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1

SYSTEMS AND METHODS FOR
DK-BI,URRIN('OTION BI.URRKD I MA('KS

('OSS-RKI'IJRIJN('li 'I'0 RJJI.AJ'I:.D
APPLICATIONS

llus applicanon ls a continuation of International Patent
Application No. PCT/US03/19446. tiled Jun. I 3, 2003, pub-
lished on Dec. 31. 2003 as International Patent Publication
No JV004,'001667,whichclamisprioritytolJ S Provisional
Patent Application No 60/390.33(i. tiled on .Iun. 21. 2002,
lvhich is incorporated herein by reference tilr all purposes and
from which priority la clauned.

NO'I'I('ll Oil (rOVJIRNM1iN'I'I()Ill'S

The United States govermnent has certain rights in the
prcscnt invention pursumit to National Science Foundation
ITR Ass ard I IS-00-g 5 f64.

BACKCiROUND OF THE INVENTION

1. Technical Field
lllc plcscut ulvcutlou rclatcs 10 tcchulqlics 101 dlgltallv

capturin and pmcessing still images of a scene using an
image detector, and more particularly, to techniques tilr cor-
recting blurring introduced into such images due to motion of
the image detector.

2. Back~~und Art
Motion blur duc to camera shake ls a conmlon problmu In

photography, espcclnlly ln conditions ulvolvulg zoom and
lolv light. Merely pressing a shutter release button on the
cmuems can in and of itself cause the camera to shake, and
unfortunately cause blurred images. This problem is espe-
cially prevalent in di ital photo raphy, where lighnvelght
cameras lvith automated exposure times are not easily stabi-
hzcd are conmlon, and w herc automated exposure times often
ucccssltdtc Iclanvcl)'ong stablhzaniiu ki cusiilc B uou
blurred image I'he compact form and small lenses ofmany of
these cameras only serves to increase this problem

The sensor of a digital camera creates an image by inte-
granng mlergy overs penod of tune. Il during tlus Junc thc
exposure time the unagc moves, either due to c uncra or
object motion. the resulting unage will exhibit motion blur.
'I'he problenl of motion blur is increased when a long focal
length (zoom) is employed. since a small angular chan e of
the camems creates a lar e displacement of the image. Bnd in
situations lvhen long exposure is needed, either due to hght-
ing condiilons, or duc to flm use of small aperture.

'lhere have been several attempts to provide a solution to
thisproblem Onepoupofsolutions focusonthereductionor
elinlination of relative movement between the camera and the
scene during the inte ration time. Such solutions include the
use ofa tripod, flash photography, the use ol'ulcrcascd sensor
scnslnvity, thc usc of an incrcascd aperture, mid dynamic
image stabilization

A stable tripod that can resist wind. Bnd a shutter release
cable Ihat dues not transmit hand vibration to a camera
mounted on such a tnpod. ehmulatcs ihe problem of ciuncra
sllake whcrc both thc mounted ciuncra and scene are static.
One limitation is that only professionals are likely to use a
tripod and slnitter release cable on a regular basis. Moreover,
theuseofatripoddoesnotsolvetheproblemofshootin fmm
a moving pkstfonn. such as car, train, helicopter or balloon.

A photographic flash produces a strong lighl thix lha! sus-
tained fora fraction of a section fleas than '/icos). I'he expo-
sure time is set to bracket the flash time /usually '/ss sec), and

thc apcrturc of thc camera ls set to match Ihc flash llux.
'I'herefnre, blur caused by motion during the bracket time has
very low intensity. In essence. the flash "freeze~" motion of
both centers and moving objects I lowever, objects in bright
daylight may still have nlotion blur and„of course, flash
photography is useful only if the distance between the flash
and thc object ls small.

Iuclcdsulg thc scusol scusltlvltv, dud fllcrciolc IcilUculg
the expnsure tinle, can decrease the problem of motion blur

10 Ilov ever,itcannoteliminateblurconlpletely Moreover,Sen-
sitive sensors (botb film and ('('I)) produce noisy and orainy
ima es.

Increasing the aperture size greatly decreases the required
cxposurc time, and thus rcduccs mouon blur. Unfortunately.
cost and weight also slgrulicantly Increase with an ulcrcasod
lens aperture, and a tripod may be required to comtilrtably
handle such weight. Also, the use of a larger apernire lens is
applicable only for more expensive camemss where it is pos-
sible to replace the lens.

zo In addition. the use of dynamic unage stabilization
involves thc ulcorpordtion of ulcrtial sensors, such as gyro-
scopes, to sense and compmlsatc for camera shake in real time
b)'novlng;ln optical clciuctit WJUJc ttlis tcctulologv ls Ilscd
in stabilized zoom lens for Single I ens Reflex ("SI R") cam-
emss, it is costly. and its effectiveness is linuted to approxi-
mately '/sc of a second for typical 400 mm zoom lens. The
sensitivity of such system to very slow motion may also be
hnutcd, and may sulfi:r from dnft. In addition, such system
ciiuuol coulpcusate 101 coustiiul speed ulotlou, sUch iis occUI B

10 v hen taking images from a moving train.
Accordingly. ivbile addressing the problenl of motion of

the cmnera itself is useful in certain application~. it does not
provide an adequate solution to the problem ofmotion blur as
such systems are either limited. very costly. or both. An alter-

ls naive approach is to correct blur sflcr thc unagc has been
takml by using B dc-blurrmg algoritluu.

However, wlule approaches which either assume that the
point spread function is known or can be modeled by a simple
function and found automatically front the image itself, no

40 satisfactory solutions have thus far been provided. In particu-
lar. It has been difticult to obtain a useful point spread function
uselul in a dc-blumng algontlun since ulaccuratc pouil
sprciul fimctions lends lo crcdtc strong arniscts, makulg them
unpleasant lbr the eye. Accordulgly. thcrc rcmauis a need lbr
a teclmique for cnrrectin blurnng introduced into an image
due to camera motion by tindina an accurate point spread
function.

SUMMARY Ol'll Ill INVI JN J1ON
0

An object of the present invention Is to provide a technique
for correcting blurring introduced into an image due to cam-
ems motion.

A Jiirther obNct of the present invention is to provule a
tcclmlquc lbr correcting blumng introduced ulto ml uuage
due to cmnera nlotion by usin associated motion informa-
tion.

Another object of the present invention is to provide an
apparatus able to capture all information required to correct

io blurring introduced into an image due to camera motion.
Still another object of the present invention is to provide an

apparatus for capturing a motion blurred image, de-blurring
the image. and providin a user iiith a de-blurred ima e.

In order to meet thcsc and other oblccts ol thc present
ss invention wluch will become apparent with rcfcrcncc to lur-

ther disclosure set fonh belov, the present invention discloses
a system for providing a substantially de-blurred image of a
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sccnc Ibom a motion blurred image of thc scene. Thc systmn
includes a primary detector for sensing the motion blurred
image at a tirst predetermined resolution and generating pri-
mary ima e information representing the blurred image, a
secondary detector for sensing two or more secondary images
ofthe scene and for genemsting secondary ims e infomtation
reprcsenluig Ihc two or morc secondary unages, mid a pro-
ci ssor. 111c processor is advantageously adapted to dctennuie
iriotlorl iilfoi'illufioil fi'oiu thc sccoildai y iiuagc iilfoi'inÃfioll,
estimate a point spread function for the motion blurred image
fmm the motion information, and apply the estimated point
spread function to the primary Image information to genemste
information representing the substantially de-blurred image.

In one arran ement, the system includes B first camera
housing the primary detector. a second camera housin the
secondary detector, and a ngid member connecting the cam-
eras. Allcmalively. u single cmnera may house both lhc pn-
mary and secondary detectors

In another prcfi:rrcd arrdngemcnt, a beam spiller having
onc input area and lirst aud second output areas is providixk
Thc beam spitter is optically coupled to Ihe scene al the input
area. to the primary detector at the first output area, and to the
secondary detector at the second output area Advanta-

eously, the beam splitter may be an asynunetric beam split-
ter adapted to output greater than 50% of an input unage
cncrgy tluough tlm lirst output ared, Bnd preferably appruxi-
ma lelv 90'!o ofau iupu I unage energy through Ihc Iirsl ou Ipu I

d

reit .

In si ill another preferred arrangcmcnl, thc pnmary del 1ml or

is a lirsl portion ol a dual-rcsoluuon sensor and Ihe secondary
dcicclor a second portion of thc dual-resoluuon sensor. Thc
ratio of the first predeterniined resolution to said second pre-
deterniined resolution is preferably 9 I in terms of the scene
energy incident on the sensor. The tv'o portions may advan-
tageously be formed on a single chip. to ensure B low cost and
compaci system.

The present invention also provides methods for providing
a substantially de-blurred Image of B scene from a motion
blutrtxl image of said sccnc. In one mcthoik Ihc motion
bi u tvtxl image of thc scene and two or morescconihiry una gas
are sensed Next, printery image infonuation representing the
blurred ima e and secondary image infiirmation representing
the iwo or more secondary images are genensted. and motion
information from the secondary image infomtation is deter-
mined. A point spread function for said motion blurred unage
from wiid motion information: and thc estimated point spread
funcuon is applied to Ihc pnmary image information lo gmi-
emte information representing the substantially de-blurred
11'riage

Advantageously, liftecn or morc sicondary images of thc
scene should be sensed at the second predetermined resolu-
tion It is preferred that global motion iofiinnation is deter-
mined from the secondary image information, and B continu-
ous point spread fiction estimated thorn the lobal motion
information.

Thc dcconipdnying ilraw Bigs. which Bit: utciirpoid!i:0 dail
consululc part of Ihw ihsclosurc, illustrate prefi:rrcd mnbudi-
ntcnls of Ihc ttlvcnliun and sclvc 10 cxpkihi lhc pnncipli:s of
the invention

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a)-(c) arc block diagrams ofcxcmplary systems in
accordance ivith the present invention:

FI(i 2 is a graph showing the relationship betv een tempo-
ral resolution and spatial resolution;

FICi 3 is a graph showing an illustrative pouit spread
fuflction;

lil(iS. 4(a)-(a') are graphs illustrating the computation of a
continuous point spread function from discrete motion vec-
tors in accordance with an embodiment of the present inven-
0 iuu

FICiS. 5(a) mid (b) arc a fiow diagrams ol' method lor
dc-biumng a motion blurred image inc lu duig dcriv uig a pcuil
spread hinction in accordance with the present mvention:

10 lii(iS. 6(u)-(rf) are illustrative diagrams showing exem-
plary tools that may be used to model a point spread function
in accordance v, ith an alternative embodiment of the present
invention:

FICi 7 is a fiow diagram of a method for dclcrnuning a

point spread I'unction in accordance with thc embodiment of
li IGS 6(a)-(a');

lil(iS. 0(u)-(b) are illustrative diagrams showing exem-
plary niethod for measurina a point spread function m accor-
dance with another alternative embodiment of the present

10 invention:
FICi 9 is B graph ol'n exemplary cstuna ted pouil spread

fiulClion, dnd
lil(iS. 10(a)-(c) are exemplary images of a scene
I'hmughout the liigs . the sante reference numerals and

characters, unless otherwise stated, are used to denote like
features. element~, components or portions of the illustrated
embodiments. Moreover, while the present invention will
now bc described ui dmail with refi:rmicc to the Figs.. 11 is
done so in cotuicclion w ilh Ihc illu stra uvc mubodimenls.

ill
DETAILED DESCRIPTION OF THE PREFERRED

EMBODIMENTS

Referring to FIGS 1(a)-(c), cxmuplary hybnd ciuncra sys-
is terna in accordance with the present invention are shown

Each systein includes a primary image detector for capturing
an unage of the scene, as ivell as a secondary detectors for
capturing infomtation useful for correcting blurring intro-
duced uilo thc image due lo camera motion.

do Thc embodiment shown in FIG. 1(a) uses two cameras
101. 103 conncctcd by a rigid mmnbcr 105 Camera 101 is
preferably a high-resolmion still cmnens. and includes the
primary detector 102 to capture an image of a scene. ('amera
103 is preferabiy a low-resolution video camera wlfich

d- includes a secondary detector 104.
The secondary detector 104 is used for obtainin motion

infiirmation, Bnd Ihcrelbre must capture a minimum ol'wo
Iranlcs of digital 1iilco hifonualioii hl 01'dcl'0 plovuli: stick
motion infiirmation Preferably, fifteen or more frames are
captured during the integmtion time ofcameos 101. While the
embodiment shov:n with reference to FICi 1(a) depicts a
cmnem mounted on a camera. other two camera arrange-
ments. such as a camera within a camem, may be utilized to
dchicvc Ihc sdnlc rcsullw

1 'I'he detector 102 niay be traditional him, a C('D sensor, or
CMOS sensor. Secondary detector 104 may likewise be a
CCD or CMOS sensor. It is advanta eous for the secondary
dclimtor 104 to bc a black and white sensor. since such d

dclimlor collects morc hghl micrgy (broader spectrum) and
io thercforc can have lnghcr temporal rcsoluuon. In adihtion,

since the secondary detector is used only as a motion sensor;
it can be of loiv spatial resolution to increase the temporal
resolution and have hi h gain.

Au a items live cm boih mmit. shown ui FIG. 1(b), employs d

ss single camera 110 imd a beam sphucr 111 to gcncrale two
intage paths leading to primary 112 and secondaty 113 detec-
tors I his system requires less cahbration than the systeni of
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FIG. 1(a) since thc same camera imis is slmred. mtci hcncc
results in identical image protection models. 'I'hose skilled in
the art will recognize that a tradeoffexists between the spatial
resolution of the primary detector I 12 and the ability to accu-
rately provide motion infomtation by the secondary detector
113 as the beam splitter 111 divides the available energy
betw cxn thc two detectors 112, 113. llicreliire, v, bile a bemn
sphttcr whwh divides thc energy SO/SO bctv,ccn thc two
detectors may be utilized, it is preferred that the division be

rester than 50/20, fiir exaniple, an approximately 90/10 split,
with more energy going to the primary 112 detector

In a highly preferred arrangement, the beam spliner 111 is
an asynunetric beam splitter that passes most of the visible
light to thc primary dctcctor 112 tmd rcfiixts non-iisiblc
w avclengths toward thc secondary detector 111. For cx unplc
a "hot mirror" bemn splitter winch is commercially available
fmm iidmund Industrial Optics may be employed

Another alternative embodmient, shown in i!)G. 1(c ), uses
a special chip 121 that includes both primary and secondary
detectors. The chip 121 includes both a high-resolution cen-
tral arcs 125, which functions as thc primary detector, and a
low resolution pcriphcral areas 126! 127, whwh I'unction as
the secondary detector

1be chip 121 may be iniplemented using binning teclmol-
ogy now commonly found in ('MO) and C('D sensors. Iiin-
ning allows the charge of a group of adjacent pixels to be
contbined before di itization. This enables the cl»p to switch
bctw cmi a nonua1 full-resolution mode, when buunng is not
used, mid a hybnd pnmary-secondary detector moclc, when
binnina is activated In the hybrid mode, the primary detector
portion 125 captures a high resolution iinage. while the scx-
ondary detector portions 126, 127 capture a sequence oflov
resolution images from v hich motion iniiinnation can be
derived.

Given sufiicicnt hght, CCD mid CMOS ac!mors can detect
a scene at very fast rates and thereby avoid camera blur.
I lowever. motion blur will occur ivhen there is not sufficient
light for last imaguig! sutcc ihc amount of energy reaching
each pixel is

iyhere; tiir„ is the flux thouJt the field of view, k is the fill

factor n is the munber ofpixels. and the integral is taken over
cxposurc time Reducing thc munber ol'pixels wlnle keeping
the same field of view equates into lowering resolution. and
thereby increasing the energy per pixel.

I .ower resolutions may be achieved either by using a low-
rcsolution chip. or through buuiuig! as discussed above.
Examples for the image dimension of the hi-resolution and
low-resolution sensors for example ratios of I/36 and I/64
pixels at common resolutions are given in 'I'able I

Also as shown in FIG. 1(c). ihc cmnera 120 prel'erably
includes a circuit card or area which includes memory 121 for
stonng both the pnmary and secondary images sensed by
detector portions 125-127. 1he centers also preferably
includes processor 122 for computing mouou Ibom thc
sequence of loiv resolution images. estintating a pomt spread
function for the primary image from such motion infomta-
tion, and de-blurring the primary image with the estimated
point spread function by applying a deconvolution algorithm,

1 1!

each of which are dcscnbcxi below. Thc processor and
memory should be suihciently small to be implemented
witlun the camera. Exemplary software that may bc stored in
meniory 121 and executed on processor 122 is included
herein as Appendix A. The de-blurred unagc may then be
displayed to the operator of centers 120 threw a standard
display (not shoiy n). or stored for later use.

Alternatively, the motion computation, point spread func-
tion cstunation, and de-blumng functions may bc pcrformcd

20 by a separate computer, such a 4 personal computer numing
the software ofAppendix A. In addition, v bile the fore oin
description has been with respect to the embodiment shown in
FIC). 1(c). it equally applies to the embodiments shown in
FIGS. 1(a) and (6), as each may be readily mod!lied to include
suitable memory and processing capacity. Likewise, the sofi-
ware of Appendix A is exemplary, and alternative sofiwarc
arrangements in a variety ofpro~anuuing languages may be
uuhzcd for pcrfonning simh funcuouahty.

Referring next to FIG. 2. a paph i)lustmsting the fundamen-
tal tradeoff bctwcwn spnual rcsoluuou and temporal rcsolu-
ticin hi an hanging svstenl is showtl. Ail 1ma 0 1s fonuecl 'Cullen

light energy is uitcgrated by mi unagc detector over a iimc
interval Assuming that the total light energy received by a

34 pixel dunng integration must bc above a minunum lcvcl lor
the light to be detected, the minimum level is determined by
the si nai-to-noise chamcteristics of the detector. Therefore,
given such a minim!un level and an incident flux level the
exposure time required to ensure detection of the incident

40 light is ini ersely proportional to the area ofthe pixel. In other
words, exposure time is proportional to spaual resolution.
When thc detector is I urear ut its rcspo use, the above rclauon-
ship betv een exposure and resolution is also linear

The parameters of the line shown in FICi 2 are determined'y the characteristics ofthe materials used by the detector and
the incident fiux. Diiferent points on thc lute represent cam-
eras with dilferent spauo-temporal characteristics. For
instance, a conventional video camera 210 has a typical tem-
poral resolution 30 fps and a spatial resolution of 720x480

0 pixels Instead of relying on a single point, tivo very different
operating points on the line ntay be used to sinndtaneously
obtain tery hi h spatial resolution with low tempoms) resolu-
tion 220 and very high temporal resolution with low spauai
resolution 230. Tins type ol'ybnd nuaging provides thc
nussing intiirmation needed to de-blur images with minimal
,'iclclrttolull 1'esiiul'ces

IA)31 I i I

H1!'Ss

! Ct!0

"«Cst

1024 766 1 Sc 960 1600 1 !!0 2046 1 36 60 192!!

170 1 6 213 160 266 2!!0 341 "66 426 320
1 6 96 160 1 0 01! 1(! 46 192 3 0 4!1
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Rcfcrring next to FIG. 3., an cxcmplary pou&l spread func-
tion is shov n I'he complete point spread huiction of a
motion-blurred in&age consists of two parts l&irst and most
importantly, there is a poii&t spread function due to motion.
The derivation of such a point spread flu&ction is addressed in
detail below However, it should be noted that there may be a
second component lo a complclc poi&u spread funclion, ll&al

ol'hc imaging system &tsclf, m&d may c&ther bc measured or
n&odeled using a-pnori know:ledge of the imaging systeni.
'I'hose skilled in the art will appreciate that various tecluu ques
exist to conduct such n&easurement or modeling.

In order to deternune the point spread function due to
motion. a secondary detector provides a sequence of inmges
(frames) Ihal arc Liken at lixed &ntcrvals during the cxposurc
umc. By computing thc global motion bc&ween these fr uncs,
samples of the continuous motion path during the integration
tin&e may be obtained I'he motion behveen successive frames
is lin&ited to a global rigid transformation model I Iowever,
the path, which is the concatenation of the motions between
successive frames„&s not resthcted and can be very complex.
Accorilu&gly, thc mol&on bctwccn success&ve Ibmnes may be
delcrmu&ed us&ng a mull&-resolution ilcrauvc algonllun ll&al

n&inimizes the fi&llowmg optical flow based error function

dl at dl I-
s&0&CW „~ (s + & +—

where the part&al dcnvauvcs arc the spat&al and temporal
partial derivatives ofthe in&age, and (u, v) is the instantaneous
motion at time t. I'his motion between the hvo frames &s

defined by the follov in global rigid motion model:

&2&

'i&„ id&d& =I IS)

winch slates that cncrgy &s ne&ther lost nor gained by the
blnrrin operation (k is a normalized kernel). In order to
dehne additional constraints that apply to motion blur point

where (I,. t,) is the tmnslation vector and 0 is the mmtion
angle about the optical ax&s.

Note that the secondary detector. which has a short but
nonzero integmtion time. may also experience some motion
blur. This n&otion blur can violate the constant bri htness
assumption„ ivhich is used in the motion computation. Hov-
cvcr. under certau& synunetry conditions, thc computed
motion bctwcm& two mot&on blurred frames &s lhc center of

ravity of the instantaneous displacements betwemi these
fran&es dunng their integration time

11&e d&acrete mot&on samples that arc obtmncd by the
nxhion con&puts&lou ni:cd to bc convertcxl mlo a coul&m&ous

pou&l spread function. For llus purpose, lhc cons&ra mts thai a
n&otion blur point spread hct&on nn&st satisfy are defined and
then used in order to estimate the appropriate point spread
fiction.

Any pou&l spread luncuon &s an energy d&slribuhon func-
hon. which can bc rcprcscntcd by a cunvulut&on kcrncl k. (x,
y) &iv. where (x, y) &s a locat&on and w is the energy level at
that location. 'I he kernel k must satisfy the fi&llowing. energy
conservation constraint

sprciul funcuons. a time parametenzat&on of thc po&nl spread
fiction is used as a path fi&nction f: t &(x, y) and an energy
function h t &v, l)ue to physical speed and accelenstion
constraints. f(t) should be continuous and at least hvice dif-
ferentiable. ~here f(t) is the speed and f" (t) is the acceleration
at tune t.

By assluning tl&at the scene radiance does not change dur-
ing image integration, an additional constraint is determined

where it Sl'Al(1'. t iINDJ is the image integration interval
1his constraint states that the ainount of energy w:hich is
Intep ated at any time interval is proportional to the length of
the intervai.

(liven these constraints and the motion centn&id assump-
" tion. a continuous motion blur point spread filnctlon may be

estimated from discrete n&otion samples, as illustrated in
FIGS. 4(a)-(d).

First. the path f(t) may be est&mated by Spline interpola-
tion. as shown in FIGS. 4(a) and (I&) Spl&ne curves are pref-
erably used because of lhe&r smootlu&css and tw&cc d&ffi:ren-
t&abll&ty pmpert&cs, winch sat&si'y thc speed and accclerat&on
ciulstralnts.

In order to csl&matc Ihc energy funct&on h(t), thc ex&col of
each fr&one along the u&lerpolatcd path must bc dc&em&incd.

11&

11&is maybe accomplished usina the motion centroid assump-
tion by splitting the path f(t) into frmnes with a Voronoi
Tessellation. as shown in Fl(i. 4(b).

Since the cons tant radiance as

sumpt &
on in&plies that frames

v ith equal exposure times integrate equal mnount of ener y,
h(t) may be computed, up to scale. for each frame as shown in
FI(i. 4(c). Note that all the rectangles in tlfi s figure have equal
areas

Finally, h(t) is nohnalized in order to sat&sfy the energy

«&
conservation constmint and smooth it. The resuitmg point
sprciul funct&on is shown in FIG. 4(d). The m&d result of thc
above proccxturc is a contmuous mot&on blur po&nl spread
function that can noix be used for motion de-blurring

G&vcn the cst&mated point spread function, thc lugh-rcso-
lul&on image that was captured by thc pnmary detector may
be de-blurred using well known &mage deconvolution algo-
rithnls, such as the Richardson I.ucy algorithn& Since this is
the only step that involves hiah-resolut&on images. it domi-
nates the time complexity ofthe method. which is usually the

sc complexity of a Fast Fourier Transform ("FFT**).

Referring next to FK( 5(ii). the foregoing techniques are
implemented in a met)a&dology as follov s. First, primary
image information representing the blurred image ~ensed by
the pnmary detector 510, and secondary &mage ulfonnal&on
represi:nt&ng a scqucncc of unages sensed by the secondary
detector 511, are obtained. A standard motion analysis algo-
rithnl is used to detem&ine discrete mot&on mfi&rn&ation 520 of
the primary detector. Next, the point spread function for the
motion blurred ima e is estimated 530 us&ng the discrete

rc motion information. That point spread function 535 may
opl&one1ly bc cunvu1ved w & Ih an estuua lcd or measured pou&1

sprciul funcl&on Ihr thc optical system itself 540. Thc pou&t
spread h&nction is then applied to the printery image infi&r-

mat&on in a standard de-blurring al orithn&. 550. and a de-
si blurred image is output 560.

l&I(i 5(i&) shows the preferred details of the point spread
funct&on estimation step 530. I'wo-din&ensional Spline inter-
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poldlion is used lo provide a coniinuous (wo-dnnciwional
path 531. Voronoi 'I'essellatiim is then used to pmvide frame
partitioniim of the interpoLTted two-dimensional path 532.
I:qual area rectangles are constnicted within each partitioned
fame to determine the mean energy at each frame 533.
Finally. the determined mean energy values are smoothed and
nomlalizcd 534.

Relhrnng next lo FIGS. 6(a)-(d), cxcmplary tools that may
be used to model a point spread function in accordance v ith
an alternative embodiment of the present invention are
shown. In some cases, a point spread function can be esti-
mated directly from an image itself, without the need for
additional motion information. For example, 0 small bnght
poult light source on B dark backgmund, such as dark night,
wluch happen to be al the right depth, if thc ciuncra was
translating. or if the point light source was at arbitrary depth
(bright star in clear shy) and cameml ives rotating v ith no
translation then the image of this point light source provide
point spread hinction which is good enough for de-blurrin,
as long as the dynamic range of the camera is suificient

Itis unlikely to expect such lucl tohappml, especially if the
cmnera motion Included lranslauon Bboul lhc optical axis,
since at least two such points are needed. Instead, a set of
prinlitives may be created that, if found in the image. can help
estimating the pomt spread hinction 'I'he oreatest advantage
ofthis approach is that it does not require any additions to the
imaging process itself and it can be used for existin pictures
ds well. Thc disadvantage ls Ihal this method relics on user
skills 10 cstuniitc lhc ri al shape ol Bu ob)ccl flola 11 bhilrcd
image~Ir from a different image that may not be blurred that
was taken at a different tinle or ditferent angle

11Ci 6(o') illustrates an exemplary point tool 610 that may
be used to detine an object pomt. Since object points may not
be perfect small wlute points over a black background. the
1001 plovuh:s ulcdns to dcfinc pot«i size, ccccl«rlc«y, oncil-
tauon and color. Point size 611 is sclectcd by a slider or by
cnlcring size in pixels of a lracuon ul B pixel. Poull cccml-
tricity 612 is selected by a slider or entered as a munber as the
ratio between mam axes. Regarding orientation 613. ifpoint
eccentricity is not I „ then the orientation can be entered using
a dial or as a number (an le). Point color 614 is selected using
color tool, or sampled from thc ima c i(sell'nd opuoixilly
modilicd. In addition, a backgmund color may bc selected
using color tool, or sampled I'rom lhe unagc «sell'and option-
ally modified

11Ci 6(b) illustrates an exenlplary line tool 620 that may be
used to define an object line. The line attributes may include
thickness. orientation. and color. Line thickness 621 ls
sclcclcd by a slider, or by enlcnng dimkncss in pixels (cml be
fraction oi'a pixel). Linc oncntauon 622 cml is catered using
B dial Or as a number (angle). Lute color 623 ls selimlcd using
color tool or sanlpled fnlm the image itself and optionally
nlodihed. Again. a background color may be selected usiag
color tool, or sampled from the image itself and optionally
modified.

FIG. 6(c) Illustrates an exemplary ramp tool 630 that may
bc used to delinc a ramp or edge. Thc a«nbules m Iy'lchldc
onmllation and color. Ramp oncntalion 631 can ls cntcred
using a dial or as a nunlber (angle) Ramp color 63 may be
selectedusin color tool, orsmnpled from the image itselfand
optionally modified. A background color may be selected
using color tool. or sampled from the ima e itself and option-
dllV IlxxhilCd.

FIG. 6(d) illustrates an cxcmplary corner tool 640 that may
be used lo dclinc an obl iml comer. Comer allnbutes ulclude
angle, orientation. and color 'I'he angle 641 may be entered
usingadialorasanumber(angle) Comerorientation642can

is mllcrcd using a dial or as a number (ungle). Corner color
643 may be selected using color tool, or sampled fnlm the
inlage itself and optionally modified A backgmund color
may be selected using color tool. or sampled from the image
itself and optionally modified.

For example. a user may download B motion-blurred image
from thc Intcmch Bnd desirc lo dc-blur that unagc. Using Ihc
comer tool ol FIG. 6(d). Ihc user may ex unule a small region
in the blurred image, e g., 30x30 pixels. and create a model

la 30x30 pixel iinage of ivhat that region should look like when
de-blurred That model image. convolved by an unknown
point spread function, will equal the original region of the
blurred image.

Onc approach lo lindulg this block is by usulg a Fourmr
transfoml. Thc Fouricr uanslbnn of thc model image region
multiplied by the llourier transform of the point spread func-
tion is equal to the llourier transfornl of the captmed image
region 'I'herefore, the i'ourier tmnsform of the pmnt spread
function is determined by dividin the Founer transfoml of

Io the captured image region by the Fourier tmsnsform of the
model image region, and an lm erac Founcr transform may be
used lo obtain im ca«mated pou«spread lunction of Ihc
blurred image. Once obtained. the user may de-convolve the
blurred inmge with the estinlated point spread fiction to
obtain an estimate of the capnired inlaged 1 he user then can
then compare the estimated captured ima e with the original
captured image, and visually determine whether the fhrther
reign:lllcnm Blc llcccssdlv.

Referring next lo FIG. '7. a method for ultcractively csti-
lo mating a point spread function usin the tools of lq(iS. 6(o')-

(d) is shown A user selects and classifies featums within the
blurred image 720, e.. using the tools of ill(i) 6(a)-(b)

A common point spread (iction is then determined usin
de-convolution. where the function is the unknown variable

ls 730 The motion blurred image is dc-blurred using the recov-
ered poult spread function 740. mid thc user ls pcnniucd lo
view the dc-blurred una gc and reline his or hcr cla as ilicdt ions

as appropriate 750, 755 Finally, the de-blurred unage is out-
put 760

do Referring next to FICiS.8(a)-(b). an exempLsry method for
measuring a point spread function in accorcLmce with another
altcmative embodimcnl Of the present invention will bc
dcscribcd. Laser guides arc conuuon ul adaptive optics to
plovulc B Iclizcncc poll« fol w Bi clronl uuxisiilclucllls. Su«l-
iar techniques may be usehil for motion de-blurring by pro-
jecting a reference point on the object using a laser beain as
seen ln FI(k 8(a). An alternative approach is to attach n

(l united) stabilized Lsser to the camems itself as shown in FIG.
8(b)

o As shown in FIGS. 8(a) and (b), a lascr guidc is attachoxl lo
a camera. Thc laser is mounnxl on nngs (gimbals), wluch are
stabilized using gyroscopes. 'I'he laser enuts ime or more
reference points to the scene 1hc image ofthese points is then
utlhzed. afier normalization to satisfy an energy constraint, to

s. determine the point spread function that is sought. It should
bc noted that other light bcmn sources, such as columnatod
light bciun sources, mdy be used in plucc of a laser.

I I should bc noted l1m i Ihc practical use of llu s embodimcnl
is linlited, as transmitting a laserbeanl mto livingobjects inay

io not be practical I lowever. the technique is useful for natumll
or conunercial photog aphy.

FICi. 9 is a graph of an exemplary estimated point spread
liinction dcrivcd usulg the apparatus of FIG. 1(a) and Ihc
method described in coiuuxuon with FIG. 8. FICiS. 10(a) (I')

os are cxcmplary images of(bc correspondulg scene, wluch FIG.
10(a) showing an inlage of the scene taken fnlm a tripod-
nxlunted cainera, FI(i. 10(b) sholvin the blurred mlage, and
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Fit L 10(c) showing thc unagc al'tcr dc-blurring. Whi)c thc
de-blurred image reveals some artifacts froin the de-blurring
pmcess, it is a vast iniprovement over the blurred image.
Accordingly. techniques for correcting blurring introduced
into an image due to camera motion have been provided

The foregoin merely lllustmstes the principles of the
invcnuon. Byanous modi lieu lions Bnd allcralions to the
descubcd embodnumils will be apparmit lo diose skilled in
the art in view of the teachuigs herein lior example, the
fore oin tecluiiques niay be applied to video sequences
taken by a moving caniera, using an assumption of synunetri-
cal distribution to recover the avemsge motion vectors from
the niotion blurred images it will thus be appreciated that
those skilled ui the art will bc able to devise numerous sys-
ICIB9 diid BICtliods whlCh, BIIIIOUgli nol CxpliCilly'hown Or
described herein. embody the principles of the invention and
are thus ivithin the spirit and scope of the invention.

'lite invention claimed is:
1, A system for pmvidin a substantially de-blurred image

of a scene from a motion blurred image of said scene, com-
pusuig. (9) a pnmary detector Ibr scnsui said motion blurred
image of said sccuc al a first prcdclernnnixl resolution and
enemting primary iniage infoonation representing said

blurred ima e; (b) a secondary detector, coupled to said pri-
ntery detector, for sensing nvo or more secondary images of
said scene at a second predetermined resolution which is less
than or equal to said first predetemiined resolution wl»le said
mouon blurred Image is sensed by thc primary detector, and
for gCIICIIItiilg sccondaty unagC iillomlatiinl FCprCSI:11!iiig

said two or niore secondary images; and (c) a processor,
coupled 10 said primary detector and receiving said primary
image information therefmm, and coupled to said secondary
detector and receivin said secontksty image infomiation
therefrom, adapted to determine motion iniiirmation from
smd secondary nuagc information, cslimatc a poinl spread
funcuon for saul motion blurred nuage from said motion
iniounalion, Bnd apply smd cstimatcd point spread Iunclion
to said primai) image infomiation to thereby generate infiir-
niation representing said substantially de-blurred image

2. The system of claim 1. further compri siii 8 n first camem
housing said primary detector, a second camera housing said
secondary detector, and B ugid mcmbcr connccnng said Iirsl
CdiliCFII to wiid Si:Coild I aillCId.

3. Thc system ol'laim I, fuithcr compusuig a Funncra
housing said primary and said secontksty detectors

4 1he system of claim 3. huther comprising a beam splitter
having one input area and first and second output areas, said
beam splitter being optically coupled to said scene at said
input ared. optically coupled lo said prnuary deleclor al said
Iirst output area. Bnd opucally couplcxl Io smd secondary
delixlor at said second output arcs.

5 1he system of claim 4, wherein said basin splitter cont-
prises an asymmetric beam splitter adapted to output greater
than 50%9 of an input image through said first output area.

6. The system of cLaim 5, wherein said beam spliner is

adapted to output greater than 80% ol an uiput image tluough
said Iirsl output arcs.

'7. Thc system ol'laim 4, wherein saul beam splitter Is
adapted to output substantially all visible light corresponding
to an input iniage through said first output area. and at least
some non-visible electromagnetic radiation corresponding to
an input image tluou h said second output area.

8. The system of claim 3, whereui smd pnmary dctcmtor
comprises a Iirst portion of B dual-resolution sensor. Bixl said
secondary dctcctor compuscs a second poruon of smd dual-
resohition sensor.

9 Thc system ol'claim 1. w barmn said lirsl prcdclernunod
resolution is at least tw)ce as great as said second predeter-
nuncd.

10. A method for providing a substantially de-blurred
image ol 9 scene from a motion blurred image of said sccnc,
comprising the steps of: (a) sensing said motion blurred
image of said scene at a Iirsl prcdclcnntncx) resolution usuig
a prhnaty detector; (b) sen sinu two or more secondary inmges
of said scene al a second predetcnuuied resolution with aui
secondary detector which is less than or equal to said first
predetermined resolution ivhile said motion blurred image is
sensed; (c) generating, primary image information represent-
in said blurred ima e and secondary image iniiirmation
FCprCSCiltiiig Said IV '0 OI niiiii: 9CCoildarv iiilagi:9, (0) USiiig II

processor. determinin motion infounation from said second-
ary inuigc inlormalion: (c) estimating B pouit spread function
for said motion blurred image fnim said motion information;
dild (I) 11ppl)'iilg Saul C9liiiliilcxl politi Spri:dd IUIII:lioil 10 wiu!

10 primary image infounation to thereby generate information
representin said substantially de-blurred image.

11. 111e inethod of claini 10, ivherem said step (b) com-
prises sensing five or more secondary images of said scene at
said second predeteunined resolution. Bnd said step (c) com-
puses generating prunary image inlonnalion rcprcsentuig
said blurred image dnd secondary unagc Inlbnuauon repre-
senting said five or more secondary images

12. The method of claim 10„wherein step (d) comprises the
„step of determining global motion information from said

Si:Coildiin 9 iiildgC 111 f01111dlioti.

13. The inethod ofclaini 12, wherein step (e) comprises the
step of estimating a continuous point spread function for said
motion blurred ima e from said global motion infomiation.

Is 14. The method ol'clami 13, whercui step (f) compuses Ihe
StCp Of dCCOBVOIViilg Said p1111111FV liliagC liiforillanon willi
estimated point sprend funcuon to lhcreby gcucrale informa-
tion representing said substantially de-blurred image

15. A method for providing a substantially de-blurred
do image of a scene from printery iniage information represent-

iug B motion blurred image of said acmic captured al a Iirsl
prCdi:ICrilliiicxi FCSoliilioil 119lilg d prlillary dCII:I:loi, Biid Sc'C-

ondary linage iilfi1!'!lnnlon I'cprcscnling Iwo UF Iiloi'c sccond-
Bty IUI'I es of said scene captured at a second predetermined

ds resolution Vvith a secondary detector v hich is less than or
equal to said first predetermined resolution while said motion
blurred image is captured. conipnsin the steps of. (a) using
a processor, dclcrnuning mouon information Irom said sec-
Oild lry 1111 I gC Iillonndtion, (b) I 9 I hnBtiilg B p0hit Spi CB0 IIIIIC-

tion fiir said motion blurred image front said motion infiir-
mation; and (c) applying said estiniated point spread function
to said primary image information to thereby generate infor-
mation representing said substantially de-blurred image.

16. Thc method ofclmm 15. w hcrcin step (B) compuscs thc
step of determining global motion inforniation fmm said
secondary inmge information

17. The method of claim 16„wherein step (b) comprises the
step of estimating a continuous point spread function for said
motion blurred image from smd global motion information.

so
18. 11ie inethod ofclaini 17, wherein step (c) comprises the

step of deconvolving said primary image information ivith
estimated point spread function to thereby generate informa-
tion representing said substantially de-blurred image.

ss




