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t r a c t 2. Three World Models of Dynamic V i s i o n 

Many a p p l i c a t i o n s f o r r o b o t i c systems r e q u i r e 
the a b i l i t y to handle moving o b j e c t s . A method 
f o r p r o v i d i n g a robot w i t h r e a l - t i m e v i s u a l proces
s i n g of moving o b j e c t s is presented. By a p p r o p r i 
a t e l y i s o l a t i n g the t r a c k i n g t a s k . I t i s p o s s i b l e 
to reduce the t r a c k i n g problem to two dimensional 
p a t t e r n r e c o g n i t i o n . Numerous o b j e c t s ( p o t e n t i a l l y 
moving randomly) can be t r a c k e d w h i l e i d e n t i f y i n g 
one o b j e c t at a t i m e . The t r a c k i n g a b i l i t y can 
a l s o be used to p r o v i d e a r o b o t w i t h v i s u a l feed
back ( i n r e a l - t i m e ) f o r hand-eye c o o r d i n a t i o n . 

1. I n t r o d u c t i o n 

Many p o t e n t i a l a p p l i c a t i o n s f o r r o b o t i c 
systems, ranging from s u r v e i l l a n c e to semiconductor 
f a b r i c a t i o n t o e x t r a t e r r e s t r i a l e x p l o r a t i o n , 
r e q u i r e a b i l i t y t o work w i t h moving o b j e c t s . 
Many i n d u s t r i a l processes which should be automated 
are not because p a r t s come down the assembly l i n e 
w i t h random o r i e n t a t i o n , i n d e t e r m i n a t e v e l o c i t y , 
o r o t h e r w i s e u n p r e d i c t a b l e l o c a t i o n . While c u r r e n t 
i n d u s t r i a l robots cannot cope w i t h t h i s worst o f 
randomness, a robot w i t h dynamic v i s i o n c o u l d ; even 
i f o n l y used t o r e s t o r e o r i e n t a t i o n f o r f u r t h e r 
processing by c o n v e n t i o n a l automation techniques. 

D e t a i l e d t r a f f i c m o n i t o r i n g [ 1 2 ] i s another 
of those t e d i o u s tasks begging to be automated. 
The work r e q u i r e d to analyze s e v e r a l hours worth 
of a e r i a l photographs taken at the r a t e of one ( o r 
more) per second is s t a g g e r i n g . 

The d i f f i c u l t y i s the "one-shot" approach t o 
v i s i o n . Most e f f o r t i n computer v i s i o n has been 
expended on a n a l y z i n g a s i n g l e p i c t u r e to o b t a i n 
a l l d e s i r e d data. This approach i s adequate o n l y 
as long as the w o r l d is s t a t i c enough f o r the 
r e s u l t s obtained to be v a l i d by the time they are 
a v a i l a b l e . C l e a r l y , what i s needed i s some way to 
dynamically update the w o r l d model, p o s s i b l y even 
as i t i s s t i l l b e i n g b u i l t . 

This is a p r e s e n t a t i o n of an approach to avoid 
the "one-shot" problem by t r a c k i n g s i g n i f i c a n t 
( o r p o t e n t i a l l y s i g n i f i c a n t ) f e a t u r e s u n t i l t h e i r 
place in the w o r l d model can be determined. In 
many a p p l i c a t i o n s , i t i s p o s s i b l e t o use standard 
(slow) r e c o g n i t i o n techniques even though the 
w o r l d i s not s t a t i c . V i s u a l feedback f o r hand-eye 
c o o r d i n a t i o n can a l s o b e a t t a i n e d using t h i s 
technique. 

This work supported by the J o i n t Services Elec
t r o n i c s Program (U.S. Army, U.S. Navy and U.S. 
A i r Force) under c o n t r a c t number DAAB-07-72-C-
0259. 

The problems encountered in u s i n g robot 
v i s i o n in a dynamic environment are w i d e l y v a r i e d . 
However, robots must be able to handle motion in 
the f i e l d o f view i n order t o handle v i r t u a l l y any 
dynamic problems. 

Consider a s t a t i o n a r y robot l o o k i n g at a 
moving o b j e c t . The o b j e c t ' s l o c a t i o n i s c o n t i n 
uously changing, so t h a t by the time the o b j e c t 
i s i d e n t i f i e d , the robot may no longer know where 
i t i s . I n a d d i t i o n , the o b j e c t may b e changing 
o r i e n t a t i o n or appearance. Only an extremely 
l i m i t e d c l a s s o f o b j e c t s looks i d e n t i c a l whether 
viewed from the f r o n t , s i d e or back (e.g. spheres). 

I f the robot i s moving and the r e s t o f the 
w o r l d i s n o t , the problem i s very d i f f e r e n t . Here 
i t i s u n d e s i r a b l e f o r the robot t o r e q u i r e lengthy 
pauses to determine i t s new l o c a t i o n and the l o c a 
t i o n o f surrounding o b j e c t s each time i t moves. 
This problem of a moving v i s u a l scene is not 
r e s t r i c t e d to mobile r o b o t s . Any v i s i o n system 
which i s not t o t a l l y f i x e d presents t h i s problem. 
Current systems [11] must use s o p h i s t i c a t e d s o f t 
ware and h i g h l y c a l i b r a t e d hardware j u s t to pan 
the camera over a scene. Hence, the usual s o l u 
t i o n [ 4 ] [ 8 ] [14] has been to simply make sure t h a t 
every p o s s i b l e p o i n t o f i n t e r e s t i s w i t h i n the 
camera's view, and o n l y look at p o r t i o n s of the 
p i c t u r e . While t h i s method insures easy c a l i b r a 
t i o n , i t leads t o tremendous waste i n p i c t u r e 
r e s o l u t i o n . 

F i n a l l y , there is the problem of the moving 
robot in a dynamic environment. Here, not o n l y 
i s the robot's f i e l d o f view c o n s t a n t l y changing, 
but f e a t u r e s may move w i t h i n the f i e l d o f view. 
I f the robot cannot keep t r a c k o f s i g n i f i c a n t 
f e a t u r e s i n r e a l t i m e , the s i t u a t i o n i s v i r t u a l l y 
hopeless. 

V i s i o n Hardware 

One of the fundamental problems of computer 
v i s i o n i s g e t t i n g a v i s u a l image i n t o the computer 
f 3 ] . There are two basic mechanisms c u r r e n t l y i n 
use: image d i s s e c t o r s and v i d i c o n s (TV cameras). 

The image d i s s e c t o r , given i t s extremely h i g h 
r e s o l u t i o n combined w i t h random access of any 
p o i n t i n i t s f i e l d o f view, at f i r s t glance appears 
i d e a l f o r d i g i t a l computer work. U n f o r t u n a t e l y , 
i t i s t h i s random access a b i l i t y t h a t creates 
problems. I f enough time i s allowed t o average 
the i n p u t at each i n p u t l o c a t i o n ( f o r a reasonable 
s i g n a l to noise r a t i o ) , t h e r e is no way to I n p u t 
a p i c t u r e to a computer in a reasonable amount of 
time [ 6 ] , Hence, one cannot take advantage of the 
image d i s s e c t o r ' s a b i l i t i e s f o r r e a l time v i s i o n . 
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The v i d i c o n does not have the problem of i n p u t 
noise i n h e r e n t in the image d i s s e c t o r . The i n p u t 
from a p o i n t i n the f i e l d o f view i s e f f e c t i v e l y 
averaged over the e n t i r e frame p e r i o d i n s t e a d of 
o n l y d u r i n g the a c t u a l time the p o i n t i s b e i n g 
i n t e r r o g a t e d . However, v i d i c o n s have problems of 
t h e i r own. Not the l e a s t i s the a v a i l a b l e r e s o l u 
t i o n . Standard v i d i c o n s are only capable o f about 
500 by 500 l i n e s of i n f o r m a t i o n . While t h i s at 
f i r s t seems q u i t e h i g h , i f the camera i s r e q u i r e d 
t o cover the e n t i r e f i e l d o f view, b y the time the 
f i e l d i s p a r t i t i o n e d t o look a t a n o b j e c t one 
t w e n t i e t h the w i d t h o f the e n t i r e f i e l d , r e s o l u 
t i o n is decreased to 25 by 25 l i n e s . E q u a l l y bad, 
b r i g h t l y l i t images i n v i d i c o n s tend t o spread ( o r 
bloom) over adjacent areas. This apparent e n l a r g e 
ment of b r i g h t o b j e c t s can be d i s a s t r o u s to many 
r e c o g n i t i o n schemes, and may even obscure nearby 
o b j e c t s s o much they cannot b e seen a t a l l . I t i s 
p o s s i b l e , through the use of a s p e c i a l "anti-comet-
t a i l " gun [15] t o g r e a t l y reduce blooming. How
ever, t h i s i s o n l y a t the cost o f e l i m i n a t i n g the 
l i n e a r response c h a r a c t e r i s t i c of the v i d i c o n , a 
step which i n t r o d u c e s problems o f i t s own. 

I n r e a l time v i s i o n systems, i t seems neces
sary t o use v i d i c o n s f o r image i n p u t d e s p i t e t h e i r 
l i m i t a t i o n s . Consequently, p a n - t i l t heads and zoom 
lenses are a l s o d e s i r a b l e , unless the r o b o t ' s 
v i s u a l a b i l i t i e s are t o b e r e s t r i c t e d t o o b j e c t s 
which f i l l a r e l a t i v e l y l a r g e p o r t i o n o f the t o t a l 
f i e l d o f view. 

3. The Basic System 

D i v i s i o n o f l a b o r i s used t o o b t a i n r e a l time 
v i s u a l processing i n a dynamic environment. I f 
a r b i t r a r y f e a t u r e s in a scene can be t r a c k e d in 
r e a l t i m e , most dynamic v i s i o n processes can be 
handled adequately by what would n o r m a l l y be 
considered o f f - l i n e (not r e a l time) methods. 

A simple example is r e c o g n i t i o n and a c q u i s i 
t i o n of a moving o b j e c t by a r o b o t . A t y p i c a l 
approach would be to take a p i c t u r e of the work
space and apply h i g h powered h e u r i s t i c s to l o c a t e 
and i d e n t i f y the o b j e c t . A f t e r d e c i d i n g the 
d e s i r e d o b j e c t had been l o c a t e d , the r o b o t would 
reach out and grab i t , w h i l e the v i s i o n system 
continued t a k i n g and a n a l y z i n g p i c t u r e s to main
t a i n knowledge o f the c u r r e n t l o c a t i o n o f the 
o b j e c t . Even f o r a simple domain of o b j e c t s , the 
r e c o g n i t i o n a l g o r i t h m would be complex. Not o n l y 
would the s i z e and o r i e n t a t i o n of the o b j e c t be 
s u b j e c t to v a r i a t i o n s , but the appearance of the 
hand i n the same frame as the o b j e c t f u r t h e r 
complicates m a t t e r s [ 5 ] • Considering t h a t most 
r e c o g n i t i o n programs r e q u i r e minutes of computer 
time [1119 ] \12]114], s e v e r a l o r d e r s of magnitude 
o f speedup are r e q u i r e d to make even t h i s t r i v i a l 
example r e a l i s t i c . 

By u s i n g a h i g h speed f e a t u r e t r a c k e r w i t h no 
r e c o g n i t i o n a b i l i t y , the same task can be accom
p l i s h e d q u i t e s i m p l y . As soon as an o b j e c t is 
detected i n the f i e l d o f view, two processes are 
i n i t i a t e d . The t r a c k e r i s p o i n t e d a t some f e a t u r e 
o f the o b j e c t and i n s t r u c t e d t o keep t r a c k o f i t . 
Simultaneously, a p i c t u r e o f the o b j e c t i s g i v e n 
to a r e c o g n i t i o n program to i d e n t i f y . The two 
processes then run i n p a r a l l e l , the t r a c k e r t a k i n g 
p i c t u r e s and u p d a t i n g the o b j e c t ' s p o s i t i o n , w h i l e 

the r e c o g n i t i o n program c o n t i n u e s to g r i n d away at 
the o r i g i n a l s t o r e d p i c t u r e . When the r e c o g n i t i o n 
program f i n a l l y determines what i t i s l o o k i n g a t , 
the t r a c k e r uses t h i s knowledge t o a i d i t s t r a c k 
i n g , w h i l e the robot uses the c o n t i n u o u s l y updated 
p o s i t i o n i n f o r m a t i o n provided b y the t r a c k e r t o 
guide i t s pickup o f the o b j e c t . Since the t r a c k e r 
I s c o n t i n u o u s l y f o l l o w i n g the o b j e c t , c o n f u s i o n 
w i t h the hand (as long a s i t d i d not obscure the 
o b j e c t ) is not a problem. 

The c r u c i a l f a c t o r has been the development 
of an adequate t r a c k e r . The t r a c k e r is caught in 
a c o n f l i c t between the requirement f o r r e a l time 
f e a t u r e l o c a t i o n and i d e n t i f i c a t i o n ( t y p i c a l l y 
50 m i l l i s e c o n d s ) and the n e c e s s i t y of a c c u r a t e l y 
d e t e r m i n i n g the l a t e s t p o s i t i o n o f numerous 
f e a t u r e s w h i l e having o n l y minimal knowledge of 
t h e i r c h a r a c t e r i s t i c s . However, the a p p l i c a t i o n 
of a simple c o n s t r a i n t a l l o w s the r e s o l u t i o n of 
t h i s c o n f l i c t , and i n f a c t r e q u i r e s a r a p i d frame 
r a t e t o a c c u r a t e l y i d e n t i f y f e a t u r e s . 

The simple example j u s t discussed a c t u a l l y 
r e q u i r e s t h r e e d i s c r e t e modules. Aside from the 
t r a c k e r and r e c o g n i z e r working i n p a r a l l e l , t h e r e 
i s a l s o a s u p e r v i s o r ( o r m o n i t o r ) t o c o o r d i n a t e 
e v e r y t h i n g and p r o v i d e c o n t a c t w i t h the o u t s i d e 
w o r l d ( i . e . accept commands, take p i c t u r e s and 
c o n t r o l the r o b o t ) . The s u p e r v i s o r would a l s o 
handle such tasks as l o c a t i n g new o b j e c t s 
appearing i n the f i e l d o f view, d e t e r m i n i n g the 
task to be accomplished, c o n v e r t i n g t r a c k e r 
c o o r d i n a t e s to Robot ( r e a l space) c o o r d i n a t e s , 
e t c . The t r a c k e r does not burden i t s e l f w i t h 
knowledge o f the r e a l w o r l d , i n s t e a d i t works 
w i t h two dimensional f e a t u r e s ( b l o b s , p a t t e r n s 
( 2 ] , l i n e s [7 ] [10 ]) in p i c t u r e c o o r d i n a t e s , a 
task p o s s i b l e i n r e a l t i m e . Meanwhile, the 
r e c o g n i z e r o n l y needs to work on one o b j e c t at 
a t i m e , and knows t h a t when i t f i n a l l y succeeds, 
the s u p e r v i s o r w i l l s t i l l know where the o b j e c t 
i s , since the t r a c k e r has been keeping t r a c k o f i t , 

4. The Tracker 

The d e s i g n of a d i g i t a l computer program to 
scan 60,000 p i c t u r e p o i n t s , f i n d , and a c c u r a t e l y 
i d e n t i f y a f e a t u r e i n t h a t p i c t u r e i n r e a l time 
would seem an impossible task c o n s i d e r i n g a t y p i 
c a l computer would r e q u i r e s i x t y m i l l i s e c o n d s t o 
look j u s t once a t every p o i n t i n the p i c t u r e . 
Brute f o r c e techniques are o b v i o u s l y not s u i t a b l e . 
Since f u l l p i c t u r e s cannot be handled, a l l number 
crun c h i n g is done on windows e x t r a c t e d f rom f u 1 1 
p i c t u r e s . A i l the software has been s t a n d a r d i z e d 
to 36 by 36 windows. Windows are o b t a i n e d by 
s p e c i f y i n g t h e i r l o c a t i o n and s i z e ( i . e . number 
o f p o i n t s i n the f u l l p i c t u r e corresponding t o 
a s i n g l e p o i n t in the window). Since windows 
c o n t a i n o n l y 1298 p o i n t s , complex o p e r a t i o n s can 
be a p p l i e d to e n t i r e windows at reasonable cost 
i n computer time. 

Windows alone do not solve the problem. 
Assuming a window has been taken and a f e a t u r e 
found, how can t h a t f e a t u r e be p o s i t i v e l y i d e n t i 
f i e d ? There is no guarantee the f e a t u r e b e i n g 
t r a c k e d i s i n t h a t window. The i d e n t i f i c a t i o n o f 
f e a t u r e s problem has been r e s o l v e d by a r e l a t i v e l y 
simple c o n s t r a i n t . The assumption i s made t h a t 
f e a t u r e s are f a r enough a p a r t and ( o r ) p r e d i c t a b l e 
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enough i n l o c a t i o n t o b e d i s t i n g u i s a b l e s o l e l y o n 
the basts o f p o s i t i o n . While t h i s may i n i t i a l l y 
appear a severe c o n s t r a i n t on the a p p l i c a b i l i t y 
o f the system, i t normally i s n o t . Real o b j e c t s 
have p h y s i c a l l i m i t s on v e l o c i t y and a c c e l e r a 
t i o n , even when moving randomly. 

B a s i c a l l y t h i s means o b j e c t s cannot c o l l i d e , 
o r i n t h r e e dimensions, obscure one another. I n 
the event of a c o l l i s i o n , one of the f e a t u r e s 
being t r a c k e d w i l l b e e i t h e r l o s t o r confused 
w i t h the o t h e r ( o b s c u r i n g ) f e a t u r e . This s i t u a 
t i o n cannot be handled by the Tracker, but the 
Tracker can warn the Supervisor t h a t something 
i s amiss and h i g h e r l e v e l h e l p i s r e q u i r e d . 

5. Demonstration Systems 

To demonstrate the a b i l i t i e s of systems based 
on the method developed, t h r e e sample systems are 
presented. A l l of these have been implemented 
on the combined computer f a c i l i t i e s of the 
Advanced Automation Lab in Coordinated Science 
Laboratory. 

T r a f f i c M o n i t o r i n g 

The program TRAFFIC, as i t s name i m p l i e s , i s 
a t r a f f i c m o n t i o r . The camera i s aimed out o f 
the window (about 15 meters above ground l e v e l ) 
at the roads o u t s i d e the b u i l d i n g . F i g u r e 1 
is a t y p i c a l view, taken by the camera and recon
s t r u c t e d b y the CSL graphics d i s p l a y u n i t . I n 
a d d i t i o n t o the crossroads, t h e r e are sidewalks 
and p e d e s t r i a n s , as w e l l as numerous parked c a r s . 

Moving o b j e c t s are d e t e c t e d by the super
v i s o r on the PDP-10. While the Tracker on the 
PDP-10 f o l l o w s them, the Supervisor e x t r a c t s a 
window c o n t a i n i n g j u s t one o b j e c t and t r a n s m i t s 
i t t o the PDP-11. There i t i s g i v e n t o the 
Recognizer t o determine i t s i d e n t i t y ( i . e . c a r , 
t r u c k , b i c y c l e , e t c . ) „ 

C o n c u r r e n t l y , a schematic r e p r e s e n t a t i o n of 
the i n t e r s e c t i o n showing t h e l o c a t i o n and s t a t u s 
of v e h i c l e s being tracked maintained on the 
graphics d i s p l a y ( F i g u r e 2 ) . Note t h a t one car 
w i l l be l o s t when i t disappears behind the t r u c k . 
V e hicles which have not y e t been i d e n t i f i e d are 
d i s p l a y e d as "?-?", speed is i n d i c a t e d by the 
amount o f exhaust. 

S t a c k i n g 

The a p p l i c a b i l i t y t o hand-eye c o o r d i n a t i o n I s 
i l l u s t r a t e d by the program STACK. Several cubes 
are s c a t t e r e d about the Robot's w o r k t a b l e . These 
are l o c a t e d v i s u a l l y and stacked one at a time on 
the base cube ( F i g u r e 3 ) . V i s u a l feedback ( u s i n g 
f r o n t and s i d e views v i a the m i r r o r ) i s used t o 
guide the hand f o r p r e c i s e alignment of the cubes. 

The system f u n c t i o n s q u i t e s i m p l y . I g n o r i n g 
the m i r r o r , the approximate l o c a t i o n s and o r i e n t a 
t i o n s of the base and s t a c k i n g cubes are d e t e r 
mined v i s u a l l y . The robot then o r i e n t s the w r i s t 
and grabs the cube to be stacked. As It moves 
the cube t o over the base cube, i t r o t a t e s the 
w r i s t t o the estimated o r i e n t a t i o n o f the base 
b l o c k , u s i n g care t h a t the f i n g e r s do not obscure 
any of the v e r t i c a l edges used f o r a l i g n m e n t . 

The Supervisor then l o c a t e s the f r o n t and 
r i g h t edges of the cubes and the m i r r o r images 
of the f r o n t edges. The m i r r o r provides the 
e q u i v a l e n t of a second camera f o r complete t h r e e 
dimensional d e t e r m i n a t i o n of the scene. The 
correspondence between d i r e c t and m i r r o r views 
need o n l y be set up once, it is then maintained 
by the Tracker. 

Once the Tracker s e t t l e s on the edges, the 
Supervisor uses the p a n - t i l t head to center the 
stack and zooms in f o r a c l o s e r view ( F i g u r e A ) . 
The hand then moves p a r a l l e l t o the t a b l e top 
and the w r i s t r o t a t e s u n t i l the corresponding 
edges of both cubes are e x a c t l y a l i g n e d . The 
hand is then lowered w h i l e keeping the edges 
e x a c t l y a l i g n e d u n t i l c o ntact i s made. Note t h a t 
once the edges of the cube are being t r a c k e d , 
there is no requirement f o r the base cube or 
v i s i o n system ( m i r r o r ) t o remain s t a t i o n a r y , l e t 
alone f o r even mediocre c a l i b r a t i o n of the robot 
arm. S t a c k i n g accuracy is l i m i t e d by the p i c t u r e 
sampling w i d t h (252 p o i n t s per l i n e ) , i n t h i s 
case about 0.10 i n c h e r r o r w i t h 4 inch cubes. 

I n s e r t i o n 

INSERT has the c a p a b i l i t y of i n s e r t i n g the 
c o r r e c t peg in an a r b i t r a r y h o l e where the hole 
i s i n a f i x t u r e h e l d by an uncooperative human 
being ( F i g u r e 5 ) . While the robot is moving 
t o i n s e r t t h e peg, the human bei n g i s t r y i n g t o 
prevent i t (keeping the f i x t u r e f l a t o n the t a b l e 
and not moving f a s t e r than the r o b o t can). 

The system i s a c t u a l l y d i v i d e d i n t o t h r e e 
steps: d e t e c t i o n , approach, and i n s e r t i o n . The 
d e t e c t i o n phase Is s t r a i g h t f o r w a r d . As soon as 
a hand appears I n the f i e l d o f view, the Tracker 
i s set t o f o l l o w i t . Simultaneously, the Recog
n i z e r is invoked to determine the contents of the 
hand. The hand is tracked u n t i l the Recognizer 
has f i n i s h e d . Once recognized, the Tracker I s 
r e s e t t o u t i l i z e t h i s knowledge and t r a c k the 
f i x t u r e i t s e l f . I f the robot has a s u i t a b l e peg 
f o r i n s e r t i o n , the approach phase i s e n t e r e d . 

The approach phase uses the known and v i s u a l 
s i z e o f the f i x t u r e t o estimate i t s p o s i t i o n i n 
t h r e e dimensional space. A f t e r the hand has 
r e t r i e v e d the c o r r e c t peg, i t i s moved t o a p o s i 
t i o n s i x inches above and behind the f i x t u r e . 
Care must be e x e r c i s e d by the robot d u r i n g t h i s 
time t o prevent o b s c u r i n g the f i x t u r e , and l o s i n g 
i t . 

Once i n p o s i t i o n , the hand mark i s t r a c k e d , 
and the arm moved to always keep it in the same 
v i s u a l p o s i t i o n r e l a t i v e t o the f i x t u r e . The 
p a n - t i l t head i s used t o c e n t e r the f i x t u r e and 
the Su p e r v i s o r zooms I n f o r a c l o s e r l o o k . When 
the image becomes s u f f i c i e n t l y l a r g e , the Tracker 
i s s h i f t e d from the hand mark t o the a c t u a l p i n 
t i p . When the camera i s f u l l y zoomed i n , c o n t r o l 
I s passed t o the i n s e r t i o n phase. 

The i n s e r t i o n phase ( F i g u r e 6) uses the 
known v e r t i c a l d i s t a n c e from p i n t i p t o h o l e t o 
determine the r e l a t i v e e r r o r i n p o s i t i o n . The 
r o b o t moves to keep the p i n t i p over the c e n t e r 
o f the h o l e and c o r r e c t l y r o t a t e d ( i f necessary) 
f o r i n s e r t i o n . Simultaneously, o f course, the 
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p a n - t i l t head i s c o n t i n u o u s l y a d j u s t e d t o keep the 
h o l e c e n t e r e d . When the p i n t i p has been lowered 
t o t e n m i l l i m e t e r s above the f i x t u r e , i t I s 
i n s e r t e d . 
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