wo 2014/043367 A1 | NF N1 0O Y OO

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/043367 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

20 March 2014 (20.03.2014) WIPOIPCT
International Patent Classification:
HO4N 5/232 (2006.01)
International Application Number:
PCT/US2013/059487

International Filing Date:
12 September 2013 (12.09.2013)

Filing Language: English
Publication Language: English
Priority Data:

13/617,428 14 September 2012 (14.09.2012) US

Applicant: APPLE INC. [US/US]; 1 Infinite Loop, Cu-
pertino, California 95014 (US).

Inventor: TRIPATHI, Brijesh; 1 Infinite Loop, M/S 23-
3S0OC, Cupertino, California 95014 (US).

Agent: MEYERTONS, HOOD, KIVLIN, KOWERT &
GOETZEL, P.C.; MUNYON, Dean M., P.O. Box 398,
Austin, Texas 78767-0398 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: IMAGE DISTORTION CORRECTION USING A SCALING CIRCUIT

(57) Abstract: Techniques relating to correction of image distortion caused

I 1
FIG. 1b I |
| Desired Image |
| 105 |
| |
| |
| |
! ]
Captured Image
110
Scaling Circuit
120
Corrected
Image

130

by movement of a camera unit during image capture. In one embodiment, an
apparatus may include a camera unit and a scaling circuit. The apparatus may
be configured to calculate a shift value for a line of an image captured by the
camera unit, where the shift value is indicative of an amount of movement of
the camera unit during at least a portion of capture of the image. The scaling
circuit may be contigured to operate on the line starting at a line position that
is based on the calculated shift value. The calculated shift value may be based
on movement information generated by a motion sensor. The scaling circuit
may include a digital differential analyzer and one or more multi-tap poly-
phase filters. The line position may be specified as a fractional pixel value.
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IMAGE DISTORTION CORRECTION USING A SCALING CIRCUIT

BACKGROUND

Technical Field
18661} This disclosure relates generally to image processing, and more particularly to correcting

image distortion caused by carera movement.

Description of the Related Ast

8682} Some cameras capture images by scanning lines of pixels from top to bottom (or bottom
to top, left to right, etc.), which is often referred to as a “rolling shatter.” Such cameras are often
included in mobile devices such as cell phones and tablet computers, Because the scanning is
not nstantancous, small user band movernents can cause distortions in the captured image. For
example, pixels that should be vertically aligned are actually offset from each other such that an
object that should appear to be upright appears to be slanted in the captured image. mage signal
processors may be able to correct this problem based on image data, but such processing is slow
and expensive in termas of power consumption. Similarly, software solutions to rolling shutter
distortions tend be slow.

SUMMARY
18683} This disclosure relates to correction of image distortion caused by movement of a camera
pnit during image capture. In one embodiment, an apparatus includes a camera unit and a scaling
circuit. The apparatus may be configured to calculate a shift vahie for a line of an image
captured by the camera unit, where the shift vahue is indicative of an amount of movement of the
camera unit during at least a portion of capture of the image. The scaling circuit may be
configured to operate on the line starting at a line position that is based on the calculated shift
vahie which may correct distortion in the image.
186064} In some embodiments, the camera unit captares images by scanning lines of pixels
sequentially, The calculated shift value may be based on movement information generated by a
motion sensor during capture of the image. The scaling circuit may include a digital differential
analyzer and one or more multi-tap polyphase filters. The line position may be specified as a
fractional pixel value.
3865} In some embodiments, the camera unit captures a larger image than a desired image size
in order to allow the scaling circuit to discard umused pixels preceding the line position. In other
embodiments, the scaling circuit is configured to scale the line using a scaling factor greater than
one to compensate for unused pixels preceding the line position. In some embodiments, the

scaling factor is dyvnamically determined.
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16666} For example, consider a situation in which g camera unit captures lines of pixels from top
to bottorn and is moved to the left during image captare, cansing a shift of 100 pixels (i.e., pixels
in the top line and the bottom line that should be in the same colunn of pixels are about 100
columns apart), Assume that the captured image includes 200 horizontal lines of pixels. In this
example, one embodiment of the apparatus may calculate an average shift vahie of 0.5 pixels per
tine. The line position for the first (topmosty line may be zero, The line position for the second
line may be (.5 pixels. The line position for the third line may be 1.0 pixels, and so on until the
fast {bottom} line has a line position of 99.5, thus aligning pixels correctly to correct image
distortion. In another embediment, the apparatus may calculate a shift valoe for each line based
on motion information from one or more motion sensors corresponding to capture of that line, or
may calculate multiple shift values during image capture and linearly interpolate to obtain a shift

vahie for each line.

BRIEF DESCRIPTION OF THE DRAWINGS

8687} Fig. lais a diagram illustrating one embodiment of a mobile device;

[6608] Fig. 1b is a block diagram lustrating exemplary processing of an image in a scaling
cireuit:

18669} Fig. 2 is a block diagram illustrating one embodiment of a device that inchudes a memory
scaler rotator;

{6818} Fig. 3 s a block diagram illustrating one embodiment of a memory scaler rotator that
includes scaling circuits;

3611} Fig 4 s a table dlustrating operation of one crbodiment of a horizontal scaling circuit;
16812} Fig. 5 is a diagram tllustrating exemplary processing of a distorted image; and

16613} Figs. 6a and 6b are flow diagrams illustrating respective embodiments of methods for
correcting image distortion caused by movement of a camera unit during Umage capture using a

scaling circuit.

2% 6k S A T

[8614] This specification includes references to “one embodiment,” “an embodiment,” “one
mmplementation,” or “an uplementation.” The appearances of these phrases do not necessarily
refer to the same embodiment or implementation.  Particular features, structures, or
characteristics may be combined in any suitable manner counsistent with this disclosure.

16615] Various clements may be described herein as “configured to” perform one or more tasks,
This term is used herein to connote structure by indicating that the units/circuits/components
inchude structure {e.g., circuitry} that performs the task or tasks during operation. As such, the
pnit/circutt/component can be said to be configured to perform the task even when the specified
unit/circuit/component 18 not  currently  operational {e.g, 18 not on} The

units/circuits/components used with the “configured to” language include hardware—for
2
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example, circuits, memory storing prograr mnstructions exccutable to implement the operation,
etc.  Reciting that a8 unit/circuit/component is “configured to” perform one or more tasks is
expressly intended not to imvoke 35 USC § 112, sixth paragraph, for that
pnit/circuit/component.

186316} Further, as used herein, the term “based on” is used to describe one or more factors that
affect a determination.  This term does not foreclose additional factors that may affect a
determoination. That is, a determination may be solely based on those factors or based, at least in
part, on those factors. Consider the phrase “determine A based on B.” While in this case, B is a
factor that affects the determination of A, such a phrase does not foreclose the determination of A

from also being based on C. In other instances, A may be determined based solely on B.

BETAILED DESCRIPTION

16617} Referming to Fig. 1a, a diagram illustrating a mobile device 100 is shown. In the
ttustrated embodiment, device 100 is a2 mobile phone, but in other embodiments, device 100
could be a tablet computing device, laptop, camera, mobile gaming device, vehicle, etc. Fig. la
includes X, Y, and Z axes. In one embodiment, device 100 includes a camera unit with a camera
pointing in the Y direction. In one cmbodiment, the camera uses a rolling shutter methodology
to capture images by scanning lines of pixels from top to bottom (or bottom to top, left to right,
etc.). Small hand movements by a user during capture of an image may cause distortion in the
image. For example, shifts in the positive or negative X direction and/or rotations about the Z
axis may cause substantial distortion when a rolling shutter scans from top to botton or bottom
to top. Other types of movement and/or movement of objects being photographed may also
cause such “rolling shutter distortion.” In various embodiments, various devices may include a
camera untt that captures distorted images because of movernent of the camera unit during image
capture.

8618} Turning now to Fig. 1b, a diagram illustrating cxemplary processing of an image to
correct distortion caused by movement of a carnera unit during capture of the jmage s shown.
The arrow in captured image 110 is slanted or skewed instead of upright as in desired image 105,
An image such as captured image 110 may be captured by device 100 if the device 100 15 moved
in the negative X direction and/or rotated counter-clockwise about the 7 axis during image
capture. Captured image 110 may be stored in a memory, In one embodiment, scaling circuit
120 processes the image to generate corrected image 130, In the illastrated embodiment, scaling
circuit 120 processes the image in strips, where each strip includes a phurality of horizontal lines
of pixels. In other embodiments, scaling civcuit 120 roay process the troage on a per-loe basis,

which may provide better distortion correction than processing the image in strips. In some
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embodiments, scaling circuit 120 may process vertical Hines and/or strips of pixels instead of, or
in addition to, horizontal lines and/or strips of pixels.

8619} In various embodiments, scaling circuit 120 may specify a starting line position for a line
or strip of the image based on a calculated shaft value. As used hercin, the terra “shift value”
refers to a determined difference between a desired alignment of pixels in an image and their
actual alignment; this vahue may be expressed in any suitable manner, including as a distance or
a number of pixels. For example, consider a situation in which an image is captured of a scene
with first and second features that are vertically aligned. However, the first feature may appear
to be located to the left of the second feature in the captured fmage due to distortion caused by
movement during image capture. In this situation, a shift value refers to the distance between the
desived position of the first feature and the actual position of the first feature (aligned with the
second feature). In one embodiment, this distance may be specified in units of pixels of the
image. In some embodiments, multiple shift values corresponding to multiple portions of an
image may be determined.

3828} Scaling circuit 120 may store corrected image 130 in memory. The dotted lines in
desired image 105 cmphasize the fact that corrected tmage 130 15 not as wide as the desired
fmage 105, Tn some embodiments, a camera unit may capture 8 larger image than desired in
order to avoid this issue. In other embodiments, scaling circuit 120 may scale the image during
distortion correction in order to obtain a desired image size. In some embodiments, such
correction of rolling shutter distortion by scaling circuit 120 may reduce power consumption
and/or processing time compared to other correction methodologics.

166821} Turning now to Fig. 2, a block diagram iltustrating an exemplary embodiment of a device
200 1s shown. In some embodiments, elements of device 200 may be included within a system
on a chip. lo some embodiments, device 200 may be included in a mobile device such as the
mobile phone 100 of Fig. 1a. Device 200 includes fabric 210, compute complex 228, memory
scaler rotator 220, input/output (VO) bridge 250, motion sensor 255, cache/raemory controller
245, graphics unit 260, display unit 265, camera nterface anit 270, and camera 230.

[3322] Fabric 210 may inclade various interconnects, buses, MUX's, controllers, etc., and may
be configured to facilitate communication between various clements of device 200, In some
embodiments, portions of fabric 210 may be configured to implement various different
communication protocols. In other cmbodiments, fabric 210 may implement 3 single
commuanication protocol and elements coupled to fabric 210 may convert from the single
communication protocol to other communication protocols internally.

16623} fn the dlustrated embodiment, compute complex 220 includes bus interface untt (BIU)
225, cache 230, and cores 235 and 240, In various embodiments, compute complex 220 may
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inchude various numbers of cores and/or caches. For example, compuie coroplex 220 may
inchude 1, 2, or 4 processor cores, or any other suitable number. In one embodiment, cache 230
is 2 set associative L2 cache. In some embodiments, cores 235 and/or 240 may include internal
mstruction and/or data caches. In some emsbodiments, a coherency unit {not shown) in fabric
210, cache 230, or elsewhere in device 200 may be configured to maintain coherency between
various caches of device 200. BIU 225 may be configured to manage coromunication between
compute complex 220 and other elements of device 208, Processor cores such as cores 235 and
240 may be configured to exccute justructions of a particular instruction set architecture (ISA}
such as ARM®, INTEL® 64, TA-32, AMD 64®, POWERPC®, or MIPSE, for example.

18624} In some embodiments, processor cores such as core 235 may be configured to execute
program  instructions of various programs.  Some programs roay  implement  various
methodologies for correcting rolling shutter distortion.  However, core 235 may consume
considerable power and execution of such programs may be time-consuming. Therefore, rolling
shutter correction in another element may be desirable.

13625} Cache/memory controller 245 may be configured to manage transfer of data between
fabric 210 and onc or more caches and/or memorics. For example, cache/memory controller 245
may be coupled to an L3 cache, which may in turn be coupled to a system memory. In other
embodiments, cache/memory controller 245 may be directly coupled to a memory. In some
embodiments, cache/memory controller 245 may include one or more internal caches.

18626} As used herein, the term “coupled to” may indicate one or more connections between
elerents, and a coupling may include intervening clements. For example, in Fig. 2, memory
scaler rotator 220 may be described as “coupled 07 a memory throagh fabric 210 and
cache/memory controller 245, In contrast, in the illustrated embodiment of Fig. 2, memory
scaler rotator 220 1s “directly coupled™ to fabric 210 because there are 0o intervening elements,
[8027] Graphics onit 260 may include one or more processors and/or one or more graphics
processing units (GPU’s). Graphics unit 260 may receive graphics-oriented instructions, such
OPENGL® or DIRECTID® mstractions, for example. Graphics unit 260 may execute GPU
instractions or perform other operations based on the received graphics-oriented instractions.
Graphics unit 260 may generally be configured 1o process large blocks of data in parallel and
may build images in a frame buffer for output to a display. Graphics unit 260 may include
transform, lighting, triangle, and/or rendering engines in one or more graphics processing
pipelines. Graphics unit 260 may output pixel information for display images.

18628} In some embodiments, graphics unit 260 may be configured to execute graphics oriented
mnstructions of programs for correcting rolling shutter distortion.  However, graphics unit 260
may consume considerable power and may not include hardware configured to efficiently
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perform such operations.  Therefore, rolling shutter correction in another clement may be
desirable {or alternately, inclusion within a graphics unit of a scaling circuit according to the
present disclosure may be desirable).

13629} Display voit 265 may be configured to read data from a frame buffer and provide a stream
of pixel values for display. Display unit 265 may be configured as a display pipeline in some
emboduments.  Additionally, display unit 265 may be configured to blond multiple frames 1o
produce an output frame. Further, display unit 265 may inclade one or more interfaces {e.g.,
MIPI® or embedded display port (eDP)} for coupling to a user display (e.g.. 8 touchscreen or
external display).

18638} VO bridge 250 may include various clements configured to implement: universal serial
bus (USB) communications, security, audio, and/or low-power always-on functionality, for
example. 1O bridge 250 may also include interfaces such as pulse-width modulation (PWM),
general-purpose input/output (GPIO), serial peripheral interface (SPL), and/or inter-integrated
cireuit {12C), for exaraple,

6831} In the illustrated embodiment, 170 bridge 250 15 coupled to motion sensor 255, Motion
sensor 255 may include onc or more accelerometers, ong or more gyroscopes, and/or other
sensors.  In one embodiment, /O bridge 250 15 coupled to motion sensor 255 through an SPI
interface. In other embodiments, VO bridge 250 may be coupled to motion sensor 255 using
various other appropriate interfaces.  Io one ombodiment, motion sensor 255 includes an
accelerometer configured to measure acceleration of device 200 in one or more directions. In
one embodiment, the accelerometer is a 3-axis accelerometer. In one embodiment, motion sensor
255 includes a gyroscope configured to measure orientation of device 200. In one embodiment,
the gyroscope is a 3-axis gyroscope. lIn various embodiments, information from motion sensor
255 15 available to various elements of systern 200 through fabric 210 and VO bridge 250.

6832} In some embodiments, motion sensor 255 may include a plurality of sensors including
accelerometers and gyroscopes that may detect motion independently or in concert. Referring to
the reference directions illustrated in Fig. la, motion sensor 255 may be configured to measure
changes in velocity in the X, Y, and Z directions and rotation about these axes. In various
embodiments, desired rootion information may be measured directly or measured nduectly by
capturing other motion data and calculating desired motion information.  For example,
orientation may be accumuated over time to calculate rotation during 2 specified interval In
various embodiments, desired motion information may be approximated based on motion
information generated by motion sensors.  In some embodiments, motion sensor 255 is
configured to measure {either divectly or indirectly) and/or approximate velocity and/or change in
rotation of device 200 during capture of an image.

&
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13633} For exanmple, in onc embodiment, camera 280 is configured to capturc images using a
rolling shutter methodology. In the illustrated embodiment, camera interface unit 270 inchudes
an image signal processor 275 and is coupled to camera 280, In onc embodiment, camera 280 is
coupled to carpera interface uoit 270 through a MIPI®R camera interface. 1n some embodiments,
camera interface unit 270 receives captured images from camera 280 and image signal processor
275 1s configured to process captured tmage data. Tmage sigoal processor 275 may be configured
to correct rolling shutter distortion based on 1mage data. However, sach correction may be slow,
may consume significant power, and may produce unsatisfactory results. Therefore, rolling
shutter correction in another element may be desirable.

16634} Camera 280 may use complimentary metal-oxide-semiconductor (CMOS) sensors and
may capture rows of pixels in a rolling shutter manner. A camera pixel may include a
photodiode and multiple CMOS transistors. Camera 280 may inchide several hundred rows of
pixels or more. Image capture may require 1/60% of a second, for example. Camera 280 may
scan pixels from top to bottom, bottom to top, left to right, and/or right to [eft in various rolling
shutter embodiments.

8635} Memory scaler rotator 220 may be configured to read image data from a memory,
perform at least scaling and/or rotation operations on the image data, and write the image data
back to the memory (e.g. through fabric 210 and cache/memory controller 245). In some
embodiments, memory scaler rotator 220 15 configured to correct distortion in an iroage caused
by movement of device 200 during image capture using a scaling circuit,

16636} Turning now to Fig. 3, a block diagram illustrating one embodiment of memory scaler
rotator 220 is shown. o the dlustrated embodiment, memory scaler rotator 220 jnchides memory
management unit (MMU) 305, read direct memory access interface (RDMA) 310, write direct
memory access interface (WDMA)Y 318, rotate/flip unit 335, tile buffer 340, vertical scaling
circuit 350, horizontal scaling circuit 360, normalize/reformat/dither elemwent 370, configuration
registers 380, and control unit 390, In some cmbodiments, memory scaler rotator 220 may be
configured {0 recetve tmage data from memory through RDMA 310 and process the image data
using elements 335-370, then write the image back to memory. Other clements of device 200
{e.g., core 235) may write to configuration registers 380 i order to configure processing of an
image in memory scaler rotator 220, Control unit 390 may be coupled to various clements of
memory scaler rotator 22¢ (couplings not shown) and may control processing of an image based
on information in configuration registers 380, Vertical scaling circuit 350 and/or horizontal
scaling circuit 360 may correspond to the scaling circuit 120 of Fig. 1b and may be configured to

correct distortion in an image.
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16371 MMU 305 may be configured to manage transfer of data between RDMA 310 and
WDMA 315 and caches or memory. For example. MMU 305 may be configured to perform
memory address translation for requests issued by RDMA 310 and WDMA 315,

16638] RDMA 310 may be configured to fetch (and/or prefeteh) image data from a cache

or memory and buffer irwage data. RDMA 310 may fetch data using linear addressing or tile-
based addressing. ROMA 310 may be configured to convert image data from a source format,
e.g., using bit expansion or swizzling. RDMA 310 may fetch different image mformation {e.g.,
information corresponding to greater or lesser numbers of pixels per line/block of an image)
based on information in configuration registers 380 (¢.g. based on whether an 1mage should be
rotated).

16639} Rotate/flip unit 335 may be configured to rotate and/or flip an tmage based on
mforroation in configuration registers 380, Rotate/flip unit 335 may be configured fo rotate an
image in increments of 90 degrees and/or flip an image vertically or horizontally. Rotate/flip
unit 335 yay nclude one or more rotation buffers for storing image data,

6848} Tile buffer 340 may be configured to store tiles of an image. For example, an tmage may
be divided into and/or address as a grid of tiles, each tile containing an implementation-
dependent nurnber of rows and columus of pixels. In other emboduments, tile butfer 340 moay be
implemented as a line buffer to store lines of an image. In yet other embodiments, tile butfer 340
may be tmplemented as a strip buffer to store strips that inchude multiple lines of an image.
Buffering portions of an tmage may facilitate rotation and/or sealing of the image.

13841} Horizontal scaling circuit 360 may be configured to process horizontal lines of pixels.
Scaling may refer to changing the pixel resolution of an tmage. For exaraple, an tmage that is
200 pixels wide by 100 pixels tall could be honzontally scaled down to 100 by 100 pixels using a
scaling factor of 0.5 or horizontally scaled up to 400 by 100 pixels using a scaling factor of 2.
Scaling circuits may be configured to generate output pixel components (R, G, B) in a scaled
image based on characteristics of nearby pixels in the original image.

166421 In one embodiment of horizontal scaling circuit 360, horizontal scaling is accomplished
via three separate 9-tap polyphase filters, one for cach pixel component (R, G, B). The filters
may use a shared digital differential analyzer (DDA) to control the stepping of the current center
pixel and the index for the coefficients. The DDA may start each line based on a value referred to
as DD AInit, and may be incremented by a value DDAStep for each subsequent cutput pixel. (In
one implementation, DDAStep s programmed so that the input width divided by the DDAStep
equals the output width.y In one embodiment, input pixels enter one end of a 9-cntry shift
register, making their way to the other end as subsequent pixels are received. When all the input
pixels necessary for an output pixel are in the shift register (as determivned from the DDA) the

3
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scaling calculation s performed, and the output pixel generated. A table describing the scaling
process is described further below with reference to Fig. 4. Note that DDAinit may be specified
as a fractional pixel value corresponding to a fractional pixel location in a line. A fractional
pixel location refers to 8 line location that s between two pixels, ¢.g., a location at 2.1 pixels
from the first pixel in a line, 4.7 pixels from the first pixel in a line, and so on. Horizontal
scaling circuit 360 may generate pixel information for fractional pixel locations based on nearby
pixels,

166431 The DDA (Digital Differential Analyzer) may be used to control the current position
during the scaling operation. In one embodiment, it 1s a 36-bit fixed-point mumber with 16 bits in
the integer portion and 20 bits in the fraction. The 16-bit integer portion determines the current
pixel position, while the fraction 8 used 1o index into a coefficient table. Horizontal scaling
circuit 360 uses 16-phase coefficient tables {one table per tap), so only the upper four fractional
bits {(rounded) arc used for the index. The same index may be used for each table.

16644} Fach filter may multiply nine jnput pixel coraponents (repeated when necessary) by nine
cocficients drawn from the tables, and sum the results to form the destination pixel component.
The results may be rounded as needed. For edge cases, the pixels that are used for filtering
depend upon the relationship between the current DDA and either O (Ieft edge) or the imput width
(right edge). When the DDA 15 close enough to the border that there are not enough pixels to
perform the 9-tap filtering, then the border pixels are repeated. Fig. 4 is one example of a table
that describes the pixels used for border cases. In various embodiments, various numbers of taps
may be implernented by a scaling civcuit such as horizontal scaling circuit 360,

6845} Configuration registers 380 store parameters pertinent {0 horizontal scaling circuit 360,
For example, in one embodiment, a DDA Initial Value Register may be used to set an initial
value for DDAGnit, which is used to set the imitial scale location on each line. A DDA Step
Value Register may contain a siep value for the DDA (DDAStep), which is used to control
horizoutal scaling. Horizontal Scaler Cocfficicnt Registers may coutain 16-bit coefficient values
psed to perform the 9-tap horizontal scaling function. The registers may be organized as 9 tables
of 16 eatries cach, corresponding to the 9 taps and 16 phases of horizontal scaling circuit 360,
Embodiments where a scaling circuit such as horizontal scaling circuit 360 is configured to
correct for tmage distortion will be described in detail shortly. In some embodiments, horizontal
scaling circuit 360 1s configured to correct distortion in portions of an image {e.g., strips or tiles)
at a time.

18646} Vertical scaling circuit 350 may be configured similarly to horizontal scaling circuit 360
as described above, except that vertical scaling circuit 350 is configured to process vertical lines
of an image, i.e., lines with pixels from multiple horizontal rows of pixels. In one embodiment,

9
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vertical scaling circuit 350 s coufigured to correct for image distortion caused by moverent of a
camera unit during image capture. In various embodiments, vertical scaling circuit 350 may be
configured to correct distortion using similar methodologies as will be described below for
various embodiments of horizontal scaling circuit 360,

138471 Normalize/reformat/dither element 370 may be configwred (o normalize color
components of pixel data, convert color space, dither pixel data 1o a lower precision, skew pixel
ranges, and so on, based on information in configuration registers 380,

[6648] WDMA 315 may be coupled to normalize/reformat/dither element 370 and MMU 305
and roay be configured buffer tmage data and/or write umage data to a cache or memory.
WDMA 315 may be configured to convert image data to a destination format, e.g., using bit
packing or swizzling.

3849 Memory scaler rotator 220 may be configured to send and/or receive interrupts to/from
clements of device 200. For example, in one embodiment, memory scaler rotator 220 may send
an interrupt 1o processor core 235 to indicate that processing of an troage 1s complete.

6858} In one embodiment, memory scaler rotator 220 1s configared to guickly correct for certain
distortion in an image caused by movement of a camera unit during capture of the image. Rather
than starting cach line at the same initial scale location in horizontal scaling circuit 360 (e.g., as
indicated by the DDA initial value register), memory scaler rotator 220 may start processing a
line of an tmage at an initial scale location based on a shift value that is indicative of an amount
of movement of a camera unit during capture of the image. For example, core 235 may calculate
one or more shift values based on information from motion sensor 255 corregponding to
movement of device 200 during capture of the tmage. Core 235 may write the shift value(s) to
configuration registers 380. Based on the shift value(s), horizontal scaling circuit 360 may
process different hines of the image using different initial scale locations. 1o one ershodirsent,
core 235 calculates the shift value as an average shift value during capture of the image. Tn
another embodiment, core 235 calculates multiple shift values during tmage capture, ¢.g., upto a
shift valoe for each hine of the frnage corresponding to movement during capture of that line.
3851} Referring now to Fig. 5, consuder an exemplary situation in which movement of a camera
unit during capture of image 610 corresponds to 108 pixels of the image {i.c. such 3 pixel in the
top row of tmage 610 and a pixel in the bottom row of fmage 610 that should be in the same
column are 108 columuns apart). Image 610 is illustrated as a parallelogram to show distortion
caused by movement of the camera unit during tmage capture. For example, referring to Fig. fa,
a camera of device 100 may capture an image similar to captured image 610 while moving in the
negative X direction during capture. In this cxample sttuation, camera 2230 captures 1080
horizontal lines of image data, each horizontal line including 2112 pixels. The desired image
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size may be 1920 by 1080 pixels and 10 one embodiment, camera 280 may capture a larger image
with 2112 pixels in each horizontal line (in this case an extra 1(%) in order to facilitate distortion
correction. In various embodiments, capturing and proccessing of images using various widths
and heights of camera pixels and various ratios between width and height is contemplated.

16652 In one embodiment, in this exemplary situation, core 235 calculates a shift value of 0.1
pixels per line as an average shift vahlue during capture of image 610. To calculate the average
shift value of 0.1, core 235 may receive information from motion sensor 255 indicating the
movement corresponding to 1028 pixels during capture of the image 610, In Fig. 5, the vertical
dotted hne indicates desired starting line locations {(i.e., DDAInit values or initial scale locations)
based on the average shift of (.1 pixels per line. In this example, horizontal scaling circuit 360
uses an initial scale tocation for Hine 1 (the top horizoutal line) of pixel §, an tnutial scale location
for line 2 of pixel 0.1, an initial scale location for line 3 of (0.2, an initial scale location for line 4
of 0.3, and so on. As ilustrated by Fig. S, capturing extra horizontal pixels facilitates distortion
correction in this manner, because afier using an initial scale location of pixel 107.9 for line
1080, 2004.1 pixels are available in the remainder of line 1080 for scaling (which meets the
desired width of 1920 pixels, so only 1920 pixels are actually used for cach line in one
embodiment).

166531 In some embodiments, camera interface unit 270 may be configured to wait to capture an
mmage until movement has subsided to a tevel such that the extra pixels captured are sufficient to
correct distortion caused by the movement. In such embodiments, a scaling value may be set to 1
when correcting distortion.  For example, the DDAstep may be set to 1. 1n other embodiments,
camera 280 and/or camera interface unit 270 do not capture more pixels than required for a
desired tmage size. Thus after correcting distortion with no scaling, the output image would be
smaller than desired. In such embodiments, horizontal scaling circuit 360 may scale the image
while correcting distortion, using a scaling factor of greater than one. In various embodiments,
various appropriate scaling factors may be used to obtain a corrected image of the desired size.
In one embodiment, the scaling factor is dynamically determined based on motion information
frora motion sensor 255, For example, greater camera motion may indicate that a greater scaling
factor should be used in order to retain a desired image size after correction. In the example of
Fig. 5, if 1920 pixels per horizontal line had been captured instead of 2112 pixels per horizontal
line, a scaling factor of (1 + 108/1920 or 1.05625) could have been dynamically calculated and
used to obtain a desired image width of 1920 pixels after distortion correction.

[3354] In another embodiment, core 235 calculates more than one shift value corresponding to
capture of an image. For example, core 235 may calcolate a shift vahie for each hne of pixels in
the image rather than an average shift value (e.g., based on moverment information corresponding
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1o capture of cach line) in order to perform a more precise distortion correction. Alternately, core
235 may calculate more than one shift value, but less than N shift values where N is the number
of lines of pixels in the image. In such embodiments, horizontal scaling circuit 360 processes
lines of the images using line positions (i.¢., initial scale locations or DD AInit values) based on
the shift values. In this embodiment, core 235 may perform more calculations to determine shift
values, but distortion correction may be improved. For exarople, consider a situation where
device 200 moves substantially during a first half of image capture and does not move at all
during a second half of image capture. lo this instance, using multiple shift values allows better
distortion correction than using a single average shift value (because one half of the image would
remain or become skewed in the exemplary situation if only a single average shift value was
used ).

(3855} In one embodiment, memory scaler rotator 220 is configured to process images in Strips,
where cach strip contains several lines of pixels. Such strips may be vertical strips or horizontal
strips in various embodiments. In this embodiment, each strip s assigned a starting line position
(i.¢., initial scale location or DD AIni value) for all lines within the strip. An exemplary result of
such an embodiment s Ulustrated by corrected mmage 130 of Fig. 1b. In avother embodiment,
memory scaler rotator 220 is configured to process images in tiles, where each tile contains a
block of pixels. Tn this embodiment, cach line of pixels within a tile is assigued a starting line
position {i.e., wnitial scale location or DDAt vahie) based on one or more calculated shift
values. In this embodiment, various methodologies may be used to correct distortion as
described elsewhere within this disclosure, but to correct tiles of an image at a time rather than
the whole image.

8656} Using a scaling circuit to correct image distortion may be advantageous because the
scaling circuit may already include multi-tap filters, for example. Multi-tap filters and a digital
differential analyzer a may allow the scaling circuit to process lines using fractional pixel starting
line positions without complicated programming to deal with fractional pixels and obtain
mformation regarding nearby pixels. Further, a scaling circuit may consume less power than
other processing clements, and thus may be a power-ctticient module for correcting distortion,
Finally, in situations where image scaling is already being performed, distortion correction is
cssentially free in terms of power consumption and processing time. Similarly, in embodiments
in which a scaling circuit 1s included in a memory scaler rotator, distortion correctly is also
essentially free in situations in which image rotations are already being performed.

[B857] In sorae embodiments, vertical scaling circuit 350 may performn simiar distortion
correction instead of, or in addition to, horizontal scaling circwit 360. For example, if a rolling
shutter scans fines of pixels from left to right or from right to left, vertical scaling circuit 350
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may perform more significant distortion correction compared to horizontal scaling circuit 360
(i.e., distortion may typically be greater for vertical lines of pixels than for horizontal fines of
pixels in this configuration). In various embodiments, scaling circuits may be configured to use
varions nurmbers of pixel taps in filters, various configurations of coefficient tables and
coctticient values, and so on.  Horizontal scaling circuit 360 is intended to illustrate one
exemplary embodiment of a scaling circuit, but other implementations are conteraplated.

18658] Turning now to Fig. 6a, a flow diagram illustrating one embodiment of a method 600 for
correcting image distortion caused by movement of a camera unit during image capture is shown,
The method shown in Fig. 6a may be used in conjunction with auny of the computer systems,
devices, or components disclosed herein, among other devices. In various embodiments, some of
the method clemeunts shown may be performed concurrently, in a different order than shown, or
may be omitted. Additional method elements may also be performed as desired. Flow begins at
block 610

16659 At block 610 a stuft value is calculated for a line 1n an image captured by a camera unit
where the shift vahue is indicative of an amount of movement by the camera during captare of the
tmage. In one embodiment, the shift value s calculated by a processor core such as core 235, Tu
some embodiments, the shift value may be based on the length of a time nterval corresponding
to capture of the image, a number of pixels in the image, and/or information from motion sensor
255, The shift value may be an average shift value that applies to all lines of the image, or may
correspond to a shift value for a particular portion of the image such as a line of pixels or a strip
of several lines. Flow proceeds to hlock 620,

68687 At block 620 a scaling circnit operates on the line starting at a line position that is based
on the calculated shift value. The line position may be specified in fractions of a pixel. The line
position may also be referred to as a DDAt value or an initial scale location. o oune
embodiment, the scaling circuit resides within memory scaler rotator 220, In other embodiments,
the scaling cireuit resides elsewhere in systern 200 such as within display unit 265 or durectly
coupled to fabric 210, for example. In one embodiment, the scaling circuit may not scale the
ling, i.c., a scaling factor may be one. In other embodiments, the scaling circuit scales the Hne
{e.g., increases or decreases the namber of pixels of the line), using one of various scaling
factors. Flow ends at block 620.

16661} Turning now to Fig. 6b, a flow diagram illustrating one embodiment of a2 method 630 for
correcting image distortion caused by movement of a camera unit during image capture is shown,
The method shown in Fig. 6b may be used in conjunction with any of the computer systems,
devices, or components disclosed herein, araong other devices. In various embodiments, some of
the method clements shown may be performed concurrently, in a different order than shown, or
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may be omitted. Additional method elernents may also be performed as desived. Flow begins at
block 640.

[3G62] At block 640, an image 15 captured that has distortion resulting from a camera unit
moving during capture of the image. The image may be captured using a rolling shutter
methodology. In some embodiments, dimensions of the image may be greater than dimensions
of a desired image size. Flow proceeds to block 650.

186631 At block 650, shift values are calculated for lines of pixels in the image based on
movement of the camera during image capture. In one embodiment, a shift value is calculated
for cach line based on movement information corresponding to movement of the camera unit
during capture of that line. In another embodiment, one or more shift values are calculated as an
average of camera movement during capture of multiple lines. In some embodiments, the
calculating is performed by core 235 and/or core 240, Flow proceeds to block 660.

18664} At block 660, a scaling circuit processes lines of pixels in the captured image using
respective line positions that are based on the calculated shift value corresponding to that line. In
one embodiment, the calculated shift valae is based on motion of the camera unit during capture
of that line. In other embodiments, the calculated shift value is based on motion of the camera
pnit during capture of multiple lines, mcloding that live. Tun some embodiments, the scaling
circuit aiso scales the image. In some embodiments, the ling is scaled, and a scaling factor for
scaling the froage is dynarnically determined, e.g., based on movement information. Flow ends
at block 660,

[6065] Although specific embodiments have been described above, these embodiments are not
mtended to Timit the scope of the present disclosure, even where only & single embodiment is
described with respect to a particular feature. Examples of features provided in the disclosure are
intended to be illustrative rather than restrictive unless stated otherwise. The above description is
mtended to cover such alternatives, modifications, and equivalents as would be apparent to a
person skilled 1o the art having the benefit of this disclosure.

13666] The scope of the present disclosure includes any feature or comsbination of features
disclosed herein {either explicitly or implicitly), or any generalization thereof, whether or not it
mitigates any or all of the problems addressed herein.  Accordingly, new claims may be
formulated duning prosecution of this application {or aun application claiming priority thereto) to
any such combination of features. In particular, with reference to the appended claims, features
from dependent claims may be combined with those of the independent claims and features from
respective independent claims may be combined in any appropriate manner and not merely in the

specific combinations enumerated jo the appended clatms.
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WHAT IS CLAIMED IN:

I A method, comprising:

calculating, by an apparatus having a camera unit, a shift value for a linc in an image
captured by the camera umit, wherein the calculated shift value is indicative of an amount of
movement of the camera unit during capture of the image; and

a scaling ctreuit in the apparatus operating on the line starting at a line position that is

based on the calculated shift value.

2. The method of claim 1, wherein the calculated shift valoe is based on movement

information generated by a motion sensor during capture of the image.

3. The method of claim 2, wherein the motion sensor comprises an accelerometer and a
QYTOSCOope.
4. The method of claim 1, wherein the image captured by the camera unit has a size larger

than a size of a fival image, wherein the roethod further comprises the scaling circuit discarding

one or more unused pixels preceding the line position.

5. The method of claim 1, wherein the operating includes the scaling circuit scaling the line
using 8 scaling factor greater than one to compensate for unused pixels preceding the line

posifion.

6. An apparatus, CoMprising:

a camera unit configured to capture an image; and

a scaling circuit;

wherein the apparatus i3 configured to calcaolate a shift value for a line of pixels n the
image, wherein the calculated shift value 5 indicative of an amount of movement of the camera
pnit during at least a portion of capture of the image; and

wherein the scaling circuit is configured to operate on the line starting at a line position
that is based on the calculated shitt value.
7 The apparatus of claim 6, further comprising & motion sensor contigured to gencrate
motion information corresponding to movement of the camera during capture of the image;

wherein the apparatus is configured to calculate the shift value based on the motion

information.
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3. The apparatus of claim 6, wherein the camera unit is configured to capture the image by

scanning different lines of pixels at different points in time.

9. The apparatus of claim 8, wherein the camera unit includes complementary metal-oxide-

semiconductor sensors.

10.  The apparatus of claim 6, where the lime position is specified as a fractional pixel
position,
it An apparatus, comprising:

a carnera unit configured to capture an image;

a motion sensor unit configured to generate motion information during capture of the
image;

a processing clement contigured to calculate an initial scale location for a line of pixels of
the image based on the motion information; and

3 mermory scaler rotator, comprising at least one scaling circuit, wherein the at least one

scaling circuit is configured to operate on the line of pixels starting at the jonitial scale location.

12. The apparatus of claim 11, wherein the memory scaler rotator comprises @ plurality of
configuration registers and s configured to:

read the image from a memory;

rotate the image based vahies in on one or more rotation configuration registers;

scale the image based on values in on one or more scale configuration registers and one
or more initial scale location registers;

write the image to the memory;

13 The apparatus of claim 12, wherein the processing element is configured to:

write to the one or more rotation configuration registers to indicate that no rotation should
take place; and

write to the one or more scale configuration registers to indicate a scaling factor of one to

generate a corrected image.

14 The apparatus of claim of claim 11, wherein the memory scaler rotator comprises a
horizontal sgaling circuit and & vertical scaling circuit;

1



[

WO 2014/043367 PCT/US2013/059487
wherein the line of pixels is a horizoutal line of pixels;
wherein the horizontal scaling unit is configured to operate on the line of pixels starting at

the line position that is based on the initial scale location; and
wherein the vertical scaling unit is configured to operate on a vertical line of pixels

starting at a line position that is based on another initial scale location calculated by the

processing element for the vertical line of pixels.

15, The apparatus of claim 11;
wherein the motion sensor unit comprises an accelerometer and a gyroscope;
wherein the apparatus further comprises a graphics processing unit; and

wherein the camera unit comprises an image signal processor.
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600

R‘

Calculate a shift value for a line in an image captured by a camera
unit where the shift value is indicative of an amount of movement by
the camera unit during capture of the image
610

l

Operate, using a scaling circuit, on the line starting at a line position
that is based on the calculated shift value.
620

FIG. 6a

630

k\‘

Capture an image that has distortion resulting from camera unit
moving during capture
640

l

Calculate shift values for lines of pixels in the image based on
movement of movement of the camera unit during capture
650

l

Process, by a scaling circuit, lines of pixels in the captured image
using respective line positions that are based on a calculated shift
value corresponding to that line
660

FIG. 6b
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