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ABS t~~ CT

th is report summarizes research on methods for representing within

a computer the shapes of common objects that a robot or intelligent

computer would have to deal with. Such a representation should be

capable of supporting man—machine communication based on words and on

pictures. it should also provide a basis for direct interaction of a

machine with its environment , using sensors such as telev ision or a
range finder.

As a vehicle for exploring these kinds of interaction we used a

hie~ archt cal , polyhedral  re p resentat ion to model elec tro mechan ical
machinery. One feature of the method used was that the spatial

rela ti onsh ips of one part to another could be characterized by

“attachment points ” located on each object. Symbol ic des cr ip tions were
trans lated into geometric descriptions in terms of p lanes , edges , and
points , f r om wh ich visible out lines and occl usion rela t ionships cou ld be
derived .

~S .

We successful in demonstrating computer vision based on these

models. I.~~\~~g a laser range finder we showed how to detect the presence

or absence \t pieces of an assemb ly, and were able to prec isel y
establ ish the position and orientation of an air compressor on a

tabletop. ~4e were able to segment a conventional TV image into regions

corresponding to the major subassemblies of the same comp ressor .
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I INT R 0 D U C TI O ~

this report summarizes research on methods for representing within

a computer the shapes of conmpn objects that a robot or intelligent

computer would have to deal with. Such a method should be capable of

supporting man—machine communication based on words and on pictures. It

should also provide a basis for direct interaction of a machine with its

environment , using sensors such as television or a range finder

We distinguish between two kinds of man—machine communication . We

call communication with words semantic interaction . Since the ana lys is
- - of natural English is a difficult task , we rel y on the pr ogram mi ng

language LISP to convey semantic information without syntactic

ambiguity. Important concepts are communicated with words , such as the

names of objec ts , spa t ial and par t /whole rela tionsh ips among ar ti cles,

and most importantl y,  notions of similarity . Very little effort has

gone into quantif ying similarity of three dimensional shapes ; the most

significant work has been reported by ¶linston (11 .*

Communication using pictures we term grap hic interaction . the

machine may be called upon to draw a particula r object for a human user

to interpret. With suitable facilities , the user can ind ica te
particula r points or regions of interest , using a cu rsor or l ight pen
Pictures are a natural medium for conveying shape information : A

p icture is worth a thousand words ”. ~Iany of the computer—aided desi gn

progra ms that have been demonstrated to date are heavil y gr aphics
-

~ oriented [2—4 1
L

Detecting an env ironment through v ideo or rang e sens ors and then
maktng sense of the d~ata is the problem of computer vision . A variety

.4 

of techn iq ues have been demonstrated that analyze range data inferred
5~1 from laser triangulation [5—7] , “grid coding ” [8) ,  stereo correlation

* References are listed at the end of the report
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[9] , motion parallax [10 ,11] ,  and reflectance assumptions [12). These

var ious pr ograms bui ld models to “exp lain the range data they obtain ,

representing shape in different ways. but only in the work of Nevatia

[7] does the comp uter manage to “recog nize ” the objects it sees, or to

do mo re than simp ly transform one representation into another. Scene

“unders tand ing is the holy gra il we seek , and recogn iti on of isola ted
objec ts is the f i r s t step in its direction .

To exp lore the issues of semantic , grap hical , and visual

interaction with shape information , we made use of a polyhedr al
represen tat ion or iginally des igned for the ARPA—sponsored Computer—Based

Consultant project. This representation had been intended to model

elec t romechanical machine ry. One feature of the method was that the

spat ial relationships of one par t to another could be characterized by

“attachment points ” located on each object. Symbolic descriptions could

be translated into geometric descriptions in terms of p lanes , ed ges , and

points , from which visible outlines and occlusion relationshi ps may be

derived .

We were successful in demonstrating computer vision based on these

models. Using a laser range finder we showed how to detect the presence

or absence of pieces of an assemb ly,  and were able to prec isely

establish the position and orientation of an air comp ressor on a

tabletop. We were able to segment a conventional TV iaage into regions

corresponding to the major subassernblies of the same compressor.

Section II of this report discusses the polyhedral  model ing and i ts
extens ions .

the polyh edra l represen ta ti on proved severely l im i ted ir i  t he

capabil ities we needed to extend its semantic and visual performance

We are currently in the process of clarif ying the requirements of a new

represen tation to be implemented during 1976. Section III summarizes

the posit ive and negative aspects of the particular system we used

d u r i n g  1975 as they relate to the new representation .

I
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II USE OF POLYHE!)RAL MODELS FOR MACHINE VIS I ON

In our studies of model—guided computer vision , we were fortunate

to have ava ilable an already developed tool for representing parts. A

geometric modeling system was designed in 1974 for the ARPA—supported

Computer Based Consultan t (CBC) project. rhe details of the

rep resen ta tion have been repor ted [13] , and are summarized in Section

A below. For that project , a primary requirement was the ability

to model tools and electromechanica l machinery. Such objects have a

great deal of regularity and predictability. l)imensions are stable and

are f r equen tly known beforehand. While nonrigid members may be found in

a ty p ical works tation ( f a n bel ts , power cords , gaskets) the major

port ion of the  workstation may be modeled by combinations of rectangular

solids and c i rcu la r  cy linders. Braid [2] has shown many examples of

mach ined parts that can be represented by combinations of simp le

• primitive solids.

The modeling system proved useful in two sets of experiments on

model—guided computer vision. The first set of experiments , descr ibed
below in Section B, involved the use of a laser ra nge f ind er f or
loca ti ng a kn own par t in an unknown pos it ion and for  ver i f y i ng the

pr esence or absence of a g iven part in an assemb ly. We believe the

results achieved are significant , but they also point up some

deficiencies of the polyhedral model ing.

The second set of experiments was concerned with the use of the

pol yhedral models to guide the segmentation of a scene obtained from

video. Section C summarizes the procedure and presents some

• results.

Section D details a minor improvement made to the modeling

system , to enhance its semantic abilities. This consisted of a more

natural way of specif ying rela tive pos it ions and or ien ta t ions , based on

3
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the homogeneous coordinate method , but  with a facility for symbolic

manipulations as well as numeric ones.

A. TUE CBC SYStELI

The sys tem, as it existed at the beginning of 1975 , consisted of a

data structure in which parts could be convenientl y described , together

with some computer programs for manipulating the models. The modeling

sys tem had fou r  p rincipal components:

(1) A set of routines to manipulate semantic descri pt ions.

They work with objects described as hierarchical compositions

of sub parts. The relative spatial positions of the subparts

are included as part of a description. The routines evaluate

parame ters , explore the hierarchical structure , create copies

where appropr iate , and compute the  absolute  pos i t i on  of each

sub part.

(2) A set of routines to transform semantic descriptions of

primitives (dimensions and absolute position) into geometric ,

• polyhedral descr iptions (faces, ed ges , and vertices), the

basic primitives are a rectangular solid , a r ight circular

cyl inder , and a wed ge. k cylinde r is approximated by a prisms

of eight sides.

(3) A set of display routines that work with descriptions of

polyhedral  edges , drawing them in perspective from an

arbi trary point of view.

(4) A set of routines that compute the silhouettes of

objects represented as faces , ed ges , and vertices , to

de termine wh ich par t is in f r on t of which when vi ewed in

perspect ive , and to locate the center of the visible outline

of a part.

The data structure in which parts are Initially described to the

system has several useful and unique characteristics. The description

4
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of p a r t s  and t i l e  i r  r e l a t i o n s h i p s  is in s y m b o l i c  t e rms  wh e r e v e r  p o s s i b l e .
I’li~.s is f a c i l i t a t e d  by the  use of ‘a t t a c h m e n t  p o i n t s ’ . Each p r i m i t i v e
pa rt  ( t h a t  is , b r i c k , wed ge , or c y l i n d e r )  h as  several  p laces at  wh i c h

o t h e r  p a r t s  may oe j o i n e d ,  these p o i n t s  c a r r y  l abe l s  such as BASE , FOP ,

BACK , or  R I G I I I ’ S L O E .  We may p lace p a r t  A on top  of p a r t  B f o r  examp le ,
by matching the BASE of Part A w i t h  the  TOP of Pa r t  B.  When such a
spatial relationship is specified it may be further modified , for

ex ample , by sliding Part A 6 inches to the right.

The shape of an air pump may be crude ly represented by the

following symbolic description :

SIRUCI’URE
[(CRANKCAS C (BRICK 5.0 3 . 5  .5))
(PISL’ON—CYLJ . -IDER (BRICK 3.1 3.1 3.0)

( R E F  CRANKCASE t O P ) ) ]

Figure 1 illustrates this example . This description says that the

pump is the union of two simp ler parts , which are assigned the symbolic

names CRANKCASE and PlSTu~I—C~ LP1DER. The CRANKCASE is to be modeled as

a rectangular solid , or “br ick ’, of d imensions 5.0 x 3.5 x 5.5 inches.

[he PIS [ON—CYLL-II)ER is a brick of dimensions 3.1 x 3.1 x 5.0 inches .

the  base of the  PlS T~Jr~—CYL l ’JO ER is to be p laced on top  of the  CRANKCAS E
( t h a t  is , at the  s y m b o l i c  attachment point named TOP). The CRA~X K C A S E
has no explicit position descriptor , and its base will be the same as

the base of t he  PW- IP assemb ly .

• Fhe p r o g r a m s  w i l l  process  desc r i p t i o n s  such as the  above , c r eat in g

cop ies of the model descriptions that have actual positions and

orientations numerical ly specified. the copies are transformed into

fac e—edge—vertex polyhedr a l descr iptions , w h i c h  nay in turn he processed

by the display subroutines to produce pictures like that of Figure 2.

Such a dis p l ay  we ca l l  a wire mode l , because hidden—line elimination is

iot p e r t o r m e d , and po lyhedra  are d r a w n  w i t h  “w i r e s ’ a l o n g  each edge .

The d isp lay can he presen ted  in perspective f rom an a r b i t r a ry v i e w p o i n t ,

and an interactiv e Interface allows rotation , translation , and scaling

of the three—d imensional projection .

.1 
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FIG URE 2 W I R E  MODEL OF THE COMPRESSOR

4 -
Althoug h we do not perform a comp lete hidden—line elimination , we

have a procedure that can determine for a given point on the display

which surface of t he  model is closest to the viewer. Thus a user might

position a cursor on the display screen so that the computer could

answer the question : What part is this?

By substituting a IV camera and a tiny light bulb for the display

cur sor , a very crude “machine vision ” can be accomplished. It is

necessary that the models and the actual parts correspond very closely

and that the transform of the camera be accuratel y mod e led by the

perspective transform of the disp lay al gorithm . It is easy to detect

the light bulb in the TV image , bu t  that is all the vision system

‘sees ’ . If the compressor were missing, the system would not be able to
I

• d e t e c t  t he  d i f f e r e n c e .

A n o t h e r  set of a l g o r i t h ms  can calc u l a t e  t~~e v i s i b l e  s i l h o u e t t e  of a
given p a r t , t a k i n g  i n t o  c o n s i d e r a t i o n  any p a r t s  t h . i t  are  c loser  to t h e

- ~~~~~~-~~-- ~~~~~ •-~~~ ~
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came ra t han  the  named p a r t  and t h a t  may h ide  a po r t  ion of t h e

s i l h o u e t t e .  [lie c o m p u t e r  may choose a p o i n t  i n s i d e  t h a t  v i s i b l e  o u t l i n e

at which  to place a cursor. Or , if t h e  d i s p l a y  t r a n s f o r m  can  he made to

agree with the transform of t he  laser  p o i n t e r  (p -a r t  of t he  l a s e r  r ange
f in d e r , w h i c h  is d e s c r i b e d b e l o w ) ,  t hen , w i t h  good a g r e e m e n t  be tween  t h e

models and the p o s i t i o n  of t he  compressor , the  laser  bean can he made to

point to the named part.

B. USE dF tilE LASER RANG E Fl”IDER

ihe models described above were sh own to  s a t i s f y some of our

requirements in the semantic and gr aphic domains, the obvious next step

was to close the loop between t h e models and the real world , testing the

use of the models in computer Vision . This section describes a series

of experiments that used a laser range finder for obtaining “visual”

information. The next section details the integration of the models

with IV data.

Initial experiments with the range finder and the models were a

simp le tes t for the absence or presence of a specific part on the air

compressor assemb ly. When this test had been demonstra ted to work

properly, we undertook the mo re difficult job of locating the compressor

in the field of vie~, when its position was only approximately known .

The range finder we used has been described [14] . The beam from a

helium—n eon laser is modulat ed at 9 ~iR z and d e f l e c t e d  b y a s t e e r a b l e

nirror assemb ly so that it can he directed about the room. -\

p h o t o m u i t i p l i e r  t u b e  d e t e c t s  the  r e f l e c t e d  l i g h t  when t he  laser  b o a - i

i l l u m i n a t e s  an o b j e c t .  Because of the  f i n i t e  v e l o c i t y  of l i g h t , a sh i f t

w i l l  oc c u r  i n  t h e  phase  of the  9—~ldz m o d u l a t i o n , p r o p o r t i o n a l  to~ th e

-~ i~~ t ti of the path from the  laser to  the  o b j e c t  and back  to t h e

p h i o t o d c t . - c i o r .  r h i s  phase  s h i f t  can be measured , d i g i t i z e d , n~nd fed to

t h e  c o m p u t e r  as an indication of the range to the laser spot .

[‘he steerable m i r r o r s  and t h e  l a se r  t o g e t h e r  c o n s t i t u t e  a laser

pointer. With its two directions of scan , the pointer has project -l ye

8

I
• p

--—-



geometry  s im i l a r  to  t h a t  of a television camera . W i t h  t he  a d d i t i o n  of

the  t i m e — o f — f  l i g h t  r a n g i n g ,  we have an i n s t r u m e nt  t h a t  can p l o t  a dep th

map of an entire scene , if desired. But because of the inordinate

amoun t  of t ime  required (on the order of an h o u r  f o r  a 12~i x 128 s c e n e ) ,
for the purposes of this project we have measured range values only at

the points where values have been actually needed.

A calibration process (describe d in [131 ) estimates the location

and o r i e n t a t i o n  of the  s t ee rab l e  m i r r o r s  and t he  s e n s i t i v i t y  and o f f s e t

of the phase measuring equipment , so that the position of the laser spot

can be obtained in Cartesian coordinates——x , y, and z with respect to

the  f l o o r  and wal l s  of t he  room .

[lie f i r s t  e x p e r i m e nt  to i n t e g r a t e  t h e  mode l  and  t h e  l a se r  was to

de tec t  m i s s i n g  p a r t s  in an assemb l y .  the  bas ic  assu m p t i o n s f o r  t h i s

exercise were that- the position of the assembly was a c c u r a t e l y  kno~ n and

that the model of the assemb ly was basically correct , except that a

particula r part mig ht or might not have been removed.

Briefl y stated , the algorithm is to attempt to point the laser beam

at the part in question , assuming that it is in place. From the model ,

an expected range reading can be calculated . The actual range to the

laser spot i_s measured and is compared with the predicted range , to form

the basis for a present/absent decision . Ideally , the  decis ion should

be based on two predicted values——unde r either of the the two mutual ly

exclusive assumptions that the part is present or absent . In the actual

program , the  decision was made on whether the measured range was within

a certain empiricall y derived threshold from the predicted range .

This procedure is nothing more than a quick test of a specific

hypothes is , given sufficient information about the environment to

accurately point the laser and predict the range to the part.

the method was demonstrated to work most of the t ime . Within the

CB C s u p e r v i s o r y  sys tem , a reques t  to  p o i n t  at  a p a r t  was t r a n s l a t e d  to a

call to the modeling and pointing system to detect whether the part was

present. If we removed the pump from the compressor , then asked the

9
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p r og ra n  to p o i n t  to the pump , t i m e  l a ser  beam w o u l d  po i nt to wh e r e it

t h o u gh t  t h e  pump ough t  to be. I f  t he  r - m n g e  measured  was not

a p p r o x i m a t e l y  equa l to that predicted , the system would answer: “The

pump is not present. ”

When t h e  s y s t e m  d i d  e r r  in i t s  j u d g m e n t , the  e r r o r s  t e n d e d  to be

e i t h e r  of two k i n d s .  In one case , the  e r r o r  in t h e  m e a s u r e m e n t  of range

caused the measured  range to  be out  of bounds .  The t h r e s h o l d  we chose

f o r  the  d i s c r i m i n a t i o n  was 6 i nches .  t h i s  choice  r ep re sen t ed  a

compromise  between the  expected  d i s p e r s i o n  of r an ge  m e a s u r e m e n t s  u n d e r

v a r y i n g  c o n d i t i o n s  and t he  d i f f e r e n c e s  in a c t u a l  range  t h a t  r e s u l t  f rom

removing  a par t . The q ua l i t y  of the  range m e a s u r em e n t s  has improved

considerably s ince  Las t  ~l a r ch  when t he se  t e s t s  were performed , but at

that time the range errors were occasionall y outside the range given.

The other kind of error was due to  i n a c c ur a c y  of the model or t h e

calibration. In general , the model and the rea l world tended to

correspond within about an inch , but ra rely better. Sometimes , when

pointing at a small sub part , the laser would miss the sub part comp letel y

and report it missing when it was actually present. With a smarter ,

more comp lex algorithm to execute a search patter n , or to try to locate

the part in question , such errors might not have occurred. But , in

gen e r a l , when t i-i c uncertainties were of the sane size as the part to be

sensed , our simple strategy was inadequate.

The second experiment linking the models and the range finder was

to obt  t i n  t h e  p o s i t i o n  and o r i e n t a t i o n  of the  compressor  p l a c e d  on a

tab le somewhere  in the  f i e l d  of view.  By exp l o r i n g  w i t h  the  r ange

finder the system was able to locate the compressor and up date its

inti rna l models, It would have been satisf ying to find the method good

enough to correct for m iscalibration , but the basic inaccuracies of the

range finder limited the precision to a level not as good as that

o b t a i n a b l e  by r u l e r — a n d — p lumb—bob  m e t h o d s .  Yet  t h e  success  of t he

m e t h o d  in  sp i t e  o f t rw inaccuracies is all the more si’-’nificant .

F
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[he ev ,, er i m e n t  made use of severa l of t he  c o n s t r a i n t s  of the

e m I v i r o n r n ’ - o t  to s im p l i f y t h e  l o c a t i n g  a l g o r i t hm .  The h e i g h t  of t he

t ah i e t o p  is known , t h u s  p r o v i d i n g  one c o n s t r a i n t  in pos i t i on . The

compressor is assumed to be in an uprigh t position , constra ining

orientation to one degree of freedom. & trul y general pr oced u re wo u ld
need to fix three degrees of freedom in position and three in rotation ;

here we need find only x and y in position (z or height being known) and

ang le of rotation about the vertical. Furthermore , the geometry and

topology of the ob jec t  being sought  are a c c u r a t el y known . The strategy

we used was based on the unique characteristics of the compressor.

A long—ra nge goal for this project is the abilit y to locate any

object in an arbitrary orientation , making use of whatever constraints

are known in a given situation . To accomp lish this will require much

additional work on the models . h and generating an algorithm to fit a

specific situation is the firs t step toward the more general probl em.

The first step in finding the comp ressor is to find its tank. It

is known that the only thing to be found at t he  level of the middle  of

the compressor tank is the tank itself , If we sea rch for points at that

hei ght , or 40 inches above the  f l oor , then those points mus t  belong to

the tank. It is on this concept that we based our Location strategy .

Searching with the laser , we must first find a point 40 inches

above the floor. We do this by choosing a vertical line near t he  cen te r

of the  f i e l d  of view , and s c a n n i n g  down t h i s  l ine u n t i l  we f i n d  a p o i n t

whose h e i g h t is a p p r o p r i a t e .  (The use of i n t e r p o l a t i o n  between p o i n t s

speeds this process.) About six probes with the laser are usuall y

s u f f i c i e n t  to f i n d  a p o i n t  w i t h i n  one h a l f  inch of the  des i re d he ig h t .

I f  the  X and ‘( of t h i s  point (i.e., its horizontal position) indicate

that the point is near the middle of the  room , then we may say with a

good degree of confidence that the point is somewhere on the compressor

tank. If , on the other hand , the point turns out to be on the wall , we

may deduce  t h a t  the  ve r t i c a l scan misses t h e  compressor . Two a d d it i o n a l  
—

scans nay be tr ied , one on each side of the initi al vertical scan. If
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one of these succeeds , we proceed as be low; otherwise , we mus t  admit

failure at this point.

Havi r . g  found one point on the compressor tank , the next task is to

- , f i n d  o t h e r  p o in t s  n e a r b y  t ha t  are on t h e  t a n k  and 40 i n c h e s  above the

floor. [he vert ical search pattern is moved 2 inches to the right and

repeated. ([he nearby known point provides an initial estimate , mak ing
the search faster and less error p r o n e .)  Po in t s  are f o u n d  a t  2—inch

intervals until the search-i fails , indicating that the right—hand end of

the  tank  has been found . S t a rt i n g  aga in  f r o m  the  o r i g i n a l p o i n t ,
additional points are located to the left until the left—hand end has

been found .

Oepending on the position of the compressor , the horizontal

positions of the points found should indiLate either one surface or two

surfaces of the tank. Four cases are possible and are illustrated in

Figure 3.

A least—squares straight line fitter will attempt to fit a sing le

line throug h the points . The fit will succeed for the cases shown in

Figure 3(a) and (c). In Figu re 3 (b )  and (d ), the line is segmented by

drawing a line between the two end points , and choosing the point

far thest from that line to be the division point. Straig ht lines will

be fitted to each of these two segments .

It is this fitting process that is the most error—prone of the

entire locating algorithm. At the time when these experiments were

performed , the average error to be expected from the range—finde r

measurements was on the order of 1 to 2 inches. This generated

considerable error in the fitting , making the decision whether or not to

segment  the  l i ne  d i f f i c u l t .  I t  a lso made choos ing  a p o i n t  at w h i c h  to

segment  dif  [ [cul t , s i nce  t h e  average  er r o r  was about  the  same as the

distance between points.

The number and relative lengths of the line segments fitted are

sufficient to distinguish among the four cases of Figure 3. The

parameters of the lines and the geometry of the tank give the horizo nt al

_ _ _  
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FIGURE 3 POINTS FOUND ON THE SURFACE OF THE TANK
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location of the center of the tank and give the azimuth of rotation

about t rw verticaL axis.

Because the tank is symmetrica l, there remains  a 180 degree

ambiguity in the orientation of the rest of the compressor. This is

resolved by attempting to find the belt housing frame , a l a r g e p iece of

sheet metal on the compressor ’s superstructure . There are two equally

p lausible assumption s about the rotation of the compressor. Taking each

assumption separately, the system will attempt to measure the range to

the belt housing frame . Choosing the assumption that gives the better

correspondence between predicted and measured range values is sufficient

to comp lete the analysis.

Although the experiment was limited , we feel that it demonstrates

some important princi ples. The first is that , with ~nough information

to locate a part approximately , a range f inder can refine that position

estimate , loca ting the part to a precision limited only by the the

accuracy of the range finder and the models. We demonstrated the use of

only a sing le technique : tracing a contour at a fixed height. Other

techni ques that might be used , depending on the situations , are tracing

prof iles in other planes , locating depth discontinuities , finding edges
and cor ners , and prec isely loca ting one or more p lanes in space.

Second , and more i m p o r t a n t , we demons t r a t ed  the  use of information

about a specific situation in choosing the p roper technique to solve a

proble m. This choice was inherent in the writing of the procedure to

locate the compressor . What is yet to be demonstrated is the direct use

of the models by an intelli gent computer program for such a choice. The

solution to that problem lies at the core of artificial intelligence

research . It is toward such a solution that we are working.

C. USii OF ~IODI~LS 1.1 SCE!~1E P ARTITIOflNG

A second set of experi ments in the CBC workstation domain involved

• using the models to interpre t TV gray—sca le information , resulting in a

partitioning of t~ie image into regions corresponding to the parts of the

compressor.

14
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In a separate report [[5] , 1. rI . renenhaiim and II. G. B ar row

described a method of segmentation of rv images that makes use of

kn~wled ge about possible interpretations of the scene to constrain

merg ing of regions . The image is first broken Into a large number of

primitive regions of uniform brightness and color. Regions may be

assigned one or more ‘poss ible ” interp retations. A set of constraints

codifies how the various local interpretations must remain consistent.

Adjacent regions of the segmented image are merged , beg inning with those

most siailar in brightness and color , provided that the merging would

not violate the constraints.

In th e experiment we describe here , the init ial interp retations and

the constraints were supp lied by the geometric mode l of the comp ressor.

As in the previous experiment with the laser range finder , some Initial

assumptions were made about the nature of the scene . The image to be

pr ocessed was assumed to be a frontal view of the air comp ressor , so the

areas of the image representing specific parts of the compressor could

be ap prox ima tely pred icted. The object of the exercise was to segment

th e scene into regions corresponding to each of the parts of the

compressor , locating the precise boundaries between them.

For th is experiment , a color TV image of the air compressor was

digitized to 6 bits/color at 60 x 60 resolution (Figure 4). This

digitized image was then partitioned into elementary regions composed of

adjacent p ixels with Identical bri gh tness , as shown in Figure 5.

because of the uniform coLoring of the compressor , typica l of mechanica l

equipment , a nonsemantic region—merging program proved to be high ly

unsatisfactor y. Figure 6, f or example , shows the partition that

results from successivel y merging together pairs of adjacent regions

w ith lowest color contrast , until 200 regions remain . It Is evident

tha t several s ign i f i c a nt errors , such as merging of the tank and base

into a sing le reg ion , have a l read y occurred. Althoug h point’ess, the

merg ing process obv iousl y could be continued until the entire scene had

been included in one big region .
A

[5

•i~4

~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  i~~~~ •



F.- V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . —

~~~~~~~~~Ir ’ i  ~~~~~~EtI ~~~~~~~ ~~~~~~~~ ~II
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIGURE 4 DIGITIZE D IMAGE OF FIGURE 5 INITIAL PARTITION (AT
COMPRESSOR (5 BITS AT 60 x 60 RESOLUTION) :
120 x 120 RESOLUTION ) CONTAINS 931 REGIONS

FIGURE 6 UNGUIDED PARTIT ION
WITH ERRORS (200 REGIONS)

SA-4683-12
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I t  was assumed t ha t  the  r e l a t i v e  loca t ion  and o r i e n t a t i o n  of the

camera and comp ressor were known a p p r o x i m a t e l y .  [he  u n c e r t a i n t y  in

relative position introduces a corresponding uncertainty in the

prediction of which compressor component will be v i s ib l e  at  a g iven

p o i n t  in t h e  image The uncertaint y in p r e d i c t i o n  can be r ep re sen t ed  b y a

set of overlapp in g reg ions , each o f wh ich expresses th e compos it e f or

all compressor positions within the assumed range of uncertainty.

Figure 7 shows the composite regions for the seven comp ressor parts

distinguished in this experiment , pl us the background . These regions

were transcribed manually from a series of disp lays show ing the

compressor at various positions over the allowed range . The

transcri ption process , however , would be straightforward to automate.

The over lapp ing reg ions shown in Figure 7 were used to assign

initial interpretation sets to each pixel. An initial partition was

then formed in which all adjacent p ixels w ith ide nti cal br igh tness and
interpr etations were grouped into regions. Regions were then merged ,

sub jec t  to the  exis tence of at least one common i n t e r p r e t a t i o n  and to

the ex i s tt ~r .ce of at least one region for each component part. ~1erging

continued until no more merges were possible under the constraints.

The process terminated with a partition in which all adjacent

regions  had d i s j o i n t  interpretations , as shown in Figure 8. Althoug h

the result is b y no means p e r f e c t , it represents a considerable

improvement  over the  a t t empt  at unguided segmentation (Figure 6). Given

the low resolution and the lack of color variation , the results are

r a t h e r  good.

The success of t hi s  exper iment  i l l u s t r a t e s  p r i n c i p les s im i l a r  to

those mentioned in the previous section . Given some knowled ge about -a

scene (an approx imate location for the compressor), it is usually

poss ibLe to refine that information . In this case, the constraints on

knowledge are more severe than in the demonstration of laser orientation

(Section B), but given that those constraints are satisfied , the

geometric models can be used directly and automaticall y to loca te the
boundaries .

17.
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FIGURE 7 COMPOSITE REGIONS DE LINEAT ING
POSSIBLE AREAS OF IMAGE FOR
EACH INTERPRETATION

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Region Interpretations

1 Background
2 Belt Housing
3 Motor
4 Pump

- 5 Tank Platform
6 Table
7 Tank Cylinder
8 Base

_ _

0 
SA-4683-14

FIGURE 8 F(NAL PARTfT(ON AND LABELS AFTER MODEL-GUIDED MERGING
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The posstbi titles for other types of techni ques based on video

images and geometric are many . For example , it wou ld not he difficult

to imagine the use of edge followers and lint fitters to further ref inc

t h e  r e s u l t s  o b t a i n e d  oy p a r t i t i o n i n g .  A g a i n , however , the real problems

in t he  use of such methods is the determination of when they are

app licable . At present , this determination nust still be made by human

j u d g m e n t .

SY.- hiOL [C NIA .~L P U L A T I0~ OF POSI [‘io:~S A.~1) ORI~ :)TAT I0NS

A number of lesser modific ations and improvements ~iere made while

the emp hasis of t h e modeling was still on the  compressor . The p r i n c i p a l

a c c o m p l i s h m e n t  in this area was an improved way of dealing with

descri ptors of position and orientation .

Positions and orientations of parts and assemblies are represented

within our computer programs by homogeneous transform matrices. (See

(16].) within the LISP imp lementation of our modeling system , as within

most systems that do geometric modeling , routines exist to generate the

primitive trans lation matrix (with am arbitrary x , y ,  and z), and a

• primitive rotation matrix about any of the three princi pal axes. To

obtain a compound motion , primitive matrices are numerically multip lied ,

and trw result matrix is stored to represent the compound motion .

If one or more of the parameters of a compound motion are unknown ,

however , numeric matrix multi p lication cannot be performed. For

exa mple , the heig ht of the pressure gauge can he obtaine d by mu ltip lying

together the matrices representing the reLative locations of the gauge ,

pressure switch assemb ly, tank , co mpres sor , table , and room. But if the

location of the table relative to the room is not known , we wo u ld sti ll
like to be able to obtain the information that the pressure gauge is

17.4 inches above the tabletop .

To provide this sort of capability, we designed a multiplier of

symbolic homogeneous transforms . The multiplier operates on constructs

we c a l l  position and orientation descriptors , each of which consists

r 
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of a list of primitive ele,aents. Each prim itive element i.s either a

trans lat ion of the form (TRANSLAT E <x> <y> <z>) or a rotat ion of the

form (ROTAT E <axis> <theta>). <x> , <y> , <z> , and <theta> may be either

aumbers or symbolic luantities that presumably (but not necessaril y)

evaluate to numbers . <axis> should be of t h e  f o r m  +X, —Y , and so forth.

The symbolic mu lti p lier knows about such rules as the following:

(TRANSLATE A B C) (TRANSLATE D E F) = (T RANSLAT E A-H) B+E C+F)

(RO TATE <any axis > A) (R OTA T E <same axis > B)
= (RO TAT E <same axis>  A±B )

(RO TAT E —<any axis> A) = (RO TAT E +<same axis> —A)

(RO TAT E +X 90) (tRANSLAT E A B C)
= (TR ANSLATE A —C B) ( R O t A T E  +X 90)

ihere are also rules f o r  adding and subtracting numeric and

symbolic quantities and for eliminating zero sums and null

transformations. The symbolic multi p lier systematicall y app lies the

rules to any position and orientation descri ptor to simp lif y it whereve r

possible .

It is usually known that the position of the table is 6 inches to

the right of and 30 inches behind the origin of coordinates (a reference

mark on the floor). Obtaining the position of the  p ressure  gauge

requ i r e s  m u l t i p ly i n g  the  f o l l o w i ng  pos i t ion  and or i e n t a t i o n  d e s c r i p t o r s :

(TRANSLAT E 6 30 0) Locates table  w i t h  respect  to room
(rRANsLAL E 0 0 .~7.6) Locates board forming tabletop
(TRANSLAtE 0 0 .7) Locates top surface of board
(TRANSLAT E 0 0 .95)  Locates turntable
( tRA NSLAT E 0 0 .7 )  Locates  top s u r f a c e  of t u r n t a b l e

and compressor  base
(TRANSLAT E 0 0 1.5) Locates top of base and

bottom of compressor itself
(TRA NSLA T E 0 0 1.6) Locates bottom of tank
(TRANSLATE 0 0 ‘.2, Locates center of tank
(RO TATE +Y 90) Provides  a c o o r d i n a t e  f r a m e  in

which to describe a cy linder
(TRA NSLAT E 0 —6.2 0) Locates side of cy linder
(RO TATE —Y 90) Makes side of cy linder top of tank
(tRANSLATE —11.5 0 0) Locates i place to attach

pr essure sw it ch as sembl y
( t R A N S L A T E 0 — .5 2.4) Locates the gauge w i t h i n  the  a s s e m b ly
(ROTATE +X 90) Rotates the gauge forward

20
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(TRA NSLAT E 0 0 .5) Loca tes the cen ter of the gauge

Symb o l i c a l ly multipl ying the relative position descriptors yields

(TRANSLA T e — 5 . 5  29.0 47.85) (ROTATE +X 90) for the position and

orientation of the pressure gauge. If we suppose the position of the

table in the room to be unknown , we can represent that by lett ing

(TRANSLAT E TABLEX TABLEY 0) r epresen t  the  pos i t ion  of the  t ab le  i n s t ead

of (TRANSLAT E 6 30 0) as above . Now the symbolic multiplication will

give the result

(TRANSLATE (PLUS —11.5 TABLEX)
(PLUS —1.0 TABLEY)
47.85

(RO TAT E +X 90)

f o r  the  p o s i t i o n  of the  pressure gauge .

H 

-~~~~~~~~~~~ -

_

~~~~- ~~~~~~~~~~ -~~~~~ J i L- i •~~TT ~~~



- - -~~
-
~

I ll  WHAT WE RAVE L E A R N E D

A number of interesting and useful things have come out of the

exercise with polyhedra l models. Even though many limitations and

drawbacks were discovered , some very useful and novel features w er e

demonstrated . We are now in t h e  process of designing a brand new

representation system. We h ope to incorporate the useful features of

the old in the new , wh i le correcting some of t he  deficiencies of the

old.

One of the  m a j o r  goals of t h i s  p r o j e c t  is to produce  a s y s t e m

whereby objects can be described to the  s y s t e m  u s i n g  b y n a t u r a l ,
familiar , and intuitive concepts. For this , attachment points are a

pat icularly useful feature . They provide a way to specif y the relative

position of two parts such that the surfaces of the  pa rt s  are a d j a c e n t .

Relative displacements can be specif ied relative to the attachmen t

points , too , so flexibility and gene rality are not lost.

Visualizing rotations is a difficult task. In general , rotations

about the vertical are easier to describe than those about horizontal

axes. The difficulty increases when rotations about more than one axis

- • 
and r o t a t i o n s  of ang les o the r  than  90 degrees are involved. The

pr oble ms gene ra l l y relate to confusion and ambiguities with coordinate

systems . At various tines it may be useful to describe motions or

directions in coordinate systems attached to individual parts , to

assemblies , or to a gravitational frame of reference. A useful

geomet r i c  mode l ing  system should provide the capability of using any of

these , as well as some explicit and reasonable defaults.

h i od i f y i n g  t h e  d e s c r i p t i o n  of an object alread y in the system was

awkward .  the main  obstacle  was tha t  the symbolic and the polyhedral

data structures were written in different computer languages and ran in

d i f f e r e n t  address  spaces of the  TE~~EX o p e r at i n g  s y s t e m . T h i s  made f o r

22 
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d u p l i c a t i o n  of i n f o r m a t i o n  and difficulty in maintaining correspondence

between the models. Wheneve r a change was made to the symbolic model ,

it was necessary to erase the entire poly hedra l data structure , then

regenerate it according to the new symbolic model.

In general , describing objects and knowled ge ~ihout objects to a

computer is a difficult task. Anything that can he done to make the

task easier wilt probabl y be worthwhile in the long run. Howeve r,

because t he  pr i mary goal of this project is research results rather than

a working system for interactive parts specification , the choice was

made not to imp lement yet  another interactive design and dispLay system.

With regard  to the  use of t he  models  f o r  r a n g e — f i n d e r — b a s e d  v i s i o n ,

we discovered that the very existence of the models is a powerful aid to

making sense of a scene . For a top—down type of strategy, where a
- ‘ specific objective is sought , the models suggest specific tests to make

with a limited number of range measurements. The tests are based on

‘distinguishing features ’, tha t is, on finding a test that will

distinguish one hypothes is from an alternative one .

We have not been able so far to automaticall y generate any

strategies based on distinguishing features. The poly hedral models do

- 
L. not lend themselves very well to the sort of analysis needed for that.

The pr ocess of der iving edges and vertices from the symbolic and

semantic models is well defined ; reversing the process to derive useful

information from the polyhedral representation is next to impossible.

The pol yhedral models do not treat curved objects well . To do a

b e t t e r  job w i t h  t h i s  we should add the  c ap a b i l i t y  of r e p r e s e n t i n g  p a r t s

by a principal axis and a cross section described on that axis. These

pr imitives we caLl snakes. They have been descr ibed by Ag in and B inf ord
(6].

When i t  came t ime to  add snakes to the representation , we found

that the polyhedral representation would have to be modified drasti cally

to handle tne snakes . The resulting system would probab l y be

i n e f f i c i e n t  and c lumsy .  Because of the  o ther  d e f i c i e n c i e s  we found in

23
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the s y s t e m , we decided that the best course would to start from scratch

to desi gn a better representation , based on both polyhedra and snakes ,

with closer ties between the symbolic and the geometrical data bases.
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