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SYSTEMS, METHODS, AND MEDA FOR EXTRACTING

INFORMATION AND A DISPLAY IMAGE FROM TWO CAPTURED IMAGES

Cross Reference To Related Applications

S

[0001]  This application claims the benefit of United States Provisional Patent Application
No. 617980002, filed April 15, 2014, and United States Provisional Patent Application No.
62/073,787, filed October 31, 2014, which are hereby incorporated by reference herein in their

entireties,

Background

{00021 Displaved images are ubiquitous In the modern world. Such tmages can be presented
via paintings, paper pictures, digital picture frames, paper and electronic billboards,
advertisements, computer monitors, digital signage, and a wide variety of other mechanisms that
shown images to human observers,

{003] it is frequently beneficial o convey information with displayed mmages. For example,
it may be beneficial to convey a Web address for a car company along with a pictare of an
available car so that an interested viewer can access more information about the car. Naturally,
there are countless other examples of nstances in which it weuld be bepeficial to convey
information with images.

[0004] Accordingly, new mechanisims for conveying information with images are provided,

Summary
{005] Systems, methods, and media for extracting information and a display fmage from

two captured images are provided. In some embodiments, systems for extracting information
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and a display image from two captured images are provided, the systems comprising: a rolling
shutter sensor; and a hardware processor coupled to the rolling shutier sensor that is configured
to: cause the roliing shutter sensor to capture two captured images; receive the twe captured
mmages; and extract the information and the display image from the two captured images,
wherein the information is represented in the captured nmages as a Hicker pattern.

[9006] In some embodiments, methods for extracting information and a display image from
two captured tmages are provided, the methods comprising causing a rolling shutter sensor to
capture two captured images using a bardware processor; receiving the two captured images
using the hardware processor; and extracting the information and the display image from the two
captured images using the hardware processor, wherein the information is represented in the
captured images as a flicker pattern.

{007 In some embodiments, non-transitory computer-readable media containig computer
executable instructions that, when executed by a processor, cause the processor to perform a
method for extracting information and a display fmage from two captured images are provided,
the method comprising: causing a rolling shutter sensor to capture two captared images:
receiving the two captured images; and extracting the information and the display image from
the two captured images, wherein the information is represented in the captured images as a

flicker pattern.

Brief Description of the Drawings

00081 FIG. | is an cxample of block diagram of hardware that can be used i accordance

with sone embodiments.

o
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{3009] FIGn 2A s an exanple of & bloek diagram of an image display with modulated
brightness thal can be used in accordance with some embodiments.

{0010 FIG. 2B 1s an example of a block diagram of another image display with modulated
brightness that can be used m accordance with some embodiments.

jo0 11} FIG, 3A s an example of a block diagram of a rolling shutter camnera with image
processor that can be used in accordance with some embodiments,

{0012} FIGL 3B 15 an example of an iHlustration of the operation of a rolling shutter sensorin
accordance with some embodiments.

{0013 FIG. 3C 15 an example of an iHustration of the operation of a simultancous dual
exposure (SDE) sensor in accordance with some embodiments.

014} FIG. 4 is an example of an itlustration of the binary phase-shift keying modulation

that can be used in accordance with some embodiments.

Detailed Description

0015 Systems, methods, and media for extracting information and a display tmage from
two captured fmages are provided.

41 6] In accordance with some embodiments, mechanisms (which can include systems,
methods, and media) for extracting information and a display image from two captured images
can enable displays and cameras to communicale with each other, while also displaying and
capturing images for human consumption. A message can be transnutted with these displays by
temporatly modulating a display's brightoess at high frequencies (that are imperceptible to
homans) while displaying an image. The message can then be captured by a rolling shutter

camera which converts the temporally modulated incident Hght into a spatial flicker pattern. In

12
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the captured tmage, the thicker pattern will be superimposed on the mmage shown on the display.
The flicker pattern and the display image can be separated by performing switable signal
processing on two such captured images of the display that are captured with different exposure
settings.

0017} Turning to FIG, 1, an exanple 100 of hardware that can be used tmplement some
embodiments is illustrated. As shown, hardware 100 can include an image display with
modulated brightness 102 and a rolling shutter camera with image processor 104, As also
shown, a human 106 can look at display 102 and observe a displayed image without noticing the
modnlating of the display's brightness.

fOO18] Any suitable image display with a modulated brightness can be used as display 102 in
some embodiments. For example, as shown m FIG. 2A, display 102 can be implemented using a
backlit display 202. Display 202 can be backlit by a modulated Hght source 204 that is driven by
a modulator 208 based on information from an information source 210 {such as a memory
device, an interface, a hardware processor, ete.). Modulated Heht source 204 can be any suitable
tight source, such as one or more LEDs.

[0019] In some embodiments, display 202 can be a controllable display, such as an LD
display. In such a case, an image presented on display 202 can be controlled by image driver
214 based on an image from an image source 212 (such as a memory device, an interface, a
hardware processor, ete.). In some embodiments, display 202 can be a non-controllable display,
such as a glass display that holds a fixed transparency with content printed thereon. Insucha
case, no image driver or image souree 18 needed,

{0020] Another example of a display that can be used to implement display 102 is shown

FIG. 2B, Ay illustrated, display 102 can be implemented using a reflective display 222, Display
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222 can he illununated by a modulated light source 224 that is driven by a modulator 234 based
on information from an information source 232 (such as a memory device, an interface, a
hardware processor, ete.). Modulated Light source 204 can be any suitable light source, such as
one or more LEDs and cetling Light, etc.

j00214 In some embodiments, display 222 can be a controllable display, such as a
transflective display. In such a case, an image presented on display 222 can be controlied by
unage driver 228 based on an image from mage source 236 (such as a memory device, an
interface, a hardware processor, etc.}, In some embodiments, display 202 can be a non-
controllable display, such as a printed picce of paper, a work of art, ete. In such a case, no image
driver or image source is needed.

0224 Although two examples of displays that can be used to implement display 102 are
shown above, it should be apparent to one of ordinary skill in the art that any suitable mechanism
that provides an image and a modulated light source can be used to implement display 102
{0023] In some embodiments, multiple modulated tight sovrces can be used per display 102
and/or multiple displays 102 can be used {o provide a higher data rate and/or muliiple streams of
information. When multiple modulated lght sources are used with the same display, the light
sources can be used at different frequencies for the same portion of the display or can be used at
any suitable frequency for different portions of the display.

{0024 Turning to FIG. 3A, an example 300 of a rolling shutfer camera with image processor
that can be ased as a volling shutier camera with image processor 104 in some embodiments i
shown, As lustrated, camerg/processor 300 cant include a lens 302, an tmage sensor 304, and an
image processor 306, Lens 302 can be any suttable lens, Image sensor 304 can be any suitable

sensor for implementing a rolling shatter camera. Image processor 306 can be any sailable

A
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hardware wnage processor for receiving and processing images from sensor 304 and for
controtling sensor 304,

{0025 When acting as a rolling shutter camera, sensor 304 can capture Hght one row at a
time, For example, as shown in FIG. 3B, sensor 308 can first capture Hght in row 1. Next sensor
308 can capture light in row 2. Then, sensor 308 can capture light in the remaining rows one at a
time. This converts the teraporally modulated hght coming from the display into a spatial Qicker
pattern in the captured image. The flicker encodes the transmitted signal {the information).
However, the flicker pattern is superimposed with the (unknown) display image, and therefore
must be extracted.

H026] As mentioned above, 1n order extract the information and the display image from the
captured image, two images can be captured and processed. An example of a mechanism
through which this occurs is described below,

{00271 In order to capture two Bmages, any suitable technigue can be nsed. For example, n
some embodiments, a bracketing mode can be used in which two sequential pictures are rapidly
taken. Such an approach performs best when there is little or no movement of the camera. In
instances where there Is some movement, any suitable mechanism can be used to correct the
captured image(s) for that motion.

00281 As another example, in some embodiments, a stimultancouos dual exposure (SDE)
sensor can be used. An tHustration 310 of an example of a SDE sensor is shown i FIG. 300 As
Hinstrated, different pixels {represented by boxes in the grid shown s FIG, 3C) i the sensor can
be used to capture different inages. For example, the white pixels can be used o capture one

image of a scene (display 102) at one exposure setting and the black pixels can be vsed to

&
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capture another timage of the scene (display 102) at another exposure setting, in some
embodiments.

{00291 In the following paragraphs, an example of a way n which the information and the
display image can be extracted from two captured images, i accordance with some
embodiments, is described.

90304 In the following paragraphs, it is assumed that the display coropletely occupies the
sensor fleld-of-view so that every sensor pixel receives hight only from the display area. This
assumption is made only for case of explanation, and is not a reguirement of the mechanisms
described herein. In general, a sensor pixel may receive light from outside the display, due to the
display not completely occupying the sensor’s ficld of view or due to occlusions. H can be
shown that the image formation model for the general case has the same form as that of the
special case where pixels receive light only from the display.

{00311 Conceptoally, the display can be thought of as having two layers - a signal laver and
a texture fayver. The signal layver contains the information to be conveved and the texture layer
containg an image that is displayed for human consamption.

{00324 As set forth above, the information can be transmitted from display 102 to
camera‘processor 104 by temporally modulating the brightness of the display, The function
through which the brightness 1s modulated is referred to herean as the signal function, 4.
{0033 Any suttable {echmque for modulating the brighiness of the display can be used in
some embodiments. For example, in some embodiments, phase-shift keying (PSK) signal
coding, where information 1§ embedded in the phase of sinusoidal signals at any suitable

frequency (e.g., 500 Hz), can be used. More particelarly, for example, binary PSK signal
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coding, where the phase 8 of sinusoids takes binary values (0 and x), thus encoding binary bits,
can be used to encode and transmit bits sequentially in thme in some embodiments.

0034} As the camera observes the display, a combination of light rays (shown as 206 and
226 wn FIGS. 2A and 28, respectively) impact the camera's sensor, Let Iy, be the radiance
incident at sensor pixel (x,3) at time 7. For simplicity, a single color channel is considered 1 the
present example. For multiple color sensors, stmilar analysis can be done individually for cach
color channel.

j0035] Because the entire display is modulated by a single temporal function #1) {in the
present example), the radiance /v, 3.2) can be factorized into spatial and temporal components:

Uy 1) = lgstx, 30 1) (1

where fieefr, 1) 18 the amplitude of the temporal radiance profile at pixel (), and is determined
by the display's texture layver. Note that the temporal radiance profiles at different sensor pixels
differ only in their amplitudes Zeofx39. Lot efxp 8 be the exposure function at pixel (). If
pixel 3/ 1s on (Lo, it captures Hght) at time £, efx v,2) = 1, otherwise, if the pixel is off (e, it

docs not capture light) at time ¢, efv,x.60 = 0. The measured brightness value ify,y) is:

i y) =k {7 10y, Delx,y, Odt (2)

where & is the sensor gain that converts radiance 1o pixel brightness. Since the sensor has a
rofling shutter, dilferent rows capture light during different, shilted time intervals, The amount
of shifi s determined by the row index y and the speed of the rolling shutter. The exposure

function efx. 1) can be modeled as a time-shified function s6:

efx v, = s(t-h} {3)
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where 1, 1s the temporal sluft for a pixel in row 3. The function s¢g), called the shuiter function,

can be any suitable function, such as a rect (pill-box) function, temporally coded shutter

functions, a temporal Gaussian, a high frequency binary code, or any other suitable function.

[0036] Substiuting equations {1} and {3} into equation (2) provides:

(0, 9) = kb (o) [ s(6 = 6 ) F(OdE =k L (5,904 (1) (4)

where g'(t, ) = (s * £){t,) is the convolution of the signal and the shutter functions. g'(t,) is

a function of the temporal shift 7., which in turn depends on the sensor row index v, Typically, &

=y, where v is the speed of the rolling shutter In rows per second.

{0371 Equation (4) can be re-writien as:
Hx,00) = ey} X giy) {3

where fudX, v = & X Loty represents the display image, and gy = q(rv} = (%) () 1s the
signal tmage that encodes the signal function fir). Equation {4) states that the textore layer and

the signal laver of the display can be observed as two separable {and unknown) components: the
display tmage and the signal image. The temporal signal fiz) manifests only in the signal image

o

(v, and the display's texture layer is captured only in the display image hefx 3

jO038] When the display brightoess is changing, the signal image gy} varies along the y
dimension because different sensor rows sample the signal function f1) at different instants.
However, all the pixels in a given row sample ) at the same instant, and thus should have the
same intensity for /i), As a result, g6y} has the form of & horizontal flicker pattern. Since the
stgnal tmage g0 is one-dimensional (1-D), for computational efficiency, analysis can be

performed on horizontal sam images, which are 1-D signals, Le., ({y) = L, i{x, y) and

9
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Lean V) = 2o frox (X, ¥). Saturated image pixels can be excluded from the summation. Then,
equation {5} can be written as i) = hef¥} X g6, For the remainder of the discussion below,
this 1~ form of the image formation equation is used.

{10391 The image formation model in equation (3) is derived without making any
assumnptions about the display's shape, orientation or location with respect to the sensor, or abowt
imaging parameters such as zoom and defocus. Since the signal component g3 depends only
on the stgnal function f71 and the shutter function (7, any changes in display-sensor geometry
or imaging parameters (zoom and focus) manifest only in the display tmage fislx,).
Specifically, the display's orientation and location determine the shape of the display's projection
i1 the captured image, sensor zoom influences the size of the display's projection, and camera
tocus determines the amount of blur in the display image {signal image g6 is mvariant to
camera defocus).

0040 if the display is partially occluded so that it is visible to a (non-empty) subset of
pixels in each sensor row, becanse the captured tmage is summed horizontally, the signal image
fv) is still sampled at every row location. 1f ¢ > 0 is the fraction of pixels in sensor row y that
see the display, the amplitude of the signal image can be scaled by o, Under mild assumptions,
oy can be assumed to be locally constant, and absorbed in the display image. As a result, the
sipnal image is always a horizontal flicker pattern.  ls functional form and structure are invariant
to the display-camera geometry, partial occlusions and camera parameters,

00411 In some embodiments, ¢ can be a 300 Hz sinusoidal signal and the shutter (6 can
be a rect function of width 0.3 ms such that s} = | when 0 <1 < 0.5 ms, otherwise s¢7) = 0. This
can result in a sinnsoidal flicker pattern. Notice that the period of the flicker, A, 18

independent of camera-display geomelry or camera zoom. Even if only a small fraction of the

16
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display is visible to the camera due to large zoom, the Hcker image can retain the same
structure, and captures the information contained in the signal function, in some embodiments.
0042} In order to decode the mformation m the signal image gy}, it needs to be separated
from the display image L. Since both signal and display conponents are unknown, in
general, they cannot be separated from a single captured mmage. However, if two images i)
andd 20V} ave captured with two different shutler functions s#0¢) and 5241, two different equations
are obtained, which will epable the signal image and the display mmage to be separated.

0043} As deseribed above, in some embodiments, the two mmages can be captured
sequentially using the exposure bracketing mode. This approach, while suitable for static scenes
and cameras, is prone to errors i there is scenefcamera motion. As also described above, in
some embodiments, the two images can be captured using a single SDE sensor that captures two

images with different exposure functions simultancously in a single shot.

0044} The two images can be given as:
B3] D) X0 {6}
l.‘(}‘e} w IrH{j} X ( N2 K") ([ ,j {?}

This is a system of two equations in two unknowns: signal /1) and the flicker-free display image
i3, Since the shutter fonctions s:(1) and 248} are known, these two equations can be solved

simultancously to recover both £ and the Micker-free image fefx,y).

045 The signal fr7) can be considered to be a sum of sinusoids of different frequencies (ihe
set of frequencies is typically a small, discrete set). These frequencies can have any suitable

values, such as 1 klHz, 2 kHz, 3 kHz, 4 kHz, ete. This signal encoding scheme 1s called
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orthogonal-frequency-division-multiplexing {OFDM}. However, any suitable encoding scheme
can be used in some embodiments.

{0040} In some embaodiments, for each frequency, information can be embedded in the phase
of the sinuseids. This method of embedding information is called phase-shift keving. For
instance, in binary phase-shift keying, binary symbols of 0 and 1 can be embedded by using
sinusoids of phase 0 and =, respectively. Bits (sinusoids with different phases) can be
transmitted sequentially in time. An example for a single frequency is Hustrated in FiG. 4.
Since sinasordal signals are used, for computational effiviency, computations can be performed

ey
&
K

y can be respectively written in the Fowrier domain

m the Fourier domain. Equations (6) and {

52

Lifea) = Lulen} ® (Sefeo) Frea)) {&)
I} = It} ¥ (St} Feewl) {9)

where v 8 the spatial frequency. The functions denoted by uppercase letters are the Fourier

transforms of the functions denoted by the corresponding lower case letters. These two

equations can be combined as:

Lifew) ® (Saeo) Fieo)) - Do) * (Sifew) Fe)) =0 (10)

The temporal signal 776 consists of a small, discrete set of temporal frequencies &= {w,.... wad.

—

Equation (10) needs to only be solved for the frequency set £, Let I be the vector of values

Sl menesd emes x <%

U twed,.., Ifosgd]. The vectors Ly, 8y, 8y, and F are defined sinularly. By observing that

convolution can be expressed as multiplication by a Toeplity matrix and element-wise
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multiplication as nmltiplication by a diagonal matrix, equation {10) can be compactly

represented 1 matrix form as:
(1182 ~ Sy )F = 0 (th

where I; and I ave Toeplitz matrices defined by vectors 13 and }E , respectively, 8y and 86 are
diagonal matrices defined by vectors S} andd i: . respectively. The matrices Iy and £y are defined
by captured image infensities and 87 and $» are defined in torms of the known shutier functions,
The goal is to recover the unknown veetor F, The above equation can be solved as a linear
system of the form AX = 0. In order t0 avoid the degenerate solution (F = 0) and ambiguity (if F
is a solution, then sF is also a solution for any complex numbers), the constraint that £¢0) = 1.0,
1.e., the DC level of the signal fr) 15 1.8, can be imposed.

{00471 Because the signal fr1) includes multiple bits that are transmifted sequentially, these
bits can be captared at diffevent spatial localions in the signal image. Thas, each bit can he
recovered by analyzing a corresponding pottion of the captured image. The size of the portion,
Fieir, 13 the number of image rows reguired to encode a single bit. Awr can be determined by the
signal frequency such that higher frequencies of gav) {due to fi1) having high temporal
frequency) result in smaller portion sizes. Thus, the captured tmages 74 and &0 can be
divided into 1-D portions, and F {the Fourier transform o L {13} cum be recovered by computing
equation {11} on cach mterval individually. Since computations are done locally, Lifw) and Liw)
are the short time Fourier transforms {(STFTY of £;00) and f26v). Once Fis computed, the signal
fr) and the embedded information can be recovered by applving an inverse Fourier transform,
The display image {1} can then be computed using equation (5); Ly y) = i yle(y) =

i), I one of the shutter functions is significantly longer than the period of the signal
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Hij, the corresponding govi will be approxnmately constant. In that case, the corresponding
captured image #fx, )7 is nearly theker free, and can directly be used as the display image.
048] As mentioned above, m some embodiments, an exposure bracketing mode can be
used to capture the fwo tnrages needed fo extract the information and display tmage in some
enmhodiments. However, becaose the two images are taken sequentially, the second image
samples the emilted temporal signal atl a different time instant than the first image, and thus
captures a different temporal signal f 7). The two images can thus be given as:

i {’” = ifsf.rf:}",} X { § *f:" { f\) ﬂz\}

L2000 = bV} X (52 X £ (1) {13}

49 To solve these equations, two Images fuor 8nd fge can be captured with short and
fong exposures, Ssar and Sume, TOSpectively. I g 15 chosen so that it is significantly longer than
the period of the temporal signal, the signal Image Qoned) = Sune T /1 18 approximately constant,
irrespective of the time mstance when the signal 1s sampled. Thus:

Cimg ¥ ) (1 5 (Siomg ¥ 19 069 = K (14)

where K 1s a constant. By using the above approximation, the two images fues and Juse can be

expressed as:

Hongl. VI eV} X {i‘f,-‘mg é’f i}’ &;z} = frend vl X (;‘fia,rrg éf} Hz-; {i 6}

Fquations {15) and {16} are the same as equations (63 and (7). Thus the signal #1) can be

estimated using the same techrique for solving for /1) described above,
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H1058] Note thai the data transmit rate s halved since only the signal transmitted doring the
capture of short exposure frames is decoded. Because defx, ¥/ can be approximated as the
texture image, it 13 also possible to estimate flicker component by caleulating image ratio

Festiof X3 = Litort X 00 ThanelO V) 7 SohorliWK,

{0051} The approach io extracting the information and the display image when using
exposure bracketing deseribed above asswmes that both the scene and the camera are static while
the two images are captured. I there is scene/camera motion during capture, the images need to
be aligned by computing relative motion between them. Unfortunately, if the inter-frame motion
is large, image alignment technigues often produce inaccurate results. This can result in
erroncous signal recovery.

{0524 Any suitable exposure lengths can be used in some embodiments. For example, the
two exposures can be .25 ms and 16 ms in some embodiments.

0053] As deseribed above, in order to avoid errors in the recovered signal due to motion, the
two images with ditferent exposures can be captured simultancously in some embodiments. One
way to achieve this is by using two synchronized cameras that are co-located using additional
optics. In another example, two different exposures can be captured in a single image using a
simultancous dual exposure (SDE) sensor, Since little or no motion is present in these images,
the signal £ can solving for as described above.

{0541 If the sensor and the display ave not temporally synchronized, the start of the
transmitted signal cannot be localized in the signal image, and the signal cannot be decoded. In
order to synchronize the sensor and the display, any suitable technigue can be used. For
example, in some cmbodiments a pilot symbol can be embedded in the signal to determine the

beginning of the signal. The pilot symbol can be a sinusoid of a frequency {e.g.. 1 kHz when
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only a single 2 kHz moduolation freguency 18 ased) that s not used to encode the main signal {so
that it is readily detected) in some embodiments.

[OOS5] Additionally, in some embodiments, a guard interval based synchronization can be
used to determine the start of every symbol (bit). In this scheme, the end of cach symbol is
copied to its beginning. Then, by self~correlating the signal fi7) with #iself, the beginning
tocation of every symbol 1s computed,

{H036] There are various possible sources of ervor that can impact the technigue described
above for recovering /(7). such as sensor saturation, low display brightness, small display area,
and sensor noise, Moreover, severe occlusions where none of the pixels in a sensor row sees the
display can lead to ervors. Puether, H the display occupies only a small area in the captured
image, the signal image can have a low amplitude and the recovered signal /1) can have a low
signal-to-noise ratio. In all these scenarios, the recovered signal /1) may have ervors, which are
desirable to detect.

{UINYE {n order to detect errory, the lefl band side of equation (11), {(5L:85> - LY ;}f?') {(where F

iy the recovered solution for a portion of the captured image), can be computed and if the value is
greater than a prescribed threshold, the recovered signal can be determined to be erroneous. Any
suitable threshold, such as 0.5 can be used i some embodiments.

HH In some embodiments, ccchusions can be addressed by creating redundancy in the
transmitted signal 771, For example, the display can transmit the signal f1) repeatedly and the
sensor can caplure a sequence of frames (assumang small or no inter-fraroe motion). The signal
length can be optimized so that a particular signal bit is captured in different image locations in
siccessive capiured inages. Siee the errors are location specific (due to occlusions or low

=

texture brightness), if a bit is decoded incorrectly in one frame, it may be decoded correctly in a

16



WO 2015/160967 PCT/US2015/025994

subsequent frame. The number of frames that need to be captured depends on the signal size, the
extent of occlusions, the brightness of background texture, display area and sensor noise.

[O0SY] The above-described mechanisms can be used for any suitable application(s). For
example, in some entbodinments, these mechanisms can be used in a spotlight configuration in
which an LED larap Hhuminating a photograph on a wall 15 used to tag the photograph with meta-
imformation (e.g., the time and location of the photograph) by moedulating the lamp brightoess.
The meta-information can then be received by capturing two rolling shutter images and
extracting the meta-information and display mage as described above,

{0060} As another example, in some embodiments, these mechanisms can be used for
marketing and conveying meta-information (e.g., URLs, schedules of shows, item-prices and
availability, ete)) via LED-based bilthoards installed in public places that display images and
modulate the display brightness based on meta-information. Ulsers can receive the information
by simply pointing their cell phone towards the display, and the cell phone capturing images and
performing the processing described above o extract the meta-information so that it can be
displayed to 8 user.

{0061 As still another example, in some embodiments, these mechanisms can be used for
pairing of cell phone sereens with displays, This can allow a user to have a large display as an
extension of histher small cell phone sereen, and also to share a large display with other users.
Pairing of cell phones with a display can be achieved by the display broadceasting its uniqgue
pairing key as modulated display brightness. One or more users can receive the key by simply
by pointing his‘her/thetr phone(s) towards the display, the phone(s) capturing images and
extracting the key information, and establishing patring esing the key. Once pairing s

established, the cell phone(s) can send data (e.g., images, videos, efc.) to be displayed on the

]
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screen using an existing comnumnication modality, such as Wi-Fi, Bluetooth, or any other
suitable communication mechanism. In some embodiments, i there are multiple displays
available, the display can be selected by capturing an image of its display.

{0062} As still another example, in same embodiments, these mechanisms can be used
during a presentation being given on a large screen. Using the mechanisios, a member of the
audience can pair their cell-phone/lapiop (like described in the paragraph above) with the screen
and show relevant information (e.g., additional charts, web-pages).

0063 As still another example, in some embodiments, these mechanisms can be used to
perform non-hne-of-sight communication where a spotlight shining on a surface conveys meta-
information about it. The information can be received by a user by simply pointing histher cell-
phone at the surface. This functionality can be used in museum seftings, for example, More
particalarly, for example, a strategically installed spotlight can serve the dual purpose of
enhancing an artifact's appearance, while simultancously communicating information about it in
an unobtrusive manner.

0641 As still another exarople, in some embodiments, these mechanisms can be used for
indoor navigation and location specific services. Move particularly for example, the mechanisms
can utilize a single light source or an array of light sources {e.g., ceiling lights) as transnutters,
The light sources, in addition to providing Humination, can also broadeast their location {or
other location specific information).

HI65] {n some embodiments, any suitable computer readable media can be used for storing
instructions for performing the functions and/or processes deseribed herein. For example, in
some embodiments, computer readable media can be transitory or non-transitory. For example,

non-transitory computer readable media can include media such as magnetic media {such as hard

-
sl
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disks, floppy disks, ete)), optical media (such as compact discs, digital video dises, Blu-ray discs,
ete. ), semiconductor media (such as flash memory, electrically programmable read only memory
(EPROM), electrically erasable programimable read only memory (EEPROM], ete.), any suitable
media that is not flecting or devoid of any semblance of permanence during transmission, and/or
any suitable tangible media. As another example, transitory conputer readable media can
imclude signals on networks, 1o wires, conductors, optical fibers, civcuits, and any suitable media
that is fleeting and devord of any semblance of permanence during transmission, andior any
suitable intangible media.

[0066] Although the invention has been deseribed and illustrated in the foregoing iHustrative
embodiments, it s understood that the present disclosure has been made only by way of
example, and that nomerons changes in the details of tmplementation of the invention can be
made without departing from the spirit and scope of the invention, which is limited only by the
claims which follow, Features of the disclosed embodiments can be combined and rearranged in

VATIOUS Ways.
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What is claimed is:

i. A system for extracting information and a display image from two captured images,

comprising:

a rolling shutter sensor; and

a hardware processor coupled to the rolling shutter seasor that is configured to

cause the rolling shutter sensor to capture two captured images;

receive the two captured images; and

extract the information and the display image from the two captured images,

wherein the information is represented in the captored images as a tlicker pattern,

2. The system of clum 1, whersin the hardware processor causes the rolling shutter sensor

to capture the two captured tmages using an exposure bracketing maode.

3 The systens of claim 2, wherein the hardware processor also performs motion

compensation on at fcast one of the two captured tmages.

4. The system of claim 1, wherein the rolling shutter sensor is a simultaneous doal exposure

STNSOL.

20
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3 The system of claim 1, wherein the rolling shutter camera detects phase-shift keving

modulated light.

6. The systens of claim 1, wherein the rolling shutter camera detects binary phase-shift

keying modulated lipht.

7. The system of claum 1, wherein the rolling shutter sensor detects modulated light in an

orthogonal frequency division multiplexing signal,

&, The system of claim 1, wherein the hardware processor detects pilot symbols in the

information to synchronize detection of the information with a display source.

8. The system of claim 1, wherein the hardware processor determunes a guard interval to

synchronize detection of the information with a display source.

10, A method for extracting information and a display tmage from two captured images,

COMPrsing:

bt
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causing a rolling shutter sensor to capture two captured images using a hardware

PrOCRSSOT;
receiving the two captured images using the hardware processor; and

extracting the information and the display image from the two captured images using the

hardware processor,

wherein the information is represented in the captored images as a flicker pattern,

it The methed of claim 10, wherein the causing the rolling shutter sensor to capture the two

captured images uses an exposure bracketing mode.

120 The method of claim 1, further comprising performing motion compensation on at feast

one of the two captured images.

i3. The method of claim 10, wherem the rolling shutier sensor 13 a simultancous dual

XSS SENS0L.

14, The method of claim 10, further comprising detecting phase-shift keying modulated light.

%

S il
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is. The method of claim 10, further comprising detecting binary phase-shift keying

modulated Hght,

16, The method of claim 10, further comprising detecting modulated light in an orthogonal

frequency division multiplexing signal,

17, The method of claim 10, further comprising detecting pilot syvmbols in the information to

synchronize detection of the information with a display source.

I8, The method of claim 10, further comprising determining a guard interval to synchronize

detection of the information with a display source.

190 A non-transitory computer-readable medium contaming computer executable fostractions
that, when executed by a processor, cause the processor to perform a method for extracting

mformation and a display image from two captured images, the method comprising:
causing a rolling shutier sensor o capture two captured images;
recetving the two captured images; and
extracting the information and the display image from the two captured images,

wherein the information is represented in the captured images as a flicker pattern.
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20. The non-transitory computer-readable medium of claim 19, wherein the causing the

rolling shutter sensor to capture the two captured 1mages uses an exposure bracketing mode.

21, The non-transitory computer-readable medium of claim 20, wherein the method further

comprises performing motion compensation on at least one of the two captured images,

=

2. The non-transitory computer-readable medium of clasm 19, wherein the rolling shutter

sensor is a simultancous dual exposure sensor,

23, The pon-trapsitory computer-readable medium of claim 19, wherein the method further

comprises detecting phase-shift keving moduiated light.

24, The non-transifory computer-readable medium of claim 19, wherein the method farther

comprises detecting binary phase-shift keying modulated light

25, 'The non-transitory computer-readable mediom of claim 19, wherein the method finther

comprises detecting moduiated light i an orthogonal frequency division mudtiplexing signal,
o b o P &

&
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26, The non-transifory computer-readable nmediurn of clatm 19, wherein the method further
comprises detecting pitot symbeols in the formation to synchronize detection of the information

with a display source.

27 The non-transitory computer-readable medunm of claim 19, wherein the method further
comprises defermining a guard interval to syachronize detection of the information with a

display source.

ted
LA
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