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ABSTRACT 

We propose to use an extended Gaussian imap,e 
(EGI) fo r i n t e r p r e t i n g 2-1/2-D representat ions for 
recogni t ion of 3-D ob jec ts . The EGI is constructed 
by mapping each surface normals of an object to the 
Gaussian sphere. 

The freedom in viewer d i rec t i ons caused by 
incomplete observat ion Is great ly reduced by 
applying cons t ra in ts derived from a global 
d i s t r i b u t i o n of surface normals on the EGI. One 
const ra in t on the viewer d i r e c t i o n is derived from 
the r a t i o of the projected area to the o r i g i n a l 
surface area. The other const ra in t comes from the 
d i r e c t i o n of the p r i nc i pa l a x i s . A f te r reducing the 
possible viewing d i rec t i ons w i th these cons t ra in t s , 
we w i l l apply a matching funct ion to ESls of a 
candidate set fo r a f i n a l dec is ion . 

We also propose an a lgor i thm for reconst ruct ion 
of the o r i g i n a l shape of a convex polyhedron from 
i t s EGI. This a lgor i thm is based on the 
analys is-by-synthes is method. 

1 WHAT IS THE EXTENDED GAUSSIAN IMAGE 

A c o l l e c t i o n of l oca l surface normals 
[ 1 , 2 , 3 , 4 , 5 ] , sometimes re fe r red to as a 2-1/2-D 
representat ion of an object [ 6 ] , is o f ten provided 
by machine v i s i on at the low l e v e l . For example, an 
a lgor i thm based on the propagat ion-o f -const ra in ts 
technique [2] provides l oca l surface o r i en ta t i on 
from shading and occluding in fo rmat ion . The same 
a lgor i thm can also produce surface o r i en ta t i on from 
apparent d i s t o r t i o n of known patterns based on a 
regu la r -pa t te rn gradient map [A ] , The d i s t o r t i o n of 
these small c i r c l e s on the go l f b a l l in F i g . 1 can 
be used to recover loca l surface o r i e n t a t i o n . 

In the above cases, the next problem 
encountered is how to in terpre t these loca l 
representat ions for a global recogn i t ion of an 
ob jec t . One of the most important issues in t h i s 
process is how to convert a l oca l representat ion 
based on the viewer-centered coordinate system in to 

a g lobal descr ip t ion based on the object-centered 
coordinate system such as the generalized cy l inder 
[7 ,8 ] or the spike model [1] . Each l o c a l 
representat ion depicted as a needle in the above 
example is obtained at a pa r t i cu la r point expressed 
in viewer-centered coordinate system on the image 
plane. On the other hand, an object model is 
expressed in a p a r t i c u l a r coordinate system usual ly 
based on an object center and natura l axis of the 
ob jec t . These two coordinate systems are 
independent each other . I t is qu i te d i f f i c u l t to 
recover the o r i g i n a l object-centered coordinate 
system from the 2-1/2-D representat ion observed in 
the viewer-centered coordinate system. We propose 
to use the extended Gaussian image (EGI) as a t oo l 
fo r t h i s conversion process. 

An EGI of an object may be derived from a spike 
model of the object [1] . A spike model is a 
c o l l e c t i o n of surface normals on each surface patch 
in the 3-D wor ld . Let us assume that there is a 
f i xed number of surface patches per un i t surface 
area and that a un i t normal is erected on each 
patch. The c o l l e c t i o n of these normals is ca l led a 
spike model of the ob jec t . These normals are l i k e 
porcupines's q u i l l s [ 1 ] . These normals on surface 
patches in a spike model are moved to a common point 
of a p p l i c a t i o n . The locus of points cons is t ing of 
t he i r end points l i e s on the surface of a uni t 
sphere. This mapping is ca l led the Gauss map; the 
un i t sphere is ca l led the Gaussian sphere. If we 
at tach a un i t mass to each end point of the normal 
vec tor , we w i l l observe a d i s t r i b u t i o n of mass on 
the Gaussian sphere. This d i s t r i b u t i o n of mass w i l l 
be normalized. The resu l t i ng d i s t r i b u t i o n of mass 
on the Gaussian sphere is ca l led the extended 
Gaussian image (EGI) of the object [1 ,9 ] . 

An EGI is independent on both the pos i t ion of 
the o r i g i n and the scale of axes of the coordinate 
system. A coordinate system may be characterized 
using three components; the pos i t ion of o r i g i n , the 
d i r e c t i o n of coordinate axes, and a scale factor of 
a coordinate ax i s . Among these three components, an 
extended Gaussian image is independent on both the 
pos i t i on of the o r i g i n and the scale fac tor of 
coordinate ax i s . An EGI is independent on the 
pos i t i on of the o r i g i n , because Surface normals on 
patches w i l l be projected on the Gaussian sphere in 
p a r a l l e l t ransformation without regarding the 
pos i t i on of the o r i g i n . Also the representat ion is 
independent on the scale of the coordinate. For 
example, a 2x2x2-inches cube has the same 
representat ion as a l x l x l inches cube, provided that 
t o t a l mass of d i s t r i b u t i o n on the sphere is 
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n o r m a l i z e d . Namely, b o t h images f rom these cubes 
c o n s i s t o f impu lses o f 1/6 u n i t mass a t the n o r t h 
p o l e , t h e s o u t h p o l e , and each q u a r t e r p o i n t on the 
equa to r o f t he Gauss ian s p h e r e . 

The EGI may be rega rded as a un ique 
d e s c r i p t i o n , on t r e a t i n g o n l y convex o b j e c t s . An 
o b j e c t has a un ique EG1, when the o b j e c t is a convex 
p o l y h e d r o n [ 1 0 ] . M inkowsk i showed that: two convex 
p o l y h e d r a a re i d e n t i c a l i f each p a i r o f 
c o r r e s p o n d i n g f aces has an equal area and the same 
s u r f a c e n o r m a l . 

IT RECOGNITION OF AN OBJECT USING AN EGI 

A . Data S t r u c t u r e 

We have to t e s s c l l a t e the Gaussian sphere i n t o 
meshes, when we t r e a t o b j e c t s wh i ch have c o n t i n u o u s 
s u r f a c e s ( e g . c y l i n d e r , s p h e r e , . . . ) . A c o n t i n u o u s 
s u r f a c e has a c o n t i n u o u s d i s t r i b u t i o n o f i n f i n i t e l y 
many p o i n t s on the Gaussian s p h e r e . We have to 
c o n v e r t a c o n t i n u o u s d i s t r i b u t i o n i n t o a d i s c r e t e 
d i s t r i b u t i o n . 

For t e s s e l l a t i o n , we have to d i v i d e the s u r f a c e 
o f t he Gauss ian sphere in a u n i f o r m manner. S ince 
we l o o k a t an o b j e c t f rom d i f f e r e n t d i r e c t i o n s , a 
t e s s e l l a t i o n method i s r e q u i r e d to have the same 
r e s o l u t i o n o f ang le i n every d i r e c t i o n . I n o t h e r 
w o r d s , each c e l l o n t he t e s s e l l a t e d sphere i s 
r e q u i r e d to have the same area and the same d i s t a n c e 
f rom i t s a d j a c e n t c e l l s . 

One way to s a t i s f y t h i s c o n d i t i o n i s to use a 
r e g u l a r p o l y h e d r o n t o d i v i d e t he Gaussian sphere 
i n t o meshes [ 1 1 ] . A r e g u l a r p o l y h e d r o n has faces o f 
equa l a r e a . A l s o a r e g u l a r p o l y h e d r o n has faces 
e v e n l y d i s t r i b u t e d i n d i r e c t i o n w i t h r e s p e c t t o the 
c e n t e r o f g r a v i t y . Thus , we can d i v i d e a sphere 
i n t o meshes of a f i x e d a rea by p r o j e c t i n g edges of a 
r e g u l a r p o l y h e d r o n i n s c r i b e d i n the sphere on to the 
s u r f a c e o f the sphere w i t h r e s p e c t t o the c e n t e r o f 
t h e s p h e r e . The r e s u l t i n g t e s s e l l a t i o n on the 
sphere is c a l l e d as a geodes ic dome [ 1 2 ] . 

S ince we have no po l yhed ron of h i g h e r o rde r 
t han t h e i c o s a h e d r o n , we use a s e m i - r e g u l a r geodes ic 
dome c o n s t r u c t e d f rom a two f requency dodecahedron . 
(See F i g . 2 . ) Our t e s s e l l a t e d sphere a l s o has a 
h i e r a r c h i c a l s t r u c t u r e . Each c e l l o n one l e v e l 
c o n t a i n s b o t h p o i n t e r s t o s u b - c e l l s o n the nex t 
l e v e l and the d i r e c t i o n o f t he c e n t e r p o i n t o f the 
c e l l . D i s t a n c e measures between c e l l s i s a l s o 
m a i n t a i n e d in t h i s s t r u c t u r e . S ince we use a two 
f r e q u e n c y dodecahedron f o r t e s s e l l a t i o n , the top 
l e v e l c e l l c o n t a i n s p o i n t e r s t o t w e l v e s u r f a c e s o f a 
geodes ic dome based on a dodecahedron . The second 
l e v e l has 60 t r i a n g l e a reas wh i ch come f rom a one 
f r e q u e n c y dodecahedron . The l owes t l e v e l c o n t a i n s 
240 t r i a n g l e c e l l s o f a two f r equency dodecahedron . 

Q u a n t i z a t i o n o f a n o b j e c t i n a l l d i r e c t i o n s 
u n i f o r m l y i s a l s o r e q u i r e d when making a p r o t o t y p e . 
For examp le , i f you sample s u r f a c e o r i e n t a t i o n s o f 
a n e l l i p s o i d a l o n g i t s l o n g a x i s a t eve ry observed 
p i c t u r e e l e m e n t , you w i l l o b t a i n v e r y rough 
i n f o r m a t i o n o n the v i ew f rom the d i r e c t i o n o f t he 
l o n g a x i s even though you ge t f i n e i n f o r m a t i o n on 

F i g . 2 Data s t r u c t u r e . Each c e l l , d e p i c t e d as a 
c i r c l e , c o n t a i n s b o t h p o i n t e r t o s u b - c e l l s o n the 
next l e v e l and the s u r f a c e o r i e n t a t i o n t h e r e . 

the v i e w f rom the d i r e c t i o n p e r p e n d i c u l a r t o the 
l o n g a x i s . Thus, t h i s samp l ing method i s q u i t e 
u n s u i t a b l e i n t h i s c a s e . We w i l l use the 
t e s s e l l a t e d sphere f o r samp l ing d i r e c t i o n s when 
making p r o t o t y p e s as w e l l as f o r r e g i s t r a t i o n o f the 
EGI . The t e s s e l l a t e d sphere samples the whole 
s p a t i a l d i r e c t i o n s in an even manner., T h i s schema 
w i l l g i v e a n even samp l i ng w i t h r e s p e c t t o every 
d i r e c t i o n . 

Note tha t two spheres a re used ; One f o r 
samp l i ng s p a t i a l d i r e c t i o n s and the o t h e r f o r 
r e g i s t e r i n g an EGI on i t s s p h e r i c a l s u r f a c e . The 
fo rmer sphere f o r samp l ing i s assumed to be l o c a t e d 
a t the c e n t e r o f g r a v i t y o f an o b j e c t . Su r face 
o r i e n t a t i o n o f pa tches on an o b j e c t a re sampled at 
every d i r e c t i o n c o r r e s p o n d i n g t o each c e l l on the 
t e s s e l l a t e d s p h e r e . I n o t h e r wo rds , the s u r f a c e 
normal on each c e l l o f the samp l ing sphere is 
ex tended u n t i l i t reaches the s u r f a c e o f the o b j e c t . 
A t tha t s u r f a c e pa t ch where t he extended s u r f a c e 
normal h i t s , s u r f a c e o r i e n t a t i o n o f the o b j e c t i s 
measured. The measured s u r f a c e area w i l l be 
r e g i s t e r e d o n the c o r r e s p o n d i n g c e l l o f t e s s e l l a t e d 
Gaussian sphere f o r e x p r e s s i n g the EGI o f the 
o b j e c t . Thus , the c u m u l a t i v e image on the sphere 
f o r r e g i s t r a t i o n i s c o n s t r u c t e d a s the E G I f o r the 
p r o t o t y p e o f the o b j e c t . 

B. C o n s t r a i n t s on V iewer D i r e c t i o n s 

Ma tch ing an EGI f r om observed d a t a w i t h i t s 
p r o t o t y p e i n v o l v e d t h r e e degrees o f f r eedom, s i n c e 
t h e r e a re t h r e e degrees o f f reedom to a l t i t u d e o f an 
o b j e c t i n space . I f t he who le s u r f a c e o f a n o b j e c t 
was v i s i b l e , the d i r e c t i o n s o f t he t h r e e p r i n c i p a l 
moments o f i n e r t i a wou ld d e t e r m i n e the s p a t i a l 
a l i gnment o f the o b j e c t [ 9 ] , U n f o r t u n a t e l y , 
however , the t y p i c a l s i t u a t i o n s a l l o w us o n l y a 
p a r t i a l o b s e r v a t i o n o f an unknown o b j e c t . T h i s 
p a r t i a l o b s e r v a t i o n causes t h r e e degrees o f f reedom 
i n a l t i t u d e o f the o b j e c t . V iewer d i r e c t i o n g i v e s 
two degrees o f f r eedom; t h a t i s , t h e r e a re two 
degrees o f f reedom c o r r e s p o n d i n g to wh i ch c e l l on 
the Gaussian sphere o f a p r o t o t y p e Is p e r p e n d i c u l a r 
t o the d i r e c t i o n o f t he l i n e o f s i g h t . The 
r e m a i n i n g degree o) f reedom comes f rom r o t a t i o n of 
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the Gaussian sphere of the prototype around the l i n e 
of s ight when matching the prototype w i th the 
observed sphere. 

We w i l l use two kinds of const ra in ts to reduce 
the search space for matching. Although a brute 
force technique, such as search through the space of 
possible a t t i t u d e s , can be appl icable to matching 
d i r e c t l y , we w i l l reduce t h i s search space using 
const ra in ts before beginning comparison. One 
const ra in t reduces the freedom of viewing d i r e c t i o n . 
This cons t ra in t is derived from a r a t i o of v i s i b l e 
area projected onto a plane perpendicular to the 
l i n e of s ight against surface area. The other one 
constrains freedom of r o t a t i o n . This const ra in t fo r 
r o t a t i o n of the sphere is based on the symmetry axis 
on the plane perpendicular to the l i n e of s i g h t . 

The r a t i o of area projected onto the image 
plane against the o r i g i n a l surface area is a 
const ra in t on the viewing d i r e c t i o n . For example, 
observing an e l l i p s o i d from the d i r e c t i o n of the 
long axis gives a smaller projected area than 
looking at the same e l l i p s o i d from the d i r e c t i o n 
perpendicular to the a x i s . Yet the surface area is 
the same. 

Projected area is normalized by surface area. 
The area is ca lcu la ted at each t r i a n g l e v before 
comparison. See F ig . 3. This r a t i o is denoted as 

Av = sum (Zi x Mi) / sum (Mi ) , 

where the summation is done only if the mesh i is 
v i s i b l e from the mesh v, Mi is mass at the c e l l i, 
and Zi is a inner product between the viewer 
d i r e c t i o n v and the surface normal at the c e l l i . 
This r a t i o is ca lcu lated only over a v i s i b l e 
hemisphere from the viewing d i r e c t i o n v. This r a t i o 
removes only one degree of freedom Just l i k e the 
re f lec tance r a t i o on the Gaussian sphere [ 2 ] , Thus, 
even though th i s const ra in t reduces the possible set 
of of viewer d i r e c t i o n s , we s t i l l have to search for 
the rea l view point on the Gaussian sphere along one 
of these i s o - r a t i o l i nes observed from an image. 
For example, F i g . 4 denotes i s o - r a t i o contours drawn 
on the stereographic plane for graphical c learness. 
This diagram is used when f i nd ing viewer d i r e c t i o n 
in the same way as the re f lec tance map is used to 
recover the 2-1/2-D representat ion from a br ightness 
value. 

We also must f i nd the r o t a t i o n of the EGI of a 
prototype around each candidate c e l l for the viewer 
d i r e c t i o n . We use the d i r ec t i on of the p r i n c i p a l 
axis of i n e r t i a over a hemisphere from the viewer 
d i r e c t i o n . We w i l l use the 2-D axis ra ther than the 
3-D axis fo r s i m p l i c i t y of c a l c u l a t i o n . In other 
words, we use the d i r e c t i o n of the axis of least 
i n e r t i a on the tangent ia l plane at c e l l v (or the 
image plane on seeing the object from the d i r e c t i o n 
of v ) . 

The fo l low ing ca lcu la t i on w i l l give the 
d i r ec t i on of t h i s a x i s . Before c a l c u l a t i o n , each 
c e l l i is projected onto the tangent ia l plane at the 
c e l l v. Let (X i ,Y i ) be the coordinate obtained on 
the plane. We w i l l use 

Ixx = Sum( Mi x Xi x Xi ) , 
Ixy - Sum( Mi x Xi x Yi ) , 
l yy = Sum( Mi x Y i x Yi ) , 

where these summation are also done only if c e l l i 
is v i s i b l e from the c e l l . From these values of 
I x x , I x y , l y y , the p r i n c i p a l d i r e c t i o n o f i n e r t i a i s 
obta ined. 

α = ( a t a n ( 2 l x y / ( I y y - I x x ) ) ) / 2 , 

This α is the d i r e c t i o n of the p r i n c i p a l axis on the 
tangent ia l plane. 

This d i r e c t i o n may be regarded as a symmetry 
axis of the object observed from the d i r e c t i o n 
denoted w i th the c e l l v . Note t h a t , i f the object 
has a symmetry axis in the 3-D space, the p r i n c i p a l 
d i r e c t i o n of i n e r t i a in 2-D obtained above w i l l 
correspond to the d i r e c t i o n of 3-D symmetry axis 
projected onto the plane [ 9 ] , In other words, the 
d i r e c t i o n is unique at each c e l l in almost a l l case. 
Thus, t h i s d i r e c t i o n uniquely determines the manner 
in which way a prototype should be al igned on 
comparing the prototype w i t h an observed data. In 
t h i s case, the const ra in t reduces the possible area 
p e r f e c t l y ; there is no need for search invo lved. 
In F i g . 5 the d i r e c t i o n of p r i n c i p a l axis of i n e r t i a 
at each viewing d i r e c t i o n is depicted as a needle on 
each c e l l v. These needles const ra in t the r o t a t i o n 
of prototype around the l i n e of s i gh t . 

So fa r each c e l l on the Gaussian sphere has to 
contain three kinds of in format ion; how much weight 
the c e l l contains (mass), how much an object has 
projected area on being viewed from the d i r e c t i o n of 
the c e l l (surface r a t i o ) , which way the axis of 
i n e r t i a ex is ts ( a x i s ) . The second one (surface 
r a t i o ) and the t h i r d one (axis) constra in freedom of 
viewing d i r e c t i o n before matching. The f i r s t one 
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where gl and g2 are c o e f f i c i e n t s . In other words, 
if a c e l l in the prototype has some contents, the 
a lgor i thm checks around the c e l l s in the observed 
data to see whether the observed data contains 
s im i la r amounts of mass or not . In case there 
ex is ts a s im i la r amount of mass w i t h i n a neighboring 
area, a weight w i l l be added to the p o i n t - t o t a l for 
the prototype. A f te r ca lcu la t ing t h i s p o i n t - t o t a l 
fo r a l l candidates, the candidate obta in ing highest 
p o i n t - t o t a l w i l l be determined as the object 
observed, 

D, An I l l u s t r a t i v e Example 

Consider the simple example of an e l l i p s o i d 
(X2-Y2-Y3(Z/5)*-l) observed from the d i r ec t i on 
inc l ined from Z axis by angle 10 degrees. The 
surface normal w i l l be derived a n a l y t i c a l l y and used 
to generate a needle diagram. The algor i thm w i l l be 
applied to the synthesized needle diagram. The 
resu l t w i l l be used as a basic basis for judging the 
performance of the a lgor i thm. 

For the example, a 40 x 40 synthesized 
needle-diagram was generated. At each image po in t , 
elementry calculus gave an outer surface normal of 
the e l l i p s o i d . For graphical c learness, each 
surface normal is depicted as a needle. 

The f i r s t task is to obta in an EGI from th i s 
needle diagram. Each surface normal at an image 
point is determined to which c e l l on the gaussian 
sphere the surface normal corresponds. Then, i t s 
surface area is added to the c e l l . Since each image 
point is assumed to have the same area, 
corresponding surface area is calculated as 

( 1 / cos α). 

where Of is the angle between the surface normal and 
Che d i r e c t i o n of the viewer. A f te r obta in ing 
surface areas, cumulative values reg is tered on c e l l s 
of the Gaussian sphere are normalized by the surface 
area observed. F i g . 7 showes the r e s u l t i n g EGI 
obtained from F ig . 6. 

We also determine the r a t i o of the projected 
area to the surface area, whi le making the EGI from 

F i g . 6 A synthesized Fig. 7 The obtained EGI 
needle diagram. from Fig 6 

the needle diagram. This r a t i o reduces possible 
viewer d i rec t ions as mentioned above. The surface 
area is calculated simply by summing up ( 1 / cos α) , 
whi le the projected area is as same as the number of 
image points w i t h in the occluding boundary. 
S t r i c t l y o n l y use the points w i t h i n a 
boundary when obta in ing the surface 
area, because points near the occluding boundary 
cause a dramatic e f fec t to t h i s va lue. For example, 
i f a point s i t s at the occluding boundary, ( 1 / cos α) 
becomes i n f i n i t e ; we cannot obtain the rea l surface 
area. 

For tunate ly , the cons t ra in t , the r a t i o of the 
projected area to the surface area, also works 
w i t h i n some boundary. More p rec ise ly , the r a t i o is 
a func t ion of both a spa t i a l angle on the gaussian 
sphere and the viewer d i r e c t i o n . For example, if we 
take i n to account a l l points on a hemisphere of the 
Gaussian sphere, the r a t i o is the constra int to the 
viewer d i r ec t i on as the one mentioned above. On the 
other hand, if we use only points w i th in a c e l l , the 
const ra in t is i den t i ca l to the judgment whether the 
c e l l contains some amount of mass or no t . Between 
these two extremes, we can also derive various kinds 
of cons t ra in ts , depending upon which area on the 
gaussian sphere we use fo r c a l c u l a t i o n . In t h i s 
example, we use the r a t i o of the projected area to 
the surface area whose corresponding points on the 
Gaussian sphere have azimuth angles less than 85 
degrees based on the d i r e c t i o n of the viewer (  

< 0.9 ). We obtained 0.27 as the r a t i o w i t h i n 
the boundary in t h i s i l l u s t r a t i v e example. 

We prepared two kinds of EGIs as candidates for 
matching. One is from the e l l i p s o i d and the other 
one is from an cy l inder whose radius is 1.0 and 
h ight is 1.5. Their EGI is shown in F ig .8 . 

The r a t i o of the projected area to the surface 
area (0.27+10.1) reduces 240 possible viewer 
d i rec t i ons to 21 d i rec t ions in the case of the 
e l l i p s o i d and to 4.3 d i rec t ions in the case of the 
cy l i nder . Since both objects have symmetry axes, 
the const ra in ts from the axis determines the 
d i r e c t i o n of alignment uniquely. 

In the e l l i p s o i d case, c e l l 16 (and c e l l 220 -
the opposite side of 16) has the highest va lue, 6.59 
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and c e l l 0, 8 has the Becond largest value 6.07. In 
the cy l inder case, c e l l 0 nas the largest value 
1.40. Namely, the a lgor i thm t e l l s us that the c e l l 
number 16 of the e l l i p s o i d is most l i k e l y as the 
viewer d i r e c t i o n . This c e l l has the d i r e c t i o n 
(0.1426, -0.1036, 0.9843) based on the d i r e c t i o n of 
the long axis of the e l l i p s o i d . In other words, the 
a lgor i thm successful ly t e l l s us that i t is most 
l i k e l y that the e l l i p s o i d Is observed from the 
d i r e c t i o n inc l ined by 10.15 degrees from the long 
axis of the e l l i pso id , , 

I I I RECONSTRUCTION OF A CONVEX POLYHEDRON 
FROM ITS EGI 

If an object is a convex polyhedron, i t is 
possible to reconstruct the o r i g i n a l shape from i t s 
EGI. This resu l t can be predicted from Minkowski's 
theorem [ 1 0 ] . This theorem is qu i te important. 
Because of i t , we need not store the adjacency 
re la t ionsh ips among faces. Only the surface 
o r i en ta t i on of each face and i t s area need be 
remembered. Ac tua l l y , t h i s fact is the basic 
mot ivat ion for using an extended Gaussian image. 

Unfor tunate ly , Minkowski's proof of the theorem 
Is not const ruct ive and does not provide an 
a lgor i thm for recons t ruc t ion . We propose here an 
a lgor i thm for t h i s reconstruct ing of a convex 
polyhedron from i t s EGI. Our a lgor i thm for 
reconst ruct ion is based on the analys is-by-synthesis 
method. 

The problem for reconstruct ing a shape from i t s 
EGI is to obta in the distances of the faces 
(Co,....,Cn) from an o r i g i n , provided that we have 
known areas (Mo,.. . ,Mn) of faces and the surface 
o r ien ta t ions ( (Xo ,Yo ,Zo) , . . . , (Xn .Yn .Zn) ) . We may 
set Co=0 without loss of gene ra l i t y , because a 
polyhedron can be put at an a r b i t r a r y place in a 
pa r t i cu l a r coordinate system without a l t e r i n g i t s 
shape. 

We can d iv ide the problem in to n cases., There 
always ex is ts a maximum value C-max among G l , . . , C n . 
That i s , there is a fa r thes t face from the o r i g i n 
among face 1 , . . . face n. Thus, we w i l l consider n 
sub problems. Namely, in case i, we assume Ci has 
the maximum value; face i is the fa r thes t face from 
the o r i g i n . We set the fa r thes t d is tance, Ci - 1.0, 
in case i. The reason fo r d i v i d i ng the problem in to 
n cases is to f i x the possible values of the Ci 
between 0.0 and 1.0. Otherwise, Ci may take a value 
from 0.0 through an i n f i n i t e va lue. Since we do not 
know which case is t rue amonp, the n cases, we w i l l 
check a l l n cases to see whether the case contains a 
so lu t i on point or no t . For each case, we w i l l 
quantize the remaining n-2 dimensional space In to 
c e l l s where C 1 , . . , C i - l , C i + l , . . . , C n changes from 0 
through 1.0. Then, I t is possible to ca lcu la te 
Mo,. . . ,Mn at each mesh point (Co, . . . ,Cn) and to 
compare w i th the given values. 

We w i l l show how to ca lcu la te Mo as an 
I l l u s t r a t i o n . Obviously, another face area Mi can 
be obtained in the same way. 

For s i m p l i c i t y , we assume (Xo,Yo,Zo) 
( 0 . 0 , 0 . 0 , 1 . 0 ) , where (Xo,Yo,Zo) denotes the un i t 

normal vector corresponding to the surface 
o r i e n t a t i o n of face 0. This can be establ ished by 
r o t a t i n g the Gaussian sphere so that the vector 
(Xo,Yo,Zo) points to the north po le . In other 
words, (T (Xo,Yo,Zo)) - ( 0 . 0 , 0 . 0 , 1 . 0 ) , where T is a 
matr ix which corresponds to one of the su i tab le 
r o t a t i o n s . 

The other points on the Gaussian sphere should 
also be rotated in the same way ; i . e . 
(T ( X i , Y i , Z i ) ) . In the fo l lowing part we denote 
T ( X i , Y i , Z i ) by ( X i , Y i , Z i ) fo r the sake of 
s i m p l i c i t y . 

We next determine whether one in te rsec t ion l i n e 
cons t i tu tes an edge of the face for (Xo,Yo,Zo) or 
no t . Every face corresponding to ( X i , Y i , Z i ) has an 
i n te rsec t i on l i n e w i t h the i n f i n i t e plane 
corresponding to (Xo,Yo,Zo). The desired face 
corresponding to (Xo,Yo,Zo) consists of a p a r t i a l 
plane cut out from the I n f i n i t e plane by some 
segments of these in te rsec t i on l i n e s . 

Since a face of a convex polyhedron is also 
convex, the a lgor i thm can connect only those 
segments which cons t i tu te a convex f i g u r e . If a 
small bug is assumed to t r ave l along edges of a 
convex f i gu re counter-c lockwise, the bug would 
always turn to the l e f t at each corner of the convex 
f i g u r e . In other words, the normal vector from each 
edge (and also the p ro jec t ion of the surface normal 
of a face which in te rsec ts the i n f i n i t e plane 
cons t i t u t i ng the edge) also ro tates c lockwise. For 
t h i s , we w i l l order the i n te rsec t i on l i n e according 
to the azimuth angle (a tan (Y i /X i ) ) of the normal 
vector ( X i , Y i , Z i ) of each face i . (we w i l l denote 
the n- th i n te rsec t i on l i n e as Ln) , then the bug w i l l 
v i s i t i n te rsec t i on l i nes in the order sometimes 
sk ip ing some l i n e s . 

We ca lcu la te the i n te rsec t i on point between the 
n-th l i n e and the n+ l - t h l i n e (we w i l l denote t h i s 
point Pn,n+1). These points are candidates for 
ve r t i ces on the face of the polyhedron. We w i l l 
connect Pn- l ,n w i th Pn,n+1. In other words, we w i l l 
cut out a segment Sn between Pn- l ,n and Pn,n+1 from 
the In te rsec t ion l i n e Ln, where "Sn" has the d i r e c t i o n 
from Pn- l ,n to Pn,n+1. 

---> We w i l l connect Sn from P0,m in sequence. If 
Sn+1 turns around Pn,n+1 counter-c lockwise, based on 
the d i r e c t i o n of the segment "Sn", then the segment "Sn 
is an edge of the face. If Sn+1 turns around Pn,n+1 
clockwise, then Sn+1 is not an edge of the face. We 
call t h i s segment Sn+1 as an imaginary edge and do 
the imaginary-edge operat ion in order to f i nd a rea l 
edge. 

The imaginary-edge operat ion recalcu lates a 
segment which causes an imaginary-edge. Let us 
assume that Si is detected as an imaginary-edge. It 
means that the las t segment S i -1 should be, also 
re -ca l cu la ted , because the last segment S i - 1 is 
assumed to i n te rsec t w i th SI but Si is not a r ea l 
edge. The imaginary-edge operat ion w i l l reca lcu la te 
each i n te rsec t i on point between L i - 1 and L j , where j 
is la rger than i and make a new segment. The 
imaginary-edge operat ion w i l l f i nd a segment S ' i - 1 
whose length is smaller than S i - 1 fo r the f i r s t time 
a f t e r Li along the sequence. (See F i g . 9.) This 
segment S ' i - 1 between P i - 2 , i - l and P i - l , J is 
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where Mk, M k - p r o t o a re a reas c o r r e s p o n d i n g to the 
f a c e ( X k , Y k , Z k ) . 

IV CONCLUDING REMARKS 
We proposed the use of t he EGI f o r i n t e r p r e t i n g 

2 - 1 / 2 - D r e p r e s e n t a t i o n s o b t a i n e d f rom raw d a t a f o r 
r e c o g n i t i o n o f 3-D o b j e c t s . Wh i l e a 2 - 1 / 2 - D 
r e p r e s e n t a t i o n i s based o n t h e v i e w e r - c e n t e r e d 
c o o r d i n a t e s y s t e m , a 3-D d e s c r i p t i o n i s expressed i n 
a n o b j e c t - c e n t e r e d c o o r d i n a t e sys tem. T h i s 
d i s c r e p a n c y between t h e two k i n d s o f r e p r e s e n t a t i o n s 
may be overcome by u s i n g t h e E G I , s i n c e t h e ex tended 
Gauss ian image i s e s s e n t i a l l y i ndependen t o f the 
c o o r d i n a t e s y s t e m . 

I n c o m p l e t e o b s e r v a t i o n s cause f reedom i n v i ew e r 
d i r e c t i o n s and r o t a t i o n s i n t h e space o n m a t c h i n g . 
The f reedom i s g r e a t l y reduced i f we a p p l y 
c o n s t r a i n t s d e r i v e d f r om a g l o b a l d i s t r i b u t i o n o f 
mass to t h e m a t c h i n g p r o c e s s . So f a r each c e l l 
c o n t a i n s t he mass o f an EGI a t t h a t p o i n t , s u r f a c e 

r a t i o r e p r e s e n t i n g how much a s u r f a c e i s p r o j e c t e d 
on a p lane p e r p e n d i c u l a r to a v i e w i n g d i r e c t i o n , and 
the d i r e c t i o n o f a symmetry a x i s r e l a t i v e t o the 
v i e w i n g d i r e c t i o n . A f t e r r e d u c i n g the p o s s i b l e 
d i r e c t i o n s o f o b s e r v a t i o n , a ma tch ing f u n c t i o n i s 
a p p l i e d t o the observed d i s t r i b u t i o n o f mass w i t h 
the p r o t o t y p e s o f c a n d i d a t e s o b j e c t s . The bes t 
f i t t i n g c a n d i d a t e w i l l b e s e l e c t e d a s t he o b j e c t 
observed a t t h a t t i m e . 

Even though a coup le of non-convex o b j e c t s 
among a c a n d i d a t e se t may have the same EGI [ 1 3 ] , an 
EGI i s s t i l l a h e l p f u l t o o l ; a f t e r r e d u c i n g the 
p o s s i b l e se t o f c a n d i d a t e s and a l s o d e t e r m i n i n g 
p o s s i b l e s p a t i a l a l i g n m e n t s o f the c a n d i d a t e s by 
u s i n g the EGI , the i n t e r p r e t e r can make a f i n a l 
d e c i s i o n based on the o t h e r f e a t u r e s such as 
p o s i t i o n i n f o r m a t i o n , wh i ch the EGI d i s c a r d s i n 
o rde r to overcome the d i s c r e p a n c y between the 
v i e w e r - c e n t e r e d c o o r d i n a t e system and the 
o b j e c t - c e n t e r e d c o o r d i n a t e sys tem. 
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