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ABSTRACT; In this paper s method for analytic modeling of three dimensional phjects
ls introduced. The basic ides is to mske use of the information phtained using com-
puter vision to determine the Cartesian Coordinntes of s set of points existing on the
surface of the object, this occurs through the use of range finding methods, These
Coordinntes are fed to a computer program which computes the coefficients of the
snalytic equation such thnt the error in object modeling i3 minimum, thls occurs by
using the least mean square estimatlon for determining the coefficients of the fitting
equation, The ellipsoid is the primitive uased to model the objects, This wmethod ena-
bles us to represent any object by a constant number of coefficients{ 9 coefficienta )
which 15 the oumber of coefficients in ellipsold eguation, Alep, the waste volume will
be reduced compared tn the weste volume resulted when modeling the ohject with other
models such as spheres or bounding boxes. Our primary goel ils to provide a aimple and
accurate model for the objects in order to be able to design s collision free pathb for
the robot arm while moving in its working sapace,

1-INTRO INCTIONK

Geometric description of three dimensionael{ 3-D) objects is a very import-
ant task in different flelds such us solld modeling, computer-sided deslgn, computer-
aided mapufacturing, snd robotics. There exiat different schemes for representing 3-D
objects auch as spatial occupancy of ¢ells in an octree, Boolean comhbination of aolids
tapologicul relatlonship of verticea, sdges snd fucer is a boundary graph, end apaly-
tic solid modellng. In this paper, object modeliag techpiques suiteble for designing a
colliaion free-path for a robot arm while moving in its work gpace ares are presented.
Morvac [1) solved the find-path problem in two dimensioos. Ne bounded all objecta (ob-
atacles) aod the moving object by circlea. Thea the grown obetacles were all perpendi-
cular cylinders and the problem could be projected buck into two dipensions where rot~
ations could be ignored. This method migseg ull puths that require rotational maheuve-
ring {2). Luh [3J] proposed a scheme yaing a ‘plllar Model' of unexpected ochatacles
#hich is constructed from the images by stereo cameras, and selecting s colliglos-uvo-
idance path from prestructured patbs. Using atereo cameraa, however, ofteo involvea
couvolutios which le computationnlly time consuming. To easure the safoty requiremeuts
the descriptive model of thc obatacle ahould always enclose the physicul object entir-
ely. Sluce the description of the obstacle must be procesged through computer, then 1t
13 desirsble to avold any complicated model, Recently, Lub and Klassen {4} suggested a
simple madel which satisfies these conditions in which the physical obstscle is enclo-
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eed by a hounding box, When the Certeslan Coordinates are defined,to be parallel with
the edges of the hox, it c¢an be described by the lower{ minimum value } and tbe upper
{ maximym value ) hounds of the obatacle on the three sxes. Three cameras arranged
such thaf their axes are parallel to the Cnordinate sxes, are used to obtain thessa
informatiops. Pecpuse the detalled description of the obstacle is not conaidered, the
bounding box model causes & large smount of space wested. The 'wire frame' model (5},
in which the objects Bre reprssented by a collectlon of vertices connected by straight
line edges, is used for many spplicatlons in path planning taske.

In this peper the ‘Ellipepid Mndel' 1lg introduced ss 8 method for represen-~
ting the nbjsctes. This model uses &an ellipsopid as a primitive to represent 3-D objects
and Bn ellips to roapresent 2~D ohjects. Section 2, discussea how to use lesst sgquare
estimation method {£] to derive the fitting equation in the Cartesian Coordinates of
& limited pumber of points existing on the object surface. Bection 3, discusses the
role of computer vizion to ohtain the coordinates nf these points which mesy be carried
out using ahape from ghading technigques such as photometric stareoc method {73, or
steren vision method [B}. Zctiom 4, explains how to design a collision Iree path for
the end effector of the robot arm using the ellipsotd model. Bection 5, pregente expe-
rimentsl work apd practicsl cohglderations. The paper ends with conclusions and Bugge-—
ations for further work.,

Assume that the Cartesiaoc Coordinmtes of N poilntg existing on the surface of
the object ars gilven, these points are distrilbuted across mll the object surface { for
example the coordinates of vertices of s coovex polyhedron }. It 13 required to obtaio
s Simple anslytic equation exist on or ipside this simple gurface, t.e, the reguired
surfacs must snvelop the object such thet the waste space which exists ingide the sur-
face and at the game time does oot belong to the objJect ie minimum. This eguatiop will
he referred to as fittipg eguarion.

Usually objects are described by the composition of '"PRIMITIVES'. A& typical
geomefric model includea primitives such ss 8 point, line, plane, ellipsold, parslle-
lopiped, aphere, cylinder, and cone. To ebsure the gafety requirements, the deecriptive
mopdel of the object should always enclose the physical object entirely. Slnce the des-
cription of tha obstacle must be processed through the computer, it 18 desirable to
avold any complicated model.

In thia paper, the ellipsnid is chosen as an envelope for the object. Tha
genersl aquatlon of ths ellipsoid walpg Cartesian Coordinatss { x,¥,x ) is
a xz + 8 yz + B 22 + a.xy + 8

1 2 4 3
where ( a , I= 1, 2, .,....,10 ) are the equation coefficients, Dividing both aldes by
(—alo), tﬁsn the mbove equation can be expressed in matrix notation form as8:

Xz + Bg¥T + 8.X + nay + B .Z + 8 =0

3 T 5 10

ET-_’E=1 (1)
where;

C=[c [ c [ ¢ [ [ ¢ [ ]T {2

- 1 2 3 ] H] ) 7 B g

€ = ni/(-alo) . 12 1, 2, .......9 {3)

and

2

=] xa yz z Xy xZz ¥y x ¥y = ]T (4

C ia called coefficlents mstrix and X 18 called coordinates matrix. It 1s easy to show
that Eq.(1l) rspresants all the pointa (x,y,z) existing on the eurface of the Ellipaoid
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T
while the relation § . E‘il repreeents the pointa ineide it, aod the relation g?.i:rl
Tepresents the poilnts outside the Ellipsold surtece,

Given that the set of points { X, Voo T, Y. 1=1, 2,....K existing on the ohj~

ect aurface, the problem becomes how to camlculaste the coefficients matrix € such that

the error in representing the object by the Ellipsoid becomes minimum, or in other words
the lost volume is minimum. There are variety of methods for solving this problem. The
Least Mean Hjuare (LMS5) estimatlon method [6) 1s used here for this task. . Buhatituting

the points Xys ¥yo %y into BEq.(l) yields:
E? . Ei = 1 + e,

where Ei i3 the coordinate matrix corresponding to the point xl’ yi, zi and el is the

error due to approximsting the ohject surfnce by the Ellipsoid surfsce. The goai 13 to
choose € such that the mean sgunre valuc of e ig minimum ncrosa ntl the given points
of the object surface. Therefore, the meunh sigquare error can be exprecased as:

al 2
{1/W) 5 e,
i=1

L T 2
(1/102 (¢ x-1) (5)

i=1

™
1)

"

fferentinting E with respect to € and equating the result to zerp, yields

»*

BR.c =y

where

N
T
(1/H)E X . X

i=1

i
i

= Correlation Matirix

hi
(1/%) E x,
i=1

Hean Matrix

=
il

Tarty (6)

i}

= Dptimum Coefficients Matrix

Note that R is always poaltive detinite, In order to meke sure that the whole object
exista inside the Ellipeoid, Eq.{1) iz modified ax

cT . x =1+ ¢ €7
- it max

-
where e:ax is the maximum positive error occured when usiag C a8 @ coefficlent mstrix,

it can essily be obtained from the given informatlon.

b) Case of Complex Qbjects
1

t the cobject under study is cowplex sed represented by a gingle Ellipsoid , the
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weate volume will be lsrge, In this case the complex object msy be*divided into smaller
simple objects, and for each one of these minor objects a fittliog equation ia darived.
For example, the T shape shown in Fig., 1, can be represented by two Ellipsoid, esch one
repreeents one of the two arms of the ahape.

Object

Fig. 1, Simplificatiop of Complex

Qhjects,

3- ROLE OF COMPUTER V1 SION

The importance of the computer vision i9 to provide a program in Cartesian Coo-
rdinates for s set of points that exist on the surfsce of the object, There exiat diff-
erent techniqunes for range finding using ceomputer vision such s occlusion cues, taxtu~
re gradient, focusing, image hrightneas, sterec disparity, cemern motion, ultrasonic
runge finding, snd laser techniquee, For 8 good survey of these techniques see Jarvis{9].

Stersa disparity refers to the phenomenon by which the image of a 3~D object
polnt shifts as the camera iz moved Ilaterally to the depih coordinate axls. For 1two
guch camera positioms, simple geometry indicates that the lmage dlaplacament {(dispnrity}
is inversely proportionsl to depth 84 measured from the camers. Proceseing the stereo
imnge lm known to tske & considerable amount of time which creates s bottleneck and
prevents the reslisation of real time operation, To remedy this deflclency, the pixel-
wise processing 1s modifind to become the patchwige processing. The left and the right
cameras bave ragers at a pixel rate of 1 MHz with sn integrationm time of U,.235 ms [B].

Tbe photometric atereo metbod [T] can produce 8 map for the surfsce orientatlon
at each point of the objsct surface., lm order to determine the depth of the point, the
distance hatween at lesat one point on the object and the camers should be given and
integration process is required to determine the locaticosa of the other polnta,

4-COLLI SION~AWD 1 IANCE PATH

In thie section, design of coilisilon~free path between the start and the gnal
posltions nf the robot is presented. Once the bounding Ellipscid of the chetacle e
conptructed the collisionavoideance path can be determined aa follows. In the conventi-
onal metheds [3,10], the robot's end-effector ls treated pa 8 polnt at the origin of
ita coordinates aod the robot’'s linke 1la conaildered as aticka by expanding the bound-
ing Fllipsold by ona-half of the arm-width of the robot.

In Flg. 2, aaaume the poeition S ie the start poaition nf the end-effector
and the polnt € is its goal poaltion, then it la eassy to ahow that tha ahortest path
betwaen these two polnts ia a straight line connecting them, How, if this straight llns
intersecta the exteodsd Ellipsoid, may, st the two points A and B, then the aad-effector
shouid go around the Ellipaoid betwaen these two points in order to avold penetrating
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Vartlcatl plane

Espanded bounding e«lllpasald

Callision ~ avoldance path

s

Fig. 2, Collision-Aveidance Path,

the obstacle, Gegmetrically a vertical pleme can he constructed to pnes through the
straight line mentioned ahove, the lntersection of this plane and the extended Ellipsoild
will be an ellipse. Moreover, if a horizontal plane 1s used, another ellipse will resule,
the ellipse with the shortest length between the two pointe A and B is used. Finally the
collision avoidanee peth consists of the line segment from 8§ to A, followed hy a portinn
of the sllipse between A ond B and by the line megment from D to G, Fig. 3, ghows &
hlock diagram of the information flow of the overall scheme,

1l od Calllalgn-avaidance
lmage precaialng 1 Object mapallng calt
I
Frec Collision
Frem :‘.‘amern -~
Burface cgardinates Elllpxaid cosfficlents

Fig. 3, System Block Dlagram.
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The wininn systenm used in tbis work gives only two dimensionml image of the
objectn. Therefors, two dimensional path planning 1e performed, Tecbnigquem wbich provide
tbe third dissnslon {(depth) from the 2-D images, euch as anepe from mhading or steren
anelysia, are not ussd hare. Theme techniquea require = long procesning time which is
pot euitahle for reml time control of the robot arzm. Laaer resnge finder 18 one of the
moat Suitable wethods to evaluate the depth, However, it wos not wvallable for this
work.

The winion symtem umed ia Autovision AY3 by Autnmax Incorporation. This system
ia able to take a plcture of an object in ite areoa of view and performa gray-and-connect
analysis to determins 49 features for thie oblect. Theee fsatures are useful in differ-
ant applications auch ae object recognition or inspection. For this work, only five
teatures ware uand, Theee are:
1~ OB J~XCENT iy (Xc)

3~ OBJYCERT <pmede (Y )

3~ DBJ~MA DR 4pmmp (a)

4~ OBJ~MINOR st (b)

S~ OB JANGLE e (o)

Thess estimated festures were used to formulate the eoilipse model of the ohject am:

C*T L K=21+ 4

+
W
whers A= Lrax * Y FaY

¥ = handwidth of the rohat arm

g eafety fxctor
The robot used is PUKA 650, by Unimation Incorporation. It hes six joiots aud beoce eix
degrees of freedom. The maximum bandwidth is sbour 50 mm, and the value of tbe safety
factor L5 used was 10 mm.
Although, using OBJ-MAJR and OBJ-MINOR de not guarantee that sll the polints of
the objsct lay inside the ellipse, It was found that these features provide a suitable
model for objects with lese sharp edge variationa.

i1-Cslibrstions

In oxrder for the rohot to acquire located parts by the wvizion system, there
pust exiat a commoun carteeinn frame of reference. This wne nccomplished by symtem
calibration, First, the vision syaten ie calibrated to establisgh an accurate two-dimen-
sionsl cooardinate systcerm in the fleld of view, Seccond, the camera courdinate system must
be relsted to tbe coordinate aystem of the robot. Thie wss performed by deternining s
camera~to~robot coordinate trassformation. A coordinsate transforastion ie an operator
which describes tranalatlion and rotastion of » coordinate ayetem from ane location to
apother, Therefore, the camerg-to-robot traonformetion describes the tranelation and
rotstion required to bring the camera coordinste ayatem into coincidence with the robot
coordinate aystem,

B} Yisioa System Calibration

The dimensions in the vislon aystem are given in pixel units, whersa in the rohot
pystem they are glven in millimeters. Therefore, the vision system muet have its coordi~
nates sceled ir the aame units ag the robot cuordinates system,. The vision system ig
calibrated ueing the rubot to meéasure a diatence in the fleld of view. This was carried
out as follows: A ‘polinter' tpol waps beld in the robot hapd, A flot disk with a eenter
hole wes placed in the fleld of view. The robot lg moved to place the pointer in the
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centar hole of the dilsk, The robat lecstlon was recorded by typing HERE Rl on the
terminal af the robot system, then ths robot wos moved out of the fleld view wicthout
disturbing the dilsk, The command PICTURE was typed on the terminal of the vislon
aygtom, causlpg the vislon system to determine the location of the disk in the fleld
of view by recording OBJ-XCENT and OBJ-YCENT. if it ia amsumed that thxlr . ylr) ma,

and vl(xlv N yle plxels, are the locatlon of this point in the robot coordloates and

in the vision coordinates respectivily. This procedure was repeated for a sSecond

location to determine Rz(xzr P y2r) and Vz(xzv . y2v). How, with two robot locationa

and two corresponding disk locations in the field of view, the acale factor 15 deflped
Ba:

- 27T Z
gtz f Far Xip) * Uy =¥y
TNIY,OTY TTTTTTTITTTETTTTTTTTTTTTT,
1z (Xay = X3y Py~ W)

¥

The above procedure was repested 10 times and an average scale factor of 1.9 mm/pixel
wasS estimated.

by Camera-to-Robot Callbration

Onace the vision sygtem has been calibrated, the treasformstion relating the
field of view to the robot must be performed. In thls experiment, the CAMETRA WAS
mounted ahove the robot arm in ite READY position with the Axea chosen ae: the x-axlis
of the vision system i’ paraliel to the x~axls of the robot syetem and the y-axis of
the vision gystem Ls antl-parallei to the y-sxis of the robot aystem. Therefore, the
relation between the two coordinate systems is pure translation (except the y-axle
rotates by 180°%). This linear transformation 15 expressed as:

e = CSYV * Cd

where x, and ¥, ere the coordinates in plxela, x and !r are ln miliimetera, and Ci,

C and C4 are constants, The above procesa wag repested and the coordipates of

2' ca!
different points were determined. Uaiag the values of these coordinates, the corres-
pondiog values of the constants Cl, Cz, Ca, and C4 were calculated. in terma of

averags values of these constants, the llnear tranpaformation 1R gilven as:

x

2,2 x_ - 435
r v

¥

-1.9 ¥y - 789.3
r ¥

11 - Program Execution

In the robot coordinates, the starting peint of the robot hand {center of the
gripper) was chosen at (500 , 500) mm and the goal poiot was at (-500 , 500) mw. That
18 the robat should move in 8 horlzontal straight line if there 1s no chatacle on its
way.

The object used was 8 rectangular hook of length 21 em and widcth of 14 c¢m.
Thif object was kept inbetween the start end the goal peointes as shown in Fig.4. The
viglon aystem wae orlented to take a picture of the oblect through a program wrltten
ipn RAIL language. The reaults of thils program is as follows:

OBJ-XCENT = 15T.18 pixela
OBJ-YCENT = 101.58 pixels
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OBJ-MAJOR = 160,92 pixels
DBJ-MINDN = 125,83 pixels
DBJ-ANGLE « - 22 1B%

Fig., 4, Illustratlon of the Experimental
Work.

These data were fed to another program (written ln VAL II language) which controls the
motion of the roboc arm. The input to this program consists of the above flve features
and the output is @ collection of pointa or locationa, seperated by lmm,through which
the arm should pass. Analysis of the imege festures took about 0.5 sec. and the Jjourney
of the robot arm from the starting pelnt to the goal point took about 51,61 sec,

6~ CONCLU SION S

A method for modelinpg 3-D objects using an Ellipseoid es & primitive i3 introd-
uced, The leaat mean square estimotion technigue is used to cnlculste thoe coefficionts

of the Elllpeoild cquation, such that the nrror in raopresenting the ob Ject by the
Ellipsoid becomes minimum, The use of Ellipsold for modeling process has the following
advantages:

1, It reduces the waste volume in representing objeccs more than the other modele, guch
n& bounding box or n aphere,

2, It makes the puoher of coefficlents required to represepnt the volumg occupled by the
object nlways mqual to 8, which 18 the nuwber of the coefficlents of the Ellipsoid
aquation. This numher is very low compared to the other models, such Ba wire frame
model .,

3. Vee of the snelytlc representation for the objects iotroduced im this paper enasbles
ue to express each ohject by only one constraint, This property will be very uaseful
when looking to FIND-PATIl probhlem as aon optimisution problem.

The purpose of thle paper was not to introduce en optimel peth for the robot arm
while it 15 moviog, instead 1t introduced A simple and safe peth. The determination of
the optimal path using the propoeed model mey be done in a further work. Also, the study
of ancther fester methods for calculeting the coefficienta of the fitring eguation than
that used in this peper wny be a good extension in thias direction,
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center hoie of the disk. The robot locatlon was recorded by typing HERE R1 on the
terminal of the rohot aystem, then the robot was moved aut of the field view without
disturbing the disk, The command PICTURE was typed on the terminal of the vision
8ystem, cauaiug the vision aystem to determine the location of the disk in the field
of view by recording OBJ-XCENT nand OBJ-YCENT., If it i3 nssumed that Rl(xlr , er) mm,

and “1“1v ) pixels, are the location of this point in the robot coordioates and

3 ¥
lv

in the vision coordinates respectivily. Thls procedure waa repeated for 8 second

location to determine R2(x2r ' yzr) and Vz(xzv R yzv). How, with two robot locationae

and two corresponding disk locations in the field of view, the scale factor is definad
Ra:

—

3
R,R Koy = %y ¥ Wap — ¥y
z 2

2— -———
2 ( - vy, - ¥ )

*av

The above procedure was repeated 10 times and an average scale factor of 1.9 mn/pixel
was estimated.

b}Camera-to~Robot Calibration

QOnece the vision system has been callbrated, the tranafnrmation relating the
field of view to the robot must be performed, Ia this experiment, the camerd wdsg
mounted above the robor arm in its READY poaltion with the axes chosen as!: the x-axis
of the vision system is parallel to the x-axils of the robot asyatem and the y-axis of
the visioa syatem is anti-parallel to the y-axis of the robot system. Therefore, the
reiation betwern the two coordinate systems is pure tranalatioa (except tbe y-8xis
rotates by 180°). This linenr tranaformation is expressed ag:

xr = Clxv * CZ

yr = Cayv + C4
where x, angd y, are the coordlnates in pixels, xr and y, are in millimeters, and Cl,

C and Cq are constants. The above proceas was repeated and the coordinates of

2! Cal
different polnts were determined. Using the valaes of these coordinates, the corresa-
pondiag velues of the constants Cl, C2, CS' and 64 were calculated. In terms of

sverage valuesa of these constants, the linear transformation 1g givea as:

x = 2,2 x - 435
v

ot
i

-1.9 y - 769.3

In the robot coordimates, the starting polnt of the robot hand {(center of the
gripper} wag chosen at (500 , 500) mm and the goal poiat was at (=500 , 500) mm. That
18 the robot should move in a horizontal atraight line if there le pno obstacle on 1its
way.,

The object used was a rectsngular book of leagth 21 ¢m and width of 14 cm.
This obiect was kKept labetween the start and the goal pointa as shown in Fig.4, The
vision ayatem was oriented tn take g picture of the object through e program written
in RAIL langusge. The resulta of this program ls as follows:
0BJ-XCENT = 157,18 pixels
a8 J-YCENT = 101.58 pizxels
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ODJ-MAFM = 160.92 pixels
OBJ-MIIOR = 135.83 pixels
QOBJ=ANGLE = - 22.18¢

Fig. 4, Illustration of the Experimental
Work.

These data were fed to another program (written in VAL II language) #hich contraola the
motion of the robot arm. The input to this program conalsts of the above five features
and the output is & collection of polnts or locations, seperated by lmm,through which
the arm should pass, Analyais of the image features took about 0.5 sec. and the journey
of the robot arm from the starting point to the goal point took about 51.61 sec,

6~ CONCLUSIONS

A& method for modeling 3- D objects uglng an Ellipsoid ms a primitive is introd-
uced, The leaet mean square escimntlon technigque i8 used to cnlculate the coefficients

of the Ellipeold ecquatlion, such thnt the orror Ln ropresenting the object by the
Ellipaoid becomes minimum. The use of Ellipsoid for modeling process has the followlng
ndvantages:

1., It reduces the waste volume in ropresenting objects more than the other modela, such
as boupding box or a sphere.

2, It makes the humher of coefficlents required to represent the volume ocgupied by the
object alwayse equal to 3, which 13 the nuwber of the coefficleots of the Ellipsoid
equrtion. This number is very low compared to the other modele, such s wire frame
model

3. Use of the mnalytic representation for the objects lptroduced in this paper enakles
us to expresa each ohject by ooly one constraint. This property will ke wery useful
when looking to FIND-PATH problem as an optimisation problem,

The purpose of tbils paper was not to introduce ap optimsl patb for the robot arm
while it 15 moving, ipatead it introduced a simple and safe path. The determination of
the optimal path using the proposed model may be done in a further work, Alaso, the study
of apnother faster methods for calculating the coefficilenta of the fltting equation than
that used in this paper may be & good extensjion in thie direcciom,
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