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Abstract The iwenof Fivarion imrmduced s direct meibiod For general recovery of shape nnd molsn
from images without using exher femture correapemdence oropicad fiene | 1,2). There are some paramelers
which have importani effects on the perlormance of Axation methosl. However, the theony of lization does
mol sy anythmg sbowal the asommmeas aml aommect chisee of these paramebes. This paper presenis the
effiect of those parsmsten’ on the expermmental sesults of implemsniang some of the fisabos algonthms
on real meages where the nioton 15 3 combimaten of Wanslaben and motaten. The resulis show that
apoatank imaofioen components cam be estimiated scoarastely if the right parnmsters ane weed. Somes of the
cruincal issued anvolvial in the inplementmion of amonomoas robor motion visson are also discusied,
Ameng these sre the entenn for mibonomously choosing an optemam size for the fization pasch, and
approgriabe chosoe of ihe Fination poing location. Finally, a calibration method s desonbed [or precmely
determining the locatimn of real rotation s i imaging systems.

Key Wards  Active Yeion, Compuler Yision, Feature Correspondence, Fization, Molsm Yo,
Ciptical Flow, Pixel Shifting, Kobot Yiswon

o s ol ey adad o (Feabiil gy A fl"' af g, i ._,:.,_;an.-'nunl Piompndh lq.'h:-.‘.:
gl g ety it a1 S g, 185 S i Ot Thiewh i g L ot b f Pralime Cimmesprsnlinssy
belb s s sy e e e s s [ g e Sy A s ] gl e Sy S
I e e T e Rt
S SO TR [N R AT ST | R B R S I PR I NN T TEL TR
ki 0 Sl e d oy bt o el pylend gy et (gl Tl e g L el
o S g il el e S s e L ) g e
8 e s il jod Rinasgi (2F o dgial iy g o s s ) iny gl dlins okt oty | e
{Finntmin Pakeh) s Gl oL fp e Mamaagi wlonid o gt i b ol o il azd X 13 o

Alaataale moeg gl sl gt o g e ke e L e s )

INTRODUCTION

Recovery of relative motion between an observer
and an environment as well iz the structure of the
envirmonment, from time varying images, izthe goal in
robot motion vision. Much of the earier work on
recovering motion hasbeen based eitheronestablish-
ing correspondences between the prominent featunzs
in the images of 8 sequence, correspondence, or
establishing the velocity of points over the whaole
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image, commaonly referred (o as the aprical fowe

In peneral, identifying feptures hen: mewns deter-
mining gray-level comers. For images of smooth
ohjects, it i difficul o fnd good features or comers,
Funhermmore, the correspondence problem has 1o bhe
sovlwed, that is, featune points from consecutive frumes
hive o be matched, Moreover, the computstion of
the local flow field exploits a constraint eguation
between the local brighiness changes and the taao
companents of e apfical fow, This only gives the
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components of flow in the direction of the brighiness
gradient. To compaute the full fAow fekd, one needs
additional constraints such as the heanstc saesump-
gicen that the Dow feld i locolly smooth [34], This
leand= v o estimaded oitical oy Field sehich may e
e the same a9 the true motion field.

Technigues for solving the correspondence prob-
lem. aned comparting opical flow, lave proven o he
rather unstsbde and computationdly very expensive,
This has motivated the investigation of dicect meth-
ol which pse the image brightness infomation
direetly o recover the maotion and shape,

Previous work indirect motion vision hasused the
Brighiness-Change Congteain Eguation (BCCE) Tor
solving: specinl cases such as dnewn depa (3], pure
srepnglertiog o Kanowa rodation [5], pure rosation [ 5],
and gl workd [6] Al these direct metbods are
severely restricied in the types of the motion or shape
thai they can hemdbe.

Recenily, o gpemeral direct method calbed fiveuion
T been indrodiaced for soalving the motion vision
problem in the general case without placing
restrictions on the motion or the shape [1,2]. The
fixation method is based on o theorsticn] prsof that
for o sequence of Axated magees (0 sgeence of
images with one arbileary sEaiory Inage point in
them), the rotmtionn] velocity w con always be
explicitly expressed in terms of o lnear Tuncton of
tramsiational velocity . Namely,

Ead e
w= m,mm:rxu. (n

Where R,=f, is the unit vector along the position
viector of an arbitrary fixation point, an  arbitrary
point in the image plane chosen for fixation, and o,
is the componem of rotational velocity about the
fixation axis R, The combination of this Fioation
Constraint Equation (FCE) and the BCCE offers a
solution to the motion vision problem of arbitrary
motion relative to an arhitrary rigid environment.
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Thi i, 3t recowvers the depth map £, miationil veloc-
ity ¢, and translationnd velocity twithoot putting any
severe restrictions on the motion or the: =lape | 1),

Fixation is not tracking! The fivasion metbod iy
et only different from the previous tracking meth-
pwds, bait also i general. For example, Aloimimns &
Takiris | 7] propose & method for trmacking o tirget of
known shope: Bandopadhioy ¢tal, (%] ase optical flow
aned Jeature correspondence forimcking the principal
point in order o find the maotion i spectil case (o
rvtition along the optical axis) without considering
oz and Sanding & Tisearelli [9) use anopical fow
el wmcking methiod for finding the depth in a
speecinl cuse (no rotation alomg e opiical axis), Also,
Thompson | 16] ntrodeces an opteal fow methaod
for recovering the motion in special case where the
pobmtlonsl velocity aloag the oplical axis iseens, His
method reguires i sequence of tracked images at the
prangipal point hut be scknowledges that the sctual
implementation of such trcking requiremem in en-
EINEETNg SYstems is nol possible yet,

In contrast wo Usese tracking methods, the fivaon
srtethiodd does ot requine trcked images as 13 .
Iistead, it imtroduces o pieel shifting process which
comnsiruets a seguence of fixated images a1 any
urbitrury fivasion podnt for any inpul sequence of
pmages | 1.2). This is done entirely in saftwane sith-
ot any wese of cumern motan lor frocking,

This work meports the experimentil resulis of
applying some of the fixation alponthms w neal
images whene the maotion is a combinaion of transla-
tion and robation Finding the fxiatien velocity and
the component of moiational velocity about thee Fixa-
Gioms sexis (g, ) I8 one of the most importal sleps in
the fixation method | 1,2]. The results hers show that
the fixation velociry amd og, can be estimaied poon-
rately, Some of the crucial implementation i=sues of
sinplanamons fsbol motion vision are also disomssed
here, Among those ane  satomomous selection of an

optimum siee for the Axation patch hased on an emor

Jowrnal of Engineering. Islamic Aspublic of lran



nor cal besd momngilized ermor, anod patonosones chivdee
ol oo pppropriaie fxation point, Finally, anelfective
cilibration method is descenbed wieh idestifies the

location of real rottion axis in imuging sysiems.
THE EFFECT OF FIXATION PATUH SIZE
Finking the fixation velocity and the component of

rolatioanel velociny aboat the fxition axks, amg,, is an

impiortent step in the fisxiwtion methsd for recovering

thie shaype and mostion froam un rbitrry seguence of

inpit Eronages, Mokl i xakion methesd, the pixel
.-;|1i.l|u:p: Process ises thie [iRabasn Veloeny I Cofl-
struet a sequence of fxated images from an arbitrmey
sequence of mput mmages, and g, i needed for
conmpmating the ol rotational velociy [1].

The alponithms used for recovering the fixation
velocity aned ar,, obtaan their inpual infommation freon
a prateh aroud the fixation point Inonder o study the
effect of the fixation patch siee, we have used a
seguence of real images poguired & i Inniging
Laibreriory of Carnegie Mellon Dnfversity, Figume |
shvaes one of these 5TO = 384 paxe] images which
have 1 bits of resolotion. The cumem has a noma)
focil length of 24 s, and pixel size of 0,02 = 0,02
e, The calibmmted principal point his been used as
ihe fixation point is about 1450 e,

Figare 12 An anage i the sequence whene the real mislme is <013
ifegprens potation ohosul e ophenl axis & o -2 e ranslalon
alirng the horizenial azis X
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The real moton between these two images hox
bty ernmslntbonal amd otational componeis. The
real rvatin = ALY degrees amd s osupposed o be
ahout the optical nxis 2. The real transdanion is -2
g U Borieongal axis X,

Using il aleorithms given in sectton S of 1], we
can find ag, fior sy given fxation patch size. Figore
2 shovwes thit for smadl patch sizes (less than 50 = 50
prime ksl the estimated valoe of we s oscilliing wildly
and resulls iounaceeptabie o, "5 A The palch siee
imcrenses, the estomaled fg, comverpges lowinds neal
widlue of rotgion. Mamely, for lirge patch sizes (say
IR = D06 pixels) the estimated miagion, -03408
e pree s, 15 very muach near the real rotwtion, 0.3 ok grees,

Bt eaun e seen that e suee of T s s a
critical effect omnthe cstimmcd walies ol the componcn
af rodntionul velocrty abaout the focation axis, we..
Small patch sdze resilis in value for o, which =
vsually for lnrper than real volues, This is possibly
hecamse inoa sanall pch, small ransagons ean be
pnderpreteed s Lree ronitons, Figuee 3 shewes o hy-

Parch Sire [z

Flgure 2z Estimated value of the compoteni of mbaton velocily
gk ihe fixaimm axis, o Dor dillerent sizes of fioabnn paick
Fint I'-F'-' '|1r|||_|| wipes, the estznusted value of ow CINTVETHES
worwands the real valie of eay, 403 degrees.
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Figure 3: Using small fixstion patchcan resull in wrosg misspre-
tatian of o basge roitabion. Inoa patch of 3 =3 piael. o paxed height
wertical translation can be seen s 45 degrees rolation which is n
am accepiable answer ol afl, consadering the fnite mation be-
Pwesn inages.

pothetical situation where (a) and (&) are a ssquence
of a emall 3 x 3 pixels pach, The real motion in this
case is most likely a pixel height verticnl translation.
Bt if wee try b it rpret i as nrotition shout the patch
center we will end up with a 45 degrees of mlation
which is not acceptable, considering the finite mo-
fion beiwesn images.

AUTONOMOUS CHOICE OF OFTIMUM
FIXATION PATCH SIZE

The experimemtal results and explanations in the
previous section show thai relatively lurge patch
gizes should be used inonder 1o get a good estimale of
the component of the mtation along the fixation axis,
g, On the other hand, we know that in general a
larpe patch size will result in a wrong value for the
fixation velocity because depth variations generally
increase as the patch size increases. In this seciion,
we will describe the solution to this problem.

Computing the Fixation ¥Velocity

As shown in the previous section, we cun find a good
estimate for me, using a relatively large paich bul the
corresponding fixation velocity estimate for such
large patches is usually not reliable. Using only the
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acyuired estimate of ag,. we can write the motion
field at any point (x, ¥) on a small fixation patch as

=g+ = *Ph"—t}' '_'I"rl:l

XS #VE+

Ll
— ¥ -x)
Vii+va+l

(2}

¥rmyyg=

where (x_, ¥ ) is the position of fixation poant., and (.
L-II}Lulll:ﬁxmjunw:h.rr.'h::.- that we are interested in| 1 ].
ldeslly, the BCCE must be satisfied at any point on
the fixation patch as

o LT
(s T R | T L e———— A B
If+y i+ Yic+vasl
-J:,.HE. +E =1}, (1)

However, due to nodge, the above equation does nol
necessarily hodd at any pixel. As aresult, we can find
u_ and v_ by minimizing the sum of the errors over the
whole fixation patch. Namely, by minimizing

J'-” (1 er— T — | TS A
i1p

i +F &+

e Bs_ (x-2)Ey +E() dxdy (4)
Xa*¥Fa+
with respect w o, and v . This will result in the
following system of linear equations,

||FEfﬂ':d:r || EsEpdxdy
F

b

j B (kb B,y - (3 ~pod Ea b By | Euitxdy
P feieyael

EuEydxdy || Ejdzdy
r r

[ et (fx <X )Ey (¥ - yu) By Ei Epdxd y

R PSS
{53
which we can solve for the two unknowns o, and v,
Mote that wg, is known here,
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Parch Sizw [pigel]

Figure 4: Estumased valse of the honzonial component aof
translations] velocity, along the X-axis versus the Rzation patich
T

Figure 4 shows the estimated values of the
horizontal translation 7 9% for different sizés of
fistion patch, Iucan be ﬂc?ﬁ that U nicely converges
iivwands the real horizonial tramslation, -2 mem. The
dependency of U on the paich size is quite clearin this
figire.

In practice, we do not know the real fixation
velocity, and therefore there is no way of changing
the fixmion paich size by checking the computed
values of fxation velocity. In order o salve this
crucial problem, we should find an adonomous way

of choosing an oplimum fixation paich size,

Mormalized Error

Ax shown before, for any given size of the fixation
paich, we can find the fixation velocity components,
a_. v, and also the component of the rotational veloc-
ity about the fixation axis, ow,, using a relatively
larpe  patch. Knowing these values, the image
welocity (1, ¥) al any point (x, ¥) in the image plane
is given by Equation 2. [deally, for any given mage
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[] ] g 1] = e

point {x, ¥}, the BCCE must be satisfied as
E +yE+E=0. (i)

However, in practice we are  dealing  with real
images which nre usually nosy, As a result, the 12
xE +y E +E isnolrero. This term can be considered
pn error o for the cormesponding pixel. In o patch
of size p = p pixels, we can add these ermor Lenms and
define the normalized ermor as

rnIl.'th"":'l'fE:,"EJI : {TJ

'L
This definimon allows us to com pare the perfommanoe
of different patch sizes by studying the behavior of
the normalized enmor ¢ in response o the changes in
the patch size p, This considerntion may allow ws 10
find am optimum pstch size which resuls in minimim
nomalized error e, Figure 5 shows the comesponding
nomnalized error as a function of fixation paich size.
Usually, the nomalized emor first increases with
patch size and reaches a peak. After dipping down, it
increases agan.

.............................

Paich Sloa Jpiesi]

Figure 5: Estimated value of the nosmalized emor ¢ versss ihe
famton palch sipe,
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This is because ot first, the information in a small
patch size is notepough to give a good estimate of the
maotion and this will chuse the nomalized emor W
grow, By increasing the patch size, we are increasing
ihe amount of information available o the al gonithms
wa this will give a better motion estimate and results
in o smaller mormalized emor. As the paich siee goes
heyond some optimum size, the normalized emor
sians increasing. This is because usually o that stage,
the depth variation in the pach increases and will
give wrong Rxation velocity estimates which in tum
results in & large nomalized ermor. Mo that the
second rizsing section of the nomalzed ermor plot is
not shown in Figure 5 in order to keep the plots
uniform n s,

Asone might expect, the optimum fixaton patch
size depends on the patch texture which may vary
from patch o patch. However, the general pattem of
normalized erfor allows us to autonomaously find an
optimum fixation patch size which gives good esti-
mates for the fixation velocity, The optimum patch
size is the one that corresponds © the minimum
nommalized error after the first peak.

AUTONOMOLS CHOICE OF
AN APPFROPRIATE FIXATION POINT

In generl, the fixation algonthms do not pul any
resirictions on the choice of the fixation point
Iocation and virtually any point can be chosen as the
fixation point. Among all points, the choice of
principal point ((L0) makes the formulations simpler.
However, in practice, one should take measures in
choosing an appropriate fixation point.

Mot significantly, the motion of the-chozen point
should be detectable in the image. To clarify this, we
can consider a paich which has a uniform b glimess,
Choosing the center of such a patch as the fixation
point will not be useful because this point may have
moved and we will not be able 10 recover the motion
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only based on the information given on that patch,

Forasmall patch of uniform motion field, the keast
squarc method can be applied 1 the BCCE to obtain
the following system of linear equations for the
motion fiebd (u, v ) as

Il Eldxdy || E.E,dxdy -|| E.Eydzdy
P r o e
|| E.Edxdy || Eldxdy ¥ || E.E,dxdy
r ] »
()

Tt is obvious that the solution for (e, v ) exists if te
determinant of the above matnix,

D= 1LE.'dxd]:]|”'E,= dxdy J-i_”rE. E,dxdyr. (9

is not zem. As o result, we can define a good fixation
point s A podnt whose comesponding patch has a
nonzero U which is the lnrgest among all other
possible choices. It is very casy o implement this
eriteria for sutonomous choice of fixation point, and
it works very well even on reil noisy IMAages,

ROTATION AXIS CALIBRATION

In ourexperiment, we have not explicitly applied any
vertical translation (along Y-axis). However, Figune
f shows a verical ranslation of abowt 0.9 . This
is mainly because the real rotation axis does not
coincide with the optical axis'. At CML' Imaging
Laboratory, the rotation mechanism is not sel up 1o
cotncide the Z axis of rotaton with the optical axis.

To clarify this, we should mention that in metion
vigion, the assumption is that the rolation axis passes
through the origin of the viewer centered coondinate
system. As a resull, in this experiment. our algo-
rithms only give the mtation ahout the optical axis £

"I poneral, mounted OO &1 en engle may also cause soch Kinda
of emrom, Bul it is not the caze here because the pnscewacy of
imsotenn b happened only in the vertical darection.
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Paic# Siew frinel]

Figure 6 Estimate] value of the horizonial componest af
iratelatisnal velocity, alomg the X-anis. vemsus the areof fixition
[tk

rithms only give the rottion about the optical axks 2,
Acconding 1o the basic Kinematics, the compensuting
trmslation which results from shifting the Hititicn
axis 15 givenby ¥ =-w xB. Where B isavector friam
o poart an the shifted rotion axis @ o pol on the
real rolation axis. In our special case. ¥V = -{m 5 =
(A5). In thix experiment, V, = 4.9 mien annd 0= 4.3
degrees. Ax a result, the real rotation axis is Jocated
ar abowl bos 0903 = =W IR0 = <172 mm
perpendicular distance from the optical axis in the
Borizonil plane.

A similar method canbe nsed for the wotal calibra-
tion of the rotation axis which is parallel wothe oprical
axis inany camern system ammangement. In order o
find the real axis of rotation, the following steps
shoald e taken:

I= Apply 0 pure motition about the axis which is
comsidered o be the opticil axis,

2- Compuie g, by applying the algoriihms given in
section 5 of [ 1] using a relatively lurpe patch.

- Finud the transhational motion (u , v ) at the pringi-

pail poving using the Equation 5,
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A= Finl the location of the real notutional axis using,

’J-,:.i
Z m‘.* (1N

h:, -u._"'_".r_

£, g,

whiere £ s deih at the principal point, and { s the
Focal lenpthe. As g result, the real notminn axis is
parallel o the optical axis and intersects the image
plume at poini (&, b ),

CONCLUSIONS

The expenmental results presented here show that
the fxation velocity and the component of ool
welocity  aboat the  fixation axis (@g. ) can be
secuntely compeited using only the infommuation from
a smadl poich aroumd e Gxation poldat. The
correspotiding optimum pitch size i our experiment
ix about 100 100 pixels which results in © ekl of
view of about 2=2.4 degrees. Recovery of fixaton
velocity anmd ey, is one of the most important port of
fixation method, Obtaning such pood results while
usiong only & small pach of real image insures the
feasibility of the fixation methid, This is especially
trupe 1 wie comsicker that the nominal focal bengatl ansd
nomminal pixel size are used in the compuintions,

Owr gonl o on going work i< to make a stable
IEonamos motion vision system which takes any
sequence of mages as i inpor and recovers the
nnvoen, sened shape seithout any need o oeck, chinose,
anel ndjust the parnmeters, Fixation offercd a genarl
direct method and this paper presented o technigue
lor mitomomious choice of an optimum fxation patch
saze and an appropriace fixation pomt location. These
sl ts opwen e rosud Tor the implemennari wi ol i fully
LTS maotion vision system,

The methodd described for the the calibration of
the real ndation axis offers a simple solution o an
impontant implementation problem, This pmoblem
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cin result in considersnble ermr in the motion
extimntes if it is not deteeted and compensated for,
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