A Met hod and System for Tracking Mdtion of a Device Field of the invention
5 The present invention relates to a nmethod and system for tracking notion
of a device across a surface using, in particular, imges acquired by the
device. RBackeyasnd of the Invention 10 Tracking notiopcpbkcigiembae across a
surface based on inmages acquired by the device is useful in several
applications. For exanple, a typical optical nouse today operates by
acquiring a series of inmges as the n?use is noved across a surface (e.g. a
desktop). The notion of 15 the optical nmouse is tracked using these

acquired | mages. 1N Rifdh§ibAl ovklifn 981 TERIINIPHBAOABPL Betican OPLi cal
navi gation systemc h wor ks

essentially like a small canmera operating at a high frame rate ranging from

1;500 fra (fps) to 10,000 fps, with a resolution ranging
from 16x16— DGt e il pixels. Fig. 1 illustrates the 20 conponents of
a typical optical .npouse. As shown in Fig. 1, the inmage acqui si ti on device

of the o pt+kgea;5reg§MSﬁvéf1?gR é@%; tﬁ aLEQtHJoQIZa bt q@rytré’%lkﬁg rﬁ'@gn be a

Laser) "and e sensor avi ng I'Xel arra 102 serves to
i |1 um nat edevive sress asurisick csinghie Rﬂmdub’ﬁl !ﬂm@cnwedsm' thgdecal | ow t he i mage
sensor 104 to acquire an inmge of the area. Wen the nouse is 25 noved to
ot her areas of the surface, further inages of these other areas are

acquired IMM’MQ 2 shows two exanpl e i mages acquired

successwely by an optical nouse as the nouse noves- across a surface. From
these images, it is possible to determne the displacenent of the optical
mouse for onfratienametion hbawlevioe e@spR UECE PRGES OF GNedRs aeadiEedRLIRE i n t he

ot her inma gq%a ﬁiqégé@er‘%&l%lp dhEing a series of inmages as the optical
0 eas

nouse i s eren across a surface, the notion of the nouse
across the surface can be tracked. 2 To date, several algorithns for

tracki ng e%ml &S%hpgptc'épmohﬁggﬁ?a AGStLIe8 thyOlc Pﬁggaeééﬁé’s have been

devel oped. ese are t eve Avago,
Hew et t - Pamhgeajaam rusteds gfoved TaWSe aRtirigee 4¢- gaa gewqmﬁﬁwedp@?qt ef by

Fepeatisd! Yo  SIIMALS oy Slel RSB DRLUREH e TRARRI| B 2 51101

fi xed e 1 nage I'n th| s docunent~t he pl acement between
t W i nage&p(ﬁ:dn@ouse §ﬁmi%ca@r0¥ﬁlﬁ§[ pavigatipn: 6Y$!AE EPBRISHSe BENIMASt ween t he

areas g a%@q&\sﬁ.&ﬁ %Gﬁzé ﬂéﬁ @Bﬁefneés'g ntidl§ Hk@aﬁ Shalp c.%ﬁ@rd"opgrﬁﬁré@ i8Rl acement

bet ween theé~areas turn refers to either I spl acenent of
the area didhrfcame r@eaammfroraﬂ 300framep paicearents 6ps)iné0.APR &% Withom t he area

g. Specifi CPe'sbgﬁn Hsndr’e&} %hpmsm*pfxéas%e@bm Maé@ ﬁecwm&ra&& genote the
di spl acemént ? ea h shown in the inmage H fromthe area g shown in
t he i r?ge c@nponents of a typical optical mouse. As shown in Fig. 1, the image

acquisition device of the optical mouse comprises a LED 102 (which may

alternatively be a Laser) and an image sensor 104 having a pixel array. The

LED 102 serves to illuminate the area at which the optical mouse is, so as to

allow the image sensor 104 fo acquire an image of the area. When the mouse is

25  moved io other areas of the surface, further images of these other areas are
" acquired in the same manner. Fig. 2 shows two example images acquired
successively by an optical mouse as the mouse moves acress a surface. From

these images, 1t is possible 1o determine the displacement of the optical mouse

from the area shown in one of the images io the area shown in the other image.

30 Therefore, by acquiring a series of images as the opfical mouse is moved to

" different areas across a surface, the motion of the mouse across the surface

can be tracked.



15The follow ng describes in nore detail how the prior art algorithns
estimate the di spl acenent between two inmages. Fig. 3 shows a series of
images (i.e. frames A -.Z) acquired by a device as the device noves in a

pl anar nmowbamsacsiess a surface. The frames A - Z are RSTACGHI08ES1
successively with frame A being the first acquired frame and frane Z being
the last acquired frame. I'n the prior art algorithns, the displacenent

bet ween two i mages is determ ned by canparing the positions of these inmages
to the position of a single fixed reference-inmage. 25 For exanple, to

determ ne the LisSpiAepaeabomkile for amekhgnmptibe ofseddadest fremsimages fi xed
reference inmage. In this case, ”]c%@%i églei(gfne S D,f\C a{ﬁ_gDAD x%rﬁﬁefi rst
conmput ed. TRnskired Ry Hies gpyeR eve velgRegy REI'SSy ©t HESF of Foiong
Equation (1)qoRCHeveibhde by Rido] HewiktiThackaeh & oo Midiysdith @heme mior arnt

al gorithns A%t ermne the di'spl ac%&ent .bet ween two. i magef i,n Egetwo

above- ment | dgrAhWAyOPSAE NS SRRIEFAN FEUTRYG dishlechBET: PEHESE™Phe two

i mages, 4 S ; im tildieeferdncenmags. may not be sufficiently
differenst. 1%@%52%@%?“ cally, the shiftgbetvveen the areas shown in the two

imges 5 may sonetines be so snmall that it is hard to determ ne whet her
there is any,shiditin #lis 8bdumeii the dRpRicknehpipgtensn wieimddes Gravehiest of the

devi ce between acquiring the two inanges.is too snall. e r awbacks
't he abovessmidais T BsdsHecaa etk 18 SPLe At i ESParEs! thre. For
i nstance, . idhohign FROMSagRE BTRKE H. The bispii@emehtibaieean the @eaegandinisui t abl e

reference i mage because it has | ow signal -to-nqi se.ratig,, ol jf the
over | apltettiursereigrs alfedithgr é%%ﬁpﬁﬁ?wgnfoﬂgmeoaﬁg $ﬁfé’m mecflree%t}?’y&l {gre ge to
obtain a rehiablendmRas e arta Widpl mecireaty, Speefficallyr tresnaztenl Digdl i to occur
in the conputation of displ a(r:]cgrent DAcg E}I’ld/ or tdifz I acgﬁqﬁo‘%. th;hi s in
Lurn | eads UBSOHD aiF A9PIMER ORENEHISG JeR e oA dI AEanenioT0n

Nevert hel e§8,aqRH Phm@hd abhGOdHoWAN® tHeOntigb&.usual |y do not aimto achieve
hi gh accuracy and | ow cunul'ati ve errors anyway -because these are not

essential in the current applications utilizing these prior art algorithns.

For i ns{ancgye dlidvaRY d@8cries O ordldétaelsivitge. bher amtigorithos estimafst fheal nouse
are usually not noticeable. However, if a nore accurate way for tracking

t he moti on dgpiacemant BaMaEE VP HBRRES: acquired by the device is avail able,
such notion tracking can be used in nmany nore applications, for exanple, in

AR T AR s R R T NS
device moves in a planar motion across a surface. The frames A - Z are
20  acquired succéssively with frame A being the first acquired frame and frame Z
being the last acquired frame. In the prior art algorithms, the displacement
between two images is determined by comparing the positions of these images

to the position of a single fixed reference image.

25 For example, to determine the displacement DCD, frame A may be used as the
single fixed reference image. in this case, the displaoerﬁents DAC and DAD are
first computed. Then, the displacement DCD is determined by the following

Equation (1).

30 DCD = DAD — DAC - ()



Summary of the invention The present invention ains to provide a new and
useful nethod and systemfor tracking the notion of a device across a
surface using i mages acquired by the 30device. 4 In general terns, the
present ivagentioenpr oposes using the device to repeat e‘tﬂTyS(é?@éfLﬂﬁP@l nput

| mages showi ng the part of the surface where the device is (the "input
area"), and conparing each input image to nultiple reference inages to-
determ ne the notion of the device toaxhe input area shown in the input
imge. 5 Specifically, a first aspect of the present invention is a nethod
for trackingd %%sﬁ??%f@nthgfpn@lr de\digeitant @%&fﬁzamrffeamggglaammhwbmorrprl si ng

r epeat edl erformn thefollovmn st eps usin
anpl nmage getp?vgomages tf%‘@ec@?}’%@e”'&‘w Q?W%@@%@'%M%’é tg%g ut ar ea, 19 he
i nput area heLng,3 ipagéd, o8tk sbﬂﬂ@tnﬁ@é‘,fm@e{wdﬂﬂnﬁges Snaynndithtm fsmfédzldnt@f vi ew of

t he i mage sensor; (b) nparing the inpu %] current
ref erence |d‘rﬁ6§f@§t M%@\ﬁﬁ@@@%é‘?ﬁ?%b%w&ﬁgﬁ?elagq%rsgﬂ‘%'%&’83‘%’0 r%a@ e surface
to estinat g Lhe dipkaRMBRNEmALIHAEans tHaed Immetermmammmeremefe tsuament

ref erence area wherein 15 the plurality of curr ef
conpri se pret @h§llyﬂ§§qﬁpﬁ%’d‘a}ﬁﬁ’§@% %ean Q(T?V%TB? ?ﬁ%"‘g%%%é‘*’ on the

di spl acemeni gy iihhendRid ifaged islibesmani ce

There are drawbacks in the above-mentioned approach adopted by the prior art
10 algorithms. For instance, in the above exampile, If frame A turns out to be an
unsuitable reference image because it has a low signal-to-noise ratio, or it the
overlap between frames A and D turns out 10 be insufficiently large to obtain a
reliable measure of displacement, then errors are fikely to occur in the
computation of displacement DAC and/or displacement DAD. This in turn leads

15 1o errors in the computation of displacement DCD.

Nevertheless, prior art algorithms to date usually do not aim to achieve high
accuracy and low cumulative errors anyway because these are not essential in
the current applications utilizing these prior art algorithms. For instance, slight

20 errors in tracking the motion of an optical mouse are usually not noticeable.
However, if a more accurate way for tracking the motion of a device from
images acquired by the device is available, such motion fracking can be used in
many more applications, for example, in print-head displacement measurement,
hand-held scannirig and device odometry. -

25
Summary of the invention

The present invention aims to provide a new and useful method and system for
tracking the motion of a device across a surface using images acquired by the

30  device.



across the surface froman area shown in a previously acquired image to the
I nput area. 20 The invention may alternatively be expressed as a conputer
system for perform ng such a nethod. This conmputer system nay be integrated
‘wWith a deypegasosueh as an i mage acquisition device foPCAEGINR2IAES] mages.
The image acquisition device may be. part of an optical navigation system
The invention 25 nay al so be expressed as a conputer program product, such
as one recorded on a tangi bl e conputers medium containing program
instructions operable by a conputer systemto performthe steps of the

met hod. Bri Iﬁfggpgr%?ferrﬂg tHE g@s&hhiﬁvgﬁtBHrpﬁ%é’s@s u'@n‘l@l e dévs&é"@y\lﬁepfeh&dworfponent s

of a typica Ical

successi vel gcqammmmédﬂ&gﬁseﬁhpwmgcfé? R@ﬂt@%@? 51‘1"565% Wé?@r@c W@ ‘i‘ﬁYd%ee'S%ﬁ{?es across

a surface; nputarea’) atd Eoméa é‘ﬁ:h@né@ﬂ iR9eab nhLﬂ‘ﬁgQﬁefafé(ﬂauermégéMoa devi ce
as the devic &S acro surface; Fi g a flow diagram

of a net hocha‘tmmlm&mekmmlgnméthecﬁw@ﬁ t%ﬂapre@faelsa@gn@%M%E"%ordl ng to
an enbodé ment of the present invention; Fig. 5 shows a fI ow di agr am of
sub-steps in a step of the nethod of Fig. 4; 10F|% a flow di agram
of sub- st ep3pddficalyorisst aspep e Reesest fyanian Bigy! eliwdafﬂa“ackmg Megs. 7(a)

- (CL show d.%g{Hﬁer of 1 2lgcBRR! 4GALd ANSuHAEs, IHROMAIRIY Tofipribing pesdly | nvention
can be use
performing the fo!lowmg steps (a) — (c):

(a) acquiring, using an image sensor of the device, an input image
10 showing an input area, the input area being a portion of the surface which is irj
the field of view of the image sensor; -
(b) comparing the input image to & plurality of current reference images
showing respective current reference areas of the surface 1o e.stimate the
displacement between the input area and each current reference area, wherein
15  the piurality of current reference images comprise previously acquired images;
and - ' '
(c) determining, based on the displacements, the motion of the device
across the surface from an area shown in a previously ac_:quiréd image 1o the

input area.

20 ‘
The invention may alternatively be expressed as a computer system for

performing such a method. This computer system may be integrated with a
device, such as an image acquisition device for acquiting images. The image
acquisition device may be_part of an optical navigation sysfern. The invention
25  may also be expressed as a computer program product, such as one recorded
on a tangible computer medium, containing program instructions operable by a

comptiter system o perform the steps of the method.

Briaf Déscription of the Fiqures

- 30 :
Embodiments of the invention will now be iiustrated for the sake of example

only with reference fo the following drawings, in which:



15 Detail ed Description of the Enbodi nents Method 400 Referring to Fig. 4,
the steps are illustrated of a nethod 400 which is an 20 enbodi nent of the
present invention and which tracks the notion of a device (such as the one:
il lustratwdimoEg 1) across a surface based on i mageBCHECAHYBHSDY t he
devi ce. Method 400 conprises steps 402, 404 and 406. In step 402, a
plurality of initial 25 reference images R11 to RN | are acquired and are
set as current reference images Rl toRN. In step 404, an input inmage X is
acquired. In step 406, the displacenent between the input imge X and a
previously acqui ' urrent reference
imges Rl to RNFfiq éhﬂﬁgﬁ?%&%m%mgﬁ&q{f@at?@gﬂtﬁh? %nrg?%l?gdatl n e current
reference i mage§rg?]2 BOOVRNIWS eﬁéﬂnﬂ@r magep L icceesivRly SRavirRg ga\/\Hé’tCﬁ certain
condi ti ons sk reference |mages Rl to RN
may be update n ?ﬂﬁ%seo%emé"}nd‘@%ﬁ;o%s ,E&?fggssugggeand 406 are repeatedly
perforned. Not eFididt Sthaeach@ﬁe@uma@ﬁS(ﬁC%tr% byo® deyvice 2ty BYIFus| v

acqui re% g\ge %@ pe of the current reference images IRl to RN or a
previ ou ired’inp ut |rra e. Each image acquired in nmethod 400 is a

t wo- di rren5| onal F(@@)shomgefiwd@@r%n Oﬁérfb?tﬁg‘ééofgrﬁﬂklﬁﬁga"ﬂ?tﬂ? e PFYE s havi ng
respective | %ﬁ%’?%r.h c¥%&ﬁ‘§m Yo éﬁ%ﬁ@‘é&im@t épﬁfecbr@%rﬁﬁq\/@ﬁnéme i mage' .

Furt her nor e, € | mages ch| red in nethod 400 are of t de fts%me si ze
(i.e. they haveFichs ssaws apliove Fiagiat ASSENEIPPS haSHnsOIdoR MRIARC ©

the inmages acquired in nethod 400 is denoted by the -

8 size of

10 Fig. 6 shoWs a flow diagram of sub-steps in another step of the method

of Fig. 4; and
Figs. 7(a) — {c) show commercial applications the embodiments of the

present invention can be used for..

{5 Detailed Description of the Embodiments

Method 400

Referring to Fig. 4, the steps are illustrated of a method 400 which is an
50 embodiment of the present invention and which tracks the motion of a device
{such as the one illustrated in Fig. 1) across a surface based on_images

acquired by the device.

Method 400 comprises steps 402, 404 and 406. In step 402, a plurality of initial
25 reference images Ry to Rw are acquired and are set as current reference
images Ri to Rw. In step 404, an input image X is acquiréd. in step 4086, the
displacement between the input image X and a previously acguired image X' is
determined using the current reference images R to Rw. Further in step 406, a
conditional updating of the current reference images R to Ry is performed (i.e.
30 dependihg on whether certain conditions are met, one or more of the current
reference images R to Ry may be updaied). As shown in Fig. 4, steps 404 and
406 are repeatedly performed. Note that in each execution of step 406, the



synbol F which represents the width of the inmages neasured in terns of the
to nunber of pixels in each of the images. For exanple, if the inmage is
square, F may be the nunber of pixels at each side of the square. If they
‘are not Sgwari@pisFemay be the width or the height, and Pﬁﬁ"@%ﬁ“&@f’%}s’t he | ar ger
of the width and height. 15 Each input inmage in step 404 is acquired using
an i mage sensor of the device and shows an area (the "input area") of the
surface where the device is (i.e. an @rea which is in the field of view of
the i mage sensor). Wen the device is of the formwhich touches the

surface, \ﬁcﬁié R FOReaRt maPBR ok dlkthe ofirrdrhecferepus iaages B fot he
surface, bg}?t I!d&w ce may al so gover or contact a part of the 20 surface

which is nd%Narmcwraﬂ@@slyacqwfédﬁw&atm%ﬁea (e.g. a part of the surface which
is close to a housing of the device, and which is not in the field of view

of the image sensor of the device). Therefore, hy r t edl uiring

i nput i magdschdmage ecavifithimeeie %qosﬁ'l aé@&é&?@”ﬁé@%\ggﬁ?ﬂ'ﬁ@%@ i mages
and prewuio MWhg”Rats estivef intdneityesiuee ancaspsstivehe sur face
can be ;ér a;&%l—%ﬁ%&glﬁgmy@%&&s pn0\i/v big deis)grl bed in mérﬁodet ail.
Step 402: /&oqlﬂiméesaOfpih@#fEWQ yF l@‘thrrﬁp[q él" e B AHES I MSteS ep 402, a
plurality aqf,igqihlal helpenee thé};a%&eﬂhé $am&Npixalr eimeesiuns)edn ah are set

as current feference images RL to RN the sjeps of step
402. As shaianumentrihg, sige %ﬁ%'m%ﬁfsc%ﬁ?ﬁirﬁgé%ggﬂg ‘il‘l@ﬁ@s gﬁﬂo‘%gg%{h%

sub-step 502,18 £ivrdn %F@é&htsaﬂhervﬂﬁﬁr&rtﬁé :m@@gg nRasekavihngrmes bi et area of
the 5 surface I's acquired.

i (‘)__ a§tthe first th'et \:al
ref er ende invenper RLDXGIRET BaD @fHBer“E%Qﬁsn r?@e?"ﬁm?‘e PP RSN Es R21 to
RN are Setm%ﬁbezﬁ{echunwtof g&eﬁtb@eé&ﬁ@ldﬁ%,th@sqmetIethaly drs nohéduaa,i zed to a
val ue of 1. T'n sub-ste

subsequent eptial ref i.Jmage Pk
showi ng a @W@e’@@éﬂ@t%ﬁéﬁ‘ecﬂe'gmeag Ega%ys NeCGRE eO(fj W@hlarsmf ol | oned
by sub- ste%e%ﬂg, in which the displacenent DPkRki i.e. the displacenent of
the area shown in the nost recently set initial reference i mage Rki from
t he subsequent area shown in the potential reference inmage Pk is estimated.

Thi's digplagg tr}ﬁa{géﬂﬁl a8t hﬁ@ﬁ@ﬂcdﬂe&%ﬁgaén Ay sévisoholinkl devigedescr i bed

in nore-detal ater I'n suti-ste e

di spl acememnd BPRYS &N a(rﬁaa ﬁhe (PRt \ahi?@rﬁliré‘c%éﬂ; h@n‘?‘"“’f" '?rg‘hé §'st ance
bet ween the, %ﬁl@ﬂ%‘%ﬂ%@ﬂ&éoﬁh@%ﬂ@ ihgenehesy. \ihem éfeedeaitess Dﬁmge Pk and
the area shown I'n the nost recent set initial referep%ﬁo# {F%gnﬁptﬁkl ) is

conpar ed aderimwhich iaushes K §iiage11e dPKCR MERYSPRIRs gome ©

area of the surface, but the device may also cover or contact a part of the
20  surface which is not included in the input area (e.g. a part of the surface which
is close 1o a housing of the device, and which is not in the field of view of the
‘image sensor of the device}. Therefore, by repeatedly acquiring input images,
and detérmining the displacements batween the input images and previously
‘acquired images, the motion of the device across the surface can be tracked.

25
Steps 402 — 406 will now be described in more detail.

Step 402 Acquire a plurafity of initial reference images

30 In step 402, a plurality of initial reference images Ry to Ry are acquired and are

set as current reference images Rq 1o R~



20 initT is set to a value of F/ 8 (although other values of initT nmay be
used as well). If the nmagnitude IDPkRidl is greater than the threshold
initT, sub-step 512 is perforned in which the potential reference i mge Pk
i s set asyhhgispgxpinitial reference image. Mre speci bCatiog/oarsisub- st ep
512, the counter k is first increased by 1 and then, the potenti al
reference i mge (now Pk.i since k has 25 been increased by 1) is set as the
kth-initial reference image RklI. On the other hand, if the magnitude

| DPkRKi | 'is less than or equal to the threshold initT, the counter Kk

remi ns unchanged, A0Syl LERS F930E10 ST ARRLEdieplderormeTieor i ng

sub-step 512, ted to conpare the value 30 of the
counter k agii-sisps 80Xabl@ N. The value N represents the .nunber of initial
reference images to be acquired and in one exanple, is set as 4 (homever
ot her values may be used as well). If the value of the counter is |ess
than the 8invalbuseN503 it e@ignmeseferesm impge Fafbareg. a tishamsam %féhet he

initial ef er a§siCHitiEERterbféehateer] mges Rl
to RN in su?)wgat%%(?S g%ﬁ%@tﬂéﬁﬁg A sﬁ%@e&?ﬁgutslfn& e erI n each @ ecutl on of

step 404, awhempsntha =3t alle irﬁ!aéc%feieme@l lmm%ﬁaﬁﬁtﬂw RAPeRFE 2R 3880- i r ed
using the d Vlug%e%yébésg%@mgp 'iélﬂ‘ﬁtahﬁcﬁ% Ofantdigs surface where the device is
er he }é

10 Step 4 6 nt ne I'splacenent between the input inage and a
previously acquired i mage using the current reference images, and perform

condi tional  u g h ENERrdITRIRSace H. Ns@AMAg executi on
of step 406ln BQ@S guts% & Eu%érq[jgﬂlt plb?éur?gll rof N cugrereﬁt815§§§1erence

i mages R tmh@&h!ﬁl‘@ﬁmﬁf@fﬂi@% pertadeis 3@9‘#*[’%{{ hfse'ﬁ eRllewee DY SWaSIRR “¢hd  sur f ace
are receiveg, ag t!lléﬂ'ggplﬁcerxgﬁ Iﬁiﬂ"ﬁﬁ[ BE B NHishdanean of bR aﬂéﬁtﬂhowﬁﬁgﬂhé( and a
previ ously acquir hen determ ned us t he rality of
current ref moarreeentlmgeigmﬁﬂreﬁﬁem imageTRy & UHetP@rSHP?%g‘ef“h%r egrﬁ‘fkl‘%'ﬂ 'rbf t he
device acrogg E}&gnt%ll”rta%?&cfer PRAGYN PRl €3estimated. This displacement may be
estimated in several ways which will be described in more detail later. . '
15 :
_In sub‘step 510, the magnitude of the displacement DPR (i.e. [DPKR! which
is equivalent to the distance between the subsequent area shown in the
potential reference image Py and the area shown in the most recently set initial
reference image Ri) is compared against a threshold initT. In one example,
20 initT is set to a value of F/8 (although other values of initT may be used as well).
It the magnitude |DPRuw| is greater than the threshold initT, sub-step 512 is
performed in which the potential reference image Py is set as the next initial
reference image. More specifically, in sub-step 512, the counter k is first
increased by 1 and then, the potential reference image (now P«1 since kK has
25 been increased by 1) is set as the k" initial reference image Rw. On the other
hand, if the magnitude |DP«Rwu] is less than or equal to the threshold initT, the

counter k remains unchanged and sub-steps 506 ~ 510 are repeated.

After performing sub-step 512, sub-step 514 is executed to compare the value
30 of the counter k against a value N. The value N represents the number of initial
reference images fo be acquired and in one example, is set as 4 (however,
other values may be used as well). if the value of the counter K is less than the



shown in the previously acquired inage X to the input area shown in the
i nput image X. Furthernore, conditional updating of the current reference
images R1L to RNis 25 performed to obtain updated reference i mages. Note
‘that in thpsedeereent, the term"current reference i neRfESCHEIEYZEIt0 t he
reference inages R, to RN input to step 406 (i.e. the reference inmages Ri
to RN before the conditional updating). In particular, the "updated
reference i mages" output from each exegution of step 406 are input to a
next execution of step 406 as "current reference i mages” of 30t he next
execution. NG -suB-gkddsUsdd at he reptingd. eDmedlisst 1Bp M08l refmesdown in
Fig. 6, ste\ba?%%ggcsgﬁps?%dgezd%ubﬁgps 602 and 604, |n sub-st g& t he
i nput i mageimegies Radenfar 278 sebas AETHItIRIRI§CY "BFQ%%%P@H?N zn§u$-§.fe3)r ce i mages
Rl to RN, to estimate the displacenents DXRl, DXR2,..., DXRN i.e. the
di spl acenents of each current reference area fromthe input area. These

2 - peauretiii/eeld n several ways which will be explained in
nor e dets';lil | ater. 10 Conditional updating of the reference inages is also
performed in sub-step 602 to obtain updated,referen i.mges. ln, -
bar ti cul ar , natearexentian ef AgPEEhaR EPURIARE i HAEETTS Bt ekt
DXRN, ‘a decy.si dHpdsHovd eirpaf et Befaterwrend teef er ence
i mge is nﬁé?ﬁ%&?ﬁ%ﬁfﬁ:@ﬁﬁg&g 4, the de(??si on on whet her to update each
current refdaviaede.i nage is nade 15 independently of the decisions on
whet her to update the remaining current reference i mges. Furthernore, the

deci sions are based-on the estinmated disp . » DXRN.
More spiti f Stes RSN 1P JBSRURCEEIEY DXR- d,

| DXR2I, ., | o2, ..., TN
| f the mag cement IDXR2l,..., IDXRNI is
great er t hagpriditigne g 9fdhe Bt PIGIEACe IPZAes TN, the corresponding
current reference image R, R2,..., RNis updated to the input image X. In

one exanple, the thresholds -1-1, T2,..., TNare set ta b ual _at a val ue
of F/6. Howeveach exgeutianr &sHep #E6Tan ifigut image aH%@dp!HEﬁ%ybcﬁ @%HEannd may be
set L0 Pt NClery@hdiinages 2 DO shiwinyliesistive Gdiretietalbmpl moasBAtieDXX i . e.

t he di spl acenent of the area shown In the previously acquired image X from

the input asusiace BmeceiMed ARINPHut i mage X is determ ned based on the
di spl acements DXFti, DXR2,..., DXRN estinmated in sub-step 602. 30

The displacement between the input image X and a previously acquired image
%’ is then determined using the plurality of current reference images R, 1o Ry.
20‘ This determines the motion of the device across the surface from an area
shown in the p?eviously acquifed image X 1o the input area shown in the input

image X.

Furthermore, conditional updating of the current reference images R 16 Buis
25 performedto obtain updated reference images. Note that in this document, the
term “current reference images” refers to the reference images R fo Ry input fo
step 406 (i.e. the reference images R, o Rybefore the conditional updating). In
particular, the "updated reference images” output from each execution of step
406 are input to a next execution of step 408 as “current reference images” of

30  the next execution.



~10 the input image X and the current reference i mage which the previously
acquired image X' is. For exanple, if the previously acquired image X 'is
the current reference inmage R3, then the displacenment DXX nmay sinply be
set as tRgodispiageenent DXR3 estimated in sub-step 60RCTEHEPI2E0MELI vel y,
whet her or. not the previously acquired inmage X' is one of the current
reference images RL to RN, the displacenent DXX may be determ ned by
considering the displacenent of the input image X and the displacenent of
the previously acquired image X fromeach of the current reference inmages

RL 10 to R, | B pakb Bepdi §Pias eqBNADNKowiBY e 608RYt &I USi ng
Equation ( )]g'bglt(@%%k%rzs%%nblpne (DX%ll, DXR2. .., DX (DXE{, DX Ri )+
(DXR2 - DX depjprises sulf-BIpE02 BRd B#.(2) 15 Equation (2) conputes the |

di spl acenent DXX' based on differences between the estinated di spl acenents

between the input inage and each current reference inmge, and estinmated
di spl acenerit ssubestor 02t fiee FrayiBage yX de qommaged e aneBach CPMent

reference | 0R0% o RRRE! 8Pk Yy, U FiHAS ol (RpiacBRBNERIXRY BRR,.. .. DX RN

respectivel'y Tepresemnt estimated di spl acements of the cuyrrent reference
areas showDXRy thdhe displagempatsdy eael cumayaefergnce REEAFPT (¥PHe?8Rea shown

i n the prevaugl | L{BE8sImatedtachvEhl Walaseidh wilacamrivies DX1RL |
DX R2DX/ RNvﬁr?%§§gyeSpga§gwﬁg%gH }lnﬁgaspresent executéiw(;n of step 406 (e.g. before

~the referenceorerdgied ladee updated), or may 25 be a stored di spl acement from
a previous execution of step 406 (if the

10 Conditional updating of the reference images is also performed in sub-step 602
to obtain updated reference images. In partiCular, after obtaining each
estimated displacement DXRy, DXRz,..., DXRy, a decision on whether 1o
update the corresponding current reference image is made. As shown in Fig. 4,
the decision o'n whether to update each current reference image is made

15 independently. of the decisions on whether to update the remaining current’
reference images. Furthermore, the decisions are based on the estimated
displacements DXRy, DXRa,.... DXRw. More specifically, the magnitude of each
estimated displacement |[DXR4), |DXRgzl,..., |DXRy| is compared against a

. respective threshold Ts, Tz..., Tn. .If the magnitude of an estimated
| 20 - displacement |DXR4|, |DXRal..... IDXRy| is greater than its respective threshold
T4, Tg;..., T, the corresponding current reference image Ry, Ra,..., Ry i8
updated to the input image X. In one example, the thresholds Ty, Tp,.... Tn are
set to be equal at a value of F/6. However, the thresholds Ty, Ta...., Tn need not

be equal and may be set to other values.

25
| Next in sub-step 604, the displacement DXX' i.e, the displacement of the area
shown in the previously acguired image X’ from the input area shown in the
input image X is determined based on the displacements DXR¢, DXRz,..., DXRy
estimated in sub-step 60z.
30

if the previously acquired image X is one of the current reference images, the
displacement DXX’ may ‘simply be set as the estimated disptacement between



correspondi ng reference i nage has not been updated in the previous
execution). Prior to determ ning the displacenent DXX' between the

i nput inmage X and the 30 previously acquired inmage X , one or nore of the
'di spl acevemea3M§R2, 11 DXR2, ..., DXRN estimated from$&IRPBHY80L may be
inmproved (i.e. inproved estimates of these displacenents nmay be derived).
The i nproved di spl acenents may be used for conputing the displacenent DXX
instead. For instance, they nay be used in Equation (2) above or if the
previously acquired 5 image X is one of the ‘current reference inages, the
di spl acemente DXt MaGOX SR8 1S dunent mpfecared gl adiehetie beavwessly the input
imge X and the current reference ‘i rrﬁgﬁ) whi ch }he Qr%yiirg#éé %;%Cﬂ_lléi red i mge
X is. In asguirebinagh&’ & FROPEATBREt hd"F REVEYEY HOPFALERENs "y be stored
for subsequgbntsferefi&Y i R, hent the didptaoethentrPX¥V ethydsimplydeessass may be
used to determne the 10 dis Jacednant% Qet¥\§§n the current input imge X
and subsequbagisplageRant B¥R; FRigEed FrdPfishPitenents DXRI, DXR2, ..., DXRN
may be istproved using several ways which will be explained in nore detail

| at er ys to estimate the displacenent between .t | S k5T,

di spl aceneriiteratixaln Whade! r%d@g R Preyiousy PEHEY ;}é\gg%(g{a grgrﬁn%e%lf ?‘% sever al
ways. For ﬁa&%ﬁ{ @f?rbh@d%@ébaﬁem ltﬂwﬂi\wememm DX gesy eyetrsminedi nat ed
using 20 the normalized cross correlation net i i Ximze a
cross- cor r diaiansivened G%%‘eﬁ’sﬁiﬁ%em%é’zéhe M‘?“b’gﬁgi%% Ia\§$I ,”?E{] H%blglé %ﬁﬂggﬁm nt of an

area h showge bev?eﬂ:s%y"@ﬁ@irédi friei Rhfremescly of thavaurient @ferbneienagesdy be
&bt gl C;al%_ ]lcj tst%) ril-{%( ggaﬁigiérPWe%pﬁ%g%telnp B§(X(’r% y%g%o&%bfed%ging[%ﬁtim (2)d] [11(a -

helow.

DXX’ = combine (DXR,, DXR:..., DXRy)

_ (DXR, -DXR,)+ (DXR, -DXR;) + ...+ (DXR, -DX'Ry) @)
- N

15
Equation (2) computes the displacement DXX" based on differences between

the estimated displacements between the input imagé and each current
reference image, and estimated displacements between the previously acquired
- image and- each current reference image. Specifically, in Eguation (2},
20 DX'R,,DXR,,..., DX'R, respectively represent estimated displacements of the
current reference éreas shown in the current reference images Ry, Rz,..., Rn
from the area shown in the previously acquired image X . Each of these
displacements DX'R, , PXR, ..., DX'R, may be estimated in a present
execution of step 406 (e.g. before the reference images are updated), or may
25 be a stored displacement from a previous execution of step 406 (if the

corresponding reference image has not been updated in the previous

execution).

Prior to determining the dispiacement DXX bstween the input image X and the
30 'previously acquired image X', one or more of the displacements DXRy,



Lb[O(a,b) - §2[Ha - u,b - - E)2 In Equation (3), G a, b) denotes the
Intensity val ue of the pixel at coordinates (a, b) of the image G H(a - u,
- v) denotes the intensity value of the pixel at coordinates (a-u,b-y) of

t he i magewbl2oGetemot es the nmean of the intensity 30 vaPCREGHIZHAEIpi xels in
the i mage G whereas R denotes the nean of the 12 intensity values of the
pi xels in the image H. The values of u and v may be varied in a range
conprising both positive and negativejyal ues. The di spl acenent between the
two images G and H (in particular, DGH) is 5 determined fromthe

coor di nat espypna’ f, YERXatal ek sl- %g aaz) mla§ wm\md(: eMpmeoved |
specifically, 55 shown I n Equati on (4 V\H L ntal_co nent
DGF1h of t hestiiaigd acknthese DAisasedst! SasmGY n. be gived vETRPE

component %a@é@@ﬂ SRl BT MorSrink She BlspRSeNie oxx’rhmermIgﬁorc ude of
t he di spl acenent I s"the argunent  of Sh se hori zont al a\‘nd ve.rtd cal
conponent s instance, they may be used m Zquation (2) above or if the praviously acguire

5 image X' is one of the current reference images, the displacement DXX" may
be set as the improved dispiacement between the input image X and the current
reference image which the previously acquired image X’ is. In addition, one or
more of the improved displacemehts may be stored for subsequent use. For
example, the stored improved displacements may be used to determine the

10  displacements between the current input image X and subseguently acquired
images. The displacements DXR,, DXRz,..., DXRy may be improved using

several ways which will be expiained in more detail iater

Ways to estimate the displacement between two images

15 _
The displacement between two images may be estimated or determined in

several ways.

For example, the displacement between two images may be estimated using
20 the normalized cross correlation method which aims fo maximize a Cross-
correlation between the images. In particular, the displacement of an area h
shown in an image H from an area g shown in an image G may be obtained

using the foliowing Equations (3) and {4).

3, [Gta,b)-Gl[H(a~u,b~v)-H]

— = (3)
\/Z&b[(}(a,b) -G [H(a —u,b~v)-H]*

25 Clu,v) =

in Equation (3), G{a, b)denotes the intensity value of the pixel at coordinates

(a b) of therimage G. H(a-u,b—v)denotes the intensity value of the pixel at
coordinates'(a~ u,b—v) of the image H. Gdenotes the mean of the intensity

30 values of the pixels in the image G whereas H denotés the mean of the



10 DGHh, DGH,, whereas the direction of the displacenent DGH i s dependent
on the signs of the coordinates une, and v,"a" . (DGH',D&,,) = argnmax,"”
[C(u, v)1= (umax, vmax ) IDAH Idisp(GH = .1/41DGC +DGH,_ = Wti _+4(4) max
‘15 The divepbmsersent between two i mages nay al so be estCHREEHIEPRY ot her
ways known to those skilled in the art. For exanple, the optical flow
estimati on nmet hod devel oped by Lucas and Kanade or the phase correlation
met hod proposed by Castro and Morandiilamy be used. 20 Ways to derive

i nproved estimates of the displacenments DXRI. DXR2,..., DXRN As nentioned
above, in spnsheRifdooihespirgs 40¢he inmeoied hestdlest efsu ehdoneape25 nore of
the di spl acenent's DXR1, DXR2,.,., DXRN estimated in sub-step 602 may be
derived. Thiasesitya RICEEPFBFiFHaG PPN POSYES AP RETEIVENAUSY exanpl es of. which are
descri bed bel ow. Deriving the inproved estinmates using a | east squares

met hod 13 Inproved estimates of the. displace . DXR, X . 1er DXRN may
be derived T Aigplacenmarit balyeel e Tt irBRseorh EPa K E‘Ba‘g%éﬂgs‘?’ t%m‘r‘#i Rimzing a
cost funct iR, HotiShB bobhinalbs Bl acement Bt R¥Rth ORXRRTs maxif@N est i mat ed
from sub-step . 5 For exanple, wth N = 3, the cost function nmay be in

t he form asusfomeciioalleatshown (i6)Eduetiow(4)Cosiowr Hitc heigrenial RRPODSMXR. 112

+i dXR2 - DXR212 +- DXR312+ Ad = - i&al nt

- DR3RI 2+11:8 Ot@ﬁg&ﬁﬁ@ﬁﬂéﬁwlﬁd&é{ é% ﬁmﬁtﬁ%ﬂaegggn;”%’?a %@f?edxm, dXR3

respectivel y.dengte | SSDamtiessaf ad he di Slmea%%n@@e PXRhe DXR2,

DXR3. Theseé{?"'f;1 Pogvglg gg?%}ér%ﬁgs are the unknowns to be deterni ned.
displacemeni DGH is the argument of these horizontal and vertical componenis

10 DGHs, DGH, whereas the direction of the disptacement DGH is dependent on

the signs of the coordinates U, and V..

(DGH,,DGH, ) = argmax,, , [C{t/ V)] = (Unnaxs Vinax )

DGH = [disp(G,H)| = {DGHE +DGH; = il +Vi,, @

i5 o
The displacement between two images may also be estimated using other ways
known o those skilled in the art. For exampie, the optical flow estimation_
method developed by Lucas and Kanade or the phase correlation method

proposed by Castro and Morandi may be used.

Wavs to derive improved estimates of the displacements DXRy. DXR...... DXBy

As mentioned above, in sub-step 604 of step 406, improved estimates of one or
25 more of the displacements DXR,, DXRy,.... DXRnx estimated in sub-step 602
may be derived. This may be performed in several ways, a few examples of

which are described below.

Deriv}"nq the improved estimates using a Jeast squares method

30



15 Furthernore, in Equation (5), DR2R1 denotes the displacenent between
current reference images R, and R2, DR3Rl denotes the displacenent between
current reference imges R and R3, and DR3R2 denotes the displacenent

bet ween cwiygngisaierence i mages R2 and R3. These di spPEFEGRII/BIEBIVRI,
DR3F11 and 20 OR3R2 are determ ned using the current reference i mages Rh R2
and R3. In addition, these displacenents DR2111, DR3R1 and OR3R2 may be
deternmined in step 402 or sub-step 6023(either sub-step 602 in a previous
execution of step 406 after the reference images are updated or sub-step

602 in a present. PXRaHGIRN OIS dibiIdMent? DAR,, SDIW, I DBRJAlHGN be5) , the

cost function is constrained by a paraneter 2 which.represents the

consi st ency deetetesing & Eashiuaasimetotm bie NeiRpY WorkpeY MRS I 8% he
di spl aceﬁenﬁ.%,cgaﬁmﬁ%e%&%% n@@ﬁﬂﬁé%gﬁ&@mn DXHY; ST O QR timafecomemexanpl e,

2 is set as ereas 1N another exanple, Ais set as 0.125. 14 The

i nproved estibratep$0@X131, dXF12, dXR3 are determ ned such that the cost
functi on5i n Equation (5) is mnimzed. This mnimzation of the cost
function"serves to fit the inproved estimates dXRl, dXR2, dXR3 to the

di spl acenenfer BxaBale, BRRN =CXRbeost MIHAN iMRY% 68-1818% B2 2s SHOW4r T cul ar,
the mnim zggh&&laqg) peibfpe cost function serves to mnimze the differences
bet ween the "di Spl acenents DR2R1, DR3R1 and DR3R2 determ ned using the
current reference inmages R, R2, R3 as nentioned above, and correspondi ng

di spl acenent s det er m usi 4 he e est i, 2i,.e. dXRl - dXR2
whi ch cor r e${98higactay %g%‘%%&ﬁ+@%?cﬂaggﬁrggédﬁas to DR3RL and dXR2
- dXR3 which OrHES NPHIR £Q |(BEBRAXR MOR [/ ZatRR, odxRheDRO®"If unction in
Equation (5) A yﬁbe achi e\fedfgm[/ differentia iﬁg lt he” cost funct%{on and
settingjphe resulting derivatives to zero. In particular, differ@ntiation
of the cost function produces three equations 15 conprising the three
i nproved estimates dXRl, dXR2 and dXR3 which are the unknowns to be _
derived. By sehidiing (5@, CaMRLI dXR; taspretively tbmoté dhpoweagstinatasicbns (6) -
(8) are obt ta!"llenggblacements DXR,, DXR., DXRs. These improved estimates are ihe
unknowns o be determined.
15 _
Furthermore, in Equation (5), DRzR, denotes the displacement between current
reference images Ry and R, DR;R; denotes the displacement between current
reference images R¢ and Ra, and DR3R; denotes the displacement between
current reference images Re and Rs. These displacements DR;R,, DR;R; and
20 DBR,R, are determined using the current reference images Ry, Ry and Rs. In
addition, these displacements DR2R:, DR3Ry and DR3zR2 may be determined in
step 402 or sub-step 602 (either sub-step 602 in a previous execution of step

406 after the reference images are updated or sub-step 602 in a present
execution of step 406).

25 _ |
As shown in Equation (5), the cost function is constrained by a parameter 4

which represents the consistency between the improved estimates dXRx, dXR;,
dXR; and the displacements DXR,, DXRa, DXR; estimated in sub-step 802. In
one example, A is set as 0.5 whereas in another example, 4 is set as 0.125.

30



(1+ 22)dXR - 2(dXR2 + dXR3) = DXR, + 2(DR2Rl + DR3R )(8) 20(1+ 22)dXR2 -
2( dXR1+dXR3) =DXR2+2(DR3R2 DR R ) (7) 22)dXR3 - 2(dXR4+dXR2) =DXR3 + A(DR3R1l
DR3R2) ( 8) The inproved estinmates dXRI, dXR2, dXR3 may then be derived by
'sol vi ng twe :abavssEquations (6) - (8). In particular, Eéﬂ%@%%%@"%sé) - (8)
may be formulated 25 as a |inear systemas shown bel ow in Equation (9).
pl+22 -- \ dX131IDXR, ~ | DR2Rl +DR3R, Ad= -2 1422 -A dXR2 = D =. DXR2 + DR3R2
DR2R(9) --2 1+ 22, AdXR3DXR2JDR3R1 +DR3R2 15 Since the matrix A on the left
of Equation (9) is invertible, the matrix d conprising the inproved
estimates ¥R imsRsR afthARAXFRYINR,, AXRY areddatsinigedEquett than tel&)stwher ei n
inv(A) represents the inverse of the rix. A .5d. = i,ny(A?* 1 One or
nore of thefudrlqsl lcBAgHI8 @(F&,m’ﬁﬂli@‘{ﬁ)a% “HP'E“%Eﬂ’é’H ?fn%%o%’é?a%v%é%t ting
these displ ggoaen & A8 ikprived' ®IpREds HER| NIXAY edXRstd thet displdodnents dXR2,
dXR3 derived accordi 1?33( to E&ga%;’s;on Elo%ﬁ éé) iAS n}i o,{rr}ed .abov 0 t?e

i nproved di BRade¥Rm OXRsdptigEiafs8fuPiiey it Br?ag%"a{’o B ATIFAYORSY e
accurat es deﬁw%rd&{ﬁﬁ&z% @hvdshe rdhisitapertniehieé banteetn disdacerpertsi mage X
and the previous acquired i e X ., Far xanﬁl e I{ﬁl roved. Fgstl mat es
of the di sppﬁma&ﬁﬁd@,ﬂ%ﬁz 9IS WRPG ﬁ}e e SRS {298 fSui r ed

i m(age) X bhaﬁg ﬁ%]sag Hﬁﬂﬁ%rﬁ,@r iam@, Lt&imgoﬁgaqﬂinbimgsd'sbﬁ&bémenﬁsodﬁquaihé@ns éS g} 5)
- (10) above, then the displacengent ' ween. the input J X and the
previ ousl y %ﬁﬁj?ﬂeéa‘ﬁrmee&m fi ed é?é—l %2%2 Wg’icﬂgcoérﬁﬁg{’)’?%nm?q%eﬂ hel ow.

DXX' conbi nggXR1, VR correspoidd) to PRIRM' dncs WXRY s Xy 8hid0 | n
Equation (11), d =dX R dX"R2 drR3 )7- whereby drRi , dX R2 , drl133 are
respectfiQ/eIWffﬁéoﬁéﬁﬁpa%&)esti mat es of the displacenments DX/ R' DX/ R2,

Minimization of the cost function in Eguation (5) may be achieved by
differentiating the cost function and setting the resulting derivatives to zero. In
particular, differentiation of the cost function produces three equations
15 comprising the three improved estimates dXRy, dXR, and dXR; which are the
unknowns to be derived. By setting these equations to zero, the following

* Equations (6) — (8) are obtained.

(14 20)dXR, - A(dXR, +dXR,) =DXR, + A(DR,R, +DRR,) - (6)
20 (1+ 22)dXR, - {dXR, + dXR,)=DXR, + ADR:R, +DR,R,) (7)
(1+ 22)dXR, - 2(dXR, + dXR,) = DXR, + A(DR,R, +DR,R,) (8)

The improved estimates dXRy, dXRz, dXR; may then be derived by solving the
above Equations (6) — (8). In particular, Equations (6) — (8) may be formuiated

25 as alinear sysiem as shown below in Equation (9).

1424 =4 -4 YdXR, DXR, DR,R, +DR;R,\
Ad=l -4 1424 -2 [dXR,|=D=|DXR, +4DR;R,+DR,R,} (9)
A =2 1+2i)dXR, DXR, DR,R, +DR.R,



DX113. Furthernore, sun(d) and sun(d') respectively denote vectors having
25 two conponents, each of which is the sum of the correspondi ng el enents
in the mtrix d and d° . Derivina the inproved estimtes by using a naxi num
i oi nt corwelzaisiesvaret hod 16 | nproved estimates of thePEVE@0AH¥WAEAt s DXRI,
DXR2,..., DXRN may alternatively be derived by maxim zing a joint

correl ation between the input inmage X and shifted versions - of the current
reference images RI, R2,..., RN. 5 Forjsexanple, with N = 3, the inproved
estimates may be determ ned using the joint correlation function in

Equati on ”&ﬁc?{%@"‘haﬁ&i RlorC $Hd @drlf @%Jauﬂﬁtégpris invertible, the matrix d

Ri (a+axR', b+dxR, JR2( a+dxR2", b+de2"%] (%’L)@%b m+d€%b+dxg')>§%a b%

dadb(12)  corgrisinend BPTPYRCEEBIPAIE ) B RGOt OBBPPRI at i on

bet veen theydipabydiERY Foplvidin ARG Sorboasita theamearse of thbfmztduvt.ace di spl aced
fromthe current ti ref'erence areas (shown in the current reference image_s

Rl, R2,..., RN) by anbunts equal to the inproved estimates. Mre
speci fi céal ly, in Equation (12), dXB.___s,I;lW(,%),gIﬁh, dXR3h are respectigyel y the

One or more of the displacements DXRy, DXRz, DXR; are then improved by
setting these displacements as thelr respective improved estimates dXRy,
dXR., dXR; derived accord‘lng 1o Equation {10).

10 As mentioned above, the improved displacements may be used in Equation (2)
to obtain a more accurate determination of the displacement BXX’ between the
input image X and the previously acquired image X’. For example, if improved
estimates of the displacements DX'R,, DX'R, ..., PX'R, for the previously
acquired image X have also been derived using equations similar 1c Equations

5 {5) — (10) above, then the displacement DXX’ between the input image X and

13
the previously acquired image X’ may be obtained using Equation (11) below,
pXX’ =combine(DXR,.DXR,,DXR;)
_ sum(d)-sum(d’) _ sum(d)-sum(d’) SN
h N 3 |
20

in Equation 'm), o ={dXR, dX'R, dX'R,) wherebydXR,, dXR, , dXR,
are respectively the improved estimates of the displacements DX'R,, DX'R,.
DX'R,. Furthermore, sum(d} and sum{d") respectively denote vectors having
25  two components, each of which is the sum of the corresponding glements in the

matrix d and 4 .

Deriving tﬁe improved esfimates by using a maxirnum joint correlation method



hori zontal conponents of the inproved estimtes dX1:11, dXR2, dXR3 (which
are. 20 the unknowns to be determ ned), whereas dXfilv, dXFl2,, dXR3v are
respectively the verti cal corrponents of the inproved estinmates dXRl, dXR2,
dXR3. Funvbesmmiziz R (a +dXR ,", b + dXR' ) denotes tHFSGHBAYEY val ue of
the pi xel at the coordinates (a+dXR.It"b+dXR) of the current reference

i mge R2(a+dXR2", b+dXR2V) denotes the intensity value of the pixel at the
25 coordi nat es (a+dXR2h, b+dXR') of thagcurrent reference i nage R2 and
R3(a+dXR31"b+dXR') denotes the intensity value of the pixel at the

coor di nat e%mgfovtddé%u%te@ b d%BSwzépres&enﬁms cuxﬂe,ntomt ereDX&ni mge R3, 17
The hori zont and vertical conponenpts of rg%tl?fé%g{ esti tes dXRI
I

dXF12, dXR3lternatively drenPaddds e maaEng,a JP&S‘i" rFtDr WeER FiEnPPon in

Equation (12) kS dRKdnfeaBfkrsidiY & thayubbsnideecnsiimgges Be&Ch, Reutine, such
as a three- stgp search routine. At a starting point of the search routine,

the horizontal and 5 vertical conponents of the inproved estimtes dXR-i

dXR2, dXR3 SolESREN LVL ke Bfirovsd bEndies nEgicadstanthacending dle
corrponents F’O?Xeﬁ pc?es ['acement sﬁ%XRI DXR2 , DXRN estimated from

sub- st ep 6Q@int @TEE?@P”M%'OBF” Efeat @Péﬁ)?)a%eé%nts DXR1, DXR2, DXR3 are then
i nproved by setting these displacenents as their respectlve i nproved
estimates dXR,, dXF12, dXR3. 10 Deriving the inproved estinates using a
wei ght ed average nethod I nproved -estimates of the displacenents DXRI,

DXR2, DXRN 85 bifiEH Ridcidh Sub- step 602 may al ternatively be derived by
usi ng a vvel ghted average nethod. 15 In particul ar wi.th N = 3, the inproved

estimates dX1 %HM&QXMQ{R&Q%REﬁBQéﬁﬁﬂ)@%ﬁ@ Fb)(ja%? DXRN nay

b | ¢l at ed 20dXR é)ljsz UBror1
e cal C at e n on +
(DXR3 + DR3RI) HR %mﬁﬁa“’gp‘%m% PRy ons )

The function in Equation (12) computes the joint correlation between the input
image X and images showing areas of the surface displaced from the current
15 reference areas (shown in the current reference images R+, Bz,..., Rn) by

amounts equal 1o the improved estimates.

More specifically, in Equation (?2}, dXRq, dXRan, dXRa, are respectively the
horizontal components of the improved estimates dXR,, dXRz, dXR; (which are
20 the unknowns to be determined), whereas dXRy, dxnz.,., dXR,, are
réspectively the vertical components of the improved estimates dXR;, dXRz,
dXRs. Furthermore, R,(a+dXR,,, b+dXR,,) denotes the intensity value of the

pixel at the coordinates (a+dXR,,, b+dXR,,) of the current reference image
Ra, R,(a+dXR,,b+dXR,,) denotes the intensity vaiue of the pixel at the
25 coordinates (a+dXR,, b+dXR, ) of the cument reference image R, and
R,{a+dXR,, b+dXR,,) denotes the iniensity value of the pixel at the

coordinates {a+dXR,, b+dXR,,) of the current reference image Ra.




dXR2 = ap(DXR, - DRA)+ )32 (DXR3 + DRBR2 ) + (1- a2 -,32)DXR2 dXR3 =
a3(DXRl - DR3R, )+ j33(DXR2 -DR3R2) + (1- aa -133)DXR3(13) 25 Each equation
in (13) above corresponds to a current reference inage and conprises :
appr oxi mayhamsoefst he di splacenent between the input iRFEGCHRPUIRE
respective current reference image. The approximati ons are obtained in
different ways using the displacenents DX1, 11, DXR2,..., DXRN estimated in
sub- step 602 and the displacenents DRZR1, DR3R1l, DR3R2 estimated using the
30 current reference imges RlL, R2 and R3. For exanple, to derive the

i nproved e iPeRvedaRRmais R OdXRef t he

di spl acemﬁhemggﬂﬁ%dgv%@wcg g%?i?ﬁgig Pﬁhe thre diffe t ways DXR2
+DR2RL DX13XR:DIRS MbteamiheD)dRch 4hat the dint eafeaintioq Jurgtisn it t’%‘)" @gpfsorms a

wei ght ed avﬁéﬁqgeﬁf TBE%QP%O&@FJ@@@% bé%@ﬁ%aﬁrﬁee%ucmga we@sfspcal ly, al,

a2, a3 and whi ch™ ma e vari ﬁ xq e, these
wei ght's ar eseﬁr@etouase Aha StaélBQAPWTAPf %S%V%FO‘HB‘Famﬁ gragnia %r oved

esti mat §| ag)g(;ltpc% Cgﬁgﬁéemg%gghﬁ%@aeegmu Q{)§R1! rmx@;?»)jxngnaaprbenor e of

the dis are then i nproved tt|n t hese
di spl acerrerreso@;ﬁv&meﬁrasrfé@ﬂ‘@é'?@ﬂié' anepYes e ceppiRitie e tH?( 6'“8 R2, dXR3,

in other dﬁ riNe BRARCEHIMLeRIcHN £B- say;ﬁr@geﬁneNat endrbad)f #iet hough t he
above exanpl’es' escribed With reference to Equati o goé t‘tgn )th use N = 3,
the exanpl e@p@ﬁﬁt@@tsee@ﬁﬁ{y BXFanXRa '8t Fisn JHPQEED ofY NeHing these

displacements as their respective improved estimates dXR;, dXR., dXRs.

10
Deriving the improved estimates using a weighted average method

Improved estimates of the displacements DXR4, DXR,,..., DXRy estimated in
sub-step 602 may alternatively be derived by using a weighted average method.
15 |
in particular, with N = 3, the improved estimates dXRi, dXRp, dXR; of the
displacements DXR+, DXRgz,..., DXRn may be caiculated using the following

equations.

20 dXR -a1(DXR +DR,R,)+ B (DXR, +DR,R,)+ ~ B)DXR,
dXR, = a,(DXR, - DR,R, )+ 5,(DXR, +DR,R,) +(1-a, - ,5; DXR,
GXR, = &, (DXR, - DR,R,)+ 5, (DXR, -DR,R,) - (1- & — 5, )DXR, (13)

25 Each equation in {13) above corresponds to a current reference image and
| comprises approximations of the displacemant between the input image and the
respective current reference image. The approximations are obtained in
different ways using the disptacements DXR4, DXRz,..., DXRy estimated in sub-
step 602 and the displacements DR2Ry, DRsRy, DR;R; estimated using the

30 current reference images Ry, Re and R;. For exampie, to derive the improved
estimate dXR: of the displacement DXRy, approximations of the displacement



The exanples may al so be easily extended to cases whereby inproved 15
estimates dXRi, dXRz,..., dXRN are derived for only sone (and not all) of

t he di splacenents DXRii, DXR2,..., DXRN estinmated in sub-step 602. .

"Vari at i oRgg b@seBtod 400 20 Al though only a single enP&d{SFBHEOHSY he

i nvention has been described in detail above, it is to be understood that
many variations are possible within the scope of the invention, as defined
by the clains. A few exanpl es of suchjgvari ations are given bel ow. 25

Al t hough the displacenent DXX' is determned in nmethod 400, the

di spl acenent ' e dh i-spl@ac b N pp&s DERJIHERIR.QN) Mmay

i nst ead berbfé\??%%rﬁ’\‘f}ea&a ‘ﬁﬁesgtgh&ggéﬁplﬁli@g??%rdgla%ngt hée%% di ?gl ace%}r:lénts used or
det er m ned hRRMEDROH, 408 DXMVeY esed. iEaice enhatior me(18] pedorand wejdhedons in

met hod 400 using or determ ning these displacenents have to be nodified 30
accor di ngl yaveidyese thedipraxanains lceampisesaMarg spebcaly: #hcse %I Fl ed in the
art. 19 Furthernore; although the inmges acquired in ‘ 00._are of the
same size, Biffelel? yfegh%%ew??hﬁ@&eHﬁ@eqs-rl.%f’g‘a&x%fép"&cﬁ‘g?ér g%%hféngrte his case,
addi-ti onal steps may be _rﬁ,qy:Brggy tq,either extract relevant areas in the

| arger imag®$2e® F&siz% THe ’hmgés such that the steps as described above
for method 400 may still be 5 perforned. Also, although the inmages acquired

in nethod 400 are 2D i mages, nethod 40 Yy Si be. ext ended. acquire
and oper at eAfte obtainieg deiEHsPERagSIES ‘?%ﬂgé?&%&%ﬁsiuﬁ'ﬂg)%?%)e,gu%ﬂj)%gand (12)
are repl acgg IgP&f, 3R HEhSleWithe dbiiiteARPEODXRABXRY DXRwrs theh impravether
summati ons 0

I'nt egf‘!rﬁgl s _over three variables a, b ang c .hqnﬁ?%_eggnof t wo
vari abl es ebyasefting thege | dispieremabnas td PRPETNF M YPE P iEges ey be
acqui ref, i Ny MRRRASin il QR af RMeigwtiveRelghiddaverages5. The initial
ref erence inages al’'so need not be acquired by the device. In any case, it
is preferable if one or both of the following criteria are satisfied: (i)
for each injgkahat'RhEHGNER sTRERxampRs Hestritterwiib rdieteneeto Eheatanea shown in
the initial reference 1Tnmage and the area shown |§ﬁ Iggst one %her ‘
initial ref(B)eft Usile 3 Hegrampies mayhe eAsly sxtengrirdiealsnih i st ance
and (i1) thgSkonabetomap! Ao Ml kasil Stktkenddd aactaseni wheakby efprayede i nage is
greater than a predeternined m ni num SNR & Mreover {%g S%eﬁl) &fmgcqui ring
the i nits alestimrissehtB:, idkRpes AXBY e ar PM¥rOMS R R06" Thi"St her
words, 20 StefdfnidDRR e A09DKRy eRtimaRdlin asistepysobe omitted. This voul d
be applicabl e, for exanple, in an enbodinent in which the device is
provided with a standard surface to be noved over (e.g. a surface having
| andmar ks %&ﬁﬂ%@@éﬂq@& 4o@nd the reference i mages of the standard surface
are pre-sel®&c and pre-lToaded into the device. 25 Furthernore, although
in Fig. 4, the operations in sub-step 602 are shown to be perforned

Seque”t%@' | Afin oL eS8y ARSF S LOBECiMBYL dfisd Paente s eanniedoritedpadetaiiel . | n
particular, the”displacenment between theﬁ'ﬁn ut 'malgﬁi a‘g‘g‘i’?ﬁ"’% GHE T ent
reference iabaye it is.tg begmsjoqdal B REPEY2'S RRIPPENEOUSHY P8, in
paral l el ) 30 i idvehitsh, dissainee Be s Rt few keampipatof istsywaratgnthe ot her
current reference imuges (e.g. DXR2,..., DXRN). Simlarly, the conparisons

of the magreire gires bglovt he estimated di spl acenents i.e. IDXFII| to IDXRNI to
their respective thresholds 20

25  Although the displaceinent DXX' is determined in method 400, the
displacement DX'X (i.e. the displacement in the opposite direction) may instead
be determined. The same applies for all other displacements used or
determined in method 400. However, note that the steps and equations in
method 400 using or dstermining these displacements have 10 be modified

30 accordingly. These modifications can be eas}%y done by those skilled in the art.



Tl to TN may al so be perfornmed in parallel. The sane applies for the

condi tional updating of the current reference i mages. Perform ng the
operations in sub-step 602 in parallel instead of sequentially allow these-
oper at i ongot@she7gerforned at the sane rate as the acqfi¥P¢H 8%t he i.nput
i mges. In other words, these 5 operations can be perforned in real-tine.

Al so, the conditional updating of the current reference i mages in sub-step
602 is optional and nay be omtted (alibhough, this is not preferable).

Mor eover, each current reference i mage to be updated need not be updated to

the input i FBYSermbl, BRGILGRURE BRdgeselgirare mmge 466 iamﬂge samersiznt
reference area) may insteéad be updated to an an, area nearer
ai N tg'st‘:@s? h%J]q%

the i nput afiffarentypizeth&nARSTBAY ‘”ﬁ@lagrb@n%‘@“é{?g Gt SP2a. The
updated ref gy \%ﬁrb%%hm @hep AR rél@&arh%rééiﬁmtthﬁaérged mwaﬁgédldrlremzethe ‘

deci si on on ether to update each curre% r ef erenc e neeﬂéﬁot be

i ndependent thefimapes @é&\@ﬁbtﬁg SHPS\AFASREFEH2RS e BHEE dTHEPERT r ent
reference fggv%ﬁzed':@irsoeéimb@ihé ﬂxéb%@léﬁqnﬁedmehiéﬁfodtma@deﬁmmamtl cul-ar
F ef f en

current ce Inage, it may be useful to take |d2tocn5|d atlon

whet her sonmetffodt H@Odﬂﬁﬁéref@m‘r@ntexieépgpe%@gﬂ%%e%“ PR 4y Gpdat ed and

what i mages g Nesnaiu s Hina 8& eEQB@tﬁ)nls nEyest)aned qui)ahm rémaceﬂObm@rer ci al
applicati ons I gs. {a ow sorg?s conmer ci al %pg rﬁltl ons of the
embodi nent sV@SlOﬂﬁéNfB‘rW”aF%mP%ﬁu 85 PRNYAUTTRYIOP O I 8/EDE! ment s of
the present tHr%é’@é?Fabfé@ ATBY%nBe insissh biwa vadaslbsladingaanner . Fig. 7(a) shows a
prior art handheld scanner, nore specifically, a HP Capshare handhel d

scanner l0Simlar to the optl cal nouse, this prior art handhel d scanner

enpl oVs an ppliGal BRVhGEL lefite SASThRITes anay béld&@ua&eﬁi inmgrnaeqdiffsient on
devi ce. The optical navigation ste configured t trac g%{%}e not i on

of the handhendihgt shewn ‘Bafs‘%dSO @@L '%f@Eﬁﬁ'icﬁe'H‘ar%St i sition
devi ce. Howgy lredtﬁ]/eth%CQéU‘I@eCMnoinyt Basgyot I:solﬁbréfér&(blel hig)nenot Itooth pf it "art

handhel d scannher i s not high and ther ef ore h| aI it cannot be
21 achi evedfolipying [iiargrase 5?%‘3‘:199 di P ieG ity %é?‘f‘%ﬁ é @%aéj fjl% Aphics with
hi gh ac gk” afwdsh B Ak %heﬁwh o th@ﬁﬁ:tr&laaféli’é}loé is@ganet théSueh soivarin at t

handhel d scanners can be nade nbre accura

t f
(he. pr esent IeRMAIIEH TR GSPIRIGE IBadh Ry eair than a FrSGB8RARLE iR ot ©

distance and (if) the signa-to-noise ratio (SNR) of each initial reference lmage is
greater than a predetermined minimum SNR. Moreover, the step of acquiring
the initial reference images need not be part of method 400. In other words,
20 step 402 in method 400 is optional and may be omitted. This would be
applicable, for example, in an embediment in-which the device is p;ovided with
a standard surface to be moved over {e.g. a surface having landmarks such as
a grid), and the reference images of the standard surface are pre-selected and

pre-loaded into the device.

25 _
Furthermore, aithough in Fig. 4, the operations in sub-step 602 are shown 1o be

performed sequentially, these operations may instead be performed in parallel.
in particular, the displacement between the input image and each current
reference image (e.g. DXR4) may be estimated simultaneously (i.e. in paraliel)
30  with the displacements between the input image and the other current reference
images (e.g. DXRZ,..., DXRy). Similarly, the comparisons of the magnitudes of -
the estimated displacements L.e. [DXR4| to [DXRyf to their respective thresholds



5 Fig. 7(b) shows a conceptual drawi ng of a handheld printer. Simlar to
many ot her types of printers, the handheld printer conprises a printhead
which is configured to dispense ink. However, rather than feeding the print
‘medi a (e.vgo2@apenz through the printhead, the handhel d’%fﬁ@?’éf""‘?zgi moved
over the print 10 nmedia for printing purposes. In particular, data to be
printed is first downl oaded into the handheld printer. As the handheld
printer is noved by hand across a pript nedia, ink is dispensed by the
printhead onto the print nedia to print the data. Specifically, ink is

di spensed OFHS 5!/QE@Be%Eﬁ@ﬁﬁ%dlh'p@Fal?@Bdhas&ﬁaetak@izbafmll‘&eédorp:fthmnﬂler noves
over the ar€a. The notion of the handheld printer ov R nt medl a

is freefor nmpdatmﬂ! af the surprireisrense WRReRR IFgrieranadie 8?eréﬁo'1?p‘fllsé’3 House.

- ensure thatg d&a\ DataiePhbieheds Mquehfally ANbRAbedOGEra IS ’{Ornaetﬂw‘opnemm medi a
t he handhel rinter requires an accurate optical Eﬁaéﬁqgatl on s em f or

estimating mlaesalmt rase aéfih?r@%'&ﬁ‘ﬂﬂéﬁd@d%‘i’me‘maggﬁc é(‘fv(g’uqsat oeptl cal
navi gati on becashiRMededyimisi ng enbodi ments of the present
20i nvent§|)on elii; : [;%)c%’ ?eows a prior art printhead slippage detector, in
particular, a Hewlett- Packard (HP) Oras sensor. This printhead slippage

detector isyaftign. n'af‘udﬂ%’ﬂﬁ bRihgeufehmiergidaitneigss irPitnstbpad2 & i ppage
detectors aI so enpl oy gtl cal %5 navi gation s

acqui si t i onoplieuiicans WAL @W'ﬂ%(%w%lm*ﬁ&Pa’é?regq{a@%t éflﬁg%%qg%%?he not i on

of the pri ném%ﬂgre?erb%%gé% éékfgﬁétebaﬁ;@d nenbé nﬁ@@t@da@ma inpot ilpgehe | nage
acqui si tion devi ces. Like severa

ot her prior €H%rl nt head slsl,ﬂ%%age
det ect ot®, Tand %wﬂbfﬁfﬁﬁﬁ@ Bragen IR r@ﬁ% EL R TR

st andards rt?éwfhcfeﬁéh fon sﬁf%t'gb%'ﬁbﬁm@%?ﬁar@ﬁrne@relr fHid iﬂlgut dleariver theloyr@6t usi ng t he
enbodi nents o present invention

aa ca navi gati on tens of
pri nt head sﬂef%&m@fééﬂ%& ﬁ}es'”PPto@&-eéogff‘e &R tﬁadﬁ - (oo UPQ? ‘ﬁ%ﬁ‘i
sl i ppage def G405 génﬁﬂé}’ Reydrivh] eHeedecisid? oﬁdﬂmhagﬁ')supdate 'Baeh fouhboiv\n ng

descri bes sone advantages of the enbo%;cge resent |nv ntion.
Enbodi nent s%’eta‘remWeH@ﬁ@sé?ﬁd QY &Rt iNGRP Taé?vaiﬁ? 5287 T %I’I or art
al gori t urs a@thu%%é} cﬁhaﬁtl r@feﬁf@‘fc@rlﬁiﬁgﬁs lﬂm@eampﬂeerredﬂmﬁnmhemeofo the

pr esent |nv Ion enp a pluralit reference, i ki ng the
noti on of almtaj@vpr’e“émé@'r BaiEery ’§{ﬁ’?'¥°€“e‘m?9‘? dglnﬁ cBFa‘l’%%fﬁ {?gge odi ment s
of the pr esﬁﬁ%ld'@&‘ﬁ@ﬂ%h@ﬂwer%éﬁt@ dtehe LeRe @ulr@i’ﬂg'efar@dﬁsiﬁmgeg aobalearyan

i ndependent "estinmate of the displacenent between an gcl’.l
upciated and what images the e current reference 1mages aré UPdtited to.

20 Commercial appiications

Figs. 7(a) — {c) show some commercial applications of the embodiments of the

present invention.

25 In particular, the embodiments of the present invention may be used in a
handheld scanner. Fig. 7(a) shows a prior art handheld scanner, more
specifically, a HP Capshare handheld scanner. Similar to the optical 'mouse,‘this_

_ prior art handheld scanner employs an optical navigation system comprising an
image acquisition device. The optical navigation system is configured to track

30 the motion of the handheld scanner based on images acguired by the image
acquisition device. However, the accuracy of the motion tracking in this prior ar
nandheld scanner is not high and therefore, high-quality results cannot be




I mage and a-previously acquired image. By conbining these independent 15
estimates, nore accurate results can be obtai ned and hence, cumul ative -
errors can be reduced. This in turn inproves the accuracy of tracking the .
not i on of bt}ﬁ 3%(?%71 ,£€. The use of multiple reference i npgesciom/dos:

embodi ment's b e present 20 invention also allows the detection of
abnormal conditions such as "bal d" patches. on a surface (i.e. patches where
there are no features) and highly repeztitive features. It al so achieves a
more reliable detection of the motiondf the devi ce. Furt her nore,

o1 odet er m neepeR GaaF el SarY! e hRie s ShE By o ol
"sl eep” mdﬁcét@acﬂa\é@néaﬁhtsebmd iafe hatdifecishi soahess Socimmioc atri dvangheld he m)use

is turned of f th f th ly. W
he user moseTPRCRbBRETS Tk SRRy CeaPPERE s ERAAE WAL 1) Yrs

transition phebMeeenEbeRi Madesedmetn i S problematic in conventional
syst ens because random noi se or vibrations on the table can cause fal se 30

wake-ups? wasting battery life. Hence wake-up is usually determ ned when
the notion wig rB)espeeta tondeptal erarog df rmbendreid pfifftec $niley td avage, but the

FE?ZE;ﬁC”‘Z”La@\Lr AL IST LIS E1 RSk b bohprbe! of ShhAkcPuhbnt e

configured to dispense ink. However, rather than feeding the print media (e.g.
paper) through the printhead, the handheld printer is moved over the print
10 media for printing purposes. In particular, data o be printed is first downloaded
into the handheld printer. As the handheld printer is moved by hand across a
print media, ink is dispensed by the printhead onto the print media to print the
data. Specifically, ink is dispensed onto each area of the print media as the
handheld printer moves over the area. The motion of the handheld printer over
15  the print media is freeform similar to that of a handheid scanner or an optical
mouse. To ensure that data is printed at the correct locations on the print media, |
the handheid printer requires an accurate optical navigation system for
estimating the motion of the handheid scanner. Such an accuraie optical
navigation sysiem may be -achieved by using embodimenis of the present

20 invention.

Fig. 7(c) shows a prior art printhead slippage detector, in particular, a Hewlett-
Packard (HP) Omas sensor. This printhead slippage detector is often used in
HP's large-format printers. Printhead slippage detectors also employ optical

25 navigation systems comprising image acquisition devices whereby the optical
navigation systems track the motion of the printhead slippage detectors based
on images acguired by the image acquisition devices. Like several other prior .. -
art printhead sfippage detectors, the performance of the HP Omas sensor does
not meet the standards required for reliabie consumer printing. However, by

30 using the embodiments of the present invention in the optical navigation
Asystems of printhead slippage detectors, low-cost and highly accurate printhead

slippage detectors may be deveioped.




a low signal -to-noise ration. Hence, the present invention nmay be useful in
ensuring that while the device is in sleep node it is activated (or woken
up) only when it is noved, because the use of nultiple references increases
the religphhityisspecause it diversifies the measurenmemCreh2ingEpendent
images. 5 Furthernore, in sonme enbodi nents of the present invention e.g.

nmet hod 400, the plurality of reference imges are regul arly updated by

updating one or nore of the reference,images each tine if certain
conditions are nmet. The use of nultipFe reference images and the ability to
update only a subset of the 10 reference inmages each tinme helps to ensure
that the plurality of reference i mages used for each input imge conprise

i mges of sadvighgigest!ly high quality (e.g. with high SNR) and having an
adequat e anount of overlap with the input inmage. 15 Al though nore reference
images are used in the enbodi nents of the present invention, the additional
anount of precleEcwing desdrities exbricsathantagasedfsingesmbpadinents iof dhaPeseRk
additional,ﬁro.essing required is mainly for conputing the displacenents
betmeen%tmiY%@@%s However, the displacement between two images is
symmetric i.e. the magnitude of the displacenent in one direction is 20

equal to thanpeaRkhidds Bb drbserdiisymionnast advantdgeooppesirtise dicedr on.
Therefore, after conputing the di,splace t be P ' es in one
di rection, ﬁ'goﬁi@"ﬁb&‘gﬁ’ﬁé@gg‘sﬁ’?@e f%e'%fi'ﬁ%ﬂpngg?’ﬁ?%teﬁ@?@f’%@%angrwg%ést e opposite
direction shagfioh Rinsolean dreamrqsi |ryfetendevietagey foegatking thehmotiomwitaed

di spl acenent. Furthernore, the conputed displacenents may be stored and

thus, edth HVEEIBFASRERUTREQui red 25 in the enmbodi ments of the present
i nvention needs only to be conputed once. MCS LLP 24 Cdains 1.A nethod

for tracking the notion of a. device, acro ! conpri sing
repeat edl y [pEAFIGHE! iy ERIMBON TIUR Hﬁ’“&t%’ﬁggrt’g’}‘% ﬂ:%rg)%?zch el E%be
is used to obtain an independent estimate of the displacement between an input
image and a previously acquired image. By combining these independent
15 estimates, more accuraie results can be obtained and hence, cumulative errors

¢can be reduced. This in turn improves the accuracy of fracking the motion of the

device.

The use of multiple reference images in the embodiments of the present
20 invention also aliows the detection of abnormal conditions such as “baid”
paiches on a surface (i.e. patches where there are no features) and highly
repetitive features. It also achieves a more reliabie detection of the motion of
the device. Furthermore, conventionally, when a wireless optical mouse is
stationary for a predetermined period of time, say 10 seconds, it enters a low-
25 power “sleep” mode to save battery life: the wireless communication of the
mouse is turned off and the motion of the mouse is sampled less frequently.
When the user moves the mouse, it wakes up and starts functioning normally.
The transition between sleep and wake-up is probiematic in conventional
systems because random noise or vibrations on the table can cause false
30 wake-ups, wasting battery life. Hence wake-up is usually determined when the
motion with respect 1o a reference image is sufficiently large, t_)ut the
measurement of whether this criterion is met is not reliable if the reference has




5 (a) acquiring, using an imge sensor of the device, an input inmge
showi ng an input area, the input area being a portion of the surface which
isinthe field of view of the i mge sensor; (b) comparing the input
i mage to g, phiyhahity of current reference i mages showR@/SGE8péceasve current
reference areas of the surface to estimate the 10 di spl acenent between the
i nput area and each current reference area, wherein the plurality of. '
current reference i mages conprise pre&%ously acquired i nmages; (c)
deci di ng whet her to update each current reference i mage based on the

di spl acenents estinpted.in_step,( d.] k | $120hd Bisdpid i ve,
updat i ng tk?e?%rsfgé‘ O NYSE reaﬁstgg. ﬁgé‘%’ ﬁ% Pt)é;s%ﬁ_gﬁgﬁgﬁgi egs?ref erence | mage;
and 15(d) dgisanng tHatwhildisedvioa it heletspode drieactyatedter wekeodP)dM he devi ce

across the surface froma [ 0 i i I iwE|ge to the
i nput ar ea.W@.nA%nJét ﬁ’(ﬁ’de%cﬁﬁ(f@%‘ggg&tﬁ owg acls}mﬁjf@ rﬁé%ﬁ# ?ﬁgg%*g%%i on on

whet her t o r3fhoilpg akbeassachdicarsifientherogaswament oegddepenisdt mad®épendent | y of
t he deci sions on whether to update the renmining current reference inages.
3. A metRod according to claimi1 or 2, wherein for each current.reference
i mage, sai drueehmbreninosomd etribedinments ptitieepreneniciayerdiap ek fBeBAtd%Pmage is 25
positive if th ti ed di. bet WeeRiWNs dodBitg iEdr mbek t he
current refta?gﬁ‘égﬁ%wre%%g%%c%ﬂﬁ%hg%%?c rr e%}tlwpr e}_e:}gngg | tage has a magni t ude
greater thajp tae trbieesivel idhagds Aactettied if acar@ini cagditansazs Bdte 16€ &%Phs 1- 3,
wherein for_at. |east one. reent, kel eReNge LhARECont fa Sabsbtdecis on is
positive, t'ﬂ@*'%'? iezeég?ceoﬁrgg eurragﬁtﬁ"'rée @ri nce mﬁﬁ’ree i% updated to an i nmage
showi ngioan rafeeendeeimtages tarchhime MRies AVEEBED HHatre Miytpify of reference

| images used for each input image comprise images of sufficiently high quality

{e.g. with high SNR) and having an adeguate amount of overtap with the input

image.

15 Altﬁough more reference images are used in the embodiments of the present
invention, the additional’ amount of processing required is not excessive. In
particular, the additional processing required is maiq%y for ;:omputing the
displacements between the images. However, the displacement between twq
images is symmetric i.e. the magnitude of the displacement in one direction is

20 equal to the magnitude of the displacement in the opposite direction. Theretore,
after computing the displacement between a pair of images in one direction, it is
not necessary to' compute this displacement in the opposite direction since this
can be easily derived by negating the computed displacement. Furthermore, the

- computed displacements may be stored and thus, sach dispigcemenf required

25 in the embodiments of the present invention needs only to be computed once.



25 area than the current reference area shown in the at | east dnesgurrent
reference image is to the input area, 5. A nmethod according to any one of
claims 1-3, wherein for at |east one current reference inage, if said
decision is positive, the at | east one current reference inage i s updated
to the input inmage. 6. A nethod aggording to any one of the preceding
clainms, wherein prior to step (d) in each repetition of steps (a) - (d),

t he nethod further conprises i Oinproving one or nore of the displacenents
estimat &d2iMEstep (b). 7. A nethod according to claim6, wherein the one
or nore of the displacenents estimated in step (b) are inproved by:.

(8i) determ ning the {gi agggﬁsgﬁg%eﬁ?@ eery gaggvﬁgré%srgfﬁ%g taeea 15

and eacH.of Pha&@Phadrfof ce areas using tlk(le)pfg:brent reference

i mages; AR HR i8R Qeddrasiy thetfeBowingt Htepdi(® ement s esti mat ed
in step %%ﬁ&aggﬁﬁgﬁl .r%?zéi&%g a ?(S’rjcti on of di f{&r en(gevz?gegﬁeiﬁ f%a e

di spkacenent saldecquiinged9ing siedMags) SeRPT Bt M€ [iFFig 24 sgPacengnt s
determ ned w th the 70l t @8dd BRIFRSa pamsbr( 8F tHe sumareowhity ishie one or
nore of S?H)é"r%ﬂ %Igﬂ%"etrr%ﬁtbmé;@tti ng tﬁg:epgi spl acements as their

r espect itNg fibRpsfoned of site ivaegs 5ensorg. A net hod according to claim7, wherein

between the (RpROVREBE T Ed BE IRt fon o e e e et ep (D).
8 o ol geghand aueen menemens o demi S
cst homt afmicamenh SpeaccennELLePALaarh Ll BD! (4" SICHCPhar hor of i
f‘;rEg?'Aﬁ%hS 0, SRS RuHAR iRHIndeTRAGe3 B rTRGEST oY sl TBCANERDETAGBISEET
(c) deciding whether to update each current reference image based on
the displacements estimated in step (b), and if said decision is positive,
updating the current reference image to form an updated reference image: and
15 (d) determining, based on the displacements, the motion of the device

across the surface from an area shown in a previously acquired image to the

input area.

2. A method according to claim 1, wherein the decision on whether to
20 update each current reference image is made independently of the decisions on

whether to update the remalning current reference images.

3. A method according to claim 1 or 2, wherein for each current reference
image, said decision on whether to update the current reference image is
25  positive if the estimated displacement between the input area and the current
reference area shown in the current reference image has a magnitude greater

than a threshold,

4 A method according to any one of claims 1-3, wherein for at least one
10 current reference image, if sald decision is positive, the at least one current

reference image is updated fo an image showing an area nearer fo the input
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26 areas of the surface displaced fromthe current reference area&{.l.fhe

i nproved estimates i s maxi m zed; and inproving the one or nore of the

di spl acenents by setting these displacenents as their respective inproved
estimates. 10. A nethod according to claim®6, wherein the one or nore of the
di spl acenents estimated in step (b) amse inproved by perform ng the
followng steps (11i) - (1liii) for each current reference area whose

estimated di WL R hes EREWH iR ted st st beelduriest refebendenpr oved,;
10( 11i) Aget +?ﬁ%g§ﬁ%ng%pl acgrrent bet ween the current reference area and

each of jifageds hetheinpuéatea.ef erence areas using the current reference:

i mages; (1lii) calculating a weighted .average of approximations of the

di spl acenent between the input area and the current reference area, wherein
15t he appr oxi Aehépos acevrobyaionaty phe dif fd@imsni—haypbeiein {gr taﬁi‘a%tso@?acerrent s

estimated in step (b) .and the dis t ' egy | t k¢, and
(11 iSi i )euriapyt d@?@f@g?%é”m%p|'§8%‘ﬁe‘%°?‘%§ﬁ&5§e€?ﬁ%é'?@%utgt Eiérldgg ﬁ%d&%ﬁ%atcur rent
referencrgfeq.éﬁ@e Waégﬁg Lp8atelits tisk ppletespat as the wei ghted average. 2011. A
met hod according t© any one of the preceding clains, wherein prior to

repeatedly performng steps (a) - (d), the nethod further conprises:

acquiri a plural ity of bRkt fo =8 reBBARS, IR, eltferkdr paacth i niti al
referenrcg imigg,‘ethé aﬁg{%ﬂ%?%@{@%ﬂéﬁﬁg%ﬂ ea s o?/m in the ini tilal ‘

r ef er encgep Ay en asatit hepatiten shetapsi frlat (Headie FHRINBENMTEAI YA Ef er ence
image is greater 25 than a, pre | el i e, and setting the
pl uridl i tRPPEPVINGINEA" WBf%%ﬁj(?eqq%r%%é&'Bg% %Eﬁ%{%@rigﬁ?&?g{jer ence

7. A method according fo claim 6, wherein the one or more of the

displacements estimated in step (b) are improved by:
(8i) determining the displacement between each current reference area

15 and each of the other current reference areas using the current reference
images; _

(8ii) determining improved estimates of the displacements estimated in

step (b), by minimizing a function of differences between the displacements

determined in step (8i) and corresponding displacements detarmined with the

20 improved estimates; and .
(8liiy improving the one or more of the displacements by setting these

displacements as their respective improved estimates.

8. A method according to claim 7, wherein function is constrained by a

25 parameter representing a consistency between the improved estimates and the

displacements estimated in step (b).

8. A method according to claim 6, wherein the one or more of the

displacements estimated in step (b) are improved by: |
50 determining improved estimates of the displacements estimated in step

(b), such that a joint correlation between the input image and images showing

AMENDED SHEET
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I mges, 12. A nethod according to claim11l, wherein acquiring theqlwality
of initial 30 reference images conprises: acquiring a first imge show ng a
first area of the surface and setting the first inmage as the first initial

. reference i mage; and AMENDED SHEET [ PEA/ AU 27 repeatedly perform ng the
foll ow ng steps: acquiring a subseque% I mge showi ng a subsequent area of
the deciding, based on a distance between the subsequent area and 5t hearea

shown in the nost recently set Jjnitjal refer ' et the
subsequesreas idlee ﬁgﬁéC%QS?PIQ%dtgf%m tbgfcgrrgﬁgggf?%‘?\gdg@%%g wﬁ%gﬁ{pﬁéﬁd}s ng the

subsequepnt.. | DAge as,kheeRexhdi nitial reference image. 1013. A et hod
according 1o any one of the precedi n%ﬁcg ai 1irgxs V\/nere|§ tbhe sg:lttﬁ'%l qlqg%ent
bet ween t he i improvingedhareneaeh eefer &t e URlA NP Sa BYs &8 Mt 6 by

maxi m zi n CrOSS:- GOk IRt helmeaNclatihiaYé. | mage and the current
referenc%'gpﬁﬁﬁge %%\g’mgrt\%% Eéeépcurgrenﬁtﬁsreference area, 1514. A nethod accordi ng

to any one of the preceding clains, wherein the displacenent between the
' nputarga and each current, Let&"8afE 8" Ghdréin the one or more of the
displacements estimated in step (b) are improved by performing the following

steps (11i) — (110f) for each current reference area whose estimated

displacement between the input area and itself is to be improved:

10 (11i) estimating the displacement between the current reference area
and each of the other current reference areas using the current reference
images;

(11il) calculating a weighted .average of approximations of the

displacement between the input area and the current reference area, wherein

1S the approximations are obtained in different ways using the displacements
ostimated in step (b) and the displacements estimated in step (111); and

(11iii) improving the displacement between the input area and the current

reference area by setting this displacement as the weighted average.

20 11. A method according to any one of the preceding claims, wherein prior to
repeatedly performing steps {(a) — (d), the method further comprises: .
acquiring a plurality of initial reference images, wherein for each initial

reference image, the distance between the area shown in the initial reference
image and the area shown in at least one other initial reference image is greater

than a predetermined minimum distance, and
seiting the plurality of initial reference images as the current reference

[
LA

images.

12. A method according to claim 11, wherein acquiring the plurality of initial

30 reference images comprises:
acquiring a first image showing a first area of the surface and setting the

first image as the first initial reference image; and

AMENDED SHEET
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estimated in parallel with the displacenents between the inputC3irlga and
each of the remaining current reference areas. 20 15. A nethod according to
any one of the preceding clainms, wherein the previously acquired inage in
step (d) is one of the.plurality of current reference images; and step (d)
further conprises determ ning the notiyon of the device as the estinmated

di spl acenent between the input area and the current reference area shown in

the previously acqujredel he flowhh @d according to any one of clains
1 - 14, wher égﬁe?f%gé’t%egf%awsm% ot | o%rgo t he devi %e i s determned further

based on esti mat ecicduBipigas EubsEgUEHL RaTS SHAVEYeR SURSRAYER' 178 Pr'eVi ousl y

acquired i mage and each current reference area. 17. A nethod according to
claim 1Guri#igrein in step (d), the nmotion of the device is determnined based
on differences betyuraing ISaded be mdistamtcctetmENDED SHERAUSAAET 2"RCSL L P

28 di spl acenents between the input area_an fCEetar ea,
and 618ithy arbe sbewnnatbe @P%f%{%é‘&hérﬁ '%@?'\%Ez% tcgwgﬁagjg, sf’ﬁgé\ﬁﬁéfn t he

previ Ouﬁhégﬁé@%&ﬂeﬁﬂ iﬁggg%sa@@eﬁﬁﬁhia%éfé%ﬂcerieimm area. 18. A conputer

system processor arranged to performa nethod, ac i any one
of claims 1 - 17. if solsettmgci:hﬁnEﬁ?ﬁq%d?‘éﬁlep?%gﬁgtn%’ﬁéﬁﬁggq%@ efr?%i bl e

data storage device, readable by a conputer and containing instructions

oper abl éMA#€a processor of 10 a conputer systemto cause the processor to
performa nmethod according to

10 13. A method according to any one of the preceding claims, wherein the
displacement between the input area and each current reference area Is
estimated by maximizing a cross-correlation between the input image and the

current reference image showing the current reference area.

15 14. A method according to any one of the preceding claims, wherein the

displacement between the input area and each current reference area 18

estimated in paraliel with the dis'placements between the input area and each of

the remaining current reference areas.

76 15, A method according to any one of the preceding claims, wherein the
previously acquired image in step (d) is one of the plurality of current reference
images; and step (d) further comprises determining the motion of the device as

the estimated displacement between the input area and the current reference

area shown in the previously acquired image,

16. A method according to any one of claims 1 — 14, wherein in step (d), the
motion of the device is determined further based on estimated displacements

between the area shown in the previously acquired image and each current

reference area.

147 A method according to claim 18, wherein in step (d), the motion of the

device iz determined based on differences between (180 the estimated
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any one of claims 1 - 17. 20. An optical navigation system conpti.sing a
devi ce novabl e across a surface, wherein the device is configuréd to
acquire i mages showi ng areas of 15 the surface and wherein the opti cal

navi gati on systemis arranged to performa nethod according to any one of
clainms 1 - 17 to track the notion of 4de device across the surface. AMENDED
SHEET | PEA/ Al J

displacements between the input area and each current reference area, and
(18if) the estimated displacements between the area shown in the previously

acquired image and each current reference area.

< 18, A computer system having a processor arranged to perform a method

according to any one of claims 1 — 17.

19. A computer program product such as a tangible data storage device,
readable by a computer and containing instructions operable by a processor of

10 a computer system to cause the processor to perform a method according 1o

any one of claims 1 ~ 17.

20. An optical navigaﬁon system comprising a device movable across a
surface, wherein the device is configured to acquire images showing areas of
15 the surface and wherein the optical navigation system is arranged to perform a
method according to any one of claims 1 — 17 to track the motion of the device

across the surface.
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