detection sensor, a proximity
sensor, an RGB light sensor, a gesture sensor, a 3-D input image Sensor, a Pressure Sensor,
and an indoor position sensor, roay be integrated as sensor devices. In one embodiment, the

sensor devices may be one example of input/output devices 314,
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18873} Wireless unit 34§ may include one or more digital radios configured to send and
receive digital data. Tn particular, the wireless anit 348 may wmpleroent wireless standards
(c.g. WiFi, Bluetooth, NFC, etc.), and may implement digital cellular telephony standards for
data communication {e.g. CDMA, 3G, 4G, LTE, LTE-Advanced, etc.). Of course, any

wireless standard or digital cellular telephony standards may be used.

18674} In one embodiment, the digital photographic system 388 is configured to trapnsmit
one or more digital photographs to a network-based (online) or “cloud-based” photographic
media service via the wiveless unit 348. The one or more digital photographs may reside
within either the NV meraory 316 or the volatile memory 318, or any other roemory device
associated with the processor complex 318, In one embodiment, a user may possess
credentials o access an online photographic media service and to transmit one or more digital
photographs for storage to, retrieval from, and presentation by the online photographic media
service. The credentials may be stored or generated within the digital photographic system
388 prior to transmission of the digital photographs. The online photographic media service
may comprise a social networking service, photograph sharing service, or any other network-
based service that provides storage of digital photographs, processing of digttal photographs,
transmission of digital photographs, sharing of digital photographs, or any combination
thereof. In certain embodiments, one or more digital photographs are generated by the online
photographic media service based on image data {(e.g. image stack, HDR image stack, image
package, eic.) transmitted to servers associated with the online photographic media service.
In such embodiments, a user may upload one or more source images from the digital

photographic systermn 388 for processing by the online photographic media service.

(6875} in one embodiment, the digital photographic system 388 comprises at least one
instance of a camera mwodule 330, In another embodiment, the digital photographic system
388 comprises a plurality of carnera roodules 338, Such an embodiment roay also include at
feast one strobe unit 336 configured to illuminate a photographic scene, sampled as multiple
views by the plurality of camera modules 338, The phurality of camera modules 338 may be
configured to sample a wide angle view {e.g., greater than forty-five degrees of sweep among
caraeras) to generate a panorarnic photograph., In one embodiment, a plurality of camera
maodules 330 may be configured to sample two or more narrow angle views {¢.g., lesg than

forty-five degrees of sweep among cameras) to generate a stereoscopic photograph. To other
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embodiments, a plurality of camera modules 338 may be configured to generate a 3-D image
or to otherwise display a depth perspective (e.g. a z-component, efc.) as shown on the display

unit 312 or any other display device.

(6876} In one embodiment, a display unit 312 may be configured to display a two-
dimensional array of pixels to form an image for display. The display unit 312 may comprise
a liquid-crystal (LCD) display, a light-emitting diode (LED) display, an organic LED display,
or any other technically feasible type of display. In certain embodiments, the display unit
312 may be able to display a narrower dynamic range of image intensity values thana
complete range of intensity values sampled from a photographic scene, such as within a
single HDR image or over 2 st of two or more images comprising a multipie exposure or
HDR image stack. In one embodiment, images comprising an image stack may be merged
according to any technically feasible HDR blending technique to generate a synthetic image
for display within dynamic range constraints of the display unit 312. In one embodiment, the
fimited dynamic range may specity an cight-bit per color channel binary representation of
corresponding color intensities. Tn other embodiments, the himited dynamic range may
specify more than eight-bits {e.g., 10 bits, 12 bits, or 14 bitg, ete.) per color channel binary

representation.

16677} Figure 3B llustrates a processor complex 318 within the digital photographic
systern 300 of Figure 3A, in accordance with one embodiment. As an option, the processor
complex 316 may be implemented in the context of the details of any of the Figures disclosed
herein. Of course, however, the processor complex 318 may be implemented in any desired
environment. Further, the aforementioned definitions may equally apply to the description

below.

18678} As shown, the processor complex 318 includes a processor subsystem 368 and
may include a mermory subsystem 362, In one ernbodiroent, processor complex 318 may
commprise a system on a chip (8oC) device that implements processor subsystem 368, and
memory subsystem 362 comprises one or more BRAM devices coupled to the processor
subsystem 368, In another ernbodiraent, the processor coraplex 310 may comprise a roulti-
chip module (MCM) encapsulating the So device and the one or more DRAM devices

comprising the memory subsystem 362.
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166879 The processor subsysiem 368 may inciude, without Hmitation, one or morve central
processing unit (CPU) cores 378, a memory interface 380, input/output interfaces unit 384,
and a display mnterface unit 382, cach coupled to an interconnect 374, The one or more CPU
cores 378 may be configured to execute instructions residing within the memory subsystem
362, volatile memory 318, NV memory 316, or any combination thereof. Fach of the one or
more CPU cores 378 may be configured o retrieve and store data through nterconnect 374
and the memory interface 386, In one embodiment, cach of the one or more CPU cores 376
may include a data cache, and an instruction cache. Additionally, two or more of the CPU
cores 378 moay share a data cache, an mstruction cache, or any combination thereof. In one
embodiment, a cache hicrarchy is implemented to provide each CPU core 378 with a private

cache layer, and a shared cache layer.

{6888} In some embodiments, processor subsystem 366 may include one or more
graphics processing unit (GPU) cores 372. Each GPU core 372 may comprise a plurality of
multi-threaded execution units that roay be programmed to implement, without lirnitation,
graphics acceleration functions. In various embodiments, the GPU cores 372 may be
configured to execute multiple thread programs according to well-known standards (e.g.
OpenGL™, WebGL™, OpenCL™, CUDA™, etc.), and/or any other programmable
rendering graphic standard. In certain embodiments, at least one GPU core 372 tnpleroents
at least a portion of a motion estimation function, such as a well-known Harris detector ora
well-known Hessian-Laplace detector. Such a motion estimation function may be used at
least in part to align images or portions of images within an tmage stack. For example, in one
embodiment, an HDR image may be compiled based on an image stack, where two or more

images are first aligned prior to compiling the HDR image.

381 As shown, the interconnect 374 is configured to transmit data between and among
the memory interface 380, the display interface anit 382, the input/output interfaces unit 384,
the CPU cores 378, and the GPU cores 372, In various embodiments, the interconnect 374
may iraplement one or more buses, one or more rings, a cross-bar, a mesh, or any other
technically feasible data transmission structure or technique. The memory interface 380 is
configured to couple the memory subsystem 362 to the interconnect 374, The memory
mterface 380 may also couple NV memory 316, volatile memory 318, or any combination
thereof to the interconnect 374, The display interface unit 382 may be configured to couple a

display anit 312 to the interconnect 374, The display interface unit 382 may implement
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certain frame buffer functions (e.g. frame refresh, etc.). Alternatively, in another
embodiment, the display unit 312 may implement certain frame bufter functions {e.g. frame
refresh, ete.). The input/output interfaces unit 384 may be configured to couple various

imput/output devices to the interconnect 374.

8082} In certain embodiments, a camera module 338 is configured to store exposure
parameters for sampling each image assoctated with an image stack. For example, in one
emnbodiment, when directed to saraple a photographic scene, the camera module 330 may
sample a sot of images comprising the image stack according to stored exposure parameters.
A software module comprising programming instructions executing within a processor
complex 318 may generate and store the exposure parameters prior to divecting the camera
module 336 to sarople the image stack., In other embodiments, the camera moduie 330 may
be used to meter an image or an image stack, and the software module comprising
programming instructions executing within a processor complex 318 may generate and store
metering parameters prior to directing the carsera module 336 to capture the image. OF
course, the camera module 338 may be used in any manner in combination with the processor

complex 318.

0831 In one embodiment, exposure parameters associated with images comprising the
image stack may be stored within an exposure parameter data structare that inclades exposare
parameters for one or more images. In another embodiment, a camera interface unit (not
shown in Fig. 3B) within the processor complex 318 may be configured to read exposure
parameters from the exposure parameter data structure and to transmit associated exposure
paramcters to the camera module 338 1o preparation of sampling a photographic scene. After
the camera module 338 is configured according to the exposure parameters, the camera
interface may direct the camera module 330 to sample the photographic scene; the camera
moduole 338 may then generate a corresponding image stack. The exposure parameter data
structure may be stored within the camera interface unit, a roemory circuit within the
processor conplex 318, volatile memory 318, NV memory 316, the camera module 336, or
within any other technically feasible memory circuit. Farther, in another embodiment, a
software modale executing within processor complex 318 may generate and store the

exposure parameter data structure.

13084] Figure 3C illustrates a digital camera 382, in accordance with one embodiment,

As an option, the digital camera 382 may be implemented in the context of the details of any
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of the Figures disclosed herein. Of course, however, the digital camera 382 may be
implemented in any desired environment. Further, the sforementioned definitions may

equally apply to the description below,

[6ORS] in one embodiment, the digital camera 382 may be configured to inchude a digital
photographic system, sach as digital photographic system 380 of Figure 3A. As shown, the
digital camera 382 inchudes a camera module 338, which may include optical clements
configured to focus optical scene information representing a photographic scene onto an
tmage sensor, which may be contigured to convert the optical scene information to an

clectronic representation of the photographic scene.

{6086} Additionally, the digital camera 382 may include a strobe unit 336, and may
imchide a shutter release button 313 for triggering a photographic sample event, whereby
digital camera 382 samples one or more images comprising the electronic representation. fn
other embodiments, any other technically feasible shutter release mechanism may trigger the

hotographic sample event {e.g. such as a timer trigger or remote control irigger, etc.).
2 58 BECT, .

[B887] Figure 30 illustrates a wireless mobile device 376, in accordance with one
embodiment. As an option, the mobile device 376 may be implernented in the context of the
details of any of the Figures disclosed herein. Of course, however, the mobile device 376
may be implemented in any desired environment. Further, the aforementioned definitions

may equally apply to the deseription below.

16088] Tu one embodiment, the raobile device 376 roay be configured to include a digital
photographic system (e.g. such as digital photographic system 308 of Figure 3A), which is
configured to sample a photographic scene. In various embodiments, a camera module 338
may include optical elements contigured to focus optical scene information representing the
photographic scene outo an image sensor, which may be contigured to convert the optical
sceng information to an clectronic representation of the photographic scene. Further, a
shutter release command may be generated through any technically feasible mechanism, such
as a virtual button, which may be activated by a touch gesture on a touch entry display system
comprising display unit 312, or g physical button, which may be located on any face or

surface of the mobile device 376. Of course, in other embodiments, any number of other
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buttons, external inputs/outputs, or digital inputs/outputs may be included on the mobile

device 376, and which may be used in conjonction with the camera module 338,

60389} As shown, in one erubodiment, a touch entry display system coroprising display
unit 312 15 disposed on the opposite side of mobile device 376 from camera module 336, In
certain embodiments, the mobile device 376 includes a user-facing camera module 331 and
may include 8 user-facing strobe unit (not shown). Of course, in other embodiments, the
mobile device 376 may include any number of user-facing camera modules or rear-facing

camera modules, as well as any number of user-facing strobe units or rear-facing strobe units.

130906] In some embodiments, the digital camera 382 and the mobile device 376 may each
generate and store a synthetic tmage based on an image stack sampled by camera module
338, The image stack may include one or more irmmages sampled under ambient lighting
conditions, one or more images sampled under strobe ithumination from strobe unit 336, ora

combination thereotf

16891 Figure 3F llustrates camera module 338, in accordance with one embodiment.

As an option, the camera module 330 may be traplemented in the context of the details of any
of the Figures disclosed herein. Of course, however, the camera module 336 may be
implemented in any desired environment. Further, the sforementioned definitions may

equally apply to the description below,

(6682} in one embodiment, the camera module 338 may be configured o control strobe
unit 336 through strobe conirol sigual 338, As shown, a lens 390 1s configured to focus
optical scene information 352 onto image sensor 332 to be sampled. In one embodiment,
image sensor 332 advantageously controls detailed timing of the strobe unit 336 though the
strobe control signal 338 to reduce nter-sample time between an image sampled with the
strobe unit 336 enabled, and an image sampled with the strobe unit 336 disabled. For
example, the image sensor 332 may enable the strobe unit 336 to omit strobe Ulumination 358
less than one microsecond (or any desired length) after image sensor 332 completes an
exposure time assoctated with sampling an ambient image and prior to sampling a strobe

tmage.

b
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j3893] In other embodiments, the strobe tlluomination 358 may be configured based on a
destred one or more target points. For example, in one embodiment, the strobe iHumination
358 roay light up an object 1o the foreground, and depending on the length of exposure time,
may also light up an object in the background of the image. In onc embodiment, once the
strobe unit 336 is enabled, the image sensor 332 may then immediately begin exposing a
strobe image. The image sensor 332 may thas be able to divectly control sampling
operations, including enabling and disabling the strobe unit 336 associated with generating an
image stack, which may comprise at least one image sampled with the strobe unit 336
disabled, and at least one imnage sarnpled with the strobe unit 336 either enabled or disabled.
Tu one embodiment, data comprising the iroage stack sampled by the image sensor 332 s
transmitied via interconnect 334 to a camera interface unit 386 within processor complex
318. In some embodiments, the camera module 338 may include an image sensor controller,
which may be configured to generate the strobe control signal 338 in conjunction with

controliing operation of the irnage sensor 332

3894} Figure 3F ilhustrates a camera module 338, in accordance with one embodiment.
As an option, the camera module 330 may be implemented in the context of the details of any
of the Figures disciosed herein. Of course, however, the camera module 330 may be
implemented in any desired environment. Further, the aforementioned definitions may

equally apply to the descrption below,

13695} In one embodiment, the camera module 338 may be configured to sample an
tmage based on state information for strobe unit 336, The state information may inchide,
without imitation, one or more strobe pararmeters (e.g. strobe intensity, strobe color, strobe
tirne, ete.), tor directing the strobe unit 336 to gencrate a specified intensity and/or color of
the strobe Hlumination 358, In one embodiment, commands for configuring the state
mformation associated with the strobe unit 336 may be transmitted through a strobe control
signal 338, which may be roonitored by the camera roodule 338 to detect when the strobe unit
336 is enabled. For example, in one embodiment, the camera module 338 may detect when
the strobe vnit 336 is enabled or disabled within a microsecond or less of the strobe unit 336
being enabled or disabled by the strobe control signal 338, To sarple an ireage requiring
strobe illumination, a camera interface unit 386 may enable the strobe unit 336 by sending an
enable command through the strobe control signal 338. In one embodiment, the camera
iterface unit 386 may be included as an interface of input/output interfaces 38d ina
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processor subsystermn 368 of the processor complex 318 of Figure 3B. The enable command
may cornprise a signal level transition, a data packet, a register write, or any other technically
feasible transroission of a command. The camera module 338 may scose that the strobe unit
336 is enabled and then cause image sensor 332 to sample one or more images requiring
strobe illumination while the strobe unit 336 is enabled. In such an implementation, the image
sensor 332 may be configured to wait for an enable signal destined for the strobe unit 336 as

a trigger signal to begin sampling a new ¢xposure.

60396} In one embodiment, camera interface unit 386 may transiit exposure parameters
and comumands to caroera module 338 through mterconnect 334, In certain embodiments, the
camera interface unit 386 may be configured to directly control strobe unit 336 by
transmitting control commands to the strobe unit 336 through strobe control signai 338. By
directly controlling both the camera module 338 and the strobe unit 336, the camera interface
unit 386 may cause the camera module 330 and the strobe unit 336 to perform their
respective operations in precise time synchronization. In one embodiment, precise time
synchronization may be less than five hundred microseconds of event timing error.
Additionally, event tirning error may be a difference in time from an intended event

occurrence to the time of a corresponding actual event occurrence.

(38971 In another embodiment, camera interface unit 386 may be configured {0
accunmulate statistics while recetving image data from camera module 338. In particular, the
camera nterface unit 386 may accumulate exposure statistics for a given image while
receiving mage data for the image through interconnect 334, Exposure statistics may
include, without limitation, one or more of an intensity histogram, a count of over-exposed
pixels, a count of under-exposed pixels, an intensity-weighted sum of pixel intensity, or any
combination thercof. The camera mterface unit 386 may present the exposure statistics as
memory-napped storage locations within a physical or virtual address space defined by a
processor, such as one or more of UPU coves 378, within processor complex 318, In ong
embodiment, exposure statistics reside in storage circuits that are mapped into a memory-
mapped register space, which may be accessed through the inferconnect 334, In other
embodiments, the exposure statistics are transmitted in conjunction with transmitting pixel
data for a captured image. For example, the exposure statistics for a given image may be

transmitted as ju-line data, following transmission of pixel intensity data for the captured
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image. Exposure statistics may be calculated, stored, or cached within the camera interface

unit 386.

3098} In one embodiment, camera interface unit 386 may accumualate color statistics for
estimnating scene white-balance. Any technically feasible color statistics may be accurnulated
for estimating white balance, such as a sum of intensitics for different color channels
comprising red, green, and blue color channels. The sum of color channel intensities may
then be used to perform a white-balance color correction on an associated image, according
to a white-balance model such as a gray-world white-balance model. In other embodiments,
curve-fitting statistics are accumulated for a linear or a quadratic curve fit used for

implementing white-balaunce correction on an image.

6399} In one embodiment, camera interface unit 386 may accumualate spatial color
statistics for performing color-matching between or amoung images, such as between or
among an ambicnt image and one or more tmages sampled with strobe llumination. As with
the exposure statistics, the color statistics may be presented as memory-mapped storage
locations within processor complex 310, In one embodiment, the color statistics are mapped
i a8 memory-mapped register space, which may be accessed through interconnect 334, within
processor subsystem 368, In other embodiments, the color statistics may be transmitted in
conjunction with transmitting pixel data for a captured image. For example, in one
embodiment, the color statistics for a given 1mage may be transmitted as in-line data,
following transmission of pixel intensity data for the image. Color statistics may be

calculated, siored, or cached within the camera interface 386.

186188]  Iu one embodiment, camera modale 338 may transmit strobe control signal 338 to
strobe unit 336, enabling the strobe unit 336 to generate illursination while the camera
module 330 s sampling an image. In another embodiment, camera module 338 may sample
an image illuminated by strobe unit 336 upon receiving an indication signal from camera
mnterface unit 386 that the strobe unit 336 is enabled. In vet another embodiment, camera
module 330 may sample an image lluminated by strobe unit 336 upon detecting strobe
ilfumination within a photographic scene via a rapid rise in scene illumination. In one
embodiment, a rapid rise in scene llumination may include at least a rate of inereasing
intensity consistent with that of enabling strobe unit 336, n still yet another erobodiment,
camera module 336 may cnable strobe unit 336 to generate strobe tlumination while

sampling one tmage, and disable the strobe unit 336 while sampling a different image.
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[60163]  Figure 3G ilhustraies camera module 338, in accordance with one embodiment. As
an option, the camera module 338 may be implemented in the context of the details of any of
the Figures disclosed herein. Of course, however, the camera module 338 may be
implemented in any desired environment. Further, the aforementioned definitions may

equally apply to the description below,

1861621 In one embodiment, the camera module 338 may be in commmunication with an
application processor 335, The camers module 33¢ is shown to include image sensor 332 m
conymunication with a controller 333, Further, the controller 333 is shown 1o be in

communication with the application processor 335,

1861031  Iu one embodiment, the application processor 3358 may reside outside of the
camera module 336, As shown, the lens 380 may be configured to focus optical scence
information onto image sensor 332 to be sampled. The optical scene information sampled by
the image sensor 332 may then be communicated from the image sensor 332 to the controller
333 for at least one of subsequent processing and conmununication to the application processor
335, In another embodiment, the controlier 333 may control storage of the optical scene
mformation sampled by the image sensor 332, or storage of processed optical scene

information.

1866104]  [n another embodiment, the controller 333 may enable 8 strobe unit to emit strobe
tHumination for a short tirve duration {(e.g. less than one microsecond, ete.) after immage sensor
332 completes an exposure time associated with sampling an ambient image. Further, the
controlicr 333 may be configured o generate strobe control signal 338 in conjunction with

controliing operation of the image sensor 332

1861051  Iuv one embodiment, the image sensor 332 may be a coraplementary metal oxide
semiconductor (CMOS) sensor or a charge-coupled device (CCD) sensor. in another
embodiment, the controller 333 and the tmage sensor 332 may be packaged together as an
mtegrated system or integrated crcuit. In yet another erobodiment, the condroller 333 and the
image scnsor 332 may comprise discrete packages. In one embodiment, the controller 333
may provide circuitry for receiving optical scene information from the image sensor 332,

processing of the optical scene information, timing of various functionalities, aud signaling

)
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associated with the application processor 333, Further, in another embodiment, the controlier
333 may provide circuitry for control of one or more of exposure, shuttering, white balance,
and gain adjustment. Processing of the optical scene information by the circuitry of the
controlicr 333 may include one or more of gain application, amplification, and analog-to-
digital conversion. After processing the optical scene information, the controller 333 may

transmit corresponding digital pixel data, such as to the application processor 335,

[B88186]  In one embodiment, the application processor 335 may be implemented on
processor complex 310 and at least one of volatile memory 318 and NV memory 316, or any
other memory device and/or system. The application processor 338 may be previously
configured for processing of received optical scene information or digital pixel data

communicated from the camera moduie 338 to the application processor 335

1861071 Figure 4 illustrates a network service systern 408, in accordance with one
embodiment. As an option, the network service system 408 may be implemented in the
context of the details of any of the Figures disclosed herein. Of course, however, the network
service system 408 roay be implernented in any desired environment. Further, the

atorementioned definitions may equally apply to the description below.,

186108]  Iu one embodiment, the network service system 488 may be configured to provide
network access to a device vuplementing a digital photographic system. As shown, network
service system 460 includes a wireless mobile device 376, a wircless access point 472, a data
network 474, data center 488, and a data center 481, The wireless mobile device 376 may
commmunicate with the wireless access point 472 via a digital radio link 471 1o send and
cceive digital data, including data associated with digital images. The wireless mobile
device 376 and the wireless access point 472 may implement any technically feasible
transmission technigues for transmitting digital data via digital a radio link 471 without
departing the scope and spirit of the present invention. In certain embodiments, one or raore
of data centers 480, 481 may be implemented using virtual constructs so that each systen: and
subsystem within a given data center 484, 481 may comprise virtual machines configared to
perforra specified data processing and network tasks. To other tmplersentations, one ot more

of data centers 488, 481 may be physically distributed over a plurality of physical sites.

b
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188169  The wireless mobile device 376 may comprise a smart phone configured to
mnclude a digital camera, a digital camera configured to inchude wireless network
connectivity, a reality asugmentation device, a laptop configured to include a digital camera
and wireless network connectivity, or any other technically feasible computing device

configured to inciude a digital photographic system and wireless network connectivity.

186116 In various embodiments, the wircless access point 472 may be configured to
communicate with wireless mobile device 376 via the digital radio link 471 and to
communicate with the data network 474 via any technically feasible transmission media, such
as any clectrical, optical, or radio transrotssion media. For example, in one embodiment,
wircless access point 472 may coramunicate with data network 474 through an optical fiber
coupled to the wireless access point 472 and to a router system or a switch system within the
data network 474, A network link 475, such as a wide area network (WAN) link, may be

configured to transmit data between the data network 474 and the data conter 480,

(86111} In one embodiment, the data network 474 may include routers, switches, long-
haul transmuission systoms, provisioning systems, authorization systems, and any techunically
feasible combination of communications and operations subsysteras configured to convey
data between network endpoints, such as between the wireless access point 472 and the data
center 480, In one vmplernentation, a wireless the mobile device 376 may comprise one of a
phurality of wircless mobile devices configured to communicate with the data center 488 via

one or more wireless access points coupled to the data network 474,

(66112}  Additionally, in various embodiments, the data center 488 may include, without
limitation, a switch/router 482 and at least one data service system 484, The switch/router
482 may be configured to forward data traffic between and among a network link 478, and
cach data service system 484, The switch/router 482 may implement any technically feasible
transmission techniques, such as Ethernet media layer transroission, layer 2 switching, layer 3
routing, and the like. The switch/router 482 may comprise one or more individual systeras

configured to transmit data between the data service systems 484 and the data network 474,

(86113} In onc embodiment, the switch/router 482 may implement session-level load
balancing among a plurality of data service systems 484. Fach data service system 484 may
mchide at feast one computation system 488 and may also inclode one or more storage
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systems 486. Each computation system 488 may comprise one or more processing units,
such as a central processing unit, a graphics processing unit, or any combination thereof. A
given data service system 484 may be roplemented as a physical system comprising one or
more physically distinct systems configured to operate together, Alternatively, 2 given data
service system 484 may be implemented as a virtual system comprising one or more virtual
systerus executing on an arbitrary physical system. In certain scenarios, the data network 474
may be configured to transmit data between the data center 488 and another data center 481,

such as through a network link 476.

[80114]  In another embodiment, the network service systom 480 may inchude any
networked mobile devices configured o implement one or more embodiments of the present
mvention. For example, in some embodiments, a peer-to-peer network, such as an ad-hoc
wireless network, may be established between two different wireless mobile devices. In such
embodiments, digital image data may be transmitted between the two wircless mobile devices

without having to send the digital image data to a data center 480,

[80115]  Figure 5A illustrates a system for capturing optical scene information for
conversion o an electronic representation of a photographic scene, in accordance with one
embodiment. As an option, the system of Figure SA may be implemented in the context of
the details of any of the Figures. Of course, however, the system of Figure SA may be
iraplemented in any desired enviromwment, Farther, the aforeraentioned definitions ray

equally apply to the description below.

[80116]  As shown in Figure 84A, a pixel array 314 is in communication with row logic S12
and a column read out circuit 528, Further, the row logic 512 and the column read out circuit
528 are both 1 commmunication with a control unit 514, Suill further, the pixel array 518 1s

shown to include a plurality of pixels 348, where cach pixel 348 may include four cells, celis
542-845  In the context of the present description, the pixel array 516 may be included in an

image sensor, such as image sensor 132 or image sensor 332 of camera module 336,

(801171 As shown, the pixel array 518 includes a 2-dimensional array of the pixcels 540,
For example, in one embodiment, the pixel array 510 may be built to comprise 4,000 pixels

548 in a first dimension, and 3,000 pixels 548 in a second dimension, for a total of

(%)
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12,000,000 pixels 548 in the pixel array 518, which may be referred to as a 12 megapixel
pixel array. Further, as noted above, each pixel 548 is shown to include four cells 542-545.
Tu one embodiment, cell 542 may be associated with (e.g. selectively sensitive to, ote.) a first
color of light, cell 343 may be associated with a second color of light, cell 844 may be
associated with a third color of light, and cell 545 may be associated with a fourth color of
hight. In one embodiment, each of the first color of hight, second color of light, third color of
fight, and fourth color of light are different colors of light, such that cach of the colls 842-545
may be associated with different colors of light. In another embodiment, at least two cells of
the cells 542-545 may be associated with a same color of light. For example, the cell 843 and

the cell 544 may he associated with the same color of light.

186118] Further, cach of the cells 542-545 may be capable of storing an analog value. In
one embodiment, each of the cells 542-545 may be associated with & capacitor for storing a
charge that corresponds to an accunulated exposure during an exposure time. In such an
embodiment, asserting a row select signal to circuitry of a given cell may cause the cell to
perform a read operation, which may inclode, without limitation, generating and transmitting
a current that is a function of the stored charge of the capacitor associated with the cell, In
one embodiment, prior to a readout operation, current received at the capacitor from an
associated photodiode may cause the capacitor, which has been previously charged, to
discharge at a rate that is proportional to an incident hight intensity detected at the photodiode.
The remaining charge of the capacitor of the cell may then be read using the row select
signal, where the current transmitted from the cell is an analog value that reflects the
remaining charge on the capacitor. To this end, an analog value received from a cell during a
cadout operation may reflect an accumulated intensity of light detected at a photodiode. The
charge stored on a given capacitor, as well as any corresponding representations of the
charge, such as the transmitted current, may be referred to herein as analog pixel data. Of
course, analog pixel data may include a set of spatially discrete futensity samples, each

represented by continuous analog vahues.

1B6E19]  Still further, the row logic 512 and the column read out circuit 528 may work in
concert under the control of the control unit 514 1o read a plurality of cells 542-345 of a
phurality of pixels 348, For example, the control unit 514 may cause the row logic 512 to
assert a row select signal comprising row control signals 538 associated with a given row of
pixels 848 to enable analog pixel data associated with the row of pixels to be read. As shown
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in Figure 54, this may include the row logic 512 asserting one or more row select signals
comprising row control signals 838(8) associated with a row 834¢8) that inchudes pixel
848(0) and pixel 848(a). In response to the row select signal being asserted, cach pixel 548
on row 534(8) transmits at least one analog value based on charges stored within the cells
542-545 of the pixel 548, In certain embodiments, cell 542 and cell 543 are configured (o
transmit corresponding analog values in response to a first row select signal, while cell 544
and coll 545 are configured to transmit corresponding analog values in response to a second

row select signal.

(801208  In one emboduuent, analog values for a complete row of pixels 540 comprising
cach row 5340} through 834{r) may be transmitied in sequence to column read out circuit
528 through column signals 832, In one embodiment, analog values for a complete row or
pixels or cells within a complete row of pixels may be transmitied simultaneously. For
example, in response to row select signals comprising row controf signals 534(8) being
asserted, the pixel 5348(8} may respond by transmitting at least one analog vahlue from the
cells 542-845 of the pixel 848(8) to the columm read out circuit 528 through one or more
signal paths comprising columu signals 332(8); and simultancously, the pixel 540(a) will also
transmit at feast one analog value from the cells 542-845 of the pixel 548(a) to the column
read out circuit 528 through one or more signal paths comprising column signals 332{¢). Of
course, one or more analog values may be received at the cohumn read out circuit 828 from
one or more other pixels 848 concurrently with receiving the at least one analog vahue from
the pixel 540(4) and concwrrently with receiving the at east one analog value from the pixel
S48(a). Together, a set of analog vahies received from the pixels 540 comprising vow 834(8)
may be referred to as an analog signal, and this analog signal may be based on an optical

image focused on the pixel array 514,

186121] Further, afler reading the pixels 348 comprising row 8348}, the row logic 512
may select a second row of pixels 344 10 be read. For example, the row logic 512 may assert
one or more row select signals comprising row control signals 838{r) associated with a row
of pixels 840 that imcludes pixel 3408¢b) and pixel 548(z). As a result, the column read ount
circuit 820 may receive a corresponding set of analog values associated with pixels 544

comprising row 334(r).

(93]
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1868221 The column read out circuit 828 may serve as a mmultiplexer to select and forward
one or more received analog values to an analog-to-digital converter circuit, such as analog-
to~digital unit 622 of Figure 68, The colum read out circuit 520 may forward the received
analog values in a predefined order or sequence. In one embodinment, row logic 512 asserts
one or more row selection signals comprising row control signals 538, causing a
corresponding row of pixels to transmit analog vahies through colamn signals 832, The
columun read out circuit 328 receives the analog values and sequentially selects and forwards
one or more of the analog values at a time to the analog-to-digital unit 622. Selection of rows
by row logic 512 and selection of columns by cohimn read out circait 628 may be directed by
control unit $14. To one embodiment, rows 534 are sequentially selected to be read, starting
with row 534(8) and ending with row 834(r), and analog valucs associated with sequential
columns are transmitted to the analog-to-digital unit 622. In other embodiments, other

selection patterns may be iroplemented to read analog values stored in pixels 848,

1881231  Further, the analog values forwarded by the column read out circuit 524 may
comprise analog pixel data, which may later be amplified and then converted to digital pixel
data for generating one or raore digital images based on an optical image focused on the pixel

array 518

186124] Figures SB-SD illustrate three optional pixel configurations, according to one or
more embodiments. As an option, these pixel configurations roay be implemented in the
context of the details of any of the Figures disclosed herein. Of course, however, these pixel
configurations may be implemented in any desired environment. By way of a specific
exarple, any of the pixels 540 of Figures S3B-5D may operate as one or more of the pixels

548 of the pixel array 518.

1861251  As shown in Figure 8B, a pixel 548 15 iHlustrated to include a fivst cell (R) for
measuring red hight intensity, second and third cells (G) for measuring green light intensity,
and a fourth cell (B) for measuring blue light intensity, in accordance with one embodiment.
As shown in Figure 3(, a pixcl 548 is illustrated to include a first cell (R) for measuring red
tight intensity, 4 second cell (G} for roeasuring green light intensity, a third cell (B) for
measuring blue light intensity, and a fourth cell (W) for measuring white light intensity, in
accordance with another embodiment. As shown in Figure 5D, a pixel 548 is illustrated to
include a fivst cell {(C) for measuring cyan hight intensity, a seccond ccll (M) for measuring

4
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magenta light intensity, a third cell (Y) for measuring yellow light intensity, and a fourth cel

{W) for measuring white light intensity, in accordance with yet another embodiment.

[86126]  Of course, while pixels 344 are cach shown to include four cells, a pixel 540 may
be configured to include fewer or more cells for measuring light intensity. Still further, in
another embodiment, while certain of the cells of pixel 548 are shown to be configared to
measure g single peak wavelength of light, or white light, the cells of pixel 548 may be
configured to measure any wavelength, range of wavelengths of light, or plurality of

wavelengths of hight.

(66127} Reforring now to Figure 8K, a system is shown for capturing optical scene
mformation focused as an optical image on an image sensor 332, in accordance with one
embodiment. As an option, the system of Figure SE may be implemented in the context of
the details of any of the Figures, Of course, however, the system of Figure 5E may be carried
out in any desired environment, Further, the aforementioned definitions may equally apply to

the description below,

(66128}  As shown in Figure 8E, an image sensor 332 is shown to include g fust cell 844, a
second cell 545, and a third cell 348, Further, each of the cells 544-548 is shown to include a
photodiode 562, Still further, upon each of the photodiodes 862 is a corresponding filter 564,
and upon cach of the filters 564 is a corresponding microlens 866, For example, the cell 544
ig shown to include photodiode 362(0), upon which is filter 364(8), and upon which is
microlens 566(8). Similarly, the cell 5485 is shown to include photodiode 862(1), upon which
is filter 564(1), and upon which is microlens 566(1). Still yet, as shown in Figure 8E, pixel
5448 is shown to inchude cach of cells 544 and 545, photodiodes 562(0) and 562(1), filters

5640 and 564{1}, and microlenses 566{0) and 566{1).

1861291 Iuv one embodiment, cach of the microlenses 566 may be any lens with a diameter
of less than SO microns. However, in other embodiments each of the microlenses 566 may
have a diameter greater than or equal to 30 microns. In one erbodiment, each of the
microlenses 866 may include a spherical convex surtace for focusing and concentrating
received light on a supporting substrate beneath the microlens 566, For exaraple, as shown in

Figure 5E, the microlens 566(8}3 focuses and concentrates received light on the filter 564(8).

(5]
%)



WO 2016/073643 PCT/US2015/059097

In one embodiment, a microlens array 367 may include microlenses 866, each corresponding

in placement to photodiodes 562 within cells 344 of image sensor 332,

[86138] In the context of the present description, the photodiodes 362 may comprise any
semiconductor diode that generates a potential difference, or changes its electrical resistance,
in response to photon absorption. Accordingly, the photodiodes 362 may be used to detect or
measure light intensity. Further, cach of the filters 564 may be optical filters for selectively
transmitting light of one or more predetermined wavelengths. For example, the filter 564(0}
may be configared to selectively transmit substantially only green light received from the
corresponding roicrolens 566(0), and the filter 5641 ) may be configured to selectively
transmit substantially only blue light received from the microlens 366{1). Together, the
filters 564 and microlenses 566 may be operative to focus selected wavelengths of incident
hight on a plane. In one embodiment, the plane may be a 2-dimensional grid of photodiodes
562 on a surface of the tmage sensor 332, Further, each photodiode 862 receives one or more
predetermined wavelengths of light, depending on its associated filter. In one embodiment,
each photodiode 562 receives only one of red, blae, or green wavelengths of filtered hight.

As shown with respect to Figures SB-8D, it 15 contemplated that a photodiode may be
configured to detect wavelengths of light other than only red, green, or blue. For example, in
the context of Figures SC-8D specifically, a photodiode may be configured to detect white,

cyan, magenta, yellow, or non-visible light such as infrared or ultraviolet light.

186131 To this end, each coupling of a cell, photodiode, filter, and microlens may be
operative 1o receive light, focus and filter the received light to 1solate one or more
predeterrained wavelengths of light, and then measure, detect, or otherwise quantify an
intensity of light received at the one or more predetermined wavelengths., The measured or
detected light may then be represented as one or more anafog values stored within a cell. For
example, in one embodiment, each analog value may be stored within the cell utilizing a
capacitor. Further, each analog value stored within a cell may be output from the cell based
on a selection signal, such as a row selection signal, which may be received from row logic
§12. Further still, each analog value transmitted from a cell may comprise one analog valie
in a plarality of analog values of an analog sigonal, where cach of the analog values s output
by a different cell. Accordingly, the analog signal may comprise a plurality of analog pixel
data values from a plurality of cells. In one embodiment, the analog signal may comprise
analog pixel data values for an entire image of a photographic scene. Tn another embodiment,
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the analog signal may comprise analog pixel data values for a subset of the entire image of
the photographic scene. For example, the analog signal may comprise analog pixel data
values for a row of pixels of the image of the photographic scene. In the context of Figures
S5A-5E, the row 334(0) of the pixels 540 of the pixel array $18¢ may be one such row of pixels

of the image of the photographic scene.

1861321  Figure 6A illustrates a circuit diagram for a photosensitive cell 688, in accordance
with one possible embodiment. As an option, the cell 688 may be implemented in the context
ot any of the Figures disclosed herein. Of course, however, the system 688 may be
tmplernented in any desired environment. Further, the aforementioned definitions may

equally apply to the description below,

(861331  As shown in Figure 6A, a photosensitive cell 688 includes a photodiode 662
coupled to a first analog sampling circuit 663{8) and a second analog sampling circuit 6631 ).
The photodiode 682 may be implemented as the photodiode 181 described within the context
of Figure 1, or any of the photodiodes 562 of Figure SE. Further, an analog sampling circuit
643 may be implermented as 4 sample storage node 133 described within the context of Figure
1. In one emnbodiment, a unigue instance of photosensitive cell 686 may implemented as

cach of cells 542-545 comprising a pixel 548 within the context of Figures SA-5E.

1861341  As shown, the photosensitive cell 600 coraprises two analog saropling circuits
683, and a photodiode 642, The two analog sampling circuits 683 include a first analog
samphing circuit 603(8) which is coupled to a second analog sampling circutt 683(3). As
shown in Figure 6A, the first analog sampling circuit 683(8) comprises transistors 686(8),
618(0), 6120, 614(0), and a capacitor 664(0); and the second analog sampling circuit 683(1)
comprises {ransistors 68613, 616(1), 612{1}, 614(1), and a capacitor 684(1). In one

embodiment, cach of the transistors 686, 618, 612, and 614 may be 3 field-effect transistor.

[83135]  The photodiode 682 may be operable to measure or detect incident light 661 of 2
photographic scene. In one embodiment, the incident light 681 may include arobient light of
the photographic scene. In another embodiment, the incident hight 681 may include light
from a strobe unit utilized to lluminate the photographic scene. In yet another emnbodiment,
the incident light 681 may include ambient light and/or light from a strobe unit, where the
composition of the incident hight 681 changes as a function of exposure time. For example,
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the incident light 681 may inchude ambient light during a first exposure time, and light from a
strobe unit daring a second exposure time. Of course, the incident light 681 may include any
tight recetved at and measured by the photodiode 602, Further still, and as discussed above,
the incident light 681 may be concentrated on the photodiode 602 by a microlens, and the
photodiode 682 may be one photodiode of a photodiode array that is configured to include a

phurality of photodiodes arranged on a two-dimensional plane.

188136]  In one embodiment, the analog sampling circuits 663 may be substantially
identical. For example, the first analog sampling circuit 683(8) and the second analog
sampling circuit 683(3) may cach include corresponding transistors, capacitors, and
interconnects configured in a substantially identical manner. Of course, in other
embodiments, the first analog sampling circuit 683(81) and the second apalog sampling circuit
683(1) may inchude circuitry, transistors, capacitors, interconnects and/or any other
components or component parameters (e.g. capacitance value of cach capacitor 684) which

may be specific to just one of the analog sampling circuits 6#3.

(881371 In one embodiment, cach capacitor 684 may inchude one node of a capacitor
comprising gate capacitance for a transistor 618 and diffusion capacitance for transistors 606
and 614. The capacitor 684 may also be coupled to additional circuit clements (not shown)
such as, without Hmitation, a distinct capacitive structure, such as a metal-oxide stack, a poly

capacttor, a trench capacitor, or any other techically feasible capacitor structures.

[B8138]  With respect to analog samphing circuit 683(8), when reset 616(8) 15 active (low),
transistor 614{0) provides a path from voltage source V2 to capacitor 684(D), causing
capacitor 684(8} to charge to the potential of V2. When sample signal 618{8) is active,
transistor 686{{) provides a path for capacitor 644{0} to discharge in proportionto a
photodiode current {I_PD) generated by the photodiode 682 in response to the incident light
&01. In this way, photodiode current I_PD 15 integrated for a first exposure time when the
sample signal 618(8} is active, resulting in a corresponding first voltage on the capacitor
634(0). This first voltage on the capacitor 684(8) may also be referred to as a first sample. In
embodiments, where the incident light 681 during the fivst exposure time comprises ambient
tight, the first sample may be referred to as an ambicnt sample. When row select 634(8) is
active, transistor §32{8) provides a path for a first output current from V1 to cutput 688{8).
The first outpat current is generated by trausistor 61{8) in response to the first voltage on the
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capacitor §84(0). When the row select 634{(8) is active, the outpuat current at the output
648(0) may therefore be proportional to the integrated intensity of the incident light 681
during the first exposure tume. In one embodiment, sample signal 618(0) is asseried
substantially sirmultancously over substantially all photo sensitive celis 600 comprising an

image sensor to implement a global shutter for all first samples within the image sensor.

186139 With respect to analog sampling circuit 663(1), when reset 616(1) is active (low),
transistor 614(1) provides a path from voltage source V2 to capacitor 6834(1), causing
capacitor 684(1) to charge to the potential of V2. When sample signal 618(1) is active,
transistor 686{1) provides a path for capacitor 604(1) to discharge in proportion to a
photodiode current {1 PD) generated by the photodiode 682 in response to the incident light
801, In this way, photodiode current [ PD is integrated for a second exposure time when the
sample signal 618(1) is active, resulting in a corresponding second voltage on the capacitor
&04(1). This second voltage on the capacitor $84{1} may also be referred to as a second
sample. In embodiments, where the incident light 6831 during the second exposure time
comprises flash or strobe illumination, the first sample may be referred to as a flash sample.
When row select 634(1) is active, transistor 612¢1) provides a path for a second output
current from V1 to output 608(1). The second output current is generated by transistor
6183} in response to the second voltage on the capacitor 684(1). When the row select 63441)
is active, the cutput current at the cutput 688(1) may therefore be proportional to the
integrated ntensity of the incident light 601 during the second exposure time. To one
embodiment, sample signal 618(1) 1s asserted substantially simultancously over substantially
all photo sensitive cells 600 comprising an image sensor to implement a global shutter for ali

second samples within the image sensor.

186148] To this end, by controlling storage of a first sample or ambient sample during the
first exposure time, and storage of a second sample or flash sample doring the second
exposure time, the capacitor 604(8) roay store a first voltage or sample, and the capacitor
6834(1) may store a second voltage or saraple different than the first voltage or sample. Each
of the ambient sample and the flash sample may be stored in response to 8 photodiode current
I P13 being generated by the photodiode 682, where the photodiode current T P varics as a
function of the incident light 681 measurced at the photodiode 682, In particular, a greater
amount of incident light 661 may be measured by the photodiode 682 during the second
exposure time inchuding strobe or flash llumination than during the first exposure tirne
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including ambient iilumination. Of course, characteristics of the photographic scene, as well
as adjustment of various exposure settings, such as exposure time and aperture for example,
may result in a greater amount of incident light 601 being measured by the photodiode 662
during the first exposure time including the ambient tHlunmination than during the second

exposure time inchuding the strobe or flash illumination.

186141  In onec embodiment, the first exposure time and the second exposure time do not
overlap in time. For example, a controller may be configured to control the second exposure
time such that it begins contemporaneously, or near contemporaneously, with a conclusion of
the first exposure time. In such an erobodument, the sample signal 618(3) may be activated as

the sample signal 618({) is deactivated.

1861421  As a benefit of having two different exposure conditions, in sitnations where a
photodiode 602 is exposed to a sufficient threshold of incident light 681, 3 first capacitor
634(0) may provide a an analog value suitable for generating a digital image, and a second
capacitor 684(1) of the same cell 680 may provide a “blown out” or over exposed image
portion due to excessive flash ithurotnation. Thus, for cach cell 608, 4 first capacitor 684 may
more effectively capture darker image content than another capacitor 684 of the same cell
608. This may be useful, for example, in situations where strobe or flash iHlumination over-
exposes foreground objects 1n a digital image of a photographic scene, or under-exposes
hackground objects in the digital image of the photographic scene. To such an example, an
image captured during another exposure time wtilizing ambient illumination may help correct
any over-exposed or ander-exposed objects. Sumlarly, in situations where ambient light is
unable to sufficiently illursinate particular elements of a photographic scene, and these
clements appear dark or difficult to see in an associated digital image, an image captured
during another exposure time utilizing strobe or flash ihumination may help correct any

pnder-exposed portions of the image.

186143]  In other cmbodiments, it may be desirable to use more than two analog sampling
circuits for the purpose of storing more than two voltages or samples. For exampie, an
embodiment with three or more analog sampling cireuits could be implemented such that
cach analog sampling circuit samples for g different exposure time a photodiode current § PD
being generated by a photodiode. In such an embodiment, three or more voltages or samples
could be obtained. Consequently, exposure sensitivity may vary as a function of the number
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of analog sampling circuits 683 that are coupled to the photodiode 682 at any given time, and
the armount of capacitance that is associated with cach analog sampling circuit 683, Such
variation may ueed to be accounted for in determining an exposure tirae ot saraple time for

cach analog sampling circuit 683.

[66144] In vanious embodiments, capacitor 684(0) may be substantially identical to
capacitor 684(1). For example, the capacitors 684(8¢) and 604(1) may have substantially
identical capacitance values. In one embodiment, a sample signal 618 of one of the analog
sampling circuits may be activated for a longer ov shorter period of time than a sample signal

618 1s activated for any other analog sarmpling circuits 683,

186145]  As noted above, the sample signal 618(8) of the first analog sampling circuit
683{0) may be activated for a first exposure time, and a sample signal 618(1) of the second
analog sampling circuit 683{1} may be activated for a second exposure time, In one
embodiment, the first exposure time and/or the second exposure time may be determined
based on an exposure setting selected by a user, by software, or by some combination of user
and software. For example, the fust exposure time may be selected based on a 1/60 second
shutter time selected by a user of a camera. In response, the second exposure time may be
selected based on the first exposure time. In one embodiment, the user’s selected 1/60
second shutter time may be selected for an ambient image, and a metering algorithm may
then evaluate the photographic scene to determine an optimeal second exposure time for a
flash or strobe capture. The second exposure time for the flash or strobe capture may be
selected based on incident light metered during the evaluation of the photographic scene. Of
course, in other embodiments, a user selection may be used to select the second exposure
tirne, and then the first exposure time for an ambient capture may be selected according to the
selected second exposure time. In yet other embodiments, the first exposure time may be

selected independent of the second exposure time.

[86146]  In other embodiments, the capacitors 604(8) and 684(1} may have differomt
capacitance values. In one embodiment, the capacitors $84{(8) and 684{1) may have different
capacitance values for the purpose of rendering one of the analog sampling circutts 683 more
or less sensitive to the current I PD from the photodiode 602 than other analog sampling
circuits 603 of the same cell 688, For example, a capacitor 684 with a significantly larger
capacitance than other capacitors 684 of the same cell 688 may be less likely to fully
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discharge when capturing photographic scenes having significant amounts of incident light
681, In such embodiments, any difference in stored voltages or samples between the
capacitors $84(0) and 6064(3) may be a function of the different capacitance values, in
conjunction with different activation times of the sample signals 618 and different incident

light measurements during the respective exposure times.

1661471 In an embodiment, sample signal 618(8) and sample signal 618(1) may be

asserted to an active state independently.

[80148]  In one embodiment, the photosensitive cell 688 may be configured such that the
first analog sampling circuit 683(8) and the second analog sampling circuit 683(1) share at
least one shared component. In various embodiments, the at feast one shared component may
imchide a photodiode 682 of an image sensor. In other embodiments, the at least one shared
component may inchide a reset, such that the first analog sampling circuit 603(0) and the
second analog sampling circuit 883(1) may be reset concurrently utilizing the shared reset. In
the context of Figure 6A, the photosensitive cell 688 may include a shared reset between the
analog sarapling circuits 683(0) and 683(3). For example, reset 616(8) may be coupled to
reset 616(1), and both may be asserted together such that the reset 616(6) is the same signal
as the reset 616(1), which may be used to sinmultaneously reset both of the first analog
sampling circuit 683(8) and the second analog sampling circait 683(1). After reset, the first
analog sampling circuit 683(8) and the second analog sampling civcuit 683(3) may be

asserfed to sample independently.

[80149]  In onc embodiment, a sample signal 618(0) for the first analog sampling curcuit
6038} may be independent of a sample signal 618(1} for the second analog sampling circuit
68333, In one embodiment, a row select 634{() for the first analog sampling circuit 683{¢)
may be independent of a row select 634(1) for the second analog sampling circuit 663(1). In
other embodiments, the row select 634¢8) for the first analog sampling circuit 683(0) may
mchude a row sclect signal that is shared with the row select 634(1 ) for the second analog
samphing circuit 683(1). In vet another erabodiment, output signal at output 688(8) of the
first analog sampling circuit 683(8) may be 1udependent of output signal at output 688(1) of
the second analog sampling circuit 643(1). In another embodiment, the owtput signal of the
first analog sampling circuit 683(8#) may utilize an cutput shared with the output signal of the
second analog sampling circuit 663(1). Tn embodiments sharing an output, it may be
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necessary for the row select 634(8) of the first analog sampling circuit 683(8} to be
independent of the row select 6341} of the second analog sampling civcuit 683(1). In
embodiments sharing a row sclect signal, it roay be necessary for a Huoe of the output 608(4)
of the first analog sampling circuit 683{#) to be independent of a line of the cutput 608(1) of

the second analog sampling circuit 683(1}.

18615¢]  In onc embodiment, 3 column signal 532 of Figure SA may comprise one output
signal of a plurality of independent output signals of the outputs 688(8) and 688(1). Further,
a row control signal 538 of Figure 5A may comprise one of independent row select signals of
the row selects 634(0) and 634(1), which may be shared for a given row of pixels. In
cembodiments of cell 666 that implement a shared row select signal, the row select 634(0}

may be coupled to the row select 634(8}, and both may be asserted together stmuitaneously.

186151 In an embodiment, a given row of pixels may include one or more rows of cells,
where each row of cells inchudes multiple instances of the photosensitive cell 668, such that
each row of cells includes mubtiple pairs of analog sampling circuits 683(0) and 683(1). For
exarnple, a given row of cells may inchude a plurality of first analog sampling circuits 603(0),
and may further include a different second analog sampling circuit 683(1} paired to each of
the first analog sampling circuiis 683(#). In one embodiment, the plurality of first analog
sampling circuits 683(8) may be driven independently from the plurality of second analog
sampling circuits $03(1). In another embodument, the plurality of first analog sanpling
circuits 60348} may be driven in parallel with the plurality of second analog sampling circuits
683(1). For example, cach output 688(8) of each of the first analog sampling circuits 683(0)
of the given row of cells may be driven in parallel through one set of coluran signals 332,
Further, each output 688(1} of each of the second analog sampling circuits 683(1) of the
given row of cells may be driven in parallel through a second, parallel, set of column signals

532

[B8E52]  To this end, the photosensitive cell 688 may be utifized to simultancously store
both of an ambient sample and a flash sample based on the incident hight 681, Specifically,
the arnbicut sample roay be captured and stored on a first capacitor during a first exposure
tirne, and the flash sample may be captured and stored on a second capacitor during a second

exposure time. Further, during this second exposure time, a strobe may be activated for
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temporarily increasing tllumination of a photographic scene, and increasing the incident light

measured at one or more photodiodes of an image sensor during the second exposure time.,

[86153]  Further, an output current signal corresponding to the ambient saraple of the two
different samples may be coupled to output 688(8) when row select $34(8} is activated, and
an output carrent signal corresponding to the flash sample of the two different samples may

be coupled to owtput 6068(1) when row select 6341 ) 1s activated.

[88154]  In one embodiment, the first value may be included 1o an ambient analog signal
containing first analog pixel data for a plurality of pixels at the furst exposure time, and the
second value may be included in a flash analog signal containing second analog pixel data for
the plurality of pixels at the second exposure time. Further, the ambient analog signal may be
ptilized to generate a stack of one or more digital images captured using ambicnt
tlumination, and the flash analog signal may be utilized to generate 3 stack of one or more
digital images captured using flash illamination. Accordingly, an array of photosensitive
cells 689 may be utihized for near-stmultaneous capture of ambient and strobe iftaminated

digital images.

186155] Figure 6B illustrates a system for converting analog pixel data to digital pixel
data, in accordance with an embodiment. As an option, the system of Figure 6B may be
iraplemented in the coutext of the details of any of the Figures disclosed herein. Of course,
however, the system of Figure 68 may be implemented in any desired environment. Further,

the aforementioned defimitions may equally apply to the description below.

186156] Asshown in Figure 6B, analog pixel data 621 is received from colunmn read out
circuit 528 at analog-to-digital unit 622 under the control of control unit 814, The analog
pixel data 621 may be received within an analog signal, as noted hercinabove. Further, the
analog-to-digital unit 622 generates digital pixel data 625 based on the received analog pixel

data 621.

(801571  In one embodiment, a unique instance of analog pixel data 621 may inchude, as an
ordered set of individual analog values, all analog values output from all corresponding
analog sampling circuits or sample storage nodes. For example, in the context of the
foregoing figures, cach cell of cells 542~8458 of a phurality of pixels 540 of a pixel array 518
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may include both a first analog sampling circuit 683(8) and a second analog sampling circuit
683(1). Thas, the pixel array 510 may include a plurality of first analog sampling circuits
643(0) and also include a plurality of second analog sampling circuits 683(3). o other words,
the pixel array 518 may include a first analog sampling circuit 643(#) for cach cell, and also
imclnde a second analog sampling circuit 683(1) for each cell. In an embodiment, a first
iatance of analog pixel data $21 may be received containing 8 discrete analog value from
cach analog sampling circuit of a plurality of first analog sampling circuits 603(4), and a
second instance of analog pixel data 621 may be received containing a discrete analog value
from each analog sampling circuit of a plurality of second analog sampling circuits 683(1}.
Thus, in erobodiments where cells of a pixel array inchude two or more analog sampling
circuits, the pixel array may output two or more discrete analog signals, where cach analog

signal includes a unique instance of analog pixel data 621.

166158]  Further, each of the first analog sampling circuits 683(0) may samplc a
photodiode current during a first exposure time, during which a photographic scene is
Hluminated with ambient light; and cach of the second sampling circuits 683(1) may sample
the photodiode current during a second exposure tirae, during which the photographic scene
is iHuminated with a strobe or flash. Accordingly, a first analog signal, or ambient analog
signal, may include analog vahlies representative of the photographic scene when ifhiminated
with ambient light; and a second analog signal, or flash analog signal, may include analog

values representative of the photographic scene when dluminated with the strobe or tlash

1881591  In some embodiments, only a subset of the cells of a pixel array may include two
or ruore analog sampling circuits. For example, not every cell may include both a first analog

sampling circuit 683(#) and 3 second analog sampling circuit 603(1}.

18616067  With continuing reference to Figure 6B, the analog-to-digital unit 622 includes an
araplificr 656 and an analog-to-digital converter 654, In one eroboduuent, the aroplifier 658
receives an instance of analog pixel data 621 and a gain 652, and applies the gain 652 to the
analog pixel data 621 to gencrate gain-adjusted analog pixel data 623. The gain-adjusted
analog pixel data 623 is transmitied from the amplifier 650 to the analog-to-digital converter
654, The analog-to-digital converter $54 receives the gain-adjusted analog pixel data 623,
and converts the gain-adjusted analog pixel data 623 to the digital pixel data 625, which is
then transmutted from the analog-to-digital converter 654, Tn other embodiments, the
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amplifier 658 may be implemented within the column read out circuit 828 instead of within
the analog-to-digital unit 622, The analog-to-digital converter 654 may convert the gain-
adjusted analog pixel data 623 to the digital pixel data 625 using any technically feasible

analog-to-digital conversion technigue.

186161]  lv av embodiment, the gain-adjusted analog pixel data 623 results from the
application of the gain 652 to the analog pixel data 621. In one embodiment, the gain 652
may be selected by the apalog-to-digital unit 622. In another embodiment, the gain 652 may
be selected by the coutrol unit 514, and then supplied from the control anit 514 to the analog-

to-digital unit 622 for application to the analog pixel data 621,

186162] It should be noted, 1o one embodiment, that a consequence of applying the gain
£52 1o the analog pixel data 621 is that analog noise may appear in the gain-adjusted analog
pixcl data 623, [f the amplifier 656 iraparts 3 significantly large gain to the analog pixel data
621 in order to obtain highly sensitive data from of the pixel array 518, then a significant
amount of noise may be expected within the gain-adjusted analog pixel data $23. In one
embodiment, the detrimental effects of such noise may be reduced by capturing the optical
scene information at 3 reduced overall exposure. In such an embodiment, the application of
the gain 652 to the analog pixel data 621 may result in gain-adjusted analog pixel data with

proper exposure and reduced noise.

1881631  In one embodiment, the amplifier 658 may be a transimpedance amplifier (TIA).
Fuarthermore, the gain 682 may be specified by a digital value. In one ersbodiment, the
digital value specitying the gain 652 roay be set by a user of a digital photographic device,
such as by operating the digital photographic device in a “manual” mode. Still yet, the digital
value may be set by hardware or software of a digital photographic device. As an option, the
digital value may be sct by the user working in concert with the software of the digital

photographic device.

(88164}  In one embodiment, a digital value used to specify the gain 652 may be associated
with an ISO. Tn the field of photography, the ISO systenm is a well-established standard for
specifying light sensitivity. In one embodiment, the amplifier $50 receives a digital value

specifving the gain 6582 to be applied to the analog pixel data 621, In another embodiment,
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there may be a mapping from conventional ISO values to digital gain values that may be
provided as the gain 652 to the amplifier 688. For example, cach of ISO 100, 180G 200, ISO
400, ISO 800, IS0 1600, cte. may be uniquely mapped to a different digital gain value, and a
selection of a particular ISO results in the mapped digital gain value being provided to the
amplifier 656 for application as the gain 652, In one embodiment, one or more IS0 values
may be mapped to a gain of 1. Of course, in other embodiments, one or more ISO values

may be mapped to any other gain value,

[88165]  Accordingly, in one embodiment, each analog pixel value may be adjusted in
brightoess given a particular IS0 value. Thus, in such av embodiment, the gain-adjusted
analog pixel data 623 may include brightness corrected pixel data, where the brightness is
corrected based on a specified ISO. In another embodiment, the gain-adjusted analog pixel
data 623 for av image roay inchude pixels having a brightness in the image as if the image had

been sampled at a certain 1SO.

[88166]  In accordance with an ernbodiroent, the digital pixel data 625 may comprise a

phurality of digital values representing pixels of an image captured using the pixel array 516,

186167 Iu one embodiment, an instance of digital pixel data 625 way be output for cach
mstance of analog pixel data 621 received. Thus, where a pixel array 510 includes a
plhurality of first analog sampling circuits $83(8} and also includes a plurality of second
analog sampling circuits 683(1), then a first instance of analog pixel data 621 may be
cecived containing a discrete analog value from cach of the first analog sampling curcuits
603(8} and a second instance of analog pixel data 621 may be received containing a discrete
analog value from each of the second analog sampling circuits 683{(1}. Insuch an
embodiment, a first instance of digital pixel data 625 may be output based on the first
instance of analog pixel data 621, and a second instance of digital pixel data 625 may be

output based on the second instance of analog pixel data 621.

{80168}  Further, the fivet instance of digital pixel data 625 may inchide a plurality of

digital values representing pixels of a first image captured during a first exposure time using
2 { g1 ge cay g i g

the plurality of first analog sampling circuits 683(0} of the pixel array 516, and the second

iatance of digital pixel data 628 may inchude a plurality of digital values representing pixels
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of a second image captured during a second exposure time using the plurality of second
analog sampling circuits 683(1) of the pixel array 518, Where the first instance of digital
pixel data 625 and the second instance of digital pixel data 628 are generated utilizing the
same gain 682, then any differences between the instances of digital pixel data may be a

function of a difference between the first exposure time and the second exposure time.

186169 I some embodiments, two or more gains 652 may be applied to an instance of
analog pixel data 621, such that two or more instances of digital pixel data 625 may be output
for cach instance of analog pixel data 621, For example, two or more gains may be applied to
both of a first nstance of analog pixel data 621 and a second instance of analog pixel data
621. Insuch an embodiment, the first instance of analog pixel data 621 may contain a
discrete analog value from cach of a plurality of first analog sampling circuits 663(8) of a
pixel array 519, and the second imstance of analog pixel data 621 may contain a discrete
analog value from each of a plurality of second analog sampling circuits 683(1} of the pixel
array 518. Thus, four or more instances of digital pixel data 625 associated with four or more
corresponding digital images may be generated for a photographic sceue by the pixel array

518,

186178 Figure 7 llustrates a system 780 for converting analog pixel data of an analog
signal to digital pixel data, in accordance with an emvbodiment. As an option, the system 708
may be implemented 1o the context of the details of any of the Figures disclosed herein. OF
course, however, the systemm 780 may be implemented in any desired environment. Further,

the aforementioned defimitions may equally apply to the description below.

80178 The system 780 is shown in Figure 7 to include a first analog storage plane
782(03, a first analog-to-digital unit 722(0), and an ambient digital image stack 732(#), and is
shown to further include & second analog storage plane 782(1), 8 second analog-to-digital anit
722(1), and a flash digital iroage stack 732(1). Accordingly, the system 780 is shown fo
mchude at least two analog storage planes 702(8) and 702(1). As illustraied in Figure 7. 2
plurality of analog values are each depicted as a "V within each of the analog storage planes
782, and corresponding digital values are cach depicied as a “D” within digital images of
cach of the image stacks 732, In one embodiment, all of the analog values of the first analog
storage plane 702(8) are captured during a first exposure time, during which a photographic
scene was umminated with ambient hight; and all of the analog values of the second analog
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storage plane 702{1} are captured dwring a second exposure time, during which the

photographic scene was iltluminated using a strobe or flash.

186172] In the context of certain embodiments, cach analog storage plane 782 may
comprise any collection of one or more analog values. In some embodiments, each analog
storage plane 702 may comprise at least oue analog pixel valoe for each pixel of a row or line
of a pixel array. Still yet, in another embodiment, each analog storage plane 782 may
comprise at least one analog pixel value for each pixel of an entirety of a pixel array, which
may be referred to as a frame. For exarople, each analog storage plane 782 may comprise an
analog pixel value, or more generally, an analog value for each ccll of each pixel of every

line or row of g pixel array.

1861731 Further, the analog vahies of each analog storage plane 782 are output as analog
pixcl data 764 to a corresponding analog-to-digital unit 722. For example, the analog values
of analog storage plane 782(8) are cutput as analog pixel data 784(9) to analog-to-digital unit
722(#}, and the analog values of analog storage plane T82(1) are output as analog pixel data
784(1) to avalog-to-digital untt 722(1). In ovne embodiment, cach analog-to-digital unut 722
may be substantially identical to the analog-to-digital unit 622 described within the context of
Figure 6B. For example, each analog-to-digital unit 722 may comprise at least one amplifier
and at least one analog-to-digital converter, where the amplifier 1s operative to receive a gain
value and utilize the gain value 1o gain-adjust analog pixel data received at the analog-to-
digital unit 722, Further, in such an embodiment, the amplifier may transmit gain-adjusted
analog pixel data to an analog-to-digital converter, which then generates digital pixel data
from the gain-adjusted analog pixel data. To this end, an analog-to-digital conversion may be

performed on the contents of each of two or more different analog storage planes 7862,

186174] o the context of the system 788 of Figure 7, each analog-to-digital unit 722
receives corresponding analog pixel data 704, and applies at least two different gaios to the
received analog pixel data 784 to generate at least a first gain-adjusted analog pixel data and a
second gain-adjusted analog pixel data. For example, the analog-to-digital unit 722(#)
cceives analog pixel data 7684(9), and applics at least two different gains to the analog pixel
data 784{8} to gencrate at least 3 first gain-adjusted analog pixel data and 3 second gain-
adjusted analog pixel data based on the analog pixel data 784{8}; and the analog-to-digital
pnit 722(1) receives analog pixel data 704{1}, and applies at least two different gains to the
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analog pixel data 784{1} to gencrate at feast a first gain-adjusted analog pixel data and a

second gain-adjusted analog pixel data based on the analog pixel data 784(1).

186175]  Further, cach analog-to-digital unit 722 converts cach generated gain-adjusted
analog pixel data to digital pixel data, and then outputs at least two digital outputs. In one
embodiment, cach analog-to-digital unit 722 provides a different digital output corresponding
to each gain applied to the received analog pixel data 784, With respect to Figure 7
specifically, the analog-to-digital unit 722(#)} is shown to generate a first digital signal
comprising first digital pixel data 723(8) corresponding to a first gain (Gainl), a second
digital signal comprising second digital pixel data 724(8) corresponding to a second gain
{(Gain2), and a third digital signal comprising third digital pixel data 725{#) corresponding to
a third gain (Gain3). Similarly, the analog-to-digital unit 722(1) is shown to generate a first
digital signal comprising first digital pixel data 723(%) corresponding to a first gain (Gainl), a
second digital signal comprising second digital pixel data 724(1} corresponding to a second
gain {Gain2), and a third digital signal comprising third digital pixel data 725(1)
corresponding to a third gain (Gain3). Each instance of cach digital pixel data may comprise

a digital roage, such that cach digital signal coraprises a digital image.

[86176] Accordingly, as a result of the analog-to-digital unit 722{8} applying each of
Gainl, Gain2, and Gain3 to the analog pixel data 784(8), and thereby gencrating first digital
pixel data 723(0), second digital pixel data 724(0), and third digital pixel data 725(8), the
analog-to-digital unit 722({}) gonerates 3 stack of digital images, also referred to as an
ambient image stack 732¢8). Similarly, as a result of the analog-to-digital unit 722(1)
applying each of Gainl, GainZ, and Gain3 to the analog pixel data 784(1), and therchy
generating first digital pixel data 723(1), second digital pixel data 724(1}, and third digital
pixel data 725(1), the analog-to-digital unit 722{3} generates a second stack of digital images,
also referred to as a flash image stack 732(1). Each of the digital images of the ambient image
stack 732(8) roay be a digital image of the photographic scene captured with ambient
Hlumination during 3 first exposure time. Each of the digital images of the flash image stack
732(1) may be a digital image of the photographic scene captured with strobe or flash

tlumination during a second exposure time,

186177] In one embodiment, cach analog-to-digital unit 722 applics in sequence at least
two gains to the analog values. For example, within the context of Figare 7, the analog-to-
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digital unit 722(8) first applies Gainl to the analog pixel data 784(0}, then subsequently
applies Gain?2 to the same analog pixel data 784(0), and then subsequently applies Gamn3 to
the same analog pixel data 704(8). Tn other crubodiments, each analog-to-digital urit 722
may apply in parallel at least two gains to the analog values. For example, an analog-to-
digital wnit may apply Gainl to received analog pixel data in paraliel with application of
Gain2 and Gain3 to the analog pixel data. To this end, each mstance of analog pixel data 704

is amplified utilizing at least two gains.

1881781  In one embodiment, the gains applied to the analog pixel data 704(8} at the
analog-to-digital unit 722(0) may be the same as the gains applied to the analog pixel data
704(1} at the analog-to-digital unit 722(1). By way of a specific example, the Gainl applied
by both of the analog-to-digital unit 722(8} and the analog-to-digital unit 722{(1) may be a
gain of 1.0, the Gain2 applied by both of the analog-to-digital unit 722{8) and the analog-to-
digital unit 722(1) may be a gain of 2.0, and the Gain3 applicd by both of the analog-to-
digital unit 722(8) and the analog-to-digital unit 722(1} may be a2 gain of 4.0. In another
embodiment, one or more of the gains applied to the analog pixel data 784(8) at the analog-
to~digital unit 722(0) may be different from the gaios applied to the analog pixel data 784(1)
at the analog-to-digital unit 722(1). For example, the Gainl applied at the analog-to-digital
unit 722(#) may be a gain of 1.0, and the Gainl applied at the analog-to-digital unit 722(1}
may be a gain of 2.0. Accordingly, the gains applied at cach analog-to-digital unit 722 roay
be selected dependently or independently of the gains applied at other analog-to-digital units

722 within system 788,

(88179  In accordance with one erobodiroent, the at least two gains may be determined
using any technically feasible technique based on an exposure of a photographic scene,
metering data, user input, detected ambient light, a strobe control, or any combination of the
foregoing. For example, a first gain of the at least two gains may be determined such that
halt of the digital values from an analog storage plane 782 are converted to digital values
above a specified threshold {c.g., 3 threshold of (0.5 in a range of (0.0 to 1.0} for the dynamic
range associated with digital values comprising a first digital image of an image stack 732,
which can he characterized as having an “EVO” exposure. Continuing the example, a second
gaint of the at least two gains may be determined as being twice that of the first gain to
generate a second digital image of the image stack 732 characterized as having an “EV+1”
exposure. Further still, a third gain of the at least two gains may be determined as being half
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that of the first gain to generate a third digital image of the image stack 732 characterized as

having an “EV-1" exposure.

[86188] In onc embodiment, an analog-to-digital unit 722 converts in sequence a first
instance of the gain-adjusted analog pixel data to the first digital pixel data 723, a second
mstance of the gain-adjosted analog pixel data to the second digital pixel data 724, and a third
mstance of the gain-adjusted analog pixel data to the third digital pixel data 728, For
example, an analog-to-digital unit 722 may first convert a first instance of the gaim-adjusted
analog pixel data to first digital pixel data 723, then subsequently convert a second instance
of the gain-adiusted analog pixel data to second digital pixel data 724, and then subsequently
convert a third instance of the gain-adjusted analog pixel data to third digital pixel data 725,
In other embodiments, an analog-to-digital unit 722 may perform such conversions in
parallel, such that one or more of a first digital pixel data 723, a second digital pixel data 724,

and a third digital pixel data 728 arc generated in paraliel.

180181 Sull further, as shown in Figure 7, each first digital pixel data 723 provides a first
digital iroage. Surndarly, cach second digital pixel data 724 provides a second digital image,
and cach third digital pixel data 725 provides a third digital image. Together, each set of
digital images produced using the analog values of a single analog storage plane 702
comprises an image stack 732, For example, ambient image stack 732(0} comprises digital
irnages produced using analog values of the analog storage plane 782(8), and flash image
stack 732(1} comprises the digital images produced using the analog values of the analog
storage plane 702{1}3. As noted previously, cach of the digital images of the ambient image
stack 732(8) may be a digital image of the photographic scene captured with ambient
ifumination during a first exposure time. Similarly, each of the digital images of the flash
image stack 732(1) may be a digital image of the photographic scene captured with strobe or

flash iHumination during a second exposure time.

186182 As illustrated in Figure 7, all digital images of an image stack 732 may be based
upon a same analog pixel data 784. However, cach digital image of an tmage stack 732 may
differ from other digital irnages in the image stack 732 as a function of a difference between
the gaios used to generate the two digital images. Specifically, a digital image generated
using the largest gain of at least two gains may be visually percetved as the brightest or more
exposed of the digital images of the image stack 732, Conversely, a digital image generated
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using the smallest gain of the at least two gains may be visually perceived as the darkest and
tess exposed than other digital images of the image stack 732, To this end, a first light
sensitivity value may be associated with first digital pixel data 723, a second light sensitivity
value may be associated with second digital pixel data 724, and a third light sensitivity value
may be associated with third digital pixel data 725, Further, because each of the gains may
be assoctated with a different light sensitivity value, a first digital image or first digital signal
may be associated with 3 first light sensitivity value, a second digital image or second digital
signal may be associated with a second light sensitivity value, and a third digital image or
third digital signal may be associated with a third hight sensitivity valae. In one embodiment,
one or more digital imnages of an image stack may be blended, resulting in a blended umage

associated with a blended light sensitivity.

186183] It should be noted that while a controlled application of gain to the analog pixel
data may greatly aid in HDR image generation, an application of too great of gain may result
in a digital image that is visually percetved as being noisy, over-exposed, and/or blown-out.
Tu one embodiment, application of two stops of gain to the analog pixel data may impart
visually perceptible noise for darker portions of a photographic scene, and visually
imperceptible noise for brighter portions of the photographic scene. In another embodiment,
a digital photographic device may be configured to provide an analog storage plane for
analog pixel data of a captared photographic scene, and then perform at least two analog-to-
digital samplings of the saroe analog pixel data using an analog-to-digital unit 722, To this
end, a digital image may be generated for cach sampling of the at least two samplings, where
each digital image is obtained at a different exposure despite all the digital images being
enerated from the same avalog sampling of a single optical image focused on an image

SCHBSOF.

[66184] In one embodiment, an initial exposure parameter may be selected by a user or by
a metering algorithm of a digital photographic device, The initial exposure parameter may be
selected based on user input or software selecting particular capture variables. Such capture
variables may include, for example, ISO, aperture, and shutter speed. An image sensor may
then capture a photographic scone at the initial exposure parameter during a first exposure
tirne, and populate a first analog storage plane with a first plurality of analog values
corresponding to an optical image focused on the image sensor. Next, during a second
exposure time, a second analog storage plane may be populated with a second plurality of
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analog values corresponding to the optical image focused on the image sensor. During the
second exposure time, a strobe or flash unit may be utilized to illominate at least a portion of
the photographic scene. In the context of the foregoing Figures, a first analog storage plane
702(0) comprising a phurality of first analog sampling circuits 603(8) may be populated with
a phurality of analog values associated with an ambient capture, and a second analog storage
plane 7821} comprising a plurality of second analog sampling circuits 683(1) may be

populated with a plurality of analog values associated with a flash or strobe capture.

[B0185]  In other words, in an embodiment where cach photosensitive cell inchudes two
analog sarmapling circuits, then two analog storage planes may be configured such that a first
of the analog storage planes stores a first analog value output from one of the analog
sampling circuits of a cell, and a second of the analog storage planes stores a second analog

value output from the other analog sampling circuit of the same cell.

[B883186] Further, each of the apalog storage planes may receive and store different analog
values for a given pixel of the pixel array or tmage sensor. For example, an analog value
cccived for a given pixel and stored in a first analog storage plane roay be output based on an
ambient sample captured during a first exposure time, and a corresponding analog value
received for the given pixel and stored in a second analog siorage plane may be output based
on a flash sample captured during a second exposure time that is different than the first
exposure time. Accordingly, in one embodiment, substantially all analog values stored ina
first analog storage plane may be based on samples obtained during a first exposure time, and
substantially all analog values stored in a second analog storage plane may be based on
samples obtained during a second exposure time that is differcnt than the first exposure time.

13

186I87] In the context of the present description, a “single exposure” of a photographic
scene may inclode simultaneously, at least in part, storing analog values representative of the
photographic scene using two or more sets of analog sampling circuits, where cach set of
analog sampling circuits may be configured to operate at different exposure times. During
capture of the photographic scene using the two or more sets of analog sampling circuits, the
photographic scene may be luminated by ambient light during a first exposure time, and by
a flash or strobe unit during 3 second exposure time. Further, after capturing the
photographic scenc using the two or more sets of analog sampling circuits, two or more

analog storage planes {(e.g., one storage plane for each set of analog samplhing circuits) may be
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populated with analog values corresponding to an optical image focused on an image sensor.
Next, one or more digital images of an ambient image stack may be obtained by applying one
ot ruore gains to the analog values of the first analog storage plance captured during the first
exposure time, in accordance with the above systems and methods, Further, one or more
digital images of a flash image stack may be obtained by applying one or more gains to the
analog values of the second analog storage plane captured during the second exposure fime,

i accordance with the above systems and methods.

[BOI88]  To this end, one or more image stacks 732 may be geverated based on a single

exposure of a photographic scene.

18618%] In one erbodiment, a first digital image of an image stack 732 may be obtained
ptilizing a first gain in accordance with the above systems and methods. For example, ita
digital photographic device is configured such that initial exposure parameter includes a
selection of ISO 400, the first gain utilized to obtain the first digital image may be mapped to,
or otherwise associated with, ISO 400, This first digital image may be referred to as ap
exposure or image obtained at exposure value 0 (EVO). Further one more digital iroages may
be obtained utilizing a second gain in accordance with the above systems and methods. For
example, the same analog pixel data used to generate the first digital image may be processed
ptilizing a second gain to generate a second digital image. Still further, one or more digital
irnages may be obtained utilizing a second analog storage plane in accordance with the above
systerns and methods. For exanple, second analog pixel data may be used to gencrate a
second digital image, where the second analog pixel data is different from the analog pixel
data used to generate the first digital image. Specifically, the analog pixel data used to
generate the first digital image may have been captured during g first exposure time, and the
second analog pixel data may have been captured during a second exposure time different

than the first exposure time,

186190 To this end, at least two digital images may be generated utilizing different analog
pixel data, and then blended to generate an HDR image. The at least two digital images may

¢ blended by blending a first digital signal and a second digital signal. Where the at least
two digital images are gencrated using different analog pixel data captured during a single
exposure of a photographic scene, then there may be approximately, or near, zero interframe
time between the at least two digital images. As a result of baving zero, or near zero,
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interframe time between at least two digital images of a same photographic scene, an HDR
tmage may be generated, in one possible embodiment, without motion blur or other artifacts

typical of HDR photographs.

1861%1] In one cmbodiment, after selecting a first gain for generating a first digital image
of an umage stack 732, a second gain may be selected based on the first gain. For example,
the second gain may be selected on the basis of it being one stop away from the first gain.
More specifically, if the first gain ts mapped to or associated with ISO 400, then one stop
down from ISO 400 provides a gain associated with ISO 200, and one stop up from ISO 400
provides a gain associated with ISO 800, Tn such an embodiment, a digital image generated
utilizing the gain associated with ISO 200 may be referred to as an exposure or image
obtained at exposure value -1 (EV-1)}, and a digital image generated utilizing the gain
associated with 1SG 800 may be referred to as an exposure or image obtained at exposure

value +1 (EV+1).

1881921 Sull further, if a more significant difference in exposures 1 desired between
digital images gencrated utilizing the same analog signal, then the second gain may be
selected on the basis of it being two stops away from the first gain. For example, if the first
gain is mapped to or associated with ISO 400, then two stops down from IS0 400 provides a
gain associated with ISO 100, and two stops up from ISO 400 provides a gain associated with
ISO 1600, In such an embodiment, a digital image generated utilizing the gain associated
with 150 100 may be referred to as an exposure or image obtained at exposure value -2 (EV-
23, and a digital image generated otilizing the gain associated with ISO 1600 may be referred

to as an exposure or image obtained at exposure value +2 (EV+2),

[86193]  Iu one embodiment, an ISO and exposure of the EV image may be selected
according to a prefercuce to generate darker digital images. o such an erobodiroent, the
mtention may be to avoid blowing out or overexposing what will be the brightest digital
image, which is the digital image generated utilizing the greatest gain. In another
embodiment, an EV-1 digital image or EV-2 digttal image may be a first generated digital
tmage. Subsequent to geunerating the EV-1 or EV-2 digital troage, an increase in gain at an
analog-to-digital unit may be utilized to generate ap BV digital image, and then a second

mcrease in gain at the analog-to-digital unit may be utitized to generate an EV+1 or EV+2
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digital image. In one embodiment, the mitial exposure parameter corresponds to an EV-N
digital image and subsequent gains are used to obtain an EVO digital image, an EV+M digital

tmage, or any cornbination thereof, where N and M are vahues ranging from 0 to -10.

186194] In one cmbodiment, three digital images having three different exposures (e.g. an
EV-2 digital image, an EV0 digital image, and an EV+2 digital image) may be generated in
parallel by implementing three analog-to-digital units. Each analog-to-digital unit may be
configured to convert ong or more analog signal values to corresponding digital signal values.
Such an implementation may be also capable of simultancously generating all of an EV-1
digital image, an EVQ digital iroage, and an EV+1 digital image. Sinularly, in other
cmbodiments, any combination of exposures may be generated in paraliel from two or more
analog-to-digital units, three or more analog-to-digital units, or an arbitrary number of
analog-to~-digital units. o other embodiments, a set of analog-to-digital anits may be

configured to cach operate on cither of two or more different analog storage planes.

1881951  Figure 8 illustrates various timing configurations for amplifving analog signals, n
accordance with various ershodiroents. As an option, the tinung configurations of Figure 8
may be implemented in the context of the details of any of the Figures disclosed herein. Of
course, however, the timing configurations of Figure 8 may be carried out in any desired
environment. Further, the aforementioned definitions may equally apply to the description

helow,

186196]  Specifically, as shown in Figure §, per pixel timing configuration 881 is shown to
amplify analog signals on a pixel-by-pixel basis. Further, per line timing configuration 811 is
shown to amplify analog signals on a line-by-line basis. Finally, per frame tirning
configuration 821 is shown to amplify analog signals on a frarue-by-frame hasis. FHach
amplified analog signal associated with analog pixel data may be converted to a

corresponding digital signal value.

186197] Insystems that implement per pixel timing configuration 881, an analog signal
containing analog pixel data may be received at an analog-to-digital unit. Further, the analog
pixel data may include individual analog pixel values. In such an embodiment, g first analog
pixel value associated with a first pixel may be identitied within the analog signal and

selected. Next, each ot a first gain 883, a second gain 888, and a third gain 387 may be
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applied in sequence or concurrently to the same first analog pixel value. In some
embodiments less than or more than three different gains may be apphied to a selected analog
pixel value. For cxaraple, in some eroboduruents applying only two different gains to the
same gnalog pixel value may be sufficient for generating a satisfactory HDR image. Inone
embodiment, after applying each of the first gain 883, the second gain 885, and the third gain
887, a second analog pixel value associated with a second pixel may be identified within the
analog signal and selected. The second pixel may be a neighboring pixel of the first pixel.
For example, the second pixel may be in a same row as the first pixel and located adjacent to
the first pixel on a pixel array of an image sensor. Next, each of the first gain 883, the second
gain 805, and the third gain 847 may be applied in sequence or concurrently to the same
second analog pixel value. To this end, in the per pixel timing configuration 861, a plurality
of sequential analog pixel values may be identified within an analog signal, and a set of at

least two gains are applied to cach pixel in the analog signal on a pixel-by-pixel basis.

1861981  Further, in systems that iroplement the per pixel tuning configuration 861, a
controf unit may select a next gain to be applied afier cach pixel is amplified using a
previously selected gain. In another embodiment, a conirol unit may control an amplifier to
cycle through a set of predetermined gains that will be applied to a first analog pixel value,
such as a first analog pixel data value coraprising analog pixel data 784, associated with a
first pixel so that cach gain in the set may be used to amplify the first analog pixel data before
applying the set of predetermined gains to a second analog pixel data that subsequently
arrives at the amplificr. In one embodiment, and as shown in the context of Figure §, this
may include selecting a first gain, applying the first gain to 3 received first analog pixel value,

selecting a second gain, applying the second gain to the received first analog pixel vahue,

[£2]

clecting a third gain, applying the third selected gain to the received first analog pixel value,
and then receiving a second analog pixel value and applying the three selected gains to the
second pixel value in the same order as applied to the first pixel value. In one embodinment,
cach analog pixel value may be read a plurality of times. In general, an analog storage plane

may be utilized to hold the analog pixel values of the pixels for reading.

186199]  Iusystems that implement per line timing configuration 811, an analog signal
containing analog pixel data may be received at an analog-to-digital unit. Further, the analog
pixel data may include individual analog pixel values. In one embodiment, a first line of

analog pixel valaes associated with a fivst Hine of pixels of a pixel array may be identified

N
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within the analog signal and selected. Next, cach of a first gain 813, a second gain 815, and a
third gain 317 may be applied in sequence or concurrently to the same first line of analog
pixel values. In sorne cmbodiments less than or more than three different gains may be
applied to a selected line of analog pixel values. For example, in some embodiments
applying only two different gains to the same line of analog pixel values may be sufficient for
generating a satisfactory HDR image. In one embodiment, after applying each of the first
gain 8§13, the second gain 815, and the third gain 817, a second line of analog pixel values
associated with a second line of pixels may be identified within the analog signal and
selected. The second line of pixels may be a neighboring line of the first line of pixels. For
exarple, the second line of pixels may be located immediately above or immediately below
the first line of pixels in a pixel array of an image sensor. Next, each of the first gain 813, the
second gain 815, and the third gain 817 may be applied in sequence or concurrently to the
same second tine of analog pixel values. To this end, in the per line timing configuration
811, a plurality of sequential lines of analog pixel values are identified within an analog
signal, and a set of at least two gains are applied to each line of analog pixel values in the

analog signal on a line-by-line basis.

[80288]  Further, in systems that implement the per line timing configaration 811, a control
unit may select a next gain to be applied after cach Hne is amplified using a previously
selected gain. In another embodiment, 3 control unit may control an amplifier to cycle
through a set of predetermined gains that will be applied to a line so that each gain in the set
is used to amplhify a first line of analog pixel vahies before applving the set of predetermined
gains to a second line of analog pixel values that arrives at the amplifier subsequent to the
first ling of analog pixel values. In one embodiment, and as shown in the context of Figure §,
this may include selecting a first gain, applying the fivst gain to a received first ine of anslog
pixel values, selecting a second gain, applying the second gain to the received first line of
analog pixel values, selecting a third gain, applying the third sclected gain to the received
first line of analog pixel values, and then receiving a second line of analog pixel values and
applying the three selected gaius to the second line of analog pixel values in the same orvder
as applied to the first hine of analog pixel values. In one embodiment, cach Hoe of analog
pixcl values may be read a phurality of times. In another embodiment, an analog storage

plane moay be utilized to hold the analog pixel data values of oue or more lines for reading.
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[86261]  In systems that implement per frame timing configuration 821, an analog signal
that contains a plurality of analog pixel data values comprising analog pixel values may be
cccived at an analog-to-digital unit. In such an embodiment, a first frame of analog pixel
values associated with a first frame of pixels may be identified within the analog signal and
selected. Next, each of a first gain 823, a second gain 8285, and a third gain 827 may be
applied in sequence or concurrently to the same first frame of analog pixel vahies., In some
embodiments less than or more than three different gains may be applied to a selected frame
of analog pixel values. For example, in some embodiments applying only two different gaing
to the same frame of analog pixel values may be safficient for generating a satisfactory HDR

tmage.

(802021  In onc embodiment, atier applying cach of the first gain 823, the secound gain 825,
and the third gain 827, a second frame of analog pixel values associated with a second frame
of pixels may be identified within the analog signal and selected. The second frame of pixels
may be a next fraroe in a sequence of frames that capture video data associated with a
photographic scene. For example, a digital photographic system may be operative to capture
30 frames per second of video data. In such digital photographic systems, the first frame of
pixels may be one frame of said thirty frames, and the second frame of pixels may be a
second traroe of said thirty frames. Further still, cach of the first gain 823, the second gan
825, and the third gain 827 may be applied in sequence to the analog pixel values of the
second frame. To this end, in the per frame timing configuration §21, a phwrality of
sequential frames of analog pixel vahies may be identified within an analog signal, and a set
of at least two gains are applied to each frame of analog pixel values on 3 frame-by-frame

basis.

186263]  Further, in systems that implement the per frame timing configaration 821, a
controb unit may select a next gain to be applied after cach frame is amplified using a
previcusly selected gain, In another embodiment, a control unit may control an araplifier to
cycle through g set of predetermined gains that will be applied to a frame s0 that each gain is
used to amplify a analog pixel values associated with the first frame before applying the sct
of predetermined gains to analog pixel values associated with a second frame that
subsequently arrive at the amplifier. In one embodiment, and as shown in the context of
Figure 8, this may inchide selecting a first gain, applying the first gain to analog pixel values

associated with the first frame, selecting a second gain, applying the second gain to analog
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pixel values associated with the first frame, selecting a third gain, and applying the third gain
to analog pixel values associated with the first frame. In another erabodiment, analog pixel
values associated with a second frame roay be received following the application of all three
selected gains to analog pixel values associated with the first frame, and the three selected
gains may then be applied to analog pixel values associated with the second frame in the

same order as applied to the first frame.

1862041  Iuv yet another embodiment, selected gaios applied to the first frame may be
different than sclected gains applied to the second frame, such as may be the case when the
second frame includes different content and illumination than the first frame. In general, an
analog storage plane may be vtilized to hold the analog pixel data values of one or more

frames for reading.

[80285]  In certain embodiments, an analog-to-digital unit is assigned for each different
gain and the analog-to-digital units are configured to operate concurrently. Resulting digital
values may be interleaved for output or may be output in parallel. For exarmple, analog pixel
data tor a given row may be amplified according to gain 863 and converted to corresponding
digital values by a first analog-to-digital unit, while, concurrently, the analog pixel data for
the row may be amplified according to gain 885 and converted to corresponding digital
values by 8 second analog-to-digital unit. Furthermore, and concurrently, the analog pixel
data for the row may he amplified according to gain 887 and converted to corresponding
digital values by a third analog-to-digital unit. Digital values from the first through third
analog-to-digital units may be output as sets of pixels, with each pixel in a set of pixels
corresponding to one of the three gains 803, 865, 807, Suniarly, output data values may be
organized as lines having different gain values, with cach line comprising pixels with a gain

corresponding to one of the three gains B3, 845, 867,

[86286] Figure 9 illustrates a system 986 for converting in parallel analog pixel data to
multiple sigunals of digital pixel data, in accordance with one ermbodiment. As an option, the
system 908 may be implermented in the context of the details of any of the Figures disclosed
herein. Of course, however, the system 908 may be implemented in any desired
environment. Further, the aforementioned definttions may equally apply to the description

helow,
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1862671  In the context of Figure 8, the system 960 is shown to receive as input analog
pixel data 621, The analog pixel data 621 may be received within an analog signal, as noted
heremabove. Further, the analog-to-digital units 622 may be configured to generate digital

pixel data 625 based on the received analog pixel data 621,

186208  As shown in Figure 9, the system 988 1s configured to mirror the carrent of the
analog pixel data 621 such that cach of analog-to-digital unit 622(8), analog-to-digital unit
622(1), and analog-to-digital unit 622{n) receive a scaled copy of the analog pixel data 621.
Tu one embodiment, each of the analog-to-digital unit 622(8), the analog-to-digital vt
622(1}, and the analog-to-digital untt 623{(n) may be configured 1o apply a unmique gain to the
analog pixel data 621. Each scaled copy may be scaled according to physical dimensions for
the transistors comprising system 988, which comprises a stracture known in the art as a
current mirror. As shown, cach current i1, 12, i3 may be generated in an arbitrary ratio
relative to input current kin, based on the physical dimensions. For example, currents i1, 2,
i3 may be generated in a ratio of 1:1:1, 1:2:4, .5:1:2, or any other technically feasible ratio

relative 1o Tin.

186209 In an embodiment, the unique gains may be configured at each of the analog-to-
digital units 622 by a controller. By way of a specific example, the analog-to-digital unit
&22(0) may be contigured 1o apply a gain of 1.0 to the analog pixel data 621, the analog-to-
digital unit 622(1) may be configured to apply a gain of 2.0 to the analog pixel data 621, and
the analog-to-digital unit 622(n} may be configured to apply a gain of 4.0 to the analog pixel
data 621, Accordingly, while the same analog pixel data 621 may be input transmitted to
cach of the analog-to-digital untt 622(8), the analog-to-digital unit 622(1}, and the analog-to-
digital unit 622{n)}, cach of digital pixel data 625(8#), digital pixel data 625(1), and digital
pixel data 625(n) may include different digital values based on the different gains applied
within the analog-to-digital units 622, and thereby provide unique exposure representations of

the same photographic scene.

1882161  In the erobodiment described above, where the analog-to-digital unit 622(8) may
be configured to apply 2 gain of 1.0, the analog-to-digital unit 622(1) may be configured to
apply a gain of 2.0, and the analog-to-digital unit 622(n} may be configured to apply a gain of

4.0, the digital pixel data 625(0) may provide the least exposed corresponding digital tmage.
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Conversely, the digital pixel data 625(n} may provide the most exposed digital image. In
another embodiment, the digital pixel data 625(8) may be utilized for geverating an EV-1
digital image, the digital pixel data 625(3) may be utilized for generating an EVO digutal
image, and the digital pixel data 625(n) may be utilized for gencrating an EV+2 image. In
another embodiment, system 988 is configured to generate currents i1, 12, and 13 in a ratio of
2:1:4, and cach analog-to-digital unit 622 may be configured to apply a gain of 1.0, which
results in corresponding digital images having exposure values of EV-1, EV, and EV+1
respectively. In such an embodiment, further differences in exposure value may be achieved

by applying non-unit gain within one or more analog-to-digital unit 622.

186211 Insome embodiments, a set of gains may be selected for application to the analog
pixel data 621 based on whether the analog pixel data is associated with an ambient captore
or a flash captare. For example, if the analog pixel data 621 comprises a plurality of values
from an analog storage planc associated with ambient sample storage, a first set of gains may
be selected for amplifying the values of the analog storage plane associated with the ambient
sample storage. Further, a second set of gains may be selected for amphifying values ofan

analog storage plane associated with the flash sample storage.

186212] A phurality of first analog sampling circuits 603(#) may comprise the analog
storage plane used for the ambient sample storage, and a plorality of second analog sampling
circuits 603(1) may comprise the analog storage plane used for the tlash sample storage.
Either set of gains may be preseiected based on exposure settings. For example, g first set of
gains may be presclected for exposare settings associated with a flash capture, and a second
set of gains roay be preselected for exposure settings associated with an ambient capture.
Each set of gains may be presclected based on any feasible exposure settings, such as, for
example, [SO, aperture, shutter speed, white balance, and exposure. One set of gains may
mchide gain values that are greater than each of their counterparts in the other set of gains.
For example, a first set of gains selected for apphication to each ambient sarople may include
gain values 0 0.5, 1.0, and 2.0, and a second set of gaing selected for application 0 cach

flash sample may include gain vahies of 1.0, 2.0, and 4.0.

(66213}  While the system 908 is illustrated to include three analog-to-digital units 622, it
is contemplated that multiple digital images may be generated by similar systems with more
or less than three analog-to-digital units 622, For example, a system with two analog-to-
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digital units 622 may be implemented for simultancously generating two exposures of a
photographic scene with zero, or near zevo, interframe time in a manner similar to that
deseribed above with respect to systern 980, In one embodiment, the two analog-to-digital
units 622 may be configured to generate two exposures cach, for a total of four different

exposures relative (o one frame of analog pixel data.

186214]  Figure 10A illustrates a user interface (Ul) system 186§ for generating a combined
image 1620, according to one embodiment. As an option, the Ul system 1888 may be
implemented in the context of the details of any ot the Figures disclosed herein. Of course,
however, the Ul systera 1006 may be implemented 1o any desived environment. Further, the

atorementioned definitions may equally apply to the description below.,

[66215] In one embodiment, a combined tmage 1928 comprises a combination of at least
two related digital images. For example the combined image 1628 may comprise, without
fimitation, a combined rendering of at least two digital images, such as two or more of the
digital irnages of an ambient image stack 732(0) and a flash image stack 732(%) of Figure 7.
v avother embodiment, the digital images used to compute the combined image 1020 may be
generated by amplifying cach of an ambient analog signal and a flash analog signal with at
least two different gains, where each analog signal includes optical scene information
captured based on an optical image focused on an tmage sensor. In yet another embodiment,
cach analog signal may be amplified using the at least two differcnt gains on a pixel-by-pixel,

fine-by-line, or frame-by-frame basis.

[80216]  In one embodiment, the Ul systera 1000 presents a display image 1810 that
includes, without limitation, a combined image 1026, and a control region 18258, which in
Figure 18A is shown to inchude a shider control 1038 configured to move along track 1832,
and two or more indication points 1848, which may cach include a visual marker displayed

within display tmage 1010,

1862171  In one embodiment, the Ul system 1888 is generated by an adjustment tool
executing within a processor complex 318 of a digital photographic systern 308, and the
display tmage 1018 is displayed on display unit 312, In one embodiment, at least two digital
images comprise source images for generating the combined image 1620, The at feast two
digital images mway reside within NV memory 316, volatile memory 318, memory subsystem
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362, or any combination thereof. In another embodiment, the Ul system 1888 is generated by
an adjustrment tool executing within a computer system, such as a laptop computer or a
desktop computer. The at least two digital images may be transmitted to the computer system
or may be generated by an attached camera device. In yet another embodiment, the Ul
system 688 may be generated by a cloud-based server compuier sysiem, which may
download the at least two digital images to a chient browser, which may execate combining
operations described below. In another embodiment, the Ul system 1888 is generated by a
cloud-based server computer system, which receives the at least two digital images from a
digital photographic system in a mobile device, and which may execute the combining

operations described below in conjuunction with generating combined image 1020,

186218] The shider control 1838 may be configured to move between two end points
corresponding to indication points 1840-A and 1848-C. One or more mdication points, such
as indication point 1440-B may be positioned between the two end points. Of course, in
other embodiment, the control region 1825 may include other configurations of indication
points 1840 between the two end points. For example, the control region 1825 may inchide

more or less than one indication point,

186219 Each indication point 1848 may be associated with a specific rendering of a
combined 1mage 1828, or a specific combination of two or more digital images. For
example, the indication point 1846-A may be associated with a first digital timage generated
from an ambicnt analog signal captured during a first exposure time, and amplified utilizing a
first gain; and the indication point 1848-C may be associated with a second digital image
enerated fror a flash analog signal captured during a second exposure tirne, and amplified
utilizing a second gain. Both the first digital image and the second digital image may be from
a single exposure, as described hereinabove. Further, the first digital image may include an
ambient capture of the single exposure, and the second digital image may inclade a flash
capture of the single exposure. In one crubodiment, the first gain and the second gain muay be
the same gain. In another embodiment, when the slider control 1838 s positioned directly
over the indication point 1348-A, only the first digital image may be displayed as the
combined troage 1620 in the display image 1818, and siroilarly when the slhider contro] 1030
is positioned directly over the indication point 1848-C, only the second digital image may be

displayed as the combined image 1828 in the display image 1018
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1862261  In one embodiment, indication point 1840-B may be associated with a blending of
the first digital image and the second digital image. Further, the first digital image may be an
ambient digital tmage, and the second digital image may be a flash digital image. Thus,
when the slider control 1038 s positioned at the indication point 1848-B, the combined
image 1020 may be a blend of the ambient digital image and the flash digital image. In one
embodiment, blending of the ambient digital image and the flash digital imnage may comprise
alpha blending, brightness blending, dvnamic range blending, and/or tone mapping or other
non-linear blending and mapping operations. In another embodiment, any blending of the
first digital image and the second digital image may provide a new image that has a greater
dynamic range or other visual characteristics that are different than cither of the first image
and the second image alone. In one embodiment, a blending of the first digital image and the
second digital image may allow for control of a flash contribution within the combined
image. Thus, a blending of the first digital image and the second digital image may provide a
new computed image that may be displayed as combined image 1626 or used to generate
combined image 1628. To this end, a first digital signal and a second digital signal may be
combined, resulting in at least a portion of a combined tmage. Further, one of the first digital
signal and the second digital signal may be further combined with at least a portion of another
digital image or digital signal. In one cmbodiment, the other digital image may include

another combined image, which may include an HDR image.

16622311 In one embodiment, when the slider control 1834 is positioned at the mdication
point 1846-A, the first digital image is displaved as the combined image 1828, and when the
shder control 1038 1s positioned at the indication point 1848-C, the second digital image is
displayed as the combined wnage 1828; furtherroore, when slider control 1636 is positioned at
indication point 1846-8, a blended image is displayed as the combined image 1828, In such
an embodiment, when the shider control 1038 is positionad between the indication point
1848-A and the indication point 1848-C, a mix (e.g. blend) weight may be calculated for the
first digital image and the second digital tnage. For the first digital image, the roix weight
may be calculated as having a value of 0.0 when the slider control 3838 is at indication point
§1848-C and a value of 1.0 when shider control 1038 is at indication point 1848-4, with a
range of mix weight values between 0.0 and 1.0 located between the indication points 1044-C
and 1848-A, respectively. For the second digital image, the mix weight may be calculated as
having a value of 0.0 when the shider control 1838 s at indication point 1848-A and a value
of 1.0 when shider control 1838 is at indication point 1848-C, with a range of mix weight
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vahugs between 0.0 and 1.0 located between the indication points 1048-A and 1946-C,

respectively.

[66222]  In another embodiment, the indication point 1440-A may be associated with a first
combination of images, and the indication point 1848-C may be associated with a second
combination of images. Each combination of images may include an independent blend of
tmages. For example, the indication point 1848-A may be associated with a blending of the
digital images of ambient image stack 732({} of Figure 7, and the indication point 1848-C
may be associated with a blending of the digital images of flash image stack T32(1}. In other
words, the indication point 1848-A may be associated with a blended ambient digital image
or bicnded ambient digital signal, and the indication point 1#48-C may be associated with a
blended flash digital image or blended flash digital signal. In such an embodiment, when the
slider control 1034 is positioned at the indication point 1048-A, the blended ambient digital
tmage 18 displayed as the combined image 1628, and when the slider controf 1636 is
positioned at the indication point 1846-C, the blended flash digital image is displayed as the
combined image 1628, Fach of the blended ambient digital image and the blended flash

digital image roay be associated with unigue light sensitivitics.

(86223} Further, when slider control 1838 is positioned at indication point 1846-B, the
blended ambient digital irnage may be blended with the blended flash digital image to
generate a new blended image. The new blended image may be associated with yet another
unique lght sensitivity, and may offer a balance of proper background exposure due to the
blending of amnbient images, with a properly it foreground subject due to the blending of
flash umages. To such an erabodiment, when the shider control 1630 5 positioned between the
indication point 1840-A and the indication point 1048-C, a mix (e.z. biend) weight may be
calculated for the blended ambient digital image and the blended flash digital image. For the
blended ambient digital image, the mix weight may be calcolated as having a value of 0.0
when the slider control 1038 is at indication point 1848-C and a value of 1.0 when slider
controf 1838 is at indication point 1848-A, with a range of mix weight values between 0.0
and 1.0 located between the indication points 1640-C and §848-A, respectively. For the
blended flash digital roage, the mix weight may be caleulated as having a value of 0.0 whe
the slider control 1038 is at indication point 1848-A and 3 value of 1.0 whean slider control
1838 is at indication point 1848-C, with a range of mix weight valaes between (.0 and 1.0

located between the indication points 1848-A and 1848-C, respectively.
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188224  Figure 10B illustrates a user interface (UD) system 1058 for generating a combined
tmage 1020, according to one embodiment. As an option, the Ul systern 1658 may be
implemented in the context of the details of any of the Figures disclosed herein, Of course,
however, the UL system 1850 may be implemented in any desired environment. Further, the

aforementioned definttions may equally apply to the deseription below.

18682251  As shown in Figure 1B, the Ul system 1858 may be substantially identical to the
UT system 1868 of Figure 184, with exception of the control region 1825 of Ul system 1808
and control region 1826 of Ul systom 1858, The control region 1626 of Ul system 1054 1s
shown to include six indication points 1040-U, 1046-V, 1040-W, 1046-X, 1848-Y, and 1048~
Z. The indication points 1848-U and 1848-7 may be representative of end points, similar to
the indication points 1848-A and 1840-C, respectively, of UT system 1888, Further, the
controf region 1826 of Ul systern 1058 is shown to include a plurality of indication points
§6486 — such as indication poinis 1346-Y, 1848-W, 1040-X, and 1040-Y - disposed between
the two end points along track 1832, Each of the indication points may be associated with

one or more digital images of image stacks 733,

186226] For example, an ambient image stack 732 may be generated to include cach of an
ambient digital image at EV-1 exposure, an ambient digital image at EV0 exposure, and an
arnbient digital image at EV+1 exposure. Said ambient iroage stack 732 roay be associated
with a first analog storage plane captured at g first exposure time, such as the ambient image
stack 732(8) of Figure 7. Thus, an ambient image stack may include a plurality of digital
tmages all associated with a first exposure time during an arobient capture, where cach digital
image is associated with a differcnt ISO or light sensitivity. Further, a flash image stack 732
may also be generated to include each of a flash digital image at EV-1 exposure, a flash
digital image at EV0 exposare, and a flash digital image at EV-+1 exposure. However, the
flash image stack 732 may be associated with a second analog storage plance captured at a
second exposure time daring which a strobe or flash was activated, such as the flash image
stack 732(1) of Figure 7. Thus, a flash image stack may include a second phurality of digital
tmages all associated with a second exposure time during which a strobe or flash was
activated, where cach flash digital iroage is associated with a different SO or light

sensitivity.
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1862271 After analog-to-digital units 722(0) and 722(}) gencrate the respective image
stacks 732, the digital pixel data output by the analog-to-digital units 722(8) and 722(3) may
be arranged together info a single sequence of digital images of increasing or decreasing
exposure. In one embodiment, no two digital signals of the two inage stacks may be
associated with a same ISO + exposure time combination, such that each digital image or

iatance of digital pixel data may be considered as having a unique effective exposure.

186228  In one embodiment, and in the context of the foregoing figures, each of the
mdication points 1040-11, 1040-V, and 1848-W may be associated with digital images of an
tmage stack 732, and cach of the indication poiots 1040-X, 1048-Y, and 1848-7, may be
associated with digital images of another image stack 732. For example, cach the indication
points 1848-U, 1040-Y, and 1848-W may be associated with a different ambient digital
image or arbient digital signal. Similarly, each of the indication points 1848-X, 1840-Y, and
1848-7. may be associated with a different tlash digital image or flash digital signal. In such
an embodiment, as the slider 1838 is moved from left to right along the track 1832, exposure
and flash contribution of the combined image 1828 may appear 6 be adjusted or changed.
Of course, when the slider 1838 1s between two indication points along the track 1832, the
combined image 1432 may be a combination of any two or more images of the two image

stacks 732,

166228)  In another embodiment, the digital images or instances of digital pixel data output
by the analog-to-digital units 722(8) and 722{1} may be arranged into 3 single sequence of
digital images of increasing or decreasing exposure.  In such an embodiment, the sequence
may alternate between ambient and flash digital images. For example, for cach of the digial
images, gain and exposure time may be combined to determine an effective exposure of the
digital image. The digital pixel data may be rapidly organized to obtain a single sequence of
digital images of increasing effective exposure, such as, for example: 723(8), 723(1), 724(0),
7240y, T25(8), and 7258(1}. In such an organization, the sequence of digital images may
alternate between flash digital images and ambient digital images. Of course, any sorting of
the digital images or digital pixel data based on effective exposure level will depend on an

order of application of the gains and generation of the digital signals 723-728,

186238] In one cmbodiment, exposure times and gains may be selected or predetermined
for generating a number of adequately different effective exposures. For example, where
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three gains are to be applied, then each gain may be selected to be two exposure stops away
from a nearest selected gain. Further, a fivst exposure time may be selected to be one
exposure stop away from a second exposure fime. In such an embodiment, selection of three
gains separated by two exposure stops, and two exposure times separated by one exposure

stop, may ensure generation of six digital images, each having a vnique effective exposure.

1662331 In another embodiment, exposure times and gains may be selected or
predetermined for generating corresponding images of similar exposures between the ambient
tmage stack and the tlash image stack. For example, 8 first digital image of an ambicut
tmage stack may be generated utilizing an exposure time and gain combination that
corresponds to an exposure time and gain combination utilized to generate g first digital
image of a flash image stack. This may be done so that the first digital image of the ambient
image stack has a similar effective exposure to that of the first digital image of the flash
tmage stack, which may assist in adjusting a flash contribution in a combined image

generated by blending the two digital images.

1802321  With continuing refercuce to the digital images of multiple image stacks sorted in
a sequence of increasing exposure, cach of the digital images may then be associated with
indication points along the track 1832 of the Ul system 1858, For example, the digital
images may be sorted or sequenced along the track 1832 in the order of increasing effective
exposure noted previousty {723(6), T23(1), 724¢0), 724(1), 725(0), and 728(1)) at indication
points 1040-1, 1040-V, 1048-W, 1048-X, 1040-Y, and 1046-7, respectively.

(8082331 In such an embodiment, the shider control 1038 may then be positioned at any
point along the track 1832 that is between two digital images generated based on two
different analog storage planes, where each analog storage plane is associated with a different
scene Hhumination. As a result, a digital image generated based on an analog storage plane
associated with ambient Hlumination may then be blended with a digital freage generated
based on an analog storage plane associated with flash illumination to generate 3 combined
image 1620, In this way, one or more images captured with ambient illumination may be

blended with oue or more images captured with flash dlumination,

186234] For cxample, the shider control 1830 may be positioned at an indication point that
may be equally associated with digital pixel data 724{) and digital pixel data 724(1). Asa
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result, the digital pixel data 724(8}, which may include a first digital image generated from an
ambient analog signal captured during a first exposure time with ambient illumination and
amplified utilizing a gain, may be blended with the digital pixel data 724(%), which may
imchude a second digital image generated from a flash analog signal captured during a second
exposure time with flash llumination and amplified utilizing the same gain, to generate a

combined image 1028,

186235 Still further, as another example, the slider control 1838 may be positioned at an
mdication point that may be equally associated with digital pixel data 724(1} and digital pixel
data 725(3). As aresult, the digital pixel data 724(1), which may include a first digital image
generated from an ambicnt analog signal captured during a first exposure time with ambient
ilfumination and amplified utilizing a first gain, may be blended with the digital pixel data
725(), which way include a second digital image generated from a flash analog signal
captured during a second exposure time with flash illumination and amplified utilizing a

different gain, to generate a combined image 1620,

(882361  Thus, as a result of the shider control 1838 positioning, two or more digital signals
may be blended, and the blended digital signals may be generated utilizing analog values
from different analog storage planes. As a further benefit of sorting effective exposuares
along a slider, and then allowing blend operations based ou slider control position, each pair
of neighboring digital images may include a higher noise digital troage and a lower noise
digital image. For example, where two neighboring digital signals arc amplified utilizing a
same gain, the digital signal generated from an analog signal captured with a lower exposure
tirne may have less noise. Similarly, where two neighboring digital signals are amplified
utilizing differcnt gains, the digital signal generated from an analog signal amplified with g
lower gain vahie may have less poise. Thus, when digital signals are sorted based on
effective exposure along a shider, a blend operation of two or more digital signals may serve

1o reduce the noise apparcut in at least one of the digital signals.

1862371 Of course, any two or more effective exposuares may be blended based on the
mdication point of the slider control 1038 1o geverate a combined image 1620 in the Ul

system §850.

~
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186238]  In one embodiment, a mix operation may be applied to a first digital image and a
second digital image based upon at least one mix weight value associated with at least one of
the first digital image and the second digital image. In one embodiment, a mix weight of 1.0
gives complete mix weight to a digital image associated with the 1.0 mix weight. In this way,
a user may blend between the first digital image and the second digital image. Tothisend, a
first digital signal and a second digital signal roay be blended in response to user input. For
example, sliding indicia may be displayed, and a first digital signal and a second digital

signal may be blended in response to the sliding indicia being manipulated by a user.

[80239] A system of mix weights and oux operations provides a Ul tool for viewing a first
digital image, a second digital image, and a blended image as a gradual progression from the
first digttal image to the second digital image. In one embodiment, a user may save a
combined 1mage 1828 corresponding to an arbitrary position of the stider control 1838, The
adjustment too! implementing the Ul system 1068 may receive a comumand to save the
combined image 1628 via any technically feasibie gesture or technique. For example, the
adpustment tool may be configured to save the combined image 1028 when a user gestures
within the arca occupicd by combined image 1828, Alternatively, the adjustment tool may
save the combined image 1428 when a user presses, but does not otherwise move the slider
control 1838, In another implementation, the adjustment tool may save the combined image
1628 when a user gestures, such as by pressing a Ul element (not shown), such as a save

hutton, dedicated to receive a save conumnand.

[80248]  To this end, a shider control may be used to determine a contribution of two or
maore digital images to generate a final computed iroage, such as corbined image 18246,
Persons skilled in the art will recognize that the above system of mix weights and mix
operations may be generalized to include two or more indication points, associated with two
or more related tmages. Such related images may comprise, without imitation, any number
of digital images that have been generated from two or more analog storage planes, and

which may have zero, or near zero, interframe time,

(86241}  Furthermore, a different contimuous position Ul control, such as a rotating knob,

may be implemented rather than the slider 1030,
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1862421  Figure 18C illustrates user interface (Ul) systems displaying combined images
1878-1072 with differing tevels of strobe exposure, according to one embodiment. As an
option, the Ul systems of Figure 18C roay be troplersented in the context of the details of any
of the Figures disclosed herein. Of course, however, the Ul systems be implemented in any
desired environment. Further, the aforementioned definitions may equally apply to the

escription below.,

1862431  As shown in Figure 18C, a blended tmage may be blended from two or more
tmages based on a position of shider control 1838, As shown, the shder control 1838 1s
configured to select one or roore source iraages for input to a blending operation, where the
source images are associated with increasing strobe intensity as the slider control 1838 moves

from left to right.

186244] For example, based on the position of slider control 1838 in control region 1474,
first blended image 1070 may be generated utilizing one or more source images captured
without strobe or flash iltumination. As a specific example, the first blended image 16878
may be generated utilizing oue or more images captured using ouly ambient itumination.
The one or more images captured using only ambient illumination may coraprise an image
stack 732, such as the ambient image stack 732(8). As shown, the first blended image 1676
imchides an under-exposed subject 1062, Further, based ou the position of slider control 1638
in control region 1476, third blended image 1072 may be generated utilizing one or more
source images captured using strobe or flash illumination. The one or more source images
associated with the position of shider control 1838 in the control region 1476 may comprise
an image stack 732, such as the flash image stack 732(1}. As shown, the third blended jmage

1872 includes an over-exposed subject 1082

186245] By manipulating the slider control 10348, a user may be able to adjust the
contribution of the source iraages used to generate the blended image. Or, in other words, the
user may be able to adjust the blending of one or more images. For example, the user may be
able to adjust or increase a flash contribution from the one or more source images captured
using strobe or flash illuraination.  As illustrated in Figure 10C, when a user positions the
stider control 1038 along a track away from track end points, as shown in control region
1875, a flash contribution from the one or more source images captured using strobe or flash
ilfumination may be blended with the one or more source images captured using ambient
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tilurnination. This may result in the generation of second blended image 1071, which
mncludes a properly exposed subject 1881, To this end, by blending digital images captured
in ambient highting condifions with digital iroages of the same photographic scene captured
with strobe or flash illumination, novel digital images may be generated. Further, a flash
contribution of the digital images captured with strobe or flash illumination may be
adjustable by a user to ensure that both foreground subjects and background objects are

properly exposed.

[88246] A determination of appropriate strobe intensity may be subjective, and
embodiments disclosed herein advantageously enable 2 user to subjectively select a final
combined image having a desired strobe intensity afier a digital image has been captured. In
practice, a user is able to capture what is apparently a single photograph by asserting a single
shutter-release. The single shuotter-release may cause capture of a set of ambient samples to a
first analog storage plane during a first exposure time, and capture of a set of flash samples to
a second analog storage plane during 2 second exposure time that immediately follows the
first exposure time. The ambient samples may comprise an ambicut analog signal that is then
used to generate multiple digital images of an ambient image stack. Further, the flash
samples may comprisc a flash analog signal that is then used to generate multiple digital
images of a flash image stack. By blending two or more images of the ambient image stack
and the flash tmage stack, the user may thereby identity a final comnbined image with desired
strobe intensity. Further, both the ambient image stack and the flash image stack may be

stored, such that the user can select the final combined image at a later time,

(802471  In other embodiments, two or more shider controls may be presented ina Ul
system. For example, in one embodiment, a first slider control may be associated with digital
images of an ambient image stack, and a second shider control may be associated with digital
images of a flash image stack. By manipulating the shider controls independeuntly, a user may
control a4 blending of ambient digital images independently from blending of flash digutal
images. Such an embodiment may allow a user to first select a blending of images from the
ambient image stack that provides a preferred exposure of background objects. Next, the user
may then select a flash contribution. For example, the user may select a blending of iroages
from the flash image stack that provides a preferred exposure of foreground objects. Thus,

by allowing for independent selection of ambient contribution and flash contribution, a final
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blended or combined image may include properly exposed foreground obijects as well as

properly exposed background objects.

[66248]  In another embodiment, a desired exposure for one or more given regions of a
blended image may be identified by a user selecting another region of the blended image.

For example, the other region selected by the user may be currently displayed at a proper
exposure within a Ul system while the one or more given regions are currently under-exposed
or over-exposed. In response to the user’s selection of the other region, a blending of source
tmages from an ambient image stack and a flash image stack may be identified to provide the
proper exposure at the one ot more given regions of the blended image. The blended troage
may then be updated to reflect the identified blending of source tmages that provides the

proper exposure at the one or more given regions.

186249  In another embodiment, images of a given image stack may be blended betore
performing any blending operations with images of a different image stack. For example,
two or more ambient digital images or ambicut digital signals, each with a umique light
sensitivity, may be blended to generate a blended ambient digital image with a blended
ambient fight sensitivity. Further, the blended ambient digital image may then be
subsequently blended with one or more flash digital images or flash digital signals. The
blending with the one or more flash digital irnages may be 1n response to user input. In
another ernbodirsent, two or more flash digital iraages may be blended to generate a blended
flash digital image with a blended flash light sensitivity, and the blended flash digital image

may then be blended with the blended ambient digital image.

186258  As another example, two or more flash digital images or flash digital signals, ecach
with a uniqgue light sensitivity, may be blended to generate a blended flash digital image with
a blended flash hight sensitivity. Further, the blended flash digital image may then be
subsequently blended with one or more arabient digital iroages or ambient digital sigoals.
The blending with the one or more ambient digital irnages may be in response o user input.
In another embodiment, two or more ambient digital images may be blended to generate a
blended ambicnt digital image with a blended ambient light sensitivity, and the blended

ambient digital image may then be blended with the blended flash digital image.

~
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186251  In one embodiment, the ambient image stack may include digital images at
different effective exposures than the digital images of the flash image stack. This may be
due to application of different gain values for generating cach of the ambient image stack and
the flash image stack. For example, a particular gain value may be selected for application to

an ambient analog signal, but not for application to a corresponding flash analog signal.

1862521 Figure 11 is a flow diagram of method 1188 for generating a combined image,
according to one embodiment. As an option, the method 1108 may be implemented 1o the
context of the details of any of the Figures disclosed herein. Of course, however, the method
1108 roay be carried out in any desired environment. Further, the aforermentioned definitions

may equally apply to the description below.

1862537 The method 1186 begins in step 1118, where an adjostment tool executing within
a processor complex, such as processor complex 318, loads at least two related source
images, such as a first digital image and a second digital image described in the context of
Figure 16, In step 1112, the adjustment tool initializes a position for a UT control, such as
shider control 1038 of Figure 184, to a default setting. n one embodiment, the default setting
compriscs an end point, such as indication point 1848-A of Figure 184, for a range of values
for the Ul conirol. In another embodiment, the default setting comprises a calculated value
based on one or more of the at least two related source images. In certain embodiments, the
default setting 1s initialized to a value previously selected by a user in association with an

tmage object comprising at least the first digital image and the second digital image.

[80254]  Instep 1114, the adjustroent tool generates and displays a combined 1mage, such
as combined image 1028 of Figure 18A, based on g position of the Ul control and the at least
two related source images. In one embodiment, generating the combined image comprises
mixing the at feast two related source images as described previously in Figures 18A-108C. In
step 1116, the adjustment tool receives user input. The user mput may include, without
fimitation, a Ul gesture such as a selection gesture or click gesture within display image
818, If, in step 1128, the user input should change the position of the Ul control, then the
adjustment tool changes the position of the Ul control and the method proceeds back to step

1114, Otherwise, the method proceeds to step 1136
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[86255]  If instep 1134, the user input does not comprise a command {0 exit, then the
method proceeds to step 1148, where the adjustiment tool performs a command associated
with the user input. In one erubodirnent, the coramand comprises 4 save coromand and the
adjustment tool then saves the combined image, which is generated according to a position of

the UI control. The method then proceeds back to step 1116.

186256] Returning to step 1138, if the user input comprises a command to exit, then the
method terminates in step 1198, where the adjastment tool exits, thereby terminating

execution.

186257 In summary, 3 technique is disclosed for generating a new digital photograph that
beneficially blends one or more ambient digital images and one or more flash digital images,
where the one or more ambient digital images and the one or more flash digital images are
based on different analog signals received from two different analog storage planes, but from
a single image sensor during a single exposure. The one or more ambient digital images may
be blended with the one or more flash digital images based on a function that implersents any
technically feasible blend technique. An adjustment tool may implement a user interface
technigue that enables a user to select and save the new digital photograph from a gradation

of parameters for combining related images.

1802581  One advantage of the erabodirnents disclosed herein is that a digital photograph
may be selectively generated based on user input using two or more different samples of a
single exposure of a photographic scene. Accordingly, the digital photograph generated
based on the user mput may have a greater dynamic range than any of the individual samples.
Further, the generation of an HDR image using two or more different samples with zero, or
near zero, interframe time allows for the rapid generation of HDR images without motion
artifacts. Still further, the embodiments disclosed herein may allow for the generation of a
blended roage with an ideal amount of flash contribution by blending one or more ambient

digital images with one or more flash digital images of 3 same photographic scene.

[80259]  Figure 12 illustrates a message sequence 1280 for generating a combined image
utilizing a network, according to one embodiment. As an option, the message sequence 1206

may be implemented in the context of the details of any of the Figures disclosed herein. Of
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course, however, the message sequence 1288 may be carried out in any desired environment.

Further, the aforementioned detinitions may equally apply to the description below,

[66260]  As shown in Figure 12, a wircless mobile device 376(0) gonerates at least two
digital images. In one embodiment, the at least two digital images may be generated by
amplitying analog vahies of two or more analog storage planes, where cach generated digital
image may correspond to digital output of an applied gain. In one embodiment, a first digital
image may inciude an EV-1 exposure of a photographic scene, and a second digital image
may include an EV+1 exposure of the photographic scene. In another embodiment, the at
teast two digital images may include an EV-2 exposure of a photographic scene, an EVO
exposure of the photographic scene, and an EV+Z exposure of the photographic scene. Inyet
another embodiment, the at least two digital images may comprise one or more image stacks.
For example, the at least two digital imnages may comprise an ambient irsage stack and/or a

flash image stack.

[88261] Referring again to Figure 12, the at least two digital images are transmitted from
the wireless mobile device 376(8) to a data conter 480 by way of a data network 474, The at
least two digital images may be transmitted by the wireless mobile device 376(8} to the data

center 480 using any technically feasible network communication method.

1862621  Further, in one embodiment, the data conter 480 may then process the at least two
digital images to generate a first coraputed image. The processing of the at least two digital
tmages may include any processing of the at least two digital images that blends or merges at
teast a portion of cach of the at least two digital images to generate the first computed image.
To this end, the first digital tmage and the second digital image may be combined remotely
from the wireless mobile device 376(8). For example, the processing of the at least two
digital images way inclode an any type of blending operation, including but not himited to, an
HDR image combining operation. In one embodiment, the processing of the at least two
digital images may include any computations that produce a first computed image having a
greater dynamic range than any one of the digital images received at the data center 488,
Accordingly, in one embodiment, the first computed image generated by the data center 480
may be an HDR image. In other embodiments, the first computed image generated by the

data center 488 may be at least a portion of an HDR image.

~
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186263]  After generating the first computed image, the data center 488 may then transmit
the first computed image to the wireless mobile device 376(81). In one ersbodiment, the
transmission of the at least two digital images from the wireless mobile device 376(8), and
the receipt of the first computed tmage at the wireless mobile device 376(8), may occur
without any intervention or instruction being received from a user of the wireless mobile
device 376(8). For example, in one embodiment, the wireless mobile device 376(8) may
transmit the at least two digital images to the data center 488 immediately after capturing a
photographic scene and generating the at least two digital images utilizing an analog signal
representative of the photographic scene. The photographic scene may be captured based on
a user input or selection of an clectronic shutter control, or pressing of @ manual shatter
button, on the wircless mobile device 376(04). Further, in response to receiving the at least
two digital images, the data conter 488 may generate an HDR image based on the at least two
digital timages, and transmit the HDR tmage to the wireless mobile device 376(8). The
wireless mobile device 376(8) may then display the received HDR image. Accordingly, a
user of the wireless mobile device 376{8} may view on the display of the wireless mobile
device 376{8) an HDR image computed by the data center 488. Thus, even though the
wireless mobile device 376(8) does not perform any HDR image processing, the user may
view on the wireless mobile device 376(8) the newly computed HDR image substantially
istantaneously after capturing the photographic scene and generating the at least two digital
images on which the HDR image is based.

7
b

186264]  Ac shown in Figure 12, the wircless mobile device 376(8) requests adjustment in
processing of the at least two digital images. In one embodiment, upon receiving the first
computed roage from the data conter 484, the wireless muobile device 376(8) may display the
first computed irnage in a Ul system, such as the Ul systern 1006 of Figure 10, o such an
embodiment, the user may control a slider control, such as the slider control 1838, to adjust
the processing of the at least two digital irages trapsmitted to the data center 488, For
example, user manipulation of a slider control may result in commands being transroitted to
the data center 480. in one embodiment, the commands transmitted to the data center 480
may include mix weights for use in adjusting the processing of the at least two digital images.
Tu other embodiments, the request to adjust processing of the at least two digital images
includes any instructions from the wireless mobile device 376(8) that the data conter 488 may

use to again process the at least two digital images and generate a second computed image.

\E’
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User manipulation of the slider control may adjust a flash contribution of one or more source

tmages captured with strobe or flash illumination.

186265] Asshown in Figure 12, upon receiving the request to adjust processing, the data
center 480 re-processes the at least two digital images to generate a second computed image.
In one embodiment, the data center 488 may re-process the at least two digital images using
parameters received from the wireless mobile device 376(8). In such an embodiment, the
parameters may be provided as input with the at least two digital images to an HDR
processing algorithm that executes at the data center 480, After generating the second
computed image, the second computed image may be then transmitied from the data center

488 to the wircless mobile device 376(9) for display to the user.

186266] Referring again to Figure 12, the wireless mobile device 376{8) shares the second
computed image with another wireless mobile device 376{1). In one embodiment, the
wireless mobile device 376(8F) may share any computed image received from the data center
488 with the other wireless mobile device 376{1}). For example, the wireless mobile device
376(0) roay share the first computed image received from the data center 488, As shown in
Figure 12, the data center 480 communicates with the wircless mobile device 376(8) and the
wireless mobile device 376¢(1) over the same data network 474, Of course, in other
embodiments the wireless mobile device 376(8} may commumicate with the data center 488
via a network differcnt than a network utilized by the data center 488 and the wircless mobile

device 376(1) for communication.

(86267}  In another ombodiment, the wireless mobile device 376(8) may share a computed
image with the other wireless mobile device 376{1) by transmitting a sharing request to data
center 488, For example, the wireless mobile device 376(#) may request that the data center
488 forward the second computed to the other wireless mobile device 3761}, In response to
receiving the sharing request, the data center 488 roay then transmit the second coraputed
tmage to the wireless mobile device 376(1). In an embodiment, transmitting the second
computed image to the other wireless mobile device 376(1} may include sending a URL at

which the other wireless mobile device 376(3) may access the second computed image.

186268] Sl further, as shown in Figure 12, after recetving the second computed image,
the other wireless mobile device 376(1) may send to the data center 488 a request to adjust

8
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processing of the at least two digital images. For example, the other wireless mobile device
376(1) way display the second computed image in a Ul system, such as the Ul system 1868
of Figure 8. A user of the other wireless mobile device 376(3) may manipulate Ul controls
to adjust the processing of the at least two digital images transmitted to the data center 488 by
the wireless mobile device 376(0). For example, user manipulation of a slider control at the
other wireless mobile device 376(3) may result in commands being generated and transmitted
to data center 480 for processing. In an embodiment, the request to adjust the processing of
the at least two digital images sent from the other wireless mobile device 376(1) includes the
commands generated based on the user manipulation of the shder control at the other wireless
mobile device 376(1). In other erobodiments, the request to adjust processing of the at least
two digital images includes any instructions from the wireless mobile device 376(1) that the
data center 488 may use o again process the at least two digital images and generate a third

computed image.

[86269]  As shown in Figure 12, upon recetving the request to adjust processing, the data
center 480 re-processes the at least two digital images to generate a third computed image. In
one embodiment, the data conter 488 may ve-process the at least two digital timages using mix
weights received from the wireless mobile device 376(1}. In such an embodiment, the mix
weights received from the wireless mobile device 376{1} may be provided as input with the at
least two digital images to an HDR processing algorithm that executes at the data center 4846,
After generating the third computed trage, the third computed tmage is then transmitted
from the data center 488 to the wircless mobile device 376(1) for display. Sull further, after
receiving the third computed image, the wireless mobile device 376(1) may send to the data
center 480 a request to store the third computed imeage. In another embodiruent, other
wireless mobile devices 376 in commmunication with the data center 488 may request storage
of a computed image. For example, in the context of Figure 12, the wireless mobile device
376(8) may at any time request storage of the first computed image or the second computed

irnage.

1862761  In response to receiving a request to store a computed image, the data center 488
may store the computed image for later retrieval. For example, the stored computed iroage
may be stored such that the computed image may be later retrieved without re-applying the
processing that was applied to generate the computed image. In one embodiment, the data
center 488 may store computed tmages within a storage system 486 local to the data center
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488. In other embodiments, the data center 488 may store computed images within hardware
deviges not tocal to the data center 488, such as a data center 481, In such embodiments, the

data center 488 may transmit the computed tmages over the data network 474 for storage.

186271  Suli further, in some embodiments, a computed image may be stored with a
reference to the at least two digital images utilized to generate the computed image. For
example, the computed image may be associated with the at least two digital images utilized
to generate the computed image, such as through a URL served by data center 488 or 481.
By hnking the stored computed image to the at least two digital tmages, any oser or device
with access o the computed tmage may also be given the opportanity to subsequently adjust
the processing applied to the at least two digital images, and thercby generate a new

computed image.

1862721 To this end, users of wircless mobile devices 376 may leverage processing
capabilities of a data center 480 accessible via a data network 474 to generate an HDR image
utilizing digital images that other wireless mobile devices 376 have captured and
subsequently provided access to. For example, digital signals comprising digital images may
be transferred over a network for being combined remotely, and the combined digital signals
may result in at least a portion of a HDR image. Still further, a user may be able to adjust a
blending or flash contribution of two or more digital images to generate a new HDR
photograph without relying on their wireless mobile device 376 to perform the processing or
compiation necessary to gencrate the new HDR photograph. Subsequently, the user’s
device may receive at least a portion of a HDR image resulting from a combination of two or
maore digital signals. Accordingly, the user’s wireless mobile device 376 may conserve
power by offloading HDR processing to a data conter. Further, the user may be able to
effectively capture HDR photographs despite not having a3 wireless mobile device 376
capable of performing high-power processing tasks associated with HDR image generation.
Finally, the user may be able to obtain an HDR photograph gencrated using an algorithin
determined to be best for a photographic scene without having to select the HDR algorithm
himself or herself and without having installed software that implements such an HDR
algorithio on therr wireless mobile device 376. For exarople, the user may rely on the data

center 480 to identify and to select a best HDR algorithm for a particular photographic scene,
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1862731  One advantage of the present invention is that a digital photograph may be
selectively generated based on user input using two or more different images generated from
a single exposure of a photographic scene. Accordingly, the digital photograph generate
based on the user input may have a greater dynamic range than any of the individual images.
Additionally, a user may selectively adjust a flash contribution of the different images to the
generated digital photograph. Further, the generation of an HDR 1mage using two or more
different images with zero, or near zero, interframe time allows for the rapid generation of

HDR images without motion artifacts.

[80274]  Additionally, when there is any motion within a photographic scene, or a
capturing device experiences any jitter during capture, any interframe time between
exposures may result in a motion blur within a final merged HDR photograph. Such blur can
be significantly exaggerated as interframe time increases. This problem renders current HDR
photography an ineffective solution for capturing clear images in any circumstance other than
a highly static scene. Further, traditional techniques for generating a3 HDR photograph
mvolve significant computational resources, as well as produce artifacts which reduce the
tmage quality of the resulting image. Accordingly, strictly as an option, one or roore of the
above issues may or may not be addressed utilizing one or more of the technigues disclosed

herein.

1862751 Sall yet, in various embodiments, one or more of the techniques disclosed herein
may be applied to a varicty of markets and/or products, For example, although the
techniques have been disclosed in reference to a photo capture, they may be applied to
televisions, web conferencing (or live strearning capabilities, ofC.), security cameras (e.g.
increase contrast to determine characteristic, etc. ), automobiles (e.g. driver assist systems, in-

car infotainment systems, etc.), and/or any other product which includes a camera input.

f00276]  While various erobodiments have been described above, 1t should be undersiood
that they have been presented by way of example only, and not limitation. Thus, the breadth
and scope of a preferred embodiment should not be himited by any of the above-described
exeraplary embodiments, but should be defined only in accordance with the tollowing claims

and their cquivalents,

[es]
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CLAIMS

1. Axn apparatus, Coruprising:

circuitry for:

storing an ambient sample based on an electrical signal from a photodiode of
an image sensor;

storing a flash sample based on the electrical signal from the photodiode of the
image Sensor;

outputting a first vahie based on the ambient sample, and a second vahie based
on the tlash sarple, for generating at least one mage; and

amplifying at least one of the first value and the second value utilizing two or

MOre gains.

2. The apparatus of Claim 1, wherein the apparatus is operable such that the electrical

signal includes a photodiode current received from the photodiode of the image sensor.

3. The apparatus of Clairn 2, wherein the apparatus is operable such that the fust value s

output in an ambient analog signal, and the second value is output in a flash analog signal.

4. The apparatus of Claim 3, wherein the apparatus is operable such that the
amplification of the at least one of the first value and the second value utilizing the two or
more gains includes amplifying at least one of the ambient analog signal and the flash analog

signal ntilizing the two or more gains.

5. The apparatus of Claim 4, wherein the apparatus is operable such that the ambient
analog signal is amplified utilizing the two or more gains to generate a first amplified

ambient analog signal and a second amplified armbient analog signal.

6. The apparatus of Claim 5, wherein the apparatus is operable such that the first
amplified ambient analog signal is converted to a first ambient digital signal with a first light
sensitivity, and the second aroplified arabient analog sigoal 1s converted to a second ambient

digital signal with a second light sensitivity.

e2]
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7. The apparatus of Claim 6, wherein the apparatus is operable such that the first
ambient digital signal is blended with the second ambient digital signal, in response to user

mput.

8. The apparatus of Claim 7, wherein the apparatus is operable such that sliding indicia

is displayed and the user input includes manipulation of the shding indicia.

. The apparatus of Claim 6, wherein the apparatus is operable such that that:

the first ambient digital signal is blended with the second arobient digital signal,
resulting in a blended ambicont digital signal with a blended ambient light sensitivity;

the flash analog signal is amplified utilizing at least one gain to generate at least one
amplified flash analog signal;

the at least one amplified flash analog signal is converted to at least one flash digital
signal; and

the blended ambient digital signal is blended with the at least one flash digital signal,

H response to user input.

10. The apparatus of Claim 6, wherein the apparatus is operable such that:

the first ambient digital signal is blended with the second ambient digital signal,
resulting in a blended ambient digital signal with a blended ambient light sensitivity;

the flash analog signal is aroplified utilizing another two or more gains to generate
wo or more amplified flash analog signals;

the two or more amplified flash analog signals are converted (o two or more flash
digital signals; and

the two or more flash digital signals are blended to gencrated a blended flash digital
signal with a blended flash light sensitivity; and

the blended flash digital signal is blended with the blended ambient digital signal.

11 The apparatus of Claim 4, wherein the apparatus is operable such that the flash analog
signal 1s amplified utilizing the two or more gains to generate a first amplified flash analog

sigoal and a second amplified flash analog signal.

12. The apparatus of Claim 11, wherein the apparatus is operable such that the first
amplified flash analog signal is converted to a first flash digital signal with a first light

85
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sensitivity, and the second amplified flash analog signal is converted to a second flash digital

signal with a second light sensitivity.

13. The apparatus of Claim 12, wherein the apparatus is operable such that the first flash

digital signal is blended with the second flash digital signal, in response to user input.

14, The apparatus of Claim 13, wherein the apparatus is operable such that sliding indicia

is displayed and the user input includes manipulation of the sliding indicia.

15. The apparatus of Claim 12, wherein the apparatus is operable such that:

the first flash digital signal is blended with the second flash digital signal, resulting in
a blended flash digital signal with a blended flash light sensitivity;

the ambient analog signal is amphified utilizing at least one gain to generate at least
one amplified ambient analog signal;

the at least one amplified ambient analog signal is converted to at least one ambient
digital signal; and

the blended flash digttal signal is blended with the at least one ambient digital sigoal,

in response to user input.

i6. The apparatus of Claim 12, wherein the apparatus is operable such that:

the first tlash digital signal 15 blended with the second flash digital signal, resulting in
a biended tiash digital signal with a blended flash fight sensitivity;

the ambient analog signal is amplified utilizing another two or more gains to generate
two or more amplified ambicnt analog signals;

the two or more amplified ambient analog signals are converted to two or more
ambient digital signals;

the two or more ambient digital signals are blended to generated a blended ambient
digital signal with a blended arnbient light sensitivity; and

the blended ambient digital signal is blended with the blended flash digital signal.

17. The apparatus of Claim 16, wherein the two or more gains comprises the sarme gains
as the other two or more gains, and cach of the gains is assoctated with a different light

sensitivity value.
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18 The apparatus of Claim 6, wherein the apparatus is operable for transferring the first
ambient digital signal and the second ambient digital signal over a network for being

combined remotely, resulting in at least a portion of a high dynamic range (HDR) mage.

9. A computer program product embodied on a non-transitory computer readable
medium, comprising:

code for allowing storage of an ambient sample based on an electrical signal from a
photodiode of an image sensor;

code for allowing storage of a flash sample based on the electrical signal from the
photodiode of the image sensor; and

code for generating at feast one image utilizing 3 first value based on the ambient
sample and a second value based on the flash sample;

wherein the computer program product 13 operable such that at least one of the first

vatue and the second value is amplified utilizing two or more gains,

24, A method, comprising:

storing an ambicnt sample based on an clectrical signal from a photodiode of an
image Sensor;

storing a flash sample based on the electrical signal from the photodiode of the image
SeNsoL;

outputting a first value based on the ambient saraple, and a second value based on the
flash sample, for generating at least one impage; and

amplifying at least one of the first value and the second value utilizing two or more

gains.

@
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of: , .
a. type of material :

D a sequence listing
D table(s) related to the sequence listing

b. format of material

|__—| " on paper

|:| in electronic form

c. time of filing/furnishing

contained in the international application as filed
D filed together with the international application in electronic form

: D furnished subsequently to this Authority for the purposes of search

2. I:I In addition, in the case that more than one version or copy of a sequence listing and/or table relating thereto has been filed
or furnished, the required statements that the information in the subsequent or additional copies is identical to that in the
application as filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment
of any additional fees.

OO0

As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

4, No required additional search fees were timely paid by the applicant. Consequently, this international search report is
q p pp q
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:I The additional search fees were accompanied by the applicant’s protest but the applicable protest fee
was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.
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