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HAND JITTER REDUCTION FOR
COMPENSATING FOR LINEAR DISPLACEMENT

CROSS-RELATED APPLICATIONS
This application claims the benefit of provisional U.S. Application Serial No.
60/760,768, entitled “HAND JITTER REDUCTION SYSTEM DESIGN,” filed J anuary
19, 2006.

TECHNICAL FIELD
[0001] This disclosure relates to digital image processing and, more particularly, a hand

jitter reduction compensating for linear displacement.

BACKGROUND

[0002] The demand for multimedia applications in mobile communications has been
growing at an astounding rate. Today, a user can send and receive still images, as well
as download images and video from the Internet, for viewing on a mobile unit or
handset. The integration of the digital camera into the mobile unit has further
contributed to the growing trend in mobile communications for multimedia

functionality.

[0003] Given the limited amount of resources like battery capacity, processing power,
and transmission speed associated with a mobile unit, effective digital imaging
processing techniques are needed to support multimedia functions. This requires the
development of more sophisticated hardware and software that reduces computational
complexity for multimedia applications while maintaining the image quality. The
development of such hardware and software leads to lower power consumption and

longer standby time for the mobile unit.

[0004] One facet of the digital imaging process involves removing blurriness from a
picture. Blurriness may be caused by hand jitter. Hand jitter is caused by the
movement of the user’s hand when taking a digital picture with a camera. Even if the
user is unaware of the movement, the hand may be continually moving. The
movements are relatively small, but if the movements are large relative to the exposure
time, the digital picture may be blurry. An object or person in the picture may appear to

be moving. Blurriness may also be caused by an object/person moving when a picture
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is being taken. Blurriness may also be caused by limitations of the optical system used

to capture the pictures.

[0005] Under low lighting conditions, a digital camera, for example, one found in a
mobile unit, takes a longer time to register a picture. The longer exposure time
increases the probability that the slight movements produced by the hand may lead to
blurriness. Similarly, the longer exposure time increases the chance that the movement

by the object/person may be large relative to the exposure time.

[0006] Current techniques for compensating for camera movements involve the use of
small gyroscopes or other mechanical devices. None of the techniques seem to have an
acceptable way to digitally compensate for the camera movements, especially under low
lighting conditions. It would be desirable to reduce the amount of blurriness in a digital
picture with efficient processing resources suitable for mobile applications under all

conditions.

SUMMARY
[0007] The details of one or more configurations are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be
apparcnt from the description, drawings and claims.
[0008] Multiple frame registration may be implemented by capturing multiple frames
and checking the parity of the frames to determine how to register them. Registration
takes place between a base frame and a movement frame. For any frame a set of
vertical projections and horizontal projections may be generated. A projection is the
summing of a column in a frame and/or the summing of a row in a frame. The set of
projections in a base frame may be correlated (known as projection correlation) to a set
of projections in a movement frame. Projections may be filtered. The projection
correlation generates a set of values, and the minimum value for each set (vertical and
horizontal) generates a global motion vector. The global motion vector may then be
added to a base frame to yield a registered frame. If there are multiple registered frames,
there may be various ways to select a registered base frame and registered movement
frame. One of the various ways involves selecting the basement frame and movement
frame based on a parity of the total number of total frames to be processed in a row

from a frame flow-tree. Frame registration may be an iterative process that may
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terminate early if the global motion vector is within a certain tolerance or threshold in
both the vertical and horizontal direction.

[0009] One of the advantages of multiple frame registration is to reduce noise and
blurriness due to linear (vertical and/or horizontal) movements as a result of hand Jjitter

in a digital picture.

BRIEF DESCRIPTTON OF DRAWINGS

[0010] Various embodiments are illustrated by way of example, and not by way of

limitation, in the accompanying drawings.
[0011] FIG. 1 is a block diagram illustrating a digital imaging process.
[0012] FIG. 2 is a block diagram illustrating the functionality of a pre-processing

module in a digital image processing system.

[0013] FIG. 3 is a hardware block diagram of one architectural configuration illustrating

a frame registration module for estimating a global motion vector.

[0014] FIG. 4 is a hardware block diagram of another architectural configuration

illustrating a frame registration module for estimating a global motion vector.

[0015] FIG. 5A-5F illustrate frame flow-trees, which may be used in the selection of

which framc is a basc framc and which framec is a movement frame.

[0016] FIG. 6 illustratcs a projection gencrator.

[0017] FIG. 7 illustratcs a projcction gencrator that may gencrate horizontal projections.
[0018] FIG. 8 illustrates a projection generator that may generate vertical projections.

[0019] Illustratcd in FIG.. 9, arc a horizontal sct of projcctions on a frame and a vertical

set of projections on a frame.
[0020] FIG. 10 illustrates a frequency response of a low pass filter.

[0021] THustrated in FIG. 11, is a possible configuration of a global motion vector

estimator.

[0022] FIG. 12a and FIG. 12b illustrate more details of a global motion vector

estimator.
[0023] One architectural configuration of a frame registrator is shown in FIG. 13.

[0024] FIG. 14 illustrates a possible configuration of an early terminator.
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[0025] FIG. 15 is a flow chart illustrating a possible method of frame registration of
images.

[0026] A graph for a set of horizontal projections for a base frame and a movement
frame is illustrated in FIG. 16.

[0027] A graph of a set of vertical projections for a base frame and a movement frame is
illustrated in. FIG. 17.

DETAILED DESCRIPTION
[0028] The word “exemplary” is used herein to mean “serving as an example, instance,
or illustration.” Any embodiment, configuration or design described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments or designs. In general, described herein, is a novel method and apparatus
to reduce blurriness and/or noise in digital pictures by generating a global motion vector

and using the global motion vector for frame registration.

[0029] In conventional camera devices, when a user takes a snapshot (currently done
by pressing a button), mostly only one frame is used to generate a picture. Methods
which employ using more than one frame to generate a picture often are not successful
because they yield poor results. With conventional camera devices, the picture may be
blurry duc to movements produccd by the uscr’s own hand movements, these hand
movements are known as hand jitter. Conventional camera devices also are challenged
by the amount of time required to expose a picture. Under low lighting conditions, the
exposure time is typically increased. Increasing the exposure time increases the amount
of noise that a user may see due to low lighting conditions as well as increases the
probability that hand jitter will produce a blurry picture. Currently, camera devices may
contain small gyroscopes to compensate for the hand jitter produced by the user.
However, there are many challenges faced when placing gyroscopes on mobile units.
Even when these challenges are overcome, the digital hand jitter reduction techniques
may be used in combination with devices that have gyroscopes. Current camera devices
may also scale the gain under low lighting conditions. Unfortunately, simply increasing
the gain amplifies the noise present as a result of the low light level. The result is often
a picture of poor quality. Similarly, digital compensation for hand jitter does not always

provide adequate results. However, with the techniques disclosed throughout this



WO 2007/085004 PCT/US2007/060804

disclosure, it has been possible to reduce hand jitter, as well as reduce noise under lower

light conditions.

[0030] FIG. 1 is a block diagram illustrating a digital imaging process suitable for a
camera device integrated into a mobile unit. The mobile unit may be a wireless phone,
personal digital assistant (PDA), laptop computer, or any other mobile wireless device.
A lens (not shown) may be used to focus an image onto an image sensor 102, in an
image sensor module 104. In one configuration, image sensor module 104 may have a
memory for storing gain and exposure parameters. Tmage sensor module 104 may also
have a control driver for modifying gain and auto-exposure parameters. In another
configuration, image sensor module 104 may be coupled to an integrated circuit, such as
a Mobile Station Modem (MSM'™), or other module which has a memory and/or
control driver for storing and modifying gain and auto-exposure parameters. The image
sensor 102 may be a charge-coupled device (CCD), a complimentary metal oxide
semiconductor (CMOS) image sensor, or any other suitable image sensor. In at least
one configuration of the image sensor 102, an array of semiconductors may be used to
capture light at different pixels of the image. A color filter array (CFA) (not shown)
positioned in front of the image sensor 102 may be used to pass a single color (i.e., red,
green or blue) to each semiconductor. The most common CFAs are RGB and CMYG
patterns. The image sensor module 104 may drive or control image sensor 102 to

modify the gain, and or cxposurc time.

[0031] Before a user presses the button to take a snapshot and produce a digital picture,
a preview mode, may capture a series of frames produced by the image sensor 102. The
whole frame or a sub-part of the frame is referred to as an image or interchangeably a
picture. For illustrative purposes, it is convenient to discuss the images being processed
as a series of frames. Although it should be recognized that not the entire frame need be
processed when using a front-end image processing module 106. In addition, the
sequence of frames is also known as a stream. The stream may be provided to a front-
end image processing module 106 where they are de-mosaiced in order to obtain full
RGB resolution as an input to the still image and video compressor 108. As the stream
passes through the front-end image processing module 106, in the preview mode,

statistics may be collected on frames that aid with the production of the digital picture.
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These statistics may be, but are not limited to, exposure metrics, white balance metrics,

and focus metrics.

[0032] The front-end image processing module 106 may feed various signals, which
help control the image sensor 102, back into the image sensor module 104. The still
image and video compressor 108 may use JPEG compression, or any other suitable
compression algorithm. An auto-exposure control module 110 may receive a value
proportional to the light level being processed by the front-end image processing
module 106, and compare it to a stored light target, in order to aid in at least one of the
functions of the front-end image processing module 106. Images that are processed
through the modules in front-end image processing module 106 are part of digital
frames. The stream may also be sent to a view finder which may be located in display
module 112. In the preview mode, a preview decision from the display module 112

may be used in the control of the auto-exposure.

[0033] The preview mode in a mobile unit having a digital camera may be used in either
a normal mode or a hand jitter reduction (hjr) mode. The user may select the hjr mode
(shown as hjr select in FIG. 1) through a user-interface either through a menu or
manually. Auto-cxposurc parameters such as gain, auto-cxposurc time, framc ratc and
number of frames to process, may be determined within moments after the user presses
the button to take a snapshot and produce a digital picture. The collected statistics may
be used to determine auto-exposure parameters used during the snapshot in both the
normal mode and the hjr mode. Hence, after the user presses the button, the image
processing may be different between hjr mode and normal mode. Before the user
presses the button the preview mode is processing images as it would in normal mode,

even if the hjr mode has been selected.

[0034] FIG. 2 is a block diagram illustrating the functionality of one configuration of
one front end image processing module 106a in a digital image processing system. The
front-end image processing module 106a may be used to compensate for differences
between the responses of human visual system and sensor signals generated by the
image sensor 102. These differences may be corrected using various processing
techniques including, by way of example, black correction and lens rolloff 202, de-
mosaic module 204, white balance and color correction 206, gamma adjustment 208,

and color conversion 210. These processes are represented in FIG. 2 as separate
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processing modules, but alternatively may be performed using a shared hardware or
software platform. Moreover, these modules may include multiple image processing
modules that perform the same function, thereby allowing the function to be performed

in parallel on different images.

[0035] After the color conversion module processes a frame, three color image-
components (Y, Cb, and Cr) may be may be sent to hand jitter control module 212. The
various parameters from the auto-exposure control module may be fed into hand jitter
control module 212. Hand jitter control module 212 may serve multiple purposes.
Hand jitter control module 212, may determine the image processing that takes place
after the snapshot. Hand jitter control module 212 may detect the value of hjr select,
and determine if hand jitter reduction (hjr) needs to be performed. Even though the user
has selected hjr mode, hand jitter control module 212 may determine that image
processing as is done in normal mode may take place. Hand jitter control module 212
may determine that image processing in hjr mode take place. Generating a digital
picture image processing in hjr mode may include capturing a single frame or multiple
frames. 1If hand jitter control module 212 determines that multiple frames will be
captured, after passing through hjr control module, the frames may be sent to noise
reduction/frame registration module 214, along with a parameter which indicates how
many frames may be processed by noise reduction/ frame registration module 214. If a
singlc framc is to be processed, noisc rcduction may take place on the singlc framc
through the use of a noise reduction module 215. Noise reduction module may be a
bayer filter, or other similar filter. If multiple frames are to be processed, noise
reduction/ frame registration module 214 may buffer the number of frames, numf,
specified by hand jitter control module 212, and perform frame registration on them.
Depending on how many frames and the light level, the purpose of the multiple frame
registration may serve the purpose of noise reduction and/or blur reduction. Multiple

frame registration may be done by a frame registration module 216.

[0036] If hand jitter control module 212 determines that image processing takes place
as in normal mode, noise reduction/ frame registration module 214 may not be used, and
the output from color correction module 210, for example, may be used, even though
the user selected hjr mode. Depending on what image processing (the one in normal

node or the one in hjr mode) is determined by hand jitter control module 212, a signal
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(sel) may be used to select which multiplexer 217 output to send to post-process module
218. The output of post-process module 218 may be sent to still and image video

compressor 108 and/or display module 112.

[0037] In addition to outputting a select signal (sel) and the number of frames to use for
noise reduction and/or frame registration, hand jitter control module 212 may also
output other parameters: new auto-exposure frame rate (ae fr_new), new auto-exposure
gain (ae gain_new), new auto-exposure time (ae time_new), and the number of frames
to be processed (numf). These parameters may be sent to image sensor module 104 to
control image sensor 102. A digital gain may also be output by hand jitter control
module 212 and may be applied at any module after the image sensor module 104. As
an example, the digital gain may be applied during the white-balance/color correction
module 206.

[0038] Those ordinarily skilled in the art will recognize that while pixels are normally
described, sub-pixels, or multiple pixels may also be used as inputs into front-end image
processing module 106a. Furthermore, a sub-set of these image-components or other
forms: RGB, and spatial-frequency transformed pixels, may also be sent to a hand jitter

control module, such as hand jittcr control module 212.

[0039] As mentioned previously, the frame registration module 216 may used to reduce
the amount of blurriness or reduce noise in a digital picture with efficient processing
resources suitable for mobile applications. Currently, a normal exposure time for a
picture may be around 150-300 milli-seconds (ms). Instead of capturing one picture
(frame) in 150-300ms, N frames may be captured and processed at reduced exposure
times prior to frame registration. Tn order to reduce the amount of blurriness in a
picture, frame registration module 216 compensates for the amount of rotational
movement between any two frames amongst the N frames being processed at the

reduced exposure times.

[0040] Typically in a frame registration module 216, N frames are processed by
iteratively selecting a pair of frames at a time: a base frame and a movement frame.
Compensation of the amount of horizontal and vertical movement, between the base
frame and the movement frame, is accomplished by estimating a global motion vector
during every iterative frame pair selection and “registering” the movement frame to the

base frame. After computing an estimate of the global motion vector between the
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horizontal and vertical movement frame relative to the base frame, the movement frame
is registered to the base frame by adding the estimated global motion vector to the base
frame. The registered frame represents the compensation of the base frame due to the
estimated horizontal and vertical movement between the base frame and the movement
frame. The registered frame may be used as a new base frame or may be used as a new
movement frame. The selection of how any frame, registered or not registered, depends
on the parity of the number of frames being processed and may be configurable. The

frame selection process is discussed in more detail in figures 5A-5SF.

[0041] The frame selection process may be implemented by a frame selector control
300, seen in FIG. 3. FIG. 3 is a hardware block diagram of one architectural
configuration illustrating a frame registration module 216a for estimating a global
motion vector. The number of frames being processed by frame registration module
216a may be predetermined prior to frame registration. Frame selector control 300 may
use a configurable look-up table (see discussion for figures 5A-5F) to select amongst
frames fa, fb, ga, or gb. The two unregistered frames being processed are designated as

fa and fb. The two registered frames being processed are designated as ga and gb.

[0042] Aftcr the color conversion process, three color image-components (Y, Cb, and
Cr) may be input into a frame registration module 216a. However, those ordinarily
skilled in the art will recognize that a sub-set of these image-components or other forms
may be used, such as RGB; and spatial-frequency transformed pixels of these image-
components. Furthermore, while pixels are normally used, sub-pixels, or multiple
pixels may also be used as inputs. Image-component Y may be routed to nput Y frame
buffer 302, image-component Cb may be routed to input/merged Cb frame buffer 304,
and image-component Cr may be routed to input/merged Cr frame buffer 306. Frame
registration may be carried out on all three image-components (Y, Cb, and Cr).
Estimation on a global motion vector need only be performed on one of the image-
components, although it may be performed on more than one component. As an
example, the Y image-component may be used to estimate a global motion vector. As
such, a registered frame may be routed to merged Y frame buffer 308. In addition, the

frame registration process may be carried out on only part of a frame if desired.

[0043] Frame selector 300 may have up to five outputs, mux_sel, fsel_Cb, fsel Cr,

fsel £Y, and fsel gY. From frames fa, fb, ga, or gb, mux_sel selects from mux 310
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which two pair of frames may be used to estimate a global motion vector between a
- base frame and a movement frame. A base frame is designated by frame sfY a, and a
movement frame is designated by a movement frame sfY_b. Selection of frame fa and
frame fb may be through signal fsel fY, while selection of frame ga and frame gb may
be through signal fsel gY. Similarly, fsel Cb and fsel Cr may be used to select which
Cb (sfCb) and Cr (sfCr) frames may be used for frame registration of the Cb and Cr

image-components.

[0044] Frame sfY_a may be routed to a projection generator 314, which may generate T
horizontal projections and M vertical projections. Interpolation or decimation of rows
in a frame may also be implemented, i.e., the number of horizontal projections
generated in a frame may be less (decimation) than I, or more (interpolation) than 1.
Hence, there may be D horizontal projections, where D represents the number of
decimated rows, D is less than I. There may be L horizontal projections, where L.
represents the number interpolated rows, L is more than I. The horizontal projections,
whether interpolated, decimated, or neither) may be low pass filtered via low pass filter
316. The set of horizontal projections (whether filtered or not) {H(0), H(1), ... H(I-1)},
may be represented by a vector, and is denoted by H. Analogously, interpolation or
decimation of columns in a frame may also be implemented. The vertical projections
(whether interpolated, or neither) may be low pass filtered via low pass filter 318. The
sct of vertical projections (whether filtered or not) {V(0), V(1), ... V(M-1)}, may bc
represented by a vector, and is denoted by V.

[0045] Similarly, frame sfY_b may be routed to a projection generator 314, which may
generate horizontal and vertical projections. Interpolation or decimation of rows in a
frame may also be implemented. The horizontal projections (whether interpolated,
decimated, or neither) may be low pass filtered via low pass filter 320. The set of
horizontal projections {H’(0), H’(1), ... H’(I-1)}, may be represented by a vector, and is
denoted by H’. Analogously, interpolation or decimation of columns in a frame may
also be implemented. The vertical projections (whether interpolated, decimated, or
neither) may be low pass filtered via low pass filter 322. The set of vertical projections
(whether filtered or not) {V’>(0), V’(1), ... V’(M-1), may be represented by a vector, and
is denoted by V.



WO 2007/085004 PCT/US2007/060804

11

[0046] Global motion vector estimator 324 receives four sets of data, namely input
vectors H, V, H” and V’, and generates global motion vector estimate gmv 329, where

gmvis (A, ,A)). Global motion vector gmv 329 may be added to sfY _a, sfCb, and sfCr

in frame registrator 330. The resulting registered frames, namely, sfY _a+ gmv, sfCb
+gmy, sfCr + gmv, may be storcd in buffer memorics merged Y frame buffer,
input/merged Cb frame buffer, and input/merged Cr frame buffer, respectively. After
the first iteration of frame registration(s), frame ga may be available for the second
iteration of frame registration(s). Early terminator 332 may determine if the global
motion vector cstimatc is within a certain tolerance and causc an carly cxit condition
and terminate the frame registration earlier than the processing of N frames.

[0047] FIG. 4 is a hardware block diagram of another architectural configuration
illustrating a frame registration module 216b for estimating global motion. The
architectural configuration illustrated in FIG. 4 aims to reduce the number of
components used to generate projections in a frame. As such, there is only one
projections generator 312, and one low pass filter for filtering horizontal projections
315, and one low pass filter 317 for filtering vertical projections. Only one low pass
filter may be required, if the projections, horizontal or vertical, are passed through the
low pass filter serially, instead of in parallel as shown. It should also be noted that the
horizontal and vertical set of projections need not be low pass filtered. The low pass
filtering on any projection is optional.

[0048] Although frames may be processed simultaneously, through interleaving of rows
between a base frame and a movement frame, FIG. 4 illustrates the generation of
horizontal and vertical set of projections in either a base frame or a movement frame. In
the architectural configuration illustrated in FIG. 4, an sfY _a frame is either a base
frame or a movement frame, that is, sfY_a is of the following form: [base frame,
movement framc, basc frame, movement frame, ... basc frame, movement framc].
When sfY_a is a base frame, toggle pass (TP) 311, in the upper left corner of FIG. 3,
allows sfY_a to pass into frame registrator 330.

[0049] Asin FIG. 3, interpolation of rows in a frame or interpolation of columns in a
frame may be implemented. Also as shown in FIG. 3, horizontal and vertical

projections for a base frame and a movement frame are generated. As illustrated, the set
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of projections, H, V, H’ and V’ may be queued and stored in filtered projections buffer

323. The four sets may then be sent to global motion vector estimator 324.

[0050] The inputs (H, V, H’ and V’) and the output (global motion vector 329) to
motion vector estimator 328, as well as the components and calculations that follow the
estimate of global motion vector estimate 329, are as disclosed in FIG. 3. In both FIG.3
and FIG. 4, what is disclosed illustrates that for any base frame and movement frame
pair, on at least one image-component (e.g. Y), an iteration of frame registration takes

place. For every iteration, a global motion vector estimate 329 may be generated.

[0051] Selection of which frame is a base frame and which frame is a movement frame
may be designated by frame flow-trees such as those illustrated in FIG. 5A-5F, and
which may be implemented in a block such as frame selector control 300. Frame flow-
trees may be implemented by using a configurable look-up-table (LUT) designating
what frames to register in each row of a frame flow-tree, depending on the parity of the
number of frames in the row. The frame flow-tree 332a illustrated in FIG. 5A has four
rows. Row 1 shows six initial unregistered frames: f1 (base), f2 (movement), f3 (base),
4 (movement), 5 (base) and f6 (movement). Each of the six unregistered frames may
represent an  imagce-componcent, for cxample, the Y imagc-component.  Framc
registration of frame f2 to f1 generates registered frame gla in row 2, frame registration
of frame f4 to f3 generates registered frame g2a in row 2, and frame registration of
frame 6 to £5 generates registered frame g3a in row 2. When there is an even number
of frames in a row, the number of frame registrations yielding the subsequent row may
be the even number divided by two. When there are three number of frames in a row,
the mid-frame in the row, may be a base frame or a movement frame. For example, to
generate frame glb in row 3, g2a is used as a movement frame, and to generate frame
g2b in row 3, g2a is used as a base frame. Row 4 contains registered frame glc
generated by registering frame g3a to registered frame glb. As can be seen, frame
registration may be on a previously registered frame or an unregistered frame.

[0052] Frame flow-tree 332b illustrated in FIG. 5B also shows six initial unregistered
frames in row 1. However, registered frame g2a is used only as a movement frame.
The process of using the mid-frame (g2a), in a three frame row, as only a movement
frame eliminates one frame registration iteration, although, it may not necessarily yield

as accurate results. Frame flow-tree 332c illustrated in FIG. 5C shows an initial five
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unregistered frames in row 1. When the number of frames are odd and greater than
three, the mid-frame may initially not be used in the frame registration to save on the
number of frame registration iterations. That is, frame pairs fl and £2, as well as frame
pairs f4 and {5, are used to generate registered frames gla and g2a. Frame registration

from row 2 through row 4 is as described in frame flow-tree 332a.

[0053] Frame flow-tree 332d illustrated in FIG. 5D shows seven initial unregistered
frames in row 1. Since the number of frames are odd and greater than three, the mid-
frame may initially not be used in the frame registration to save on the number of frame
registration iterations. In addition, because there are a set of a triplet of frames on each
side of the mid-frame (f4) in row 1, the triplets may be processed as discussed rows 2-4
of frame flow-tree 332a. This yields, in row 2 of frame flow-tree 332d, a frame flow-

tree like frame flow-tree 332c, and may be processed accordingly.

[0054] Frame flow-trees 332e and 332f illustrated in FIG. 5E and FIG. 5F,
respectively, show nine initial unregistered frames in row 1. There are three sets of
triplets of frames in row 1 of frame flow-tree 332e. The triplets may be processed as
discussed for rows 2-4 of frame flow-tree 332a. Since the number of frames are odd
and greater than three, the mid-frame (£5) in row 1 of frame flow-tree 332f, may initially
not be used in the frame registration. Although using the process illustrated in frame-
flow tree 332f saves on the number of frame registration iterations, it may mnot

necessarily yield any less desirable than the process illustrated in frame flow-tree 332e.

[0055] As the number of frames increases, the exposure times between frames
decreases and the probability that there is a smaller linear displacement increases. That
is, the estimated linear displacement between frames when the exposure time is smaller
is likely to be smaller, thus, accuracy in the estimate used for compensating for the
linear displacement better. Hence, the process illustrated in frame flow-tree 332f may
be implemented in a device that takes digital pictures using hand jitter reduction, since
the process is likely to be sufficient most of the time to the human eye. Other
applications that may require higher resolutions and are not as concerned with
computation time, may wish to implement a process where there are a higher number of

total frame registrations, such as in frame flow-tree 332e.

[0056] FIG. 6 illustrates a possible configuration of a projection generator 312, which

may comprise a horizontal projection generator 312a and a vertical projection generator
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312b. It should be noted that another configuration of a projection generator, such as
projection generator 312 shown, may not have separate horizontal and vertical
projection generators and use only one projection generator that generates projections.
A projection generator may be used independently of horizontal or vertical orientation.
Hence, calling a projection generator a horizontal or a vertical projection generator, is
merely used to identify what type of elements (e.g., pixels) are being summed to

generate a projection.

[0057] Projections may be on columns or rows. FIG. 7 illustrates a row of pixels 338
being summed by a summer 340 to generate a horizontal projection 342. FIG. 8
illustrates a column of pixels 344 being summed by a summer 346 to generate a vertical
projection 348. FIG. 9 illustrates a frame 350, where the dark lines, with an arrow tip,
represent the generation of projections. The set of horizontal projections {Ply, P2y, ...,
PIy} is illustrated on the right side of the frame 350. Although, I horizontal projections
are illustrated, there may be more (through interpolation) or less (through decimation)
projections. The set of vertical projections {P1y, P2y, ..., PMy} is illustrated on the right
side of the frame 350. Although, M vertical projections are illustrated, there may be

more (through interpolation) or less (through decimation) projections.

[0058] FIG. 10 illustrates a possible transfer function of a low pass filter. The cut-off
frequency, fc, should be large enough to allow for adequate resolution of the element
being operated on, i.e., pixel, sub-pixel, etc. Illustrated in FIG. 11, is a possible
configuration of a global motion vector estimator 324, with four inputs, vector H 360x,
vector V. 370y, vector H” 360x’, and vector V” 370y’. Projection correlator 380, may
compute the difference between the two input vectors (H 360x and H’ 360x’) and
generates a projection correlation error (pce) vector at each shift position between the
two input vectors. Computing the difference of the input vectors for the set of shift
positions between the input vectors generates a set of pce vectors. Computing the norm
of each pce vector at each shift generates a pce value. Each pce value may be stored in
memory 386. Minimum pce value index selector 388 selects the minimum pce value
amongst the set of pce values stored in memory 386. The index selector outputs the
shift position that corresponds to the minimum pce value, i.e., the index of the minimum
pce value is the shift position, and is called the x-component of the global motion

vector, A, 326.



WO 2007/085004 PCT/US2007/060804

15

[0059] Similarly, projection correlator 390, may compute the difference between the
two input vectors (V 370y and V’ 370y’) and generates a projection correlation error
(pce) vector at each shift position between the two mput vectors. As discussed above,
computing the difference of the input vectors for the set of shift positions between the
input vectors generates a set of pce vectors. Computing the norm of each pce vector at
each shift generates a pce value. Each pce value may be stored in memory 396.
Minimum pce value index selector 398 selects the minimum pce value amongst the set
of pce values stored in memory 396. The index selector outputs the shift position that
corresponds to the minimum pce value, i.e., the index of the minimum pce value is the

shift position, and is called the y-component of the global motion vector, A, 328.

[0060] FIG. 12a illustrates more details of the global motion vector estimator 324. lnput
vectors, H 360x and H’ 360x’, are input into projection correlator 380. Either input

vector may be connected to a shifter 381 which shifts by A, positions. The shifter 381

1s uscd for shift aligning thc vector H 360x with the diffcrent vector H’ 360x°.
Subtractor 382 computes the difference between the two input vectors and generates a
projection correlation error (pce) vector at each shift position between the two input
vectors. Computing the norm of each pce vector at each shift position generates a pce
value. To compute the norm, abs block 383 computes the absolute value of the pce
vector, and summer 384 sums all the elements of the pce vector. Thus, each pce value is
a norm of a pce vector. Illustrated in FIG. 122 is an L1 norm. However, another norm,
such as an L2 norm or a variant of the L2 norm may be used. Each pce value may be
stored in memory 386. Minimum pce value index selector 388 selects the minimum pce
value amongst the set of pce values stored in memory 386. Memory elements 386a,
386b, and 386¢ represent pce values in the set of pce values that may be stored from the
output of projection correlator 380. As noted above, the index of the minimum pce

value selected 388 is called the x-component of the global motion vector, A, 326.

[0061] Analogously, FIG. 12b illustrates more details of the global motion vector
cstimator 324. Input vectors, V. 370y and V’ 370y’, arc input into projcction corrclator
380. Either input vector may be connected to a shifter 391 which shifts by A,
positions. The shifter 391 is used for shift aligning the vector V 370y with the different
vector V’370y. Subtractor 392 computes the difference between the two input vectors

and generates a projection correlation error (pce) vector at each shift position between
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the two input vectors. Computing the norm of each pce vector at each shift position
genrates a pce value. To compute the norm, abs block 393 computes the absolute value
of the pce vector, and summer 394 sums all the elements of the pce vector. Thus, each
pce value is a norm of a pce vector. Illustrated in FIG. 12b is an L1 norm. However,
another norm, such as an L2 norm or a variant of the L2 norm may be used. Each pce
value may be stored in memory 396. Minimum pce value index selector 398 selects the
minimum pce value amongst the set of pce values stored in memory 396. Memory
elements 396a, 396b, and 396c represent pce values in the set of pce values that may be
stored from the output of projection correlator 390. As noted above, the index of the
minimum pce value selected 398 is called the y-component of the global motion vector,
A, 328.

[0062] Mathematically, the set (for all values of A ) of pce values to estimate a vertical

movement between frames is captured by equation 1 below:

M-A, -
pce (Ay) = Z Iﬂ(m) —H'(m + Ay)l (equation
m=0

1y

Equation 1 above, may generate a vertical estimate that is between 0 and M-1 elements
(c.g., pixcls, sub-pixcls). Equation 2 below, may also be uscd to capturc the sct of pce
values. However, this may generate a vertical estimate that is between —M/2 and M/2 -1

elements (e.g., pixels, sub-pixels).

M
——A,-1

pee (4,)= 3 [Hm)-Hm+A,) (equation

m=——

2
2)
[0063] Similarly, equations 3 and 4, may be used to estimate a horizontal movement

between frames.

I-A, -1

pce A= > [VO-V'G+A,)| (equation

i=0

3)
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Equation 3 above, may generate a vertical estimate that is between 0 and I-1 elements
(e.g., pixels, sub-pixels). Equation 4 below, may also be used to capture the set of pce
values. However, this may generate a vertical estimate that is between —I/2 and 1/2 -1

elements (e.g., pixels, sub-pixels).

-;——Ax 1

pce (A= Z |X(1) -V'(i+A, )I (cquation

. I

i=—

2
4)
[0064] Subsequent to all N frames being processed on one image-component (e.g., Y),
it may be possible to add all the estimated rotation angles to the appropriate frames on
the other image-components (e.g., Cb and Cr). This may happen because projections
need only be generated for one image-component and the frame registration sequence is
known beforehand via a frame flow-tree. This possible architecture configuration of
frame registrator 330 is not shown. One configuration of frame registrator 330, which is
shown in FIG. 13, may have up to three adders, for adding global motion vector 329 to
any of thc imagec-componcents. Global motion vector (gmv) 329 may be routed to a first
adder 390 and added to a base frame sfY_a to generate a registered frame sfY _a-+gmv.
Global motion vector 329 may be routed to a second adder 392 and added to a base
frame sfCb to generate a registered frame sfCb + gmv. Global motion vector 329 may
be routed to a third adder 394 and added to a base frame sfCr to generate a registered

frame sfCr + gmv.

[0065] FIG. 14 illustrates a possible configuration of early terminator 332. A vertical
movement threshold 406, yw, may be compared with a comparator 410 to y-component

global motion vector, A, 326. Comparator 410 may take the difference, A, -ym and
the sign-bit may be checked by sign-bit detector 414. When yy is greater than A, 326,

the difference is negative and the sign bit of the difference may be set. A horizontal
movement threshold 408, xm, may be compared with a comparator 412 to x-component

global motion vector,A,. Comparator 416 may take the difference, A, - x4 and the
sign-bit may be checked by sign-bit detector 414. When xg is greater than A _, the

difference is negative and the sign bit of the difference may be set.
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[0066] The setting of both sign-bits may trigger an early exit signal and if desired, stop

the processing of the N unregistered frames.

[0067] FIG. 15 is a flow chart illustrating a possible method of frame registration of
images. N frames are input 440 and control of frame selection 442 may be implemented
as illustrated in the frame flow-trees disclosed in FIG. 5A-5F. Storing and fetching of
image-component Y 444, storing and fetching of image component Cb 446, and storing
and fetching of image-component Cr 448 may take place. Signals fsel Y, fsel Cb, and
fsel_Cr may select which frames are processed in accordance with a frame flow-tree
such as disclosed in FIG. 5A-5F. A base frame and movement frame for at least one-
image component may be selected. Horizontal and vertical projections may be
generated 452 as disclosed above. Potentially, low pass filtering 454 may take place as
disclosed previously. Four vectors may be formed (as disclosed above) and used for
projection correlation 458. The projection correlation 458 may generate two sets of pce
values. The x-component shift position (i.e., index) resulting from the selection of a
minimum pce value 460, amongst the set of pce values, may be used to estimate the
horizontal movement between a base frame and a movement frame. The index of the
minimum pee value is called the x-component of the global motion vector, A, 328.
Analogously, the y-component shift position (i.e., index) resulting from the selection of
a minimum pee value 462, amongst the set of pce values, may be used to estimate the
vertical movement between a base frame and a movement frame. The index of the
minimum pce valuc is called the y-component of the global motion vector, A 326. As
discussed above, the global motion vector 329 may be generated from frame registration
464. There may be an early exit signal (although not explicitly illustrated) to terminate
the method prior to N frames being processed.

[0068] A graph 472 for a set of horizontal projections for a base frame (labeled 1°
image) and a movement frame (labeled 2 image) is illustrated in FIG. 16. The
difference between the solid (base frame) and dashed (movement) curve is an estimate
of the x-component of the global motion vector, A, 328.

A graph 474 for a set of vertical projections for a base frame (labeled 1% image) and a
movement frame (labeled 22¢ image) is illustrated in FI1G. 17. The difference between
the solid (base frame) and dashed (movement) curve is an estimate of the y-component

of the global motion vector, A 326.
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[0069] A number of different configurations and techniques have been described. The
techniques may improve removing blurriness from images with longer exposure times.
The techniques and configurations may also aid in the reduction of hand jitter for
practically any digital device that takes pictures. The techniques and configurations
may be implemented in hardware, software, firmware, or any combination thereof, If
implemented in software, the techniques and configurations may be directed to a
computer-readable medium comprising computer- readable program code (also may be
called computer-code), that when executed in a device that takes pictures, performs one
or more of the methods mentioned above.

The computer-readable program code may be stored on memory in the form of
computer readable instructions. In that case, a processor such as a DSP may execute
instructions stored in memory in order to carry out one or more of the techniques
described herein. In some cases, the techniques may be executed by a DSP that invokes
various hardware components, such as projection correlation, to accelerate the frame
registration proccss. The frame registration techniques and configurations disclosed
may be implemented in one or more microprocessors, one or more application specific
integrated circuits (ASICs), and one or more field programmable gate arrays (FPGAS),
or some other hardware-software combination. These techniques and configurations are

within the scopc of the following claims.
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CLAIMS

1. An apparatus operable to compensate for linear displacement comprising:

a projection generator configured to generate a first plurality of projections from
a base frame and a second plurality of projections from a movement frame;

a projection correlator configured to compare a first set of projections amongst
the first plurality of projections with a second set of projections amongst the second
plurality of projections, and generate a set of projection correlation error (pce) values;

a pce value index selector configured to select at least one minimum shift value
determined by selecting a shift value that corresponds to the at least one minimum pce
value amongst the set of pce values, to generate a component of a global motion vector
estimate;

a frame registrator configured to generate an updated base image-component
comprising a first adder to add an image-component to the global motion vector
cstimatc; a first comparator for detecting a first sign-bit output of a first minimum
shift value with a first threshold;

a second comparator for detecting a second sign-bit output of a second minimum
shift value with a second threshold; and

an carly tcrminator configurcd to gencratc an carly cxit signal bascd on a

combination of the first sign-bit output and the second sign-bit output.

2. The apparatus of claim 1, wherein the projection correlator comprises a shifter for

shift aligning the first set of projections with the second set of projections.

3. The apparatus of claim 2, wherein the first set of the projections is a first vector and

the second set of projections is a second vector.

4. The apparatus of claim 3, wherein the projection correlator comprises a subtractor
for performing a subtraction operation between the first vector and the second vector to

generate a projection correlation error (pce) vector.

5. The apparatus of claim 4 wherein a norm of the pce vector is taken to generate a pce

value.
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6. The apparatus of claim 5 wherein the norm is an L1 norm.

7. The apparatus of claim 1, wherein the base frame and the movement frame is
selected based on a parity of a number of total frames to be processed in a row from a

frame flow-tree.

8. The apparatus claim 1, wherein the first set of projections and the second set of

projections are low pass filtered prior to the generation of the set of pce values.

9. The apparatus of claim 1, wherein the first set of projections and the second set of

projections are interpolated.

10. The apparatus of claim 1, wherein the frame registrator is further comprises at least
onc adder to add an image-component to the global motion vector cstimatc to gencrate

an updated base image-component.

11. A method of frame registration of images comprising:
gencrating a first plurality of projcctions from a first frame;
generating a second plurality of projections from a second frame;
comparing a first set of projections amongst the first plurality of projections with
a second set of projections amongst the second plurality of projections, and generate a
set of projection correlation error (pce) values;
selecting the first frame and second frame based on a parity based of a number
of total frames to be processed in a row from a frame flow-tree;
generating a component of a global motion vector estimate by selecting a
minimum pce value from among the set of pce values ; and

adding the estimated global motion vector to the first frame.

12. The method of claim 11, wherein the comparing further comprises taking the first

set of projections and shift aligning them with the second set of projections.
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13. The method of claim 12, wherein the first set of projections is a first vector and the

second set of projections is a second vector.

14. The method of claim 13, wherein the comparing further comprises performing a
subtraction operation between the first vector and the second vector to generate a pce

vector.

15. The method of claim 14, wherein a norm of the pce vector is taken to generate a pce

value.

16. The method of claim 15, wherein the norm is an L1 norm.

17. The method of claim 11, wherein the generating the global motion vector estimate
comprises selecting a first minimum pce value from amongst a first set of pce values to
determine a first minimum shift valuc, and sclecting a sccond minimum pee valuc from

amongst a second set of pce values to determine a second minimum shift value.

18. The method of claim 17, wherein the registration stops when the first minimum shift
valuc is smallcr than a first shift threshold and the sccond minimum shift valuc is

smaller than a second shift threshold.

19. The method of claim 11, wherein at least one set of projections from the first frame

and at least on set of projections from the second frame are low pass filtered.

20. The method of claim 11, wherein at least one set of projections from the first frame

and at least one set of projections from the second frame are interpolated.

21. The method of claim 11, wherein the first frame and the second frame comprises

pixels.

22. The method of claim 11, wherein the first frame and the second frame comprises

spatial-frequency transformed pixels.
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23. A computer-readable medium embodying a set of instructions, wherein the set of
instructions when executed by one or more processors comprises:
computer-readable program code means for generating a first plurality of
projections from a first frame;
computer-readable program code means for generating a second plurality of
projections from a second frame;
computer-readable program code means for comparing a first set of projections
amongst the first plurality of projections with a second set of projections amongst the
second plurality of projections, and generate a set of projection correlation error (pce)
values;
computer-readable program code means for selecting the first frame and second
frame based on a parity based of a number of total frames to be processed in a row from
a frame flow-tree;
computer-readable program code means for generating a component of a global
motion vector cstimate by sclecting a minimum pcee valuc from among the sct of pec
values ; and
computer-readable program code means for adding the estimated global motion vector

to the first frame.
24. The computer-readable medium of claim 23, wherein the computer-readable
program code means for comparing further comprises taking the first set of projections

and shift aligning them with the second set of projections.

25. The computer-readable medium of claim 24, wherein the first set of projections is a

first vector and the second set of projections is a second vector.

26. The computer-readable medium of claim 25, wherein the first vector and the second

vector are subtracted from each other to generate a pce vector.

27. The computer-readable medium of claim 26, wherein a norm of the pce vector is

taken to generate a pce value.

28. The computer-readable medium of claim 27, wherein the norm is an L1 norm.
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29. The computer-readable medium of claim 23, wherein the computer-readable
program code means for generating the global motion vector estimate comprises
selecting a first minimum pce value from amongst a first set of pce values to determine
a first minimum shift value, and selecting a second minimum pce value from amongst a

second set of pce values to determine a second minimum shift value.

30. The computer-readable medium of claim 29, wherein registration stops when the
first minimum shift value is smaller than a first shift threshold and the second minimum

shift value is smaller than a second shift threshold.

31. The computer-readable medium of claim 23, wherein at least one set of projections
from the first frame and at least one set of projections from the second frame are low

pass filtered.

32. The computer-readable medium of claim 23, wherein at least on set of projections
from the first frame and at least one set of projections from the second frame are

dccimated.

33. The method computer-readable medium of claim 23, wherein the first frame and the

second frame comprises pixels.

34. The computer-readable medium of claim 23, wherein the first frame and the

second frame comprises spatial-frequency transformed pixels.

35. An apparatus comprising:
means for generating a first plurality of projections from a first frame;
means for generating a second plurality of projections from a second frame;
means for comparing a first set of projections amongst the first plurality of
projections with a second set of projections amongst the second plurality of projections,

and generate a set of projection correlation error (pce) values;
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means for selecting the first frame and second frame based on a parity based of a
number of total frames to be processed in a row from a frame flow-tree;

means for generating a component of a global motion vector estimate by
selecting a minimum pce value from among the set of pce values ; and

means for registration of a frame based on adding an image-component to the

global motion vector estimate.

36. The apparatus of claim 35, wherein the means for comparing further comprises
taking the first set of projections and shift aligning them with the second set of

projections.

37. The apparatus of claim 36, wherein the first set of projections is a first vector and

the second set of projections is a second vector.

38. The apparatus of claim 37, wherein the first vector and the sccond vector arc

subtracted from each other to generate a pce vector.

39. The apparatus of claim 38, wherein a norm of the pce vector is taken to generate a

pce valuc.

40. The apparatus of claim 39, wherein the norm is an L1 norm.

41. The apparatus of claim 35, wherein the means for generating the global motion
vector estimate comprises selecting a first minimum pce value from amongst a first set
of pce values to determine a first minimum shift value, and selecting a second minimum
pce value from amongst a second set of pce values to determine a second minimum shift

value,

42. The apparatus of claim 41, wherein the means for registration stops when the first
minimum shift value is smaller than a first shift threshold and the second minimum shift

value is smaller than a second shift threshold.



WO 2007/085004 PCT/US2007/060804

26

43. The apparatus of claim 35, wherein at least one set of projections from the first

frame and at least on set of projections from the second frame are low pass filtered.

44. The apparatus of claim 35, wherein at least one set of projections from the first
frame and at least one set of projections from the second frame are interpolated.
45. The apparatus of claim 35, wherein at least one set of projections from the first

frame and at least one set of projections from the second frame are decimated.

46. The apparatus of claim 35, wherein the first frame and the second frame comprises

pixels.

47. The apparatus of claim 35, wherein the first frame and the second frame comprises

spatial-frequency transformed pixels.

48. A mcthod of global motion vector cstimation in a mobilc unit comprising:

generating a global motion vector between two captured frames;

checking a parity for a total number of frames processed in generation of the
global motion vector;

using previously registercd framcs to sclect a basc frame or a movement framc;
and

generating at least one additional updated base image-component comprising at
least one adder to add an image-component to generate the global motion vector

estimate.

49. The method of claim 48, wherein the global motion vector is based on registering

more than one pair of base and movement frames.
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