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Abs t r ac t .  A method for the registration of rigid objects by attracting 
objects to the desired posture by appropriate forces is described. Inputs 
are a group of three-dimensional coordinates of the points representing an 
object in the initial state and in the goal state. No information on point 
correspondence between the initial and the goal states is given. Firstly, 
the object is translated from the initial position so that its centroid 
coincides with one of the goal position. The difference in posture of the 
object is corrected by rotating round the centroid by the torque which 
attracts it to the goal posture. We demonstrate that repulsive forces 
to each point of the object from all points at the goal posture, whose 
magnitude is the square of the distance between the points, satisfactorily 
produces such torque. 

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

Detecting the change in position and posture of objects which move in three- 
dimensional (from now, abbreviated as 3D) space is one of the important  subjects 
of computer  vision. In this paper, we consider the case that  an object is rigid 
and 3D data  of the object is observed before and after motion of the object. 
The change is represented by a translation matr ix  and a rotation matr ix  which 
t ransform the initial coordinates to the final ones in the form X ~ = R * X + 
T. Where, R is a rotat ion matrix,  T is a translation matrix, X is the initial 
coordinates and X '  is the final coordinates. As shown in some methods[ill2], 
R and T are generally calculated based on the correspondences of points or 
vectors (ex. normal vectors of surfaces) between the initial s tate and the final 
state. Since the number  of possible correspondences of such simple elements 
usually becomes large, the selection of the correct pairs requires complicated 
processing. For example, if we observe color images with range da ta  as shown 
in Fig. 1, the correspondence of the shadow region before and after the motion 
is relatively easy to find. However, even after that  the correspondence is known, 
it 's still difficult to find point correspondence on the contour of the region. For 
such cases, a method to obtain R and T which is not based on correspondence 
of points(or vectors) but  based on correspondence of arbi trary units, such as 
contours or regions of free-form shape, is desirable. 

One typical solution for this problem is based on moments[3][4]. In the 
method,  however, not the exact but four possible rotat ion matrices are cal- 
culated and additional procedures are required to select the correct one from 
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Fig. 1. Example that correspondence of points is very difficult to find, even though 
regions are known to correspond to each other. 
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Pig. 2. Convergence of object to goal posture 

the four. Another defect in the method is that it can not detect the rotation 
matrix for the objects whose major and/or minor principle axis can not fixed, 
such as regular polyhedrons. Besides this, some other methods[5][6][7] are pro- 
posed for free-form shape matching using 3D data without the correspondence 
of any feature. These methods iteratively attracts observed data to model data  
so as to make the shortest distance between the two data as small as possible. 
Though these methods have advantage of allowing partial matching, they needs 
initial estimation of motion; if appropriate initial estimation is not given, these 
methods easily converge to wrong solution because of many local minima. In 
case that  no initial estimation of rotation matrix is given, [5] needs try to start 
from 24 rotation matrices not to miss the global minimum. 

In this paper, we propose a method to detect the rotation matrix which uses 
the physical rotation of the object when torque is applied to attract the object 
to the goal posture. Since the definition of the torque is devised not to produce 
many local minima, the object is stably converged to the goal posture from any 
posture whose angle of the rotation from the goal posture is within about • 
radian round any axis. 

2 O u t l i n e  o f  o u r  m e t h o d  

In our method, an object is represented as a group of points because we want 
to treat arbitrary shape. Figure 2a shows an example(3D shape by combining 
a large and a small circles perpendicularly): initial state is represented with 
Pi(xi ,  yl, z / ) ( i= l~n ,  �9 in Fig. 2) and goal state is with P~(z~, y~, z j ) ( j= l~n ,  • in 
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Fig. 2). Though auxiliary lines are added for our comprehension of the 3D shape, 
no information is given about the structure among the points. No information 
is provided about correspondence of points between Pi and P~. Although the 
actual points and their total number are not necessarily the same before and 
after motion, for simplicity of explanation we assume that  they are same. In 
subsection 3.3, we'll describe this matter in greater detail. 

First, the object represented by Pi is translated from the initial position so 
as to lay its centroid on that  of the goal position as shown in Fig. 2b. From 
now, we set Pi as the new coordinates of the object after the translation and 
name this state the initial posture, and Pj the goal posture. Note that the object 
placed in the initial posture can be superposed on the goal posture if we rotate 
it round the centroid by applying appropriate torque to it. Therefore if we can 
find a definition which always gives the torque attracting the object to the goal 
posture in spite of how the initial posture deviates from the goal posture, the 
log of the rotation by the torque gives us the rotation matrix we desire. 

To realize this strategy, the definition of appropriate torque is very important.  
A definition which quickly comes to mind might be forces such as universal 
gravitation. We experimentally tried such a definition using the object shown in 
Fig. 2. The attractive forces from all points of the goal posture are applied to 
each point of the object. The magnitude of the forces is defined to be inversely 
proportional to the square of the distance between the points (in the case where 
the distance=0, we define force=0). By rotating the object round the centroid 
with the torque caused by the forces, however, many local stable postures where 
the torque=0 were found besides the goal posture. Therefore, this definition is 
useful only when the difference between initial and goal postures is small. In 
the sense that  this definition attracts the object mainly based on the distance 
between the closest points, it is similar to the other methods[5][6]. 

From the idea contrary to the above, a definition based on repulsive forces 
was experimentally tried and led to interesting results. If repulsive forces are 
applied to each point of the object from all points in the goal posture, whose 
magnitude is the square of the distance between the points, it was observed that  
the object is stably attracted to the goal posture when angle of the rotation 
from the goal posture is within about =kTr/2 radian round any axis. In the case 
when the initial posture is out of the range, the object converges to an opposite 
posture about the centroid. 

The rotation of objects is calculated in a successive approximation way 1. 
Figure 2c and 2d show the convergence process that  object(e) follows as it 
is attracted in the goal posture(x).  The gray lines show traces of the rota- 
tion process acting on the object. In this case, actual rotation is 90.0 degrees 
around the axis(0.641,0.299,0.707). By our method, 90.1 degrees around the 
axis(0.637,0.307,0.707) is obtained in a half second(SUN/SS10 workstation). 

1 The equation of motion is I * d20/dt 2 + 7dO/dr = N (Here, I is the moment of 
inertia of the object, 7 is viscous coefficient, and N is torque). If we assume that 7 
is negative with a large absolute value, the acceleration(first term of the equation) 
can be neglected; while dr=l, the object rotates by d8 ---- N/7.  
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Fig. 3. Change of torque in case that objects composed of three points moves in a two 
dimensional polar coordinate system. 

3 Performance c h a r a c t e r i s t i c s  

In this section, performance characteristics of the method are checked from sev- 
eral viewpoints. 

3.1 C h a r a c t e r i s t i c s  of  stable posture 

Let's analytically consider stable postures. Suppose that  a repulsive force is 
applied from Pl(r l ,  r to P2(r2, r in a polar coordinate system, whose mag- 
nitude is the square of the distance between the points. From the second cosine 
formula, 
IFI = [P---I~[ 2 = r l  2 + r2 2 - 2 r l r 2 c o s O .  

Where, 0 = r - r From the sign formula, the torque caused by the force round 
the origin is: 

IN[ = r l r 2 s i n O x / ' r l  ~ + r2 ~ - 2 r l r ~ c o s O  (1) 

When the object is placed in the goal posture, repulsive forces mutually arise 
between any pair among all points. From the equation (1), a pair of torques 
between any pair of points offset each other. As a result, the goal posture is a 
stable posture for any object consisting of arbitrary points. 

Next, let's examine how torque changes as an object shifts from the goal 
posture by using simple objects, which are composed of three points in a 2D 
polar coordinate system. In order to represent a triangle with few parameters, 
we set the three points as shown in Fig. 3a. The origin is set at the centroid of 
the points; two points are A(1, 0) and B(rl,  c~1); the remaining point C(r2, au) 
is determined from these conditions. That  is, the parameters r2 and a2 are a 
function of r1 and a l .  The torque which is produced when the object is ro- 
tated by 0 from the goal state(A(1, 0),B(rl, a~),C(r2,a2)), is calculated using 
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Fig. 4. Boundary angle of rotation under which objects converged to the goal posture. 

the equation (1) as function of rl,oq and 0. Figure 3b shows the results of fixing 
~1=mTr/10(m=l-~10). Figure 3c shows the profile at rl = 5.0. We notice that  
torque= 0 at 0=0 and 7r and, in the near vicinity of the points, the torque has 
a sign opposite to the deviation from 0=0 (or 7r). This brings back the object 
into 0=0 (or 7r). As shown in the figures, these two states are the only stable 
states for most of triangles. Exceptions are triangles which are almost regular. In 
the cases of regular triangles, stable posture becomes 0, 2~r/3 and 47r/3. Objects 
consisting of more than four points have not yet been analytically examined. 

3.2 E x p e r i m e n t s  w i t h  va r ious  shape  ob jec t s  

We applied our method to various objects. The following phenomena are ob- 
served in most of objects. When angle of the rotation from the goal posture is 
within about :h~r/2 radian round an axis, objects converged to the goal posture. 
In the case when the initial posture is out of the range, objects can converge to 
a few other postures. Figure 4 shows boundary angle of rotation under which 
objects converged to the goal posture. In the figure, the direction of rotation 
axis is represented by latitude and longitude. Figure 4a is the boundary for the 
object we used in section 2. Figure 4b is one for a platform of honor represented 
by 14 points(vertices). Figure 4c is one for a heart painted on a curved surface, 
which is represented by 42 points selected at equal intervals. 

The number of stable postures depends on the shape of objects. In the case 
of object in Fig. 4b and 4c, there are 4 stable postures, while the object in Fig. 
4a has 2 stable postures. From experimental observation, the number of stable 
postures is expected not to become so high and is usually around 4. 

Though the moment method[4] cannot treat objects whose major and/or  
minor principle can not fixed (ex. regular polihedrons), our method is also useful 
for such objects and the object becomes stable at one of overlapping postures, 
which is the closest to the initial posture. 
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Fig. 5. Registration result in case that different representative points are selected before 
and after motion. 

3.3 I n f l u e n c e  o f  d i f f e ren t  r e p r e s e n t a t i v e  p o i n t s  

Until now, we treated the same representative points before and after motion 
to examine the original characteristics of the attraction by the repulsive forces. 
Here, we show it is possible to select different representative points between the 
initial and goal states. Figure 5a and 5b show a curve in three-dimensional before 
and after motion. Originally, the line is represented by 1105 points. As shown 
in Fig. 5c, representative points are selected with different regular intervals, 
concretely, 55 points (every 20 points) from Fig. 5a and 33 points (every 33 
points) from Fig. 5b. Figure 5c shows our method still can well register the object 
in the goal posture using different representative points. In this case, actual 
rotation is 60 degrees around the axis(0.492,0.0868,-0.866). By our method, 59.6 
degrees around the axis(0.496,0.0867,-O.864) was obtained. 

3.4 E x p e r i m e n t  us ing  d a t a  o b s e r v e d  b y  r a n g e  f i n d e r  

In order to check practicality of the method, experimenls were conducted on 
detection of position and posture of a mug observed by a laser range finder[8]. 
Figure 6a shows the mug we used for the experiment. The movement of the mug 
from the initial position and posture is calculated based on the 3D coordinates 
of the contours of the solid patterns on its surface: 6 hiragana charazters (" ~5 ", 
" bo ", " L ", "a8 ", " ~ "  and "J: ") 2 . Firstly, 3D data is observed at 6 canonical 
states of the mug, each of which is arranged to observe each pattern. A group 
of 3D coordinates of points on the contour of each pattern are detected and 
memorized as a canonical pattern. For e• the second canonica.1 pattern 
is represented by 3D coordinates of 38 points(* in Fig. 6b). For each canonical 
state, the positions of the brim, the bot tom and the handle of the mug are 
manually taught(lines in Fig. 6b). 

After arbitrarily moving the mug, the new state of the nmg is detected based 
on the pattern visible at each state. Figure 6c shows an example of observed 3D 

G e n e r a l l y ,  s u c h  a p a t t e r n  is eas i ly  e x t r a c t e d  t h a n  o t h e r  e d g e s  b e c a u s e  of  s t a b l e  

contrast with its backgrmlnd. In our experiments, these patterns are detected as 
regions that lack 3D data., since the infrared laser of the range finder is not reflected 
frmn the black patterns. 
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Fig. 6. Example of detection of position and posture of mug 

data. Firstly, the possible regions for a pattern are selected and a group of 3D 
coordinates of points on the contour of each region are detected. By using the 
group as points representing the goal state, each canonical pattern is registered 
by the proposed method. The translation matrix and rotation matrix for the 
best matched pattern is selected for the movement of the mug. In case of Fig. 
6c, pat tern "-z: " was selected. In Fig. 6d, canonical 3D data  transformed by the 
matrices are superposed on the observed data. It shows that the posture of the 
mug is well detccted. For more than 10 experiments using different postures, our 
method gave similar results. 

4 Conclusion 

In this paper, a new simple method for registering rigid objects was described. 
In our method, the change in posture of an object is detected by simulating the 
rotation of the object when torque is applied to it so as to at tract  it to the goal 
posture. The strategy is realized based on the interesting property that  repulsive 
forces from the goal posture stably produce an attractive torque. 

One feature of our method is that the method does not need a point matching 
process and can use arbitrary shape, like contours or regions, as units of corre- 
spondence. This feature is useful since detecting characteristic points and finding 
point matching are often very difficult even in the cause when correspondence of 
some part is easily found. 
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Even though the method uses iterative process to simulate rotation of ob- 
jects, the processing time is short since one iteration is very simple and quick. 
' the  time increases proportionally to the square of the number of points repre- 
senting objects and to the degree how much the initial posture shifts from the 
goal posture since the rotation is now simulated by unit degree(1 degree). When 
an object is represented by 20 points with 50 degrees shift from the goal pos- 
ture, the object converges to the goal posture in a quarter second on a SUN/SS10 
workstation. The computational time can be reduced, if we devise the numerical 
method to simulate the converging process. Though the time increases propor- 
tionally to the square of the number of points representing objects, our methods 
does not need dense points to get proper registration of objects as we see in 
section 3.3. 

Additionally considering that the object converges to the goal posture when 
the shift fi'om the goal posture is within about =k~r/2 radian round any axis, the 
method is expected to be useflfl for tracking an object which rotates quickly. 
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