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(57) ABSTRACT

Still image apparatus and methods that are suitable for com-
pact camera environments are described. In another aspect,
image segments are captured during corresponding exposure
intervals of a frame exposure period. Respective motion sen-
sor signals are generated during the respective exposure inter-
vals of the image segments. One or more corresponding
movement measures are determined from the respective
motion sensor signals for each of the exposure intervals. The
image segments are combined into an output image based on
the one or more corresponding movement measures.
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1
STILL IMAGE STABILIZATION SUITABLE
FOR COMPACT CAMERA ENVIRONMENTS

BACKGROUND

Image stabilization techniques have been used in a wide
variety of different applications, including surveillance appli-
cations, vehicle-mounted image sensor applications, robotics
applications, and consumer electronics applications. Image

2

In another aspect, the invention features a method in accor-
dance with which image segments are captured during corre-
sponding exposure intervals of a frame exposure period.
Respective motion sensor signals are generated during the
respective exposure intervals of the image segments. One or
more corresponding movement measures are determined
from the respective motion sensor signals for each of the
exposure intervals. The image segments are combined into an
output image based on the one or more corresponding move-

stabilization is the process of eliminating or at least reducing 10 ment measures.

the effects of unwanted image sensor motion (e.g., unwanted Other features and advantages of the invention will become
image sensor vibration or irregular image sensor motion) on apparent from the following description, including the draw-
still images or video sequences. Many image stabilization ings and the claims.

approaches attempt to eliminate or at least reduce the amount

of unwanted image sensor motion relative to a scene while DESCRIPTION OF DRAWINGS

preserving any intentional image sensor motion. In this

Fegard, the.se image stabilization techmques. synthesize anew FIG. 1 is a block diagram of an embodiment of an image
image or video sequence from the perspective of a stabilized

. . capture system.

1mage sensor trajectory. 20 . . . .

Among the primary classes of image stabilization tech- FIG. 2 is a flow diagram of an embodiment of an image
niques are mechanical image stabilization methods, electro- capture method.
mechanical image stabilization methods, optical image sta- FIG. 3 is a diagrammatic top view of an embodiment of an
bilization methods, and electronic image stabilization image sensing component of an image sensor.
methods. Mechanical image stabilization systems attemptto 25 FIG. 4 is a schematic diagram of scanline exposure inter-
dampen the motion of the image sensor (or just the lens/image vals during a frame exposure period in accordance with an
sensor subsystem). Electromechanical image stabilization embodiment of a rolling shutting mode of operating the
systems detect motion of the image sensor using, for example, image sensor shown in FIG. 3.
an inertial sensor, and alter the position or orientation ofthe FIG. 5 is a block diagram of an embodiment of the pro-
mage sensor to o.ﬂ.“set.the detected mage sensor motion. 3 cessing system of the image capture system shown in FIG. 1.
Optical image stabilization approaches stabilize the image of . . . .
the sensor by displacing the image as it is formed by the lens FIG. 6 is a flow diagram of an embodiment of the image
system in a way that offsets image sensor motion. Electronic capture method of FIG. 2.
image stabilization techniques involve modifying the cap- FIG. 7 is a schematic diagram of sets of respective ones of
tured images in ways that makes the captured images appear 35 thescanline exposure intervals shown in FIG. 4 being mapped
to have been captured by a more stable image sensor. to corresponding image segments.

Many image stabi}ization techniques are not suitable fqr FIGS. 8A and 8B are devised graphs of horizontal and
compact camera environments, such as handheld electronic  yertical position coordinates that are determined from motion
devices (e.g., mobile telephones), cameras designed for desk- sensor signals generated during the frame exposure period
top and mobile computers (often referred to as “pc cameras™), 40 o 1L FIG. 4.
and other embedded environments. For example, optical . . .
image stabilization techniques require large and%ulky%om- FI.G' 9 is a block d}agram of an embodiment Of the pro-
ponents that cannot be accommodated in most compact cam- cessing system of the image capture system shown in FIG. 1.
era environments. Electronic image stabilization techniques, FIG. 10 is a flow diagram of an embodiment of the image
on the other hand, are computationally intensive and require 45 capture method of FIG. 2.
significant memory resources, making them unsuitable in FIG. 11 is a schematic view of set of image segments
compact application environments in which processing and  captured within respective regions of an active area of an
memory resources typically are significantly constrained. image sensor during a frame exposure period in accordance

What are needed are systems and methods of reducing with a divided exposure capture process.
motion-induced blur in still images within the significant size, 350 s a devised hofositi ts deter-
processing, and memory constraints of typical compact cam- .FIG' 12isa cevised graph o1 posiiion measurements ceter
ora environments. mined from motion sensor signals generated during the frame

exposure period shown in FIG. 11.
SUMMARY FIG. 13 is a diagrammatic top view of an embodiment of a
55 mobile telephone in an open state.

In one aspect, the invention features an apparatus that FIG. 14 is a block diagram of an embodiment of the image
includes an image sensor, a motion sensor, and a processing capture system of FIG. 1 and a telephone subsystem that are
system. The image sensor is operable to capture image seg- integrated within the housing of the mobile telephone shown
ments during corresponding exposure intervals of a frame in FIG. 13.
exposure period. The motion sensor is operable to generate 60
respective motion sensor signals during the respective expo-
sure intervals of the image segments. The processing system DETAILED DESCRIPTION
is operable to determine from the respective motion sensor
signals one or more corresponding movement measures for In the following description, like reference numbers are
each of the exposure intervals and combine the image seg- 65 used to identify like elements. Furthermore, the drawings are
ments into an output image based on the one or more corre- intended to illustrate major features of exemplary embodi-
sponding movement measures. ments in a diagrammatic manner. The drawings are not
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intended to depict every feature of actual embodiments nor
relative dimensions of the depicted elements, and are not
drawn to scale.
1. Introduction

A. Overview

FIG. 1 shows an embodiment of an image capture system
10 that includes an image sensor 12, a motion sensor 14, and

4

The processing system 16 combines the image segments
20 into the output image 18 based on the one or more corre-
sponding movement measures (FIG. 2, block 30). In this
process, the processing system 16 uses the movement mea-
sures to correct for relative spatial shifting of the image seg-
ments 20 that was caused by motion of the image sensor 12
over the course of the frame exposure period. The processing
system 16 derives the values of the pixels of the output image
18 from the values of the pixels of the motion-corrected

a processing system 16. The image capture system 10 is 10 image segments.
capable of producing an output still image 18 with reduced
motion-induced blur. The image capture system 10 may be B. Exemplary Embodiments of the Components of
implemented with relatively small and inexpensive compo- the Image Capture System
nents that have modest processing power and modest memory
capacity. As a result, the image capture system 10 is highly 15  The image sensor 12 may be any type of imaging device
suitable for incorporation in compact camera environments that is capable of capturing one-dimensional or two-dimen-
that have significant size, processing, and memory con- sional images of a scene. The image sensor 12 includes at
straints, including but not limited to handheld electronic least one image sensing component with a respective light
devices (e.g., a mobile telephone, a cordless telephone, a sensing active area. Exemplary image sensing components
portable memory device such as a smart card, a personal 20 include charge coupled devices (CCDs)and acomplementary
digital assistant (PDA), a solid state digital audio player, aCD metal-oxide-semiconductor (CMOS) devices. FIG. 3 sche-
player, an MCD player, a game controller, a pager, and a matically shows an exemplary embodiment of an image sens-
miniature still image or video camera), pc cameras, and other ing component 32 that includes an array of pixels 34 that are
embedded environments. arranged in rows 36 and columns 38 in a capture plane. As
FIG. 2 shows an embodiment of a method by which the 25 shown diagrammatically in FIG. 1, the image sensor 12 has a
image capture system 10 captures the output image 18. field of view 40 that encompasses at least a portion of a scene.
In accordance with this method, the image capture system The image sensor 12 may include one or more lenses that
10 captures image segments 20 during corresponding expo- focus light that is reflected or transmitted from the field of
sure intervals of a frame exposure period (FIG. 2, block 22). view 40 onto the active areas of one or more image sensing
In some embodiments, the image sensor 12 captures image 30 components of the image sensor 12.
data 19 that corresponds directly to the image segments 20. In The motion sensor 14 may be any type of motion sensing
other embodiments, the image sensor 12 captures image data device that is capable of generating the motion sensor signals
19 and the processing system 18 associates the image data 19 24 that are indicative of motion of the image sensor 12 in
to respective ones of the image segments 20. Each of the relation to the scene being imaged. The motion sensor 14
image segments 20 includes image data that is used by the 35 includes at least one motion sensing component. Exemplary
processing system 16 to generate the output image 18. The motion sensing components include optical motion sensing
“exposure interval” of an image segment is the period during devices and inertial motion sensing devices.
which light corresponding to a respective one of the image In some embodiments, the motion sensor 14 includes an
segments 20 is being integrated by an active area in the optical sensing device and a movement detector. The optical
capture plane of the image sensor 12. The “frame exposure 40 sensing device has a field of view that encompasses at least a
period” is the space of time over which the all the image portion of the scene being imaged by the image sensor 12. The
segments 20 of the output image 18 are captured by the image optical sensing device captures images at a rate (e.g., 1500
sensor 12. pictures or frames per second or greater) that is fast enough so
The motion sensor 14 generates respective motion sensor that sequential pictures of the scene overlap. The movement
signals 24 during the respective exposure intervals of the 45 detector detects movement of the motion sensor in relation to
image segments 20 (FIG. 2, block 26). The motion sensor the scene based on comparisons between images of the scene
signals 24 are indicative of motion of the image sensor 12 in that are captured by the optical sensing device. In this process,
relation to the scene being imaged. The motion sensor signals the movement detector identifies texture or other features in
24 may correspond to, for example, optical or inertial mea- the images and tracks the motion of such features across
surements. The motion sensor 14 typically generates the 50 multiple images. In some implementations, the movement
motion sensor signals 24 in response to its own movements in detector correlates features identified in successive images to
relation to the scene being imaged. The movements of the compare the positions of the features in successive images to
motion sensor 14, however, are correlated with the move- provide information relating to the position of the motion
ments of the image sensor 12 such that that motion sensor sensor 14 relative to the scene. The movement detector iden-
signals 24 are indicative of the movements of both the motion 55 tifies common features in sequential images and determines
sensor 14 and the image sensor 12. In a typical implementa- the direction and distance by which the identified common
tion, for example, the motion sensor 14 and the image sensor features are shifted or displaced. In some embodiments, the
12 are mounted to a common support frame that causes the movement detector translates the displacement information
motion sensor 14 and the image sensor 12 to move together in into two-dimensional position coordinates (e.g., X and Y
unison. 60 coordinates) that correspond to the movement of the motion
The processing system 16 determines from the respective sensor 14. In some embodiments, the optical sensing device
motion sensor signals 24 one or more corresponding move- and the movement detector are implemented by separate dis-
ment measures for each of the exposure intervals (FIG. 2, crete components of the image capture system 10. In other
block 28). In some embodiments, the movement measures embodiments, at least one of the optical sensing device and
correspond to at least one of position coordinates and dis- 65 the movement detector are incorporated into other compo-
placements in the coordinate system of the capture plane of nents of the image capture system 10. For example, in some
the image sensor 12. embodiments the optical sensing device is implemented by a
IPR2025-00339 Exhibit 2006
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respective region of the one or more image sensing devices of
the image sensor 12 and the movement detector is imple-
mented by one or more modules of the processing system 16.

In some embodiments, the motion sensor 14 includes an
inertial sensor and a movement detector. The inertial sensor
may include any type of inertia sensing device, including an
accelerometer-based inertial sensing device and a gyroscope-
based inertia sensing device. Accelerometers sense and
respond to translational accelerations, whereas gyroscopes
sense and respond to rotational rates. In some implementa-

6

In this illustrative example, the parameter ez denotes the
scanline exposure interval for the first scanline (i.e., scanline
1), the parameter E -, denotes the frame exposure period, and
the parameter T, denotes the time required to readout each
row of pixels. This exemplary rolling shutter mode of opera-
tion is characterized by the following constraints:

Epp=eptM-Tp (1

where M is the number of rows of pixels in an active area of

tions, the inertial sensor includes at least two inertia sensing 19 the image sensor 32; the exposure of row i begins at time te
devices that are configured to sense motions in at least two which is given by
respective directions. For example, in one implementation,
the inertial sensor includes two inertia sensing devices that g, =(-1)Tp+io pp (2)
are oriented i.n orthogonal directions and are Qperable tosense |5 Where t, ., is the time at which frame exposure period FP
movements in a plane. (e.g., an X-Y plane in a two-dimen- begins; and the readout of row 1 occurs at time tg ,, which is
sional Cartesian coordinate system) corresponding to the cap- wen b *
ture plane of the image sensor 12. In another implementation, given by
the inertial sensor includes three inertia sensing devices that »
are operable to sense movements in three noncollinear direc- i~ reptlo rp ®)
tions (e.g., X, Y, and Z directions in a three-dimensional 20 By design, the scanline exposure intervals occur at differ-
Cartesian coordinate system). This implementation allows ent times during the frame exposure period. Thus, any motion
motion of the image capture system 10 to be tracked indepen- (e.g., handshaking) that occurs during the frame exposure
dently of its orientation. For both accelerometer-based iner- period may blur the composite image that is formed from the
tial sensing devices and gyroscope-based inertia sensing pixels values that are captured in accordance with the rolling
devices, the movement detector determines relative positions 25 shutter image capture process.
of the inertial devices by double integration of the signals FIG. 5 shows an embodiment 42 of the processing system
generated by the devices over time. In some embodiments, 16 that reduces the appearance of blur that might be caused by
the movement detector is implemented by separate discrete motion of the image sensor 12 during a rolling shutter capture
component (e.g., digital signal processor) of the image cap- process. The processing system 42 includes an exposure con-
ture system 10. In other embodiments, the movement detector 30 trol module 44, a deblurring module 46, and a combining
is implemented by one or more modules of the processing module 48. The exposure control module 44, the deblurring
system 16. module 46, and the combining module 48 are not limited to
In general, the processing system 18 may be implemented any particular hardware, firmware, or software configuration,
by one or more discrete modules that are not limited to any but rather they may be implemented in any computing or data
particular hardware, firmware, or software configuration. The 35 processing environment, including in digital electronic cir-
one or more modules may be implemented in any computing cuitry (e.g., an application-specific integrated circuit, such as
or data processing environment, including in digital elec- a digital signal processor (DSP)) or in computer hardware,
tronic circuitry (e.g., an application-specific integrated cir- firmware, device driver, or software.
cuit, such as a digital signal processor (DSP)) or in computer FIG. 6 shows an embodiment of the image capture method
hardware, firmware, device driver, or software. In some 40 of FIG. 2 that is implemented by the processing system 42.
implementations, computer process instructions for imple- In accordance with this method, the exposure control mod-
menting the image capture method shown in FIG. 2 and the ule 44 divides the frame exposure period into a set of image
data it generates are stored in one or more machine-readable segment exposure intervals FIG. 6, block 50). Each of the
media. Storage devices suitable for tangibly embodying these image segment exposure intervals encompasses the exposure
instructions and data include all forms of non-volatile 45 intervals of one or more of the scanlines that are captured
memory, including, for example, semiconductor memory during the frame exposure period.
devices, such as EPROM, EEPROM, and flash memory The exposure control module 44 associates the scanlines to
devices, magnetic disks such as internal hard disks and corresponding ones of the image segments (FIG. 6, block 54).
removable hard disks, magneto-optical disks, and CD-ROM. In this process, the exposure control module 44 maps (or
II. Still Image Stabilization For Rolling Shutter Image Cap- 50 associates) the respective sets of scanlines to the correspond-
ture ing ones of the image segments, where each image segment
In some embodiments, the image sensor 12 includes a exposure period corresponds to the time over which a respec-
two-dimensional complementary metal-oxide-semiconduc- tive set of one or more scanlines are captured (i.e., exposed
tor (CMOS) device that is operated in accordance with a and readout). In FIG. 4, an exemplary set of five scanlines is
rolling shutter capture process in which each row of pixels of 55 associated to a respective image segment 52, which has an
the image sensor is sequentially scanned in order. A rolling exposureinterval E;, ., -» «pthatencompasses the exposure
shutter typically is implemented by sequentially resetting and intervals of the five constituent scanlines. In the example
reading the pixels of a two-dimensional CMOS photocell shown in FIG. 7, the exposure control module 44 maps
array row-by-row in a series of scanlines until the entire active respective sets of ten scanlines to respective ones of the image
area of the image sensor has been scanned. The exposure 60 segments 56. The scanlines that correspond to each image
interval of each scanline is the time between the reset and segment 54 may be stored sequentially in a frame buffer. After
readout, and the frame exposure period is the time needed to all the scanlines corresponding to a respective one of the
readout all the scan lines. image segments 54 have been stored, the stored image data is
FIG. 4 shows schematic diagram of a devised set of scan- processed by the deblurring module 46 as follows.
line exposure intervals 40 during a frame exposure period in 65  The deblurring module 46 deblurs each of the image seg-
accordance with an exemplary embodiment of a rolling shut- ments 54 based on the one or more corresponding motion
ting mode of operating the image sensor 32 (shown in FIG. 3). sensor signals 24 (FIG. 6, block 58). The deblurring module
IPR2025-00339 Exhibit 2006
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46 receives the motion sensor signals 24 from the motion
sensor 14. In some embodiments, the motion sensor signals
24 include movement measures (e.g., relative position coor-
dinates or displacements) describing movement the motion
sensor 14 in relation to the scene in a form that is used for
motion deblurring. In other embodiments, the deblurring
module 46 derives the movement measures from the motion
sensor signals 24. The deblurring module 46 correlates the
movement measures with corresponding ones of the image
segments 54.

FIGS. 8A and 8B show devised graphs of exemplary sets of
horizontal (X) and vertical (Y) position coordinates that are
determined from the motion sensor signals 24 during the
frame exposure period E., (shown in FIG. 4). The sampling
rate of the motion sensor signals 24 and the number of scan-
lines in each image segment 54 typically are selected so that
the deblurring module 46 can associate at least two movement
measures (e.g., position coordinates or displacements) with
each image segment 54.

The deblurring module 46 determines the type of relative
motion between the image sensor 12 and the scene based on
the movement measures. In general, the type of relative
motion can include one or more of a translation, a rotation,
and a sudden change of scale. In some embodiments, the
deblurring module 46 is operable to determine any one of
these types of relative motion and selects an appropriate blur
model for each of the image segments 54. In one exemplary
embodiment, the deblurring module 46 determines for each
image segment 54 a motion vector that describes the relative
linear motion between the image sensor 12 and the scene. In
this embodiment, the deblurring module 46 estimates for each
image segment 54 a respective point-spread function that
corresponds to a one-dimensional motion blur defined by the
corresponding motion vector. The deblurring module 46 gen-
erates a respective deblurred image segment 60 from each
image segment 54 by deconvolving the image segment 54
based on the corresponding estimated point-spread function.
In general, the deblurring module 46 may generate the
deblurred image segments using any of a wide variety of
deconvolution processes, including an inverse filtering
deconvolution process, a Wiener filtering deconvolution pro-
cess, and a Richardson-Lucy deconvolution process.

The combining module 48 arranges the deblurred image
segments 60 into rows (FIG. 6, block 62). In this process, the
combining module 48 arranges the deblurred image segments
60 in a manner that preserves the original spatial arrangement
of'the original image segments 54. The combining module 48
may produce the resulting image as the output image 18 or it
may apply one or more filters (e.g., a smoothing filter) to the
resulting image and crop the filtered image before outputting
the output image 18.

III. Still Image Stabilization for Divided Exposure Image
Capture

In some embodiments, the image sensor 12 is operated in
accordance with a divided exposure image capture process
that obtains a composite image corresponding to a relatively
long exposure period from a set of images that are captured
with shorter exposure periods. A divided exposure image
capture process typically is implemented by dividing a com-
posite frame exposure period into a number of exposure divi-
sions, integrating a respective image of the scene during each
exposure division, and combining the images into the com-
posite image. The resulting composite image typically is
characterized by a lower noise level than a single image that
is integrated over the entire composite frame exposure period.

FIG. 9 shows an embodiment 70 of the processing system
16 that reduces the appearance of blur that might be caused by
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motion of the image sensor 12 during a divided exposure
capture process. The processing system 70 includes an expo-
sure control module 72, a warping module 74, and a combin-
ing module 76. The exposure control module 72, the warping
module 74, and the combining module 76 are not limited to
any particular hardware, firmware, or software configuration,
but rather they may be implemented in any computing or data
processing environment, including in digital electronic cir-
cuitry (e.g., an application-specific integrated circuit, such as
a digital signal processor (DSP)) or in computer hardware,
firmware, device driver, or software.

FIG. 10 shows an embodiment of the image capture
method of FIG. 2 that is implemented by the processing
system 70.

The exposure control module 72 divides the frame expo-
sure period into a set of image segment exposure periods
(FIG. 10, block 78). The exposure control module 72 may
divide the selected frame exposure period into the set of
image segment exposure periods in accordance with any of a
wide variety of different divided exposure methods. The
number of exposure divisions typically is selected based at
least in part on the processing and memory constraints of the
image capture system.

The image sensor 12 captures respective image segments
80 during corresponding ones of the image segment exposure
intervals (FIG. 10, block 82). In this process, the image sensor
12 integrates a respective image of the scene during each of
the image segment exposure intervals. The exposure control
module 72 identifies each of the captured images as a respec-
tive one of the image segments 80.

FIG. 11 shows an exemplary set of image segments 84-94
that are captured over a frame exposure period 96 that extends
from time t, to t;,. In this example, the divided exposure
period for image segment 84 is from t, to t,, the divided
exposure period for image segment 86 is from t, to t;, the
divided exposure period for image segment 88 is fromt, to t,
the divided exposure period for image segment 90 is from t
to t,, the divided exposure period for image segment 92 is
from tg to t,, and the divided exposure period for image
segment 94 is from t,, to t; ;.

Referring back to FIG. 10, the warping module 74 warps
the image segments 80 to acommon reference frame based on
corresponding ones of the motion sensor signals 24 (FIG. 10,
block 98). In this process, the warping module 74 receives the
motion sensor signals 24 from the motion sensor 14. In some
embodiments, the motion sensor signals 24 include move-
ment measures (e.g., relative position coordinates or dis-
placements) that describe movement of the motion sensor 14
in relation to the scene in a form that is used for image
warping. In other embodiments, the warping module 74
derives the movement measures from the motion sensor sig-
nals 24. The warping module 74 correlates the movement
measures with corresponding ones of the image segments 80.

FIG. 12 show a devised graph of exemplary sets of hori-
zontal (X) and vertical (Y) position coordinates that are deter-
mined from the motion sensor signals 24 during the frame
exposure period 96 (shown in FIG. 11). The sampling rate of
the motion sensor signals 24 and the lengths of the divided
exposure periods typically are selected so that the warping
module 74 can associate at least two position coordinates with
each image segment 80.

The warping module 74 warps the image segments 80
based on global motion vectors that describe motion of each
of'the image segments as a whole in relation to a designated
reference frame or local motion vectors that describe the
motion between regions of ones of the image segments 80 and
the reference frame. The reference frame may correspond to
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the coordinate frame of one of the image segments 80. In
some embodiments, the warping module 74 determines a
respective motion map (or motion correspondence map) for
each image segment 80. Each motion map includes a set of
velocity motion vectors that map the pixels of a respective
image segment to the pixels of the reference image. In gen-
eral, the warping module 74 may compute the motion vectors
based on any type of motion model. In one embodiment, the
motion vectors are computed based on an affine motion
model that describes motions that typically appear in image
sequences, including translation, rotation, and zoom. The
affine motion model is parameterized by six parameters as

-

where u and v are the x-axis and y-axis components of a
velocity motion vector at point (X,y,z), respectively, and the
A,’s are the affine motion parameters. Because there is no
depth mapping information for a non-stereoscopic video sig-
nal, z=1. Each iamge segment I (P) corresponds to the refer-
ence frame I,(P) in accordance with equation (5):

)

x2

u ax0  Qxl
U= =
v ayo Qyl ay2

LP)=LP-UP) ®

where P=P(x, y) represents pixel coordinates in the coordi-
nate system of the current video frame.

The warping module 74 determines the movement mea-
sures from an estimated affine model of the motion between
each image segment 80 and the reference frame. In some
embodiments, the affine model is estimated by applying a
least squared error (LSE) regression to the following matrix

expression:
A= XU (6)

where X is given by:

X Xy vt Xy M
X=|y y2 = I
11 - 1
and U is given by:
(’41 Uy e MN] (8)
U=
Vi V2 ot VN

where N is the number of samples (i.e., the selected object
blocks). Each sample includes an observation (x,,y,, 1) and an
output (u,, v,) that are the coordinate values in the current and
previous video frames associated by the corresponding
motion vector. Singular value decomposition may be
employed to evaluate equation (6) and thereby determine A.
In this process, the motion estimation module 18 iteratively
computes equation (6). Iteration of the affine model typically
is terminated after a specified number of iterations or when
the affine parameter set becomes stable to a desired extent. To
avoid possible divergence, a maximum number of iterations
may be set.

After the image segments 80 have been warped to the
common reference frame (FIG. 10, block 98), the combining
module 76 combines values of corresponding pixels in the
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warped image segments 100 into corresponding values of
pixels in the output image 18 (FIG. 10, block 102). In some
embodiments, the combining module 76 averages the values
of corresponding pixels in the warped image segments to
obtain values of the pixels in the output image 18. The com-
bining module 76 may produce the resulting image as the
output image 18 or it may apply one or more filters (e.g., a
smoothing filter) to the resulting image before producing the
output image 18. The combining module 76 typically crops
the composite image before outputting it as the output image
18.

IV. Exemplary Operating Environment For The Image Cap-
ture System

As explained above, the image capture system 10 is highly
suitable for incorporation in compact camera environments
that have significant size, processing, and memory con-
straints, including but not limited to handheld electronic
devices (e.g., a mobile telephone, a cordless telephone, a
portable memory device such as a smart card, a personal
digital assistant (PDA), a solid state digital audio player, a CD
player, an MCD player, a game controller, a pager, and a
miniature still image or video camera), pc cameras, and other
embedded environments.

In some embodiments, the image capture system 10 is
integrated into a handheld device that includes a telephone
subsystem. The telephone subsystem may correspond to any
of a variety of different types of telephones, including a wired
telephone and a wireless telephone (e.g., a cellular telephone
and a cordless telephone). The telephone subsystem converts
sounds into electrical signals and vice versa. In particular, the
telephone subsystem transduces between audio signals and
telephony signals. In this regard, the telephone subsystem
typically includes a microphone for converting received
audio signals into electrical signals and a speaker for convert-
ing received electrical signals into audio signals. The tele-
phone subsystem communicates the telephony signals over a
telephony communications channel. The telephony signals
may formatted in accordance with any of a variety of different
telephone protocols, including public switched telephone
network protocols (e.g., Signaling System 7 and Intelligent
Network), analog cellular telephone protocols (e.g.,
Advanced Mobile Phone Service), digital cellular telephone
protocols (e.g., TDMA, CDMA, GSM, and WAP), and cord-
less telephone protocols (e.g., Digital Enhanced Cordless
Telecommunications). The telephony communications chan-
nel couples the handheld device to a telephone system, which
may include one or more of a wireless telephone network, a
wired telephone network (e.g., a PSTN), and a cordless tele-
phone base station.

FIG. 13 shows an embodiment 110 of the handheld device
40 (e.g., a mobile telephone, such as a cellular telephone or a
cordless telephone) that includes a housing 112, a display
screen 114, a keypad 116, a microphone 118, and a speaker
120. The display screen 112 and the microphone 118 are
exposed through an inner face of a top part 122 of the housing
112. The keypad 116 and the speaker 120 are exposed through
an inner face of a bottom part 124 of the housing 62. The top
and bottom parts 122, 124 of the housing 112 are connected
together by a hinged portion 126, which allows the top and
bottom parts 122, 124 to pivot between an open state and a
closed state. In the open state shown in FIG. 13, a user has
access to the displays screen 114, the keypad 116, the micro-
phone 118, and the speaker 120.

FIG. 14 shows an embodiment 130 of the handheld device
110 that includes the image capture system 10 and a telephone
subsystem. The image capture system 10 includes the image
sensor 12, the motion sensor 14, and an image capture pro-
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cessing subsystem that corresponds to the processing system
18. The telephone subsystem includes an antenna 132, a
receiver 134, the speaker 120, a telephone processing sub-
system 136, a frequency synthesizer 138, a transmitter 140,
the microphone 118, the keypad 116, and a memory 142. The
telephone processing subsystem 136 choreographs the opera-
tion ofthe receiver 134, the transmitter 140, and the frequency
synthesizer 138. The frequency synthesizer 138 controls the
operating frequencies of the receiver 134 and the transmitter

12

movement measures and arranging the deblurred image seg-
ments along respective rows of the output image.

5. The apparatus of claim 1, wherein the image sensor
comprises an array of pixels arranged in rows and columns in
a capture plane and the image sensor captures each of the
image segments by reading out values of the pixels across the
capture plane integrated over the corresponding exposure
interval.

6. The apparatus of claim 5, wherein the processing system

140, and generates .electronic. radio frequency signals in 10 combines the image segments by warping the image seg-
response to control signals received from the processing sys- ments to a common reference frame based on the one or more
tem 108. . corresponding movement measures and combining values of
V. Conclusion o . . corresponding pixels in the warped image segments into cor-

The embodlmepts that are fiescnbed in df:tall .her.eln are responding values of pixels in the output image.
capable of reducing motion-induced blur in still images 15 7 Tpe apparatus of claim 1, further comprising a telephone
within the significant size, processing, and memory con- subsystem and a housing containing the image sensor, the
straints of typical compact camera environments. motion sensor, the processing system, and the telephone sub-

Other embodiments are within the scope of the claims. systen1.

What is claimed is: 8. A method, comprising:

1. An apparatus, comprising: 20 capturing image segments during cqrrespondlng exposure

an image sensor operable to capture image segments dur- intervals of a frame exposure period; .

ing corresponding exposure intervals of a frame expo- generatlng respective motlon sensor mgnals during the
sure period; respective exposure 1ntervals. of the image segments,

a motion sensor operable to generate respective motion . wherein the generating comprises capturing images of'a

sensor signals during the respective exposure intervals scene; ) ) )
of the image segments, wherein the motion sensor com- determining from the respective motion sensor signals one
prises image sensing elements operable to capture or more corres.pondmg movement measures.fo.r each of
images of a scene; and thf: exposure intervals, wherein the determining com-
aprocessing system operable to determine from the respec- prises deriving the movement measures from compari-
tive motion sensor signals one or more corresponding sons of ones of the captured images; and
movement measures for each of the exposure intervals combining the image segments into an output image based
and combine the image segments info an output image on the one or more corresponding movement measures;
based on the one or more corresponding movement mea- wherein the movement measures are determined based on:
sures, wherein the processing system is operable to .,
determine the movement measures from comparisons of
ones of the images captured by the image sensing ele- u a0 au an) | *
ments of the motion sensor; U= ( V] = ( ap ay ap ] y|=4y)
wherein at least a portion of the image sensing elements are z z
further operable to capture the images in accordance ,
with a rolling shutter process that is determined by:
Epp=eg+tM*Tg, LP)=L(P-UP)),
tg ~(i-1)*Tg+to rp, and 45 A=XTX) XU,
tr; =t *Tp+eg+lo rp,
wherein e, denotes a scanline exposure interval, E . FLoXp e AN
denotes a frame exposure period, T denotes readout X=|y y2 ... yv|and
time for each row of pixels, M is the number of rows of 50 11 1
pixels in an active area of the image sensor, exposure of W . uy
row 1 begins at time t.,, t, z» is a time at which frame U= ( WV ]
exposure period FP begins, and readout of row 1 occurs
attime ty .

2. The apparatus of claim 1, wherein the image sensor 55  wherein U is the affine motion model, u and v are the x-axis
comprises an array of pixels arranged in rows and columns in and y-axis components of a velocity motion vector at
a capture plane and the image sensor captures each of the point (X, , ), 8,9, 8,15 853, 8,0, 8,1, and a,, are the affine
image segments by reading out values of the pixels across a motion parameters, N is the number of samples, and
respective subset of the rows of pixels integrated over the image segment Ir(P) corresponds to reference frame
corresponding exposure interval. 60 It(P) and P=P(x,y), representing pixel coordinates.

3. The apparatus of claim 2, further comprising an expo- 9. The method of claim 8, wherein the capturing comprises
sure controller operable to control the capture of the image capturing each of the image segments by reading out values of
segments by the image sensor in accordance with a rolling pixels across a respective subset of rows of a two-dimensional
shutter capture process. array of pixels integrated over the corresponding exposure

4. The apparatus of claim 2, wherein the processing system 65 interval.
combines the image segments by deblurring each of the 10. The method of claim 9, wherein the combining com-
image segments based on the one or more corresponding prises deblurring each of the image segments based on the one
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or more corresponding movement measures and arranging
the deblurred image segments along respective rows of the
output image.

11. The method of claim 8, wherein the capturing com-
prises capturing each of the image segments by reading out
values of pixels across a two-dimensional array of pixels
integrated over the corresponding exposure interval.

12. The method of claim 11, wherein the capturing is
performed in accordance with a divided exposure capture
process.

14

wherein the means for capturing images of a scene captures
images in accordance with a rolling shutter process that
is determined by:

Epp=etM*T,
Ty ~(i-1)* Ty pp, and

tr ;=1 *Tp+eg+lo rp,

. . .. 10 wherein ey denotes a scanline exposure interval, E
13. The method of claim 11, wherein the combining com- R P > FP
. . . denotes a frame exposure period, T, denotes readout
prises warping the image segments to a common reference time for each row of pixels, M is the number of rows of
frame based on the one or more corresponding movement pixels in an active area of the image sensor, exposure of
measures and combining values of corresponding pixels in row i begins at time t;, t, zp is a time at which frame
the Warped image segments into correspond]ng values of 15 exposure penod FP beglns, and readout of row 1 occurs
pixels in the output image. at time tz ;. . . . .
. 15. The apparatus of claim 1, wherein the image sensing
14. An apparatus, comprising: . .
R . . elements of the motion sensor are implemented separately
means for capturing image segments during corresponding .
: . from the image sensor.
exposure intervals of a frame exposure period; . . . .
. . . . 20 16. The apparatus of claim 1, wherein the image sensing
means for generating respective motion sensor signals dur- . . .
. . . . elements of the motion sensor are implemented by a region of
ing the respective exposure intervals of the image seg- .
. . . the image sensor.
ments, wherein the means for generating comprises . ..
L 17. The method of claim 8, further comprising:
means for capturing images of a scene; . . .
.. . . using an image sensor to capture the image segments; and
means for determining from the respective motion sensor . . .
. . 25 using separate image sensing elements to capture the
signals one or more corresponding movement measures . . .
. - images of the scene for the motion sensor signals.
for each of the exposure intervals, wherein the means for . .
g . .. 18. The method of claim 8, further comprising:
determining comprises means for deriving the move- . . .
. using an image sensor to capture the image segments; and
ment measures from comparisons of ones of the cap- . . . .
. using a region of the image sensor to capture the images of
tured images; and . .
. . . 30 the scene for the motion sensor signals.
means for combining the image segments into an output
image based on the one or more corresponding move-
ment measures; k% &k ok
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