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S t e p  2 :  

I f  P '  is on the positive x-axis along the line O ' R '  as show in 
Figure 11, the axis of  rotation is that obtained from equation (1) but rotated 

I t t 
by 00 ffi f degrees about the y-axis. Namely, 
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where I O'P'I  and I O'R' I  are the length of  the (2-D) vector O'P'  and the 

l ine O'R'  respecti vely, and f (x) can be any monotoni cal l y-i ncreasing 
function wi th condi tions: 

0 i f  x ~ O  
f (x)= 90 ¡ i f  x >_ 1 

The function f (x) describes how the hemisphere is distorted into the f lat 
disk. The V i rtual  Sphere control ler in the experiments used f (x) = x, wi th 

> 
the above constraints. Note that i f  IO'P't = 0, equation (2) is the same as 

> 
equation (1). I f  IO'P'I  = I O'R'I , then the axis of  rotation is on the y-z 
plane. 
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Figure 11. Movement  of the 2-D device where P' is on O'R'.  

St ep 3 :  

In the general  case (see Figure 12), 
) 

O'P'  makes angle 0' wi th the x-axis, and 

d " 0 ' + ' ~ '  " " . 

Since Figure 12 is just Figure 1 1 rotated by 0' degrees about the z-axis, the 
axis of  rotation is that obtained f rom equation (2) excepted rotated by 0' 
degrees about z. Namely, 

a~(x,y,z) = [ -sin(x') cos(,')  0] . [ cos f(co)0 01 -sin f (t0) ] 0  
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Figure 12. Movement  of the 2-D device where P '  

is arbitrarily located. 

Once the axis of  rotation is obtained f rom equation (3), the rotation 
matrix R can be computed by: [2 ] 

tax+C taxayÖSa z taxaz-Say 

2 
a T (~) = taxay-sa z t a y ~  tayaz+sa x 

2 
taxaz+Say tayaz-Sax taz+C 

(4) 

where ax, ay and a z are the components of  a , s = sin(p, c = cos(p, and 

t = 1-cos(p, and ~p is the amount of  rotation about a [7]. 

The angle of  rotation ~p can simply be the distance of  cursor movement 
times a sui table scal ing factor. However, we decided to model  the rol l ing of  
the sphere more precisely. We scaled the amount of  rotation such that: 

1) a ful l  sweep of  the mouse across the ci rcle (passing through O')  
produces 1 80 degrees of  rotation; 

2) a ful l  ci rcle around the edge (or outside) the ci rcle produces 360 
degrees of  rotation. 

The fol lowing formula for tp in degrees (obtained empirical ly) was used in 
the experiment, and provides a good approximation to the two desi rable 
properties described above: 
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