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ABSTRACT 

A p a r a l l e l processing method of r o t a t i n g and 
comparing three-dimensional ob jec ts is presented. 
The mul t i -p rocessor has an abs t rac t s t ruc tu re in 
which the I n d i v i d u a l processors are located at the 
ve r t i ces of a geodesic dome. The design has been 
tested on the same type of ob ject matching 
problems as Shepard (3) used in h i s mental 
r o t a t i o n experiments w i t h human subjects. The same 
l i nea r " r eac t i on time** behaviour is found* 

I INTRODUCTION 

Shepard*s experiments demonstrated that human 
subjects can determine tha t two i d e n t i c a l ob jects 
in d i f f e r e n t o r i e n t a t i o n s are the same, w i t h a 
reac t ion time tha t i s p ropo r t i ona l to t h e i r 
angular separat ion. The ob jects are simple — 
composed of a few u n i t cubes jo ined at t h e i r faces 
-- and are presented to the subjects as l i n e 
drawings* Shepard [4 ] uses h i s r e s u l t s to argue 
tha t people car ry out mental r o t a t i o n s by an 
analog process, where by analog he means: " . . . a 
process in which the in termediate I n t e r n a l s ta tes 
have a na tu ra l one-to-one correspondence to 
appropr ia te intermediate s ta tes in the ex te rna l 
wo r l d * " This paper presents a pa ra l l e l -p rocess 
computat ional model f o r so lv ing the ob jec t 
r o t a t i o n and comparison task. I t is re levant to 
machine v i s i o n and computer graphics problems 
where the model l ing of three-dimensional ob jec ts 
Is involved* 

The l i n e a r reac t i on t ime Is a d i r e c t r e s u l t 
of the f a c t tha t the model involves p a r a l l e l 
processing. The processors can d i r e c t l y 
communicate only w i t h t h e i r immediate neighbours. 
Each processor has its own l o c a l memory. The 
representa t ion of an ob jec t is d i s t r i b u t e d amongst 
the processors. The complete ob ject is represented 
by the t o t a l In format ion stored by a l l the 
processors. In order to compare two ob jects it is 
f i r s t important to " a l i g n " them in the sense that 
each processor must hold In format ion from 
corresponding par ts of the two ob jects* Once 
a l i g n e d , a t e s t is made to determine how s i m i l a r 
they are. In t h i s t e s t , each processor compares 
the In fo rmat ion i t has about the l o c a l shape of 
the f i r s t ob jec t w i t h tha t i t has about the 
second* 

II THE MODEL 

The alignment process corresponds to the 
r o t a t i o n of an ob jec t . To understand why the 
alignment process is p ropo r t i ona l to the angular 
separat ion of the ob jects we must look f u r t h e r 
I n to the way in which ob jec ts are modelled. The 
abatract s t ruc tu re of the mul t i -p rocessor system 
is as shown in Figure 1. The processors are 
d i s t r i b u t e d over the surface of a sphere, l i k e the 
t i l e s in the f i g u r e , and have d i r e c t communication 
l i n k s to t h e i r neighbours* Most are hexagons 
having s i x neighbours, but a few a r e , of necessi ty 
in t h i s type of t e s s e i a t i o n , pentagons. The 
modelled ob jec t is considered to be ins ide t h i s 
sphere of processors w i t h i ts center of g r a v i t y at 
the center of the sphere. Each processor stores 
the r a d i a l d is tance of each in te rsec t ion of the 
o b j e c t ' s surface w i t h the r a d i a l l i n e from the 
processor 's center to the center of the sphere. In 
a d d i t i o n , because a c o l l e c t i o n of po in ts by i t s e l f 
does not de f ine a sur face , f o r each i n t e r s e c t i o n 
point a l i n k is stored to the neighbouring po in ts 
on the object 's sur face. This representa t ion is 
re la ted to that of Brown [2]. Note tha t the 
spher ica l abs t rac t s t ruc tu re of the 
mul t i -p rocessor does not requ i re a spher i ca l 
phys ica l s t ruc tu re — i t is only necessary to have 
the same phys ica l communication s t r uc tu re . The 
same object in two d i f f e r e n t o r i e n t a t i o n s w i l l 
have i t s shape in fo rmat ion d i f f e r e n t l y d i s t r i b u t e d 
amongst the processors. To a l i g n two ob jec ts 
requ i res s h i f t i n g the in fo rmat ion descr ib ing one 
of them* To s h i f t the in fo rmat ion means tha t 
messages must be sent between processors. The t ime 
taken f o r a message to get to i t s d e s t i n a t i o n 
processor is a l i n e a r func t i on of the number of 
i n te rven ing processors which have to re lay it. The 
number of i n te rven ing processors is p ropo r t i ona l 

to the angular separat ion of the source and 
des t i na t i on processors because of the uni form 
d i s t r i b u t i o n of processors over the sphere* The 
processors ho ld ing corresponding in fo rmat ion from 
the two ob jects which are f a r t h e s t apart are those 
along the "equator" of the r o t a t i o n , and the 
angular d i f fe rence between them w i l l be the same 
as the angular d i f f e rence between the two ob jec ts . 
In summary, the time taken to " r o t a t e " one ob jec t 
In to another Increases l i n e a r l y w i t h the angular 
separat ion between the ob jects because the 
in fo rmat ion descr ib ing i t must be relayed through 
a l i n e a r l y increasing sequence of processors. 
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I l l THE COMPUTER SIMULATION 

A LISP program has been w r i t t e n which, wh i le 
s imu la t ing the p a r a l l e l hardware, ca r r i es out the 
p a r a l l e l a lgor i thms f o r r o t a t i n g and comparing two 
Shepard-style ob jec ts . The Input to the program is 
two l ine-drawings expressed as a set of l i n e 
segment endpolnt coordinates. The output is a 
statement of whether or not the two objects are 
the same or d i f f e r e n t . A b r i e f desc r ip t i on of the 
program fo l l ows . 

The r o t a t i o n mechanism is the most important 
par t of the program. Before a r o t a t i o n can be 
begun, the ax is of the r o t a t i o n must be found. 
This is a ser ious problem because If one ob ject is 
to be ro ta ted i n t o correspondence w i th another In 
l i n e a r t ime, i t i s not possib le to spend time 
searching f o r the cor rec t ax is of r o t a t i o n unless 
the search time happens to be e i t he r constant or 
l i n e a r l y i nc reas ing . For tuna te ly , i t i s poss ib le 
to determine the unique ax is and magnitude of 
r o t a t i o n from the moments of i n e r t i a of the two 
ob jec ts ( t h i s observat ion was made at leas t as 
ear l y as Baumgart [ 1 ) ) . An o b j e c t ' s moments of 
i n e r t i a (a gene ra l i za t i on of center o f g r a v i t y ) 
def ine an l n e r t l a l e l l i p s o i d , and the required 
ax is o f r o t a t i o n is the ax is which w i l l a l i g n one 
o b j e c t ' s l n e r t l a l e l l i p s o i d w i th the o t h e r ' s * 
Having I d e n t i c a l and al igned l n e r t l a l e l l i p s o i d s 
does not guarantee that two objects are the same, 
but It does guarantee that i f they are the same 
they w i l l be or iented in the same d i r e c t i o n . The 
moments-of- inert la computation is a p a r a l l e l 
process. 

To ro ta te an ob ject about a given ax is each 
processor f i r s t computes what i t s own new l o c a t i o n 
(expressed in spher ica l coordinates) would be I f 
the point where the ax is i n te rsec ts the sphere of 
processors were to become l oca t i on ( 1 , 0 ,0 ) — the 

"no r th p o l e " . This e f f e c t i v e l y makes the ax is of 
r o t a t i o n the nor th-south ax is of a spher ica l 
coordinate system thereby reducing subsequent 
c a l c u l a t i o n . The object is ro ta ted in steps where 
the step else is no la rger than the maximum 
angular d i f fe rence between two processors. A f t e r 
each s tep , each processor checks to see whether 
the coordinates o f the po in ts i t i s ho ld ing are 
nearer to i t s center or to the center of a 
neighbouring processor. I f the po in t i s a c t u a l l y 
c loser to one of the neighbours, then i t is 
t ransmi t ted as a message to the neighbouring 
processor which then takes over r e s p o n s i b i l i t y f o r 
i t . The step s ize is l i m i t e d so that a po in t never 
moves f a r t h e r than the distance between 
neighbours. 

Once one object has been ro ta ted i n t o 
correspondence w i t h the o the r , each processor does 
a simple comparison of the po in ts i t is ho ld ing 
f o r the two ob jec t s . I f the corresponding po in ts 
are w i t h i n a g iven to lerance of one another, then 
they are considered to be matching. If no 
processor d iscovers a mismatch of po in ts then the 
two ob jec ts are reported to be I d e n t i c a l . 

The one remaining aspect of the 
implementation is how the l i n e drawings are 
processed to ob ta in a three-dimensional model and 
stored in the sphere of processors. In t h i s , the 
l i m i t e d nature of the domain of ob ject types has 
been e x p l o i t e d . Almost every closed curve in one 
of the l i n e drawings Is the side of a u n i t cube* 
Knowing that a closed curve is a perspect ive 
p ro j ec t i on of a u n i t square is s u f f i c i e n t 
in fo rmat ion to provide a set of four equations in 
four unknowns which can be solved f o r the exact 
l oca t i on and o r i e n t a t i o n o f the face i t 
represents* 



IV CONCLUSION 

The cur rent s imu la t ion la baaed on a aet of 
482 processors. In a t r u l y p a r a l l e l implementation 
the proceaalng time la guaranteed to be a l i nea r 
f unc t i on o f the angular d i f f e rence In the o b j e c t ' s 
o r i en ta t l ona by the f a c t tha t the r o ta t i ona are 
ca r r i ed out in steps of f i x e d atep size as 
neceaaitated by the cona t ra in ta of message 
propagation through a network of l o c a l l y connected 
proceasors. We can aee — in cont raat to what 
would be the caae dur ing the execut ion of a s e r i a l 
mat r ix m u l t i p l i c a t i o n baaed a lgo r i thm — that at 
a l l times dur ing the r o t a t i o n process an o b j e c t ' s 
repreaentat ion la in a cons is tent s t a t e . Thus the 
I n t e r n a l atatea of the r o t a t i o n have "a na tu ra l 
one-to-one correspondence to appropr ia te 
intermediate atatea in the ex te rna l wor ld " . By 
both a a t l a f y i n g Shepard'a d e f i n i t i o n of an analog 
proceaa and by e x h i b i t i n g l i n e a r reac t ion - t ime 
behaviour, the p a r a l l e l a lgor i thm discussed above 
provides a computat ional model of the mental 
r o t a t i o n phenomenon. 
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