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Ib this paDer, ( ncq.lsoijih aor!.rur!r(opri.ll lloe ednnx oi uringdls$etl
mvclei rptroximrtiou is Dr.po.ed.'Ilrr imlgc seqkie. !re,|*!yr r$uh.d 10

b. iokelsr li the.ompuulion dfopricllIov, sifte tber. k.lvryr e rclnod1h..
.a. ,.rforo .uch trlc Od! ol ric n.a! ,pDli6tion .E ! oI rb. mv.l..
rnD.fom k rt{ of none rdudion i. in.36. Tb. b.ric r(hriqo. i! ro lnl3foru
U. mn, inplt Img. irb r do@lit itr ,hict rh. mrin i3..1 .r.16/ i5
con.enhr.d j.lo a r.w c@m.i.ilr .s lcaibh! *hik lr. roi* .ne.gi is
dhrihuleil roB uDifomly d.r rll.ormcj. r.Thechoia ollh.ld.trroro is
reprocil .n lnttor.il lool in oDrlcrl nos 6tin.lio., Ir lhjt prpei lln
rlgorihm ol2-D eovdel ttuiiforns lr .d.ped for lhc calinailotr ol oDri&l now

K.rvdrdr: Orri. nor esinrlirn. !rudlcnt b,$d n.lnod, ? O Discrae \rrv.lcr

i.!rd e.r"r JF.'rii".rr J,-,! Ji!,I e<r:i!y :++ nlE ia-'l
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Jlrj J ,L.ran &r* ura Jl r+rJ.r! &i 6,r)!r.{r !. !r .ali! .1]rrr tt!.L

"Fr 
qJ j! iJull its & ai i* !'.. u,ri + r4r Jlilv J'l! , i+'[r !]r rlF

d& rnl Jir- ds.rle.lr! ruF J, .rrt! u! ililj) t ir .{r.r^.,r a. !L s
r+i r rr;d.J/4! -d :b r iL s !s ti.rr+! J .rr-u,.+
Jl G3! ..:rlrr 3i 31,:! ir-iii ir,lrti i{.! +r.r *"-l &!- i-_ jrrrr
J,,F u'l' l&t! jJ!?, .iij! 9- ; i}]+ i!:! Cja ljr .i, Jnr .8i
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One oi thc 
'noid 

is5us in vid.o
sequerce codin8 h rhe exploirdioi of
r.mpoftl r.!ondii.i.r. Each iame i. i
rlpi.al !id@ *qu.rc. n mdc u, ol
eR chrnsr Bsiotrs of dE Fviotr\

GcLrenuel ,ame, .$c01 [1 sene cft
wher the cMcd fiad. is uni.hkd ro
th. pEviou lmtrE. Froru morion cm
Ern.rull, b. clGsifi.d 6 enh.r
globoucinBE morion or loc obj.d
morirdn. 6lob.l dio. rf.B to the

'Dq.dErqicrlEn.,.drts E4iF , (idir- orBq@ &ddiMo.
'oe', dLl( n E4. @'. BqlJdinao,
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movemenl of $e cntne scctre oli rime
dno ro canetu morirns su.h as panniiE,

^oniig, 
rokdon. ri.slarion. and

vibrnrion. l,oc, molion. on rhe orher
hand. is due 10 movemenr of objecG in
e s..,e As difietoir object ma)
cxlibir differenr ilpes oa ,no\.menr.
lo.aldolionc imation is usudll mo€
diiicuh io conpcrsli.. The nais
cblecrive ol my 'iotioi enifrdion
oEornhn h dB to crploit (he nrong
idErtane corielariotr slorc lhe
rcml.mL dimcnsion rllecatr.$iDde
dr. scr ol molion vecroB lhar map rhe
prviou i.mc to ihc curcm rEme.
lhen ws onLy need to code and rru5m r
rhc moiion vsro6 and po$ihly thc
ercr li?me 6soci.rod wnh rhe
dilleEnce barem fie norion-
compc6dcd and the clr.ni liame,
taNer birs are needed to convey lhe
rane .'nounl of inronmiion lll rhe
rurpo:o oloprialnow mrasu.eirnt is
oiu b 3 inate rhh noti i rhe
imagc pkhc noh (hc knd*ledge ofdr
ifragcs seque'ce l(i:x). Opiical now n
dcfi ied * rhe pmj*rion olvelocilies.l
lD su.hce poiots oflo lhc inEging

Maiy merhods for conDuridg oplicaL
fi o* hlve been proposcd othE. co iiuc
io apFar [2.]1. Lacki'l8, ho*ovci arc
qunrkarive evaluations oa exisri',9
melhods rd dires co,nDarhoN oi a
sinlle st ol ,np6 These can be
rougtLl) gouped imo smdieDlbased.
.orcLd on.based. eErsy bard. Dlrs.
bdcd and warelet barn hhnLques
'I he srvdel k a marhemlicrr ooL u$d
ro d*cibe lundi.ns 6ore .fllclenr y
rntl pftchclv. walcl.B have b*i v(t
popular in rgnal and ina8. pro.esiilS
prcbler\. str.l ar approxindioi.
.nimaridn and decordaiion [4] ln rhn

papei, re take advadage ol dE
propenies ol *rleler tmsform,
spaBnos ind de.orelaion, 1o inpmve

As defiEd rbove, deopticaLroi is
i veLociq field a*driar.d *ith
b,iEhrnss changs in rh. imse Thh
nLg:qens r$unprion olleD nude in
merhodr tirr optical floN olimaiion, fie
brighhss mn$wdion 6$mprion,
which staies ihat b ghnes olsD i.rasu
ol lny poi on rhe obj€r is i|raianl

we de.ore m inag. inensity i,Dclion
by /1r ) , sd rhJ rlo( ) of

n ld,talt,.-tu=t", ",) =ldytdl

The i.ilial hyporhesis in meosuring
image is riat rhe inlensiry nruciues ol
loc.l time varrin8 imas. regio m
appoxlmalcly conshnt under horlon
lor {t l.m! a shon durarion (dr).

,,,(2)
ll rh. bdghm$ ch.nees smoorh! inh
r, y, fd r, we expmd rhe len hmd{idc

= rG.r,i)

-/,1=.(',1,r,

"1!,,*,,,a l



tG.,.,*!'-a *L'.a

2l*-fu')='{',.'t
...o)

vr., .4=o

La' al
gndient 4 ,ircl h, shich cs b.

ohai.ed F.m imssB. Ako a .rn

!l$ b. obbiEd nom imtes esily,
\ve crl .nis .qDri@ opriol 0ow
coNhiEd eq@ioi- ADplrn r. lor
*h pixel, E hlve only mc c6rEinr
equrioG bor s. ned ro $lE iso
nnrnotB, 4.e., v, a.d ,! *hi.h Mn.
ih3t re IIM ddemik otridl flo!
Mjqrcly orly noh 5uch oolid n.w

li ca:e ol ritid body,
neichbo rg poin$ of a b.dt movc
rimildy, $eir vclo.iries diff.rin! only
slielny This resuks in a dh{sm@th
opiicil flo*. Hom d Schurck [61
qere fiat to make rhis a$umprion ond
.xploil n lor der.minin8 an opri.dl
now As a mc6oE of a fiold
snoorhnss (or moE pErii.ly,
uNnerh.6, $e] used thc squ.rc ol
rh. n4ritude ol !h. wlo.iry fi.ld

ANd.Mkh.doPMtse

lil -191",'a lil -l9l
\d, \ drl./ \dt \dy)

. (6)
Thcv hnsf*ffd opliql ,lo0
.$imaiion inio a oprimiaris problem
iivolving . 4mbiia{ioi .l Ih. iso

The cror in the imalet'de!hc$

Eh-t,v,+Ilr,+L ...17)

Tn. qu0tiiy rcnding a 'non-
6mdrlBr" oa$e velocity lield l4l:

,r =iet'-(a)'.14f -l4l'' \a,) lay) \a,J lE)
...(3)

A {rilht d rd of rhe th qMiric
sum.d ttE in,Be

ar=:t(r;+.:r:i ...(e)

r' = p21vr.,*af *"'(v',*v',)
SlNe dre lnDur imag! h .odupred by
ioir.did qumilalio ror, *c cmor
lrpes A io b. idedioLly zctu. Thn
qointilJ rvould larvo . hrlnnudo
popodionlL ro rhe noise in rhe
n'eNtrlnrnr, rhcrclorc the \rightin8

,l.ror a:i'r ih! sun sho ld be choscn
cqurL ro lh. enimare ol $e noise



TIE eulfiBolurion i4. b b.tl.r
undcdNd by usiirg a luicrion
rpE* .d b, oi/)rnd Er.dcd io s
scaling tundioo A r!.-din.nlioirt
lamily of tu.dions is gen*arn, fiom
rh. bdicscaliistuncdotr b! I71:

4'.&)=21t,@Lit-t) eol
Ih. nsr ig ol rhe spuk irJmrLj bt
ohr/ r)s (hF,e,r b .q,nire
o(i) b b. Brtgncd by dr sF.c
spmn.d byo(2, ri ris case, rh.
lown Boruriotr fumrion,oo, si bc
expEsd by r Gigl[ol M oa$in€d
vcBi6 of tc simc *.ling tuxiio .r
lrE re{ hiShq rcsotulio4 o(2ri as

o(,)= t r(*)!5qr,-r) ... (r r)

Th. s or .odncienr ,i,(i)b.ins lhe

*aling nmrion cef*iqB ,nd J,
n'ainuic lh. no.! ol rh. salinc
funqion wirh !c!re orrwo. o(r), b.i,,s
ft. sclling luncrid rhi.h sdisfiB rhir
equirior, ir Mdim.s cilled ih.(fiienE^ equation, rhc dltsriod
.qulrioi, or the muhrcso urion aiolysis
.qurion (MR^) [3-e]. l1E iip.n nr
a.d@s of . sigml cm b. !.tcr
d.\cr b.d or paun'.r*ized, no! b)
Eing @,,ir) mJ imE6ins i ro

i..l!e 
-rh. 

sia of G. sub6De.
spdMed by rhe xcaling iincrions, bul bv
dcffrins o rli8hlly differeni lcr or
ruidiotr .l,r/(, d! 'po dE
dif.rencB b.rren !h. quce spon?d
by th. va ou! scal.! of rhc seling
lir.c on [10], Since it is ssumcd fiai
rhce s.614 resid. ir rlE sp.c€

lrMned by fic Exr n!r6,s $.line
fuhdioi, th.y 06 h. isprcsented by a
wcidkn run of shinen vsiotr of rlrc
$rins rumrio o(zhs aoro*:
,r0=:s(r)Jro(?-i) ..02)

llE $. or.craios g(t)t is 6lr.d
Iho $aveler futution codncie"a (or $.
\6!cLcl 

'ilkrr. 
h is lhown rhd rh.

ral€lei co.fi.ients rre requircd by
dh%ou]il! ro L. rchr.d ro rh€ soiine
lunction .*msimc rtr * fnh. .€n

r(*) = (- rI r(x - r -.)
aiy fMrio /o cold bc *ntol 6 a

s..i6 exposior in rerm$ or$e scilinE
iuncrion md eawleb b, tl I l:

/0- ,t ^,,"G!b,,.,0* . (r4)

: t 6,(rp,r(,)

wh.re Ni lrngrh ol rllG,

/,r scrrine cefficiena
4 : rVaElei .efici.nc.

h is shopnrhlt rhe 3cillnp Md s.v.ld
oo.mcient li ssler crc.elat,l lo ihe
rdlirc @ffiui* d k.1.(/ + l) by

a t\k)-Zhk, - 2k)a .ld) .. 15)

,,/(*)=Is(,-rr)a,.r(-) ...(r6)

J. A Prcpoted F.ct Compur. otr

Ijor mmplrins fan Llhcde *av.ld
trmrom (FDWD coEider the
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lollosin8 La.sfom.rim nfuir for
lcngth-2 [2]:

tuo) ft) 0 o

o o (o) 4) ,-

(o) (0 ,(r) (3) o

o o ,(0 ,(1) ,(,

..07)
aid rtE hBaomdion mdrix shNn in

lo cotopde a single .El FDtrI for2"
D sigooL usiDg s.plnblc freihod 0c
ncli ncp should bc followul:

Cnckins in u! dinrcBim: Inplr
mrix should be o, ro8(h NxN. ulm

ConnMr a tansfomarioi mati*:
usi.g t.nsfomdtiof, mdticcs Eives in

TmNlom{id of inlu m$s by
.Dpl!_ muir huhiplidion ro rh. Nn\
coGtu.d mfomarim turix b,

Tmnslomralion ol inNt .olunmsr catr

T6nipB. rhc ow lEnslohed
i\xN artir Bulrins ltunr $I l.

Appll mllnx ,uhiDlicarion to
the NxN coturrcr.d hnllomErion
mat.ix by lh. NxN cd@o harir,

The finol DMW matix is .qMl ro rhe
tanlpGc of r]f tsulht nllrl8 above.

t.

2.

i

l.

5,

,!)
i

:

-h(o)

;

al
,(o) (')

,,ir) ,(0
,6) r(2)

a, Wrv.ler-Blsed ODrlcrr rtdp

We have dcvclop.d a me
olgornhh 6rco'npuring opd@l flow in
lh. difieie tal lr!ma6:t which
pcraoms cmpmbly ro rhe Hom ard
S.hurck +PIo&i bu {irh 165
compurarioial cos md. hi!h6dcnsiiy
ol.$ rar6, -th. coirpurdridn olimog.
v.lociry can b€ ri.wcd b) rhe* epsi
st P l: Ptandltits he iNPs b
Edu. mise and sliding.ned usiq !-

D fin dh.rcr. vavchr tssfom
alsdrnho sared in secrion 4, Only 5
irput inr8s ire iequned, as shoqn in
Fis. ( I ). whcn a d!i! sr is dchmpose'l
using Mv.le6, filre6 .rc 6.d th{ icr
ar i*dgin3 filr.E and oihcr prcdue
de@ls. Sonr! of rhe asulrin! \€v.lei
coemcrcn6 ercspond ro d.bik in ih.
d.ra scl. If lhe ddrails are snall. they
hieht bd o'nited qithotrr sublranlhll)
afiecting dr. tuin fsrures ol fi. dah

,0) ,6)
aJ -"tc)

oo
,(0 ,(o)

(0 -ro)(r -r{2)
:l

i

,(j)

,0)

0

i

-/,C)



sre, 2: Dtiwtir( Culculutian:
Regadks ol rh. opiical flow

mdhld used, lhe'r is ned ro coryure

iir Fis. (3), berchpoior in the L md r

Diff*entiatioD N6 dore usj'B
Slmonc.uls !rl nurchcd b.lm&J
filtcd for lo$ p6s filroiig (bk'trlig)
lps in lable ll and hi$ pss fiLreril1g
(ditrefnnaiion) td5 in rable ll.

In .his pafcr ro conpnE t i" 2D.
ois fts coivolv4 rhc sn$orhing
kcdd.05, in l1re r dimension ro redue
rhe 5 i'nases to I image, rhcn 6nrolv*
d'e rnoonring kemel ?J on {M1
.es lins in the ) dimension and &ei
conrcLve th. ditIerenrlation kerieL, d5,
on $ar hux i', the \ dinEsion 10

obhir /r. To coi,lnre x n 2D aor fmme
i nN p5 n b be .oniolved ii rlf r
dinreDsion .nd of ihit rcsuh i, tl'e l
dinension for tums i -2. i .1. l. i+ l
and i 2. lhn yields 5 s oolhed
intrges ln x Md y. ]'h!n rh.$ iiriBes
dr diil!rodrialed iir th. r dime0sion
uslig d5 !o g{r. Fig. (l) ill$rdcs the
apoln rlion of (hese kenEl\ fi11eu.

.- Givflr thc spdiorcmponl
derivatiyes. lx. ly dd Ir, conpuled as
dsnihed tr, iep
\eL.ci,) eimrs (,,'-'."' ).,, -
compured llom thc caimai.d
J.avuivcs md ih. a\rfuc ol rhe

nR\iou. \c.!ry e.im&\ lr'.i l

,.V!:l!:7
,,t,,,,-,,.,.,,)

Skt 3: Petbnt lktztian: f$ .Nh
neraiidd, the algoritnm n ourlined a

!. Inilialia u,,, and v"y fd all (x,y)

b. Enimst rhe Lapli.im otlh. n.w
vehni.\: nrc L+l,dmolua vaE

vr,= r.y)-,('.,)
v\=i(r,,) ,(,,r )
Equivalcnrly, rhe faplacim of" and r,

v'!lod v2y an be oblai'Ed bl
lpplyi'lEsl{l sindow op.mto!, sho}D

k : rlre ilcn(in iumber.

r0.)D l!,nial orily estimales Gel to

,(,tl: Nll8hborhood averagEs ol

Step 1: Ittan'ru fie \Pla.iD t tcrts:
Duc io ihe spaBeness of s€velel
coericieDr, the poreniial in denoiring
has beo sludied cxrensiveLy o*r the
lan dE.ads Th. eierqv ol lhe siglil h
concenr.ared ii 3 smill truDber ol
szvelet cefficicnb. Thus, magnildd
ol !h. coelilciens are relarivcly large
.orpared to Doise which spreads over a
lalge nmbd .f coc$.ienE. The
emrg) concntdin! propcnt allo*s
rhe Emoval of low amplnu& noise
$roBh thresholdiry Bcsldes,
rhresholding ii *avelet donain induces
lNorhing (donoisins) in tiDe doaain.
Thresholding is done by nsi kking
discrcte w,velettMslonn ollhcsignal



fin!r!fura.volI.\tlo.2M

rhon wo sill apply rhftshold ro rhc
, srdmed coeili.ic io !.nDve
rho*, vhich ard bclos a atuin veluc.
Fimlly. we hke rhc i.rcE di*erc
w.v.l.r hNflm oa ir ro o6hin th.

AlSorirhm d.v. op.d in thc
prcvio6 stios irc ulliud and
&linizi b bc imol.nEd.d in t
compor$ 6ing M.rkb 6.5 Proenm
The poposed ndlEds in is pop.. .E
ippli.d !o estimarc rh. optjc.l floe on
r.ol s.quen.s and synrhe{ic sequcnc*
Tbc rcgulsirng p dm.rer (1,) k sct r.
O.t 16 .ll dDedm.nB in rhis p€p.r.
Mon in,si satMA m .lo*nlodcd

3,I St thdt lhqe Squa"6
sinboid'l lnp s: I hir oBisa of rhc
sup.rposirion of luo si'xoidal pldnc

.Nqrd,drqo,dlle

upFr n8hr h 
'nainly 

dlrcry.nri rhe
cloud! ronsLaG ro rhe rl3hl This
scquence i! chdl.nEins b4.u5c dl rhe
aEc of vclGitis md rh. ellding
edB6 bctr\?.n dE n(ffiins .nd .t Ihc
hdi-n. r'hcrc k .mR .lli6ins in Ih.
l.N!Y Donln of rhe imaFs hor$ei
caGlns most nElhods r. pooftr

T$o El im.e. sqEmes rhM
in lig (7).nd Fis. (3), !.rc dsEcd:
,4drdrr,a Xxrn C!6!: In ihit imoge
seqEic. o rubiu\ cube h oraiins
eslercLocksi* otr a bmr$lc. The
mriM fi.ld indlen by the olllion.f
rhe obc irclud6 ElGni616 (hm 2

/r0,0!ry rai re?@,.asr ln fih sltet
scene rh4c seE lbr movinE objecrs: I l
Ihe Bi!u.1irs dre corn4 2) a cti in
llE lover l.i. dnvi.E lrom |.fr ro g)1rl

r) a van in ft. ld .ieh driving .isht ro
hn: ud a) ! pr.n shin in tn. upp.r

1he p6poi.d !avcle!b6.d oprlcil
uo* €iim.rion namcs.rl bcEfis
frDm Ihr follosins u*ful fd!B:
l. rrs .oplbrioml @pl.xity:
Akhoush $c corvoltrtio mcihod l.ads
b tull rc.ohmcrion cotpulsrion, ir

sives ilso lc$ cdhplcxiry, 1he salar
ndfiods lrvc (32) fruhiplisiions and
( l3) addirions ior urfimina r siSrd
ol tuu 

'npu 
dda (x-r). trhile ihe

propGdd hdhod giE (16)
muhiplicaions d 12 sddnion
op€mrions lir irc same inpur !ir..
2, Low m.mory rcquircm. : A
Casiln 1,5 frh* @qun r llE crplicit
{mF of r5 h8trs ro Mrplr. Ilo*

' r +,,r+sin(r],r +.,r,)
(2r)

lh. Esulls laoncd @ bdcd on
3p!ri!l uvelengrhs of 6 phels, litlr
ori.Miffi of 54' .d -27- ad speds
of l.6l lnd 1.02 pir.Ufm.
GFcrively, which i5 called Sitroidall
55 rroM in lie. (4). Th. Esuhins phid
n.(cm radr4 qith vcldciry
!<1.55re.0.7317) pixel/rBme
l'tdtldnA sqtuttt OIltr si$pl. r.{
cr* in\ol6 a r.6lding ddl squE
(whh. \id& of40 tixcls) oEr a bngh
blcksround asshowi io Fie. (51.

/ds,,rle &4rer..: The Yo{milc
slq,Mce i! a Do( .ompl.r 16r casc as
n'Nn :n Fi4 (6). ',hc mori$ in rhs
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CoNshs arhe ib. Ealiime uc qhen
mnsid.rins rh. conpftrioMl co$s and
rEn n m dcllr of rhe G!u.i,i | 5
,ih.r ropomt d.tay rd ldage
r.quircncnr.c lmpEvetl sigrifi cerly
tn! wdvcler fltq, Bivlig rwo fkme
l.lcn.r r eiwn in Table (t)
3, SiBe a signinor nuber olmori6
ldou in th. high lEqu r suhb.nd!
can h. zro (doe o rhc spa6. qaveleb
Fcnicicds in drs! subb.nd!). no
nrorion !.c{ots lre ScDemred tbr r}ese
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