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ABSTRACT 

T h i s paper d e s c r i b e s an approach to t he 
r e c o g n i t i o n o f s t acked o b j e c t s w i t h p l a n a r and 
cu rved s u r f a c e s . The range d a t a of a scene a re 
o b t a i n e d by a range f i n d e r . The system works In 
two phases . In a l e a r n i n g phase , a scene 
c o n t a i n i n g a s i n g l e o b j e c t I s d e s c r i b e d I n terms o f 
p r o p e r t i e s o f r e g i o n s and r e l a t i o n s between them. 
T h i s d e s c r i p t i o n I s s t o r e d a s a n o b j e c t m o d e l . I n 
a r e c o g n i t i o n phase , an unknown scene Is d e s c r i b e d 
In t h e same way as In t he l e a r n i n g phase . And then 
the d e s c r i p t i o n i s matched t o t h e o b j e c t models s o 
t h a t s t acked o b j e c t s a re r e c o g n i z e d one by one . 
E f f i c i e n t m a t c h i n g i s ach ieved by a c o m b i n a t i o n o f 
d a t a - d r i v e n and m o d e l - d r i v e n sea rch p r o c e s s . 
E x p e r i m e n t a l r e s u l t s f o r b l o c k s and machine p a r t s 
a re shown. 

I INTRODUCTION 

T h i s paper d e s c r i b e s a method f o r o b j e c t 
r e c o g n i t i o n u s i n g t h r e e - d i m e n s i o n a l d a t a o f a 
scene . Our a im i s t o d e a l w i t h scenes w h i c h have 
the f o l l o w i n g f e a t u r e s : 

(1) O b j e c t s a re p l a c e d i n any 3-D p o s i t i o n w i t h any 
o r i e n t a t i o n . 
(2 ) O b j e c t s may be s t a c k e d in a Bcene. 
(3 ) O b j e c t s have p l a n a r a n d / o r smooth ly cu rved 
s u r f a c e s . 

R e c o g n i t i o n o f r e a l o b j e c t s has been s t u d i e d 
a i m i n g a t r e a l i z a t i o n o f a u t o m a t i c i n s p e c t i o n , 
assembly and so o n . For t h i s p u r p o s e , t h e 
r e c o g n i t i o n method shou ld b e f l e x i b l e and e f f i c i e n t 
enough t o a n a l y z e scenes w i t h s t a c k e d o b j e c t s and 
r e c o g n i z e them. I t I s w e l l known t h a t even 
r e c o g n i t i o n o f a s i m p l e o b j e c t I s n o t easy i f t h e 
o b j e c t i s a l l o w e d t o r o t a t e I n 3-D space . The 
shape i d e n t i f i c a t i o n methods u s i n g a monocu la r g ray 
p i c t u r e [ l , 2 ] assumed many c o n s t r a i n t s o n I n p u t 
scenes . R e c o g n i t i o n o f scenes w i t h s t a c k e d o b j e c t s 
was s t u d i e d f o r s i m p l e scenes [ 3 ] . 

I f range d a t a l a a v a i l a b l e , more f l e x i b l e 
r e c o g n i t i o n can be ach ieved because 3-D shapes of 
o b j e c t s a re d i r e c t l y o b t a i n e d . I n o r d e r t o a n a l y z e 
a scene w i t h m u l t i p l e o b j e c t s o c c l u d i n g one 
a n o t h e r , i t i s o f t e n necessary t o make a scene 
d e s c r i p t i o n w h i c h I n c l u d e s u s e f u l i n f o r m a t i o n f o r 

g e n e r a l i z e d 
advantageous 
c o n s i d e r a b l e 
d i f f i c u l t i e s 

r e c o g n i t i o n . There have been s e v e r a l s t u d i e s on 
scene d e s c r i p t i o n u s i n g range d a t a [ 4 - 1 2 ] . Some 
methods assumed p l a n a r i t y on o b j e c t s [ 4 , 10 , 
12 ] . Sug iha ra [ 9 ] proposed a way f o r t r i h e d r a l 
o b j e c t s . A g i n [ 5 ] , and N e v a t i a and B i n f o r d [ 6 ] 
d e s c r i b e d a scene i n c l u d i n g cu rved o b j e c t s w i t h 

c y l i n d e r s . A l t h o u g h t h e method i s 
i n d e s c r i b i n g body wh ich possesses 
e l o n g a t i o n , t h e r e may a r i s e some 
f o r o t h e r k i n d o f o b j e c t s . We have 

deve loped a method w h i c h d e s c r i b e s a scene w i t h 
p l a n a r and smooth ly cu rved s u r f a c e s [ 8 ] . The 
method I s a p p l i c a b l e t o g e n e r a l scenes w i t h r e a l 
o b j e c t s . R e c o g n i t i o n o f o b j e c t s u s u a l l y r e q u i r e s 
p a t t e r n m a t c h i n g p r o c e s s : m a t c h i n g a p a r t o f a 
scene d e s c r i p t i o n to a p a r t o f an o b j e c t m o d e l . 
The c o n t r o l s t r a t e g y f o r ma tch ing i s i m p o r t a n t i n 
p r o c e s s i n g a complex scene . The b l i n d sea rch i s 
i n e f f i c i e n t under c i r c u m s t a n c e s where o b j e c t s a re 
s tacked and t h e p o s i t i o n and o r i e n t a t i o n o f them 
a re n o t known a p r i o r i . Our sys tem, a t f i r s t , 
t r i e s t o ge t r e l i a b l e and u s e f u l f e a t u r e s o f a 
scene and to match them to models so t h a t t he 
r e s u l t may gu ide t h e f u r t h e r p r o c e s s i n g . Thus the 
system r e a l i z e s f l e x i b l e and e f f i c i e n t r e c o g n i t i o n . 
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I I OUTLINE 

The system works In two phases: learn ing and 
recogni t ion as shown in F i g . 1. In learn ing 
phase, known objects are shown to the system one by 
one. The system makes a descr ip t ion of a scene in 
terms of propert ies of regions( surfaces) and t h e i r 
r e l a t i o n s . The descr ip t ion is stored as a model of 
an ob jec t . If one view is not enough to bu i l d a 
model of an ob jec t , several t y p i c a l views are 
shown. In recogni t ion phase, the system makes a 
descr ip t ion of unknown scenes in the same way as In 
learning phase. 
The system selects among unknown regions those 
which seam to be most r e l i a b l e and usefu l fo r 
recogn i t i on . A part of a scene cons is t ing of these 
regions is ca l led a kerne l ( see F i g . 2 ) . Then a 
model is selected which includes regions 
corresponding to the ke rne l . Once a candidate 
model is chosen, regions neighboring the kernel are 
searched fo r by a model-driven matching process. 
When t h i s process terminates, the system decides if 
the candidate model Is r e a l l y found or no t . This 
process Is repeated u n t i l a l l regions In a scene 
are processed. Further d e t a i l s of descr ip t ion and 
matching are described in the fo l l ow ing sect ions. 

Our range f i nder employs a v e r t i c a l s l i t 
p ro jec tor and a TV camera to p ick up the re f l ec ted 
l i g h t . By r o t a t i n g a pro jec tor from the l e f t to 
the r i g h t , many po in ts in a f i e l d of view are 
obta ined. 

Three-dimensional co-ordinates of the points 
are ca lcu la ted by t r i angu la t i on ( F i g . 3 ( a ) ) . The 
processing [8 ] proceeds as fo l lows : 

(1) Group the points i n t o small surface elements 
and assuming each element to be a plane, get the 
equations of the surface elements( F i g . 3 ( b ) ) , 

(2) Merge the surface elements together i n to 
regions( elementary reg ions, F i g . 3 (C) ) . 

(3) Class i fy the elementary regions i n to planar 
and curved ones( F i g . 3 ( d ) ) . 

(4) Try to extend the curved regions by merging 
adjacent curved regions to produce larger regions( 
g lobal regions) and f i t the quadrat ic surfaces to 
them( F i g . 3 ( e ) ) . 

(5) Describe the scene in terms of propert ies of 
regions and re la t i ons between regions( F i g . 3 ( f ) ) . 
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Figure A shows an example of a s l i t Image of a 
scene to be processed, which includes a 
dodecahedron, an icosahedron, and a cy l i nde r . In 
F i g . 5 elementary regions of the scene are shown. 

F i g . 5. Elementary regions fo r the desc r i p t i on . 

The propert ies of a region consist o f : 
(a) type of a surface f i t t e d to the region( planar 

or curved, and type of quadratic curve for curved 
region) 

(b) equation of the surface in a 3-D space, 
(c) 2-D proper t ies of the region( area, perimeter, 

compactness (4 π area /per imeter 1 ) , mean rad ius , 
standard dev ia t ion of r a d i i , minimum rad ius , and 
maximum rad ius , e t c . ) 

(d) three-dimensional cent ro id of the region 
(e) number of adjacent regions. 

The re la t i ons between regions consist o f : 
(a) adjacency 
(b) type of i n te rsec t lon ( convex or concave) 
(c) angle between regions( For non-planar regions, 

planes are f i t t e d to them.) 
(d) r e l a t i v e pos i t ions of the cen t ro ids . 

adjacent regions In the fo l l ow ing manner. We 
consider that planar regions are more r e l i a b l e and 
usefu l than curved ones because the r e l a t i v e 
d i rec t ions of planar surfaces of an object are 
consistent under r o t a t i o n of p a r t i a l occ lus ion. 
Regions w i th larger area are also bet ter because 
proper t ies of la rger regions are less sens i t i ve to 
no ise. Regions w i th many neighbors are also more 
usefu l because many re la t i ons can be used in 
matching. For each region S t , the fo l low ing 
funct ion Is ca lcu la ted . The region S4 which 
maximizes the funct ion is selected as a part of the 
ke rne l : 

( 1 ) 

A(S i ) and Na (S i ) are the area of a region S i and 
the number of adjacent regions respec t i ve ly . λ, ,λ2 
and λ2 are weights. 

The model to be selected must have a region 
that corresponds to S*. Suppose the region S4 has 
no neighboring regions. Then the kernel contains 
only one reg ion . Let My denote i - t h region of 
J - th model. The d i s s i m i l a r i t y between Si and Mi 
is evaluated by the d i f ferences of t h e i r proper t ies 
defined in sect ion 3. Let a denote l - t h property 
of a region and D denote an operator to evaluate 
the d i f fe rence between property va lues. The system 
calcu lates the fo l low ing func t i on : 

(2) 

The system selects a model which minimizes f2 
i f the value Is small enough. I f the value is not 
smal l , the assumption f a l l s . 

If the region S1 has neighboring reg ions, the 
evaluat ion funct ion should contain the re la t i ons 
between regions. Among neighboring regions a 
region S( is picked out which maximizes E q . ( l ) . 
Now the kernel consists of SA and SA. Let M 
denote a neighbor of Mi, , and qm denote m-th 
r e l a t i o n between regions. (the re l a t i ons are 
defined In sect ion 3.) The system calcu lates the 
fo l low ing func t i on : 

The proper t ies and re la t i ons are used in 
matching process described in the fo l low ing 
sec t ion . (3 ) 

I I I MATCHING The system selects a model which minimizes f2 
i f the value is small enough. 

A. Select ing a kernel and assuming the most 
probable model 

The system f i r s t l y selects the most promising 
reg ion . The c r i t e r i o n is based on the type of the 
reg ion , the area of the reg ion , and the number of 

B. V e r i f i c a t i o n of assumption 

The system v e r i f i e s an assumed model by 
matching the regions around the kernel to those of 
the model. Since some regions of the model may not 
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be seen in the scene , r e g i o n s in the scene a re 
p i cked up one by one , and a re matched to those of 
the model o b j e c t . 

S t a r t i n g f r om a k e r n e l , t h e sys tem t r i e s t o 
e s t a b l i s h a co r respondence between scene r e g i o n s 
and model r e g i o n s and t o f i n d a l l t h e r e g i o n s o f 
t he o b j e c t i n t h e scene . A t each s t e p , t h e system 
s e l e c t s a new r e g i o n Sn among those w h i c h a r e 
a d j a c e n t t o known r e g i o n s ( t h a t i s , t h e r e g i o n s 
wh i ch have been s e l e c t e d and matched i n t h e e a r l i e r 
s t e p s ) . A g a i n , E q . ( l ) i s used f o r t h e s e l e c t i o n o f 
a new r e g i o n . 

Whenever S n i s s e l e c t e d f r om t h e scene , t he 
c o r r e s p o n d i n g r e g i o n i s searched f o r i n t h e m o d e l . 
The sea rch i s based o n the d i s s i m i l a r i t y f u n c t i o n 
wh ich e v a l u a t e s d i s s i m i l a r i t y o f p r o p e r t i e s and 
t h a t of r e l a t i o n s between Sn and supposed model 
r e g i o n Mui. ( see F i g . 6 ) . 

The f u n c t i o n compares p r o p e r t i e s o f t h e r e g i o n 
p l ( S n ) w i t h t h a t o f t h e r e g i o n i n t h e model 
Pp(Mu i*)^ The f u n c t i o n a l s o compares r e l a t i o n s 
q ( S n S i ; ) between Sn and t h e known r e g i o n s S i of 
t h e same o b j e c t w i t h t hose q m ( M u i . M i ) o f t he 
c o r r e s p o n d i n g r e g i o n s M u i and M i . I n t h e model . 
Suppose t h e number o f a l r e a d y known r e g i o n s i s K . 
The d i s s i m i l a r i t y o f r e g i o n S n and M u i i s d e f i n e d 
as f o l l o w s : 

where P 1 and Tm denote w e i g h t s . Note t h a t the 
a reas a re used as w e i g h t s so t h a t more r e l i a b l e 
r e g i o n s c o n t r i b u t e more t o f 3 . 

The r e g i o n w i t h minimum f 3 i s chosen . I f t h e 
v a l u e I s s m a l l enough, t h e match I s c o n s i d e r e d t o 
be a c c e p t a b l e . G e n e r a l l y I f a s u r f a c e o f an o b j e c t 
i s n o t f u l l y s e e n , t h e r e g i o n may n o t pass t h e t e s t 
and I t may rema in unknown. However, i f a p l a n e I s 
p a r t i a l l y occ luded b y o t h e r s u r f a c e s , t h e t y p e and 

the d i r e c t i o n o f t h e r e g i o n a re not a f f e c t e d b y the 
o c c l u s i o n . Such a p l a n a r r e g i o n , t h e r e f o r e , i s 
de te rm ined to match a model r e g i o n i f the 
d l s s i m i l a r l t y o f c o r r e s p o n d i n g r e l a t i v e d i r e c t i o n 
i s s u f f i c i e n t l y s m a l l , 3-D p o s i t i o n cor respondence 
i s good enough, and the a rea o f t he r e g i o n i s l e s s 
than t h a t o f the m o d e l . 

When a m a t c h i n g p rocess f o r a model 
t e r m i n a t e s , the system checks i f t he assumpt ion i s 
a c c e p t a b l e o r n o t . I f enough p o r t i o n o f t he model 
i s f o u n d , the system conc ludes t h a t i t has found a n 
o b j e c t t h a t i s i d e n t i c a l t o t he assumed m o d e l . The 
p o s i t i o n and o r i e n t a t i o n o f t he o b j e c t a re 
c a l c u l a t e d f rom the cor respondence o f the r e g i o n s . 

V EXPERIMENTAL RESULTS 

Exper imen ts a re made to r e c o g n i z e two k i n d s o f 
scenes : one w i t h b l o c k s and one w i t h machine 
p a r t s . I n t h e f i r s t e x p e r i m e n t , t e n k i n d s o f 
o b j e c t s w i t h p l a n a r a n d / o r q u a d r a t i c cu rved 
s u r f a c e s ( shown i n F i g . 7 ) a re used f o r o b j e c t 
models. 
F i g u r e 8 i l l u s t r a t e s an example o f a d e s c r i p t i o n o f 
a model. The r e s u l t o f r e c o g n i t i o n ( wh i ch 
co r responds t o F i g . A ) i s shown i n F i g . 9 . The 
f i r s t two l e t t e r s i n a r e g i o n i n d i c a t e the model 
o b j e c t and t h e l e t t e r i n t he pa ren theses i n d i c a t e s 
the c o r r e s p o n d i n g r e g i o n I n t he m o d e l . 
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In the second experiment, machine par ts ( pu l l ey , 
l i n e r , p i s t on , and conrod of a car) are used for 
object models. Figure 10 shows an example of an 
input image. Figure 11 shows elementary regions. 
In F ig . 12, the 
resu l t of recogni t ion is shown. Experiments fo r 
several s im i la r scenes were so far s a t i s f a c t o r y . 
The processing time for a t y p i c a l scene such as 
shown in F i g . 10 is about 3 min. fo r descr ip t ion 
and 1 min. fo r matching. 
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VI CONCLUSION 

We have proposed a sys tem to r e c o g n i z e s tacked 
o b j e c t s u s i n g range d a t a . The sys tem d e s c r i b e s a 
scene i n te rms o f p l a n e s and smoo th l y cu rved 
s u r f a c e s . Models o f o b j e c t s a r e b u i l t i n the 
system by showing them one by one . O b j e c t s a r e 
r e c o g n i z e d b y m a t c h i n g t h e d e s c r i p t i o n o f a n i n p u t 
scene to those o f m o d e l s . The m a t c h i n g program 
p i c k s u p r e g i o n s w h i c h a r e most r e l i a b l e and u s e f u l 
f o r r e c o g n i t i o n , and matches them to t hose o f a 
model o b j e c t . Once a c a n d i d a t e model is chosen , 
t hen by a gu idance o f t h e m o d e l , t h e r e s t o f t h e 
scene r e g i o n s a re searched f o r . Thus t h e system 
has r e a l i z e d f l e x i b l e and e f f i c i e n t r e c o g n i t i o n . 
The r e s u l t o f expe r imen ts shows t h a t t h i s scheme i s 
p r o m i s i n g . 
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