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Abstracts 

In contrast to objects of relatively simple shapes, it is 
diflault to extract geometrical informations fiom objects 
of complicated shapes and thus their assembly requires 
complete information about a misalignment between 
mating parts. This motivates development of a new 
sensing method for detecting the misalignment. 

In this paper, we propose a new omnidirectional 
image sensing system for assembly of parts with 
complicated shapes. It is shown that the system 
consisting of multiple mirrors and a camera can 
efleclively acquire the coaxial 2n view of the 
misalignment. 

1. Iaitroduction 

Automatic assembly, which is one step in 
Illan- * g processes, is a positioning and aligning 
task. A small misalignment in relative position or 
angulllar orientation would always OCCUT at the interface 
bemeen mating parts. It can produce very large forces, 
preventing successll completion of assembly and also 
causing damage to parts or a robot. To overcome such 
problems, a variety of research developments have been 
made: in the area of sensing and accommmodating 
techniques. However, the works have been mainly 
performed for the assembly of parts with relatively simple 
shapess[l]. Not much research &orts[2] have been done 
on assembly of parts with complicated shapes, and it is 
difficult to extract geometrical informations from objects 
of wmplicated shapes. Therefore, it needs an effective 
sensing method[7] which is capable of obtaining the 
complete geometrical information about the 
misallignment without any occlusion. Although many 
techniques[l],[8]-[9] using force, tactile, proximity and 
vision sensors have been developed so far, these ones are 
suitad for obtaining the local geometrical information. 

Force sensor including tactile one can drastically 
reduce contact force due to the adaptability of change in 
mating conditions, and it can keep parts or a robot from 
being damaged. However, its output signals are 
extremely dependent upon contact conditions, and it 
requires a long search motion to figure out the states of 
the misalignment. The vision sensor provides capability 
of obtaining their relative positional idormation between 
mating parts although it has some defects such as long 
time for image processing or calibration and a special 
illumination condition. Partly because of this reason, it is 
practically incorporated into a variety of assembly tasks 
such as PCB assembly[lO]-[ll] and mechanical 
assembly[l2]-[14]. The viewing camera mounting is 
categorized into two methods as shown in Fig.l: a fixed 
one or a relocating one. Since the fixed one has a fixed 
viewing angle, it gives rise to the invisible region 
occluded by the mating part or a part handling tool itself, 
which we call selfmlusion(Fig.l(a)). With this 
arrangement, the system only acquires the local scene to 
the viewing direction. The relocation or many camera 
arrangements as shown in Fig.l@) can considerably 
overcome the obstacles encountered with the fixed one, 
but it also yields some disadvantages such as high cost or 
time-c"ing motions[l4]-[15]. 

hda 

(a) @) 
Fig.l The sensing methods of relative geometric errors 
using camera: (a) a fixed method, (b)a relocation method 
After all, the sensing methods as mentioned above are 
not suited for assembly of parts with complicated shapes. 
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In this paper, we propose a new omnidirectional 
image sensing system for assembly(0ISSA) of parts with 
complicated shapes. The system can provide the coaxial 2 
7t view of the misalignment between mating parts since it 
has capability of acquiring a l l  the omnidirectional images 
diverging from an object placed on the inside of it. 

Dif€ering from this system, however, other 
omnidirectional systems[3]-[6] are planned in order to 
detect all the omnidirectional images converging from 
objects located around themselves, thus not obtaining all 
the omnidirectional images projected by an object. 

This paper is organized as follows. First, Section 2 
describes the configuration of the sensing system and 
presents an image transformation in multiple mirrors. 
Secondly, Section 3 describes the design procedure. 
Lastly, Section 4 presents the implementation and the 
experimental results. 

2. Sensing System 

2.1 Configuration 

Fig.2(a) illustrates the basic configuration of the 
sensing system. It consists of four components: a pair of 
Conic minors, a pair of plane mirrors, a camera and a 
tool. 

mirror 

hole 

image plane 

(a) (c) 
Fig. 2. The schematic diagram of the proposed 

sensing system: (a) the configuration @) an equivalent 
concept of a conic mirror (c) an expected image for a pair 
of a peg and a hole 

An inside conic mirror has capability uf projecting all 
the images diverging from an object placed on the inside 
of the mirror onto its 2x reflective surface since it 
provides such effect as an infinite number of the 
infinitesimal plane mirror patches are arranged with an 
oblique angle f along a circle of a radius R as shown in 

Fig.2@). Therefore a 27t view of the misalignment 
between a peg and a hole can be obtained by mounting 
the mirror around mating parts. In addition, the coaxial 
topview of the 27t scene can be also extracted by using 
the outside conic mirror located in central part of the 
inside conic mirror and a pair of the plane mirrors. 

2.2 Field of View 

Fig.3 illustrates the field of view of the OISSA 
system. The field of view consists of three regions: a 
unique zone, an overlapped zone and an occluded zone. 
The unique zone shaded with light gray in Fig.3 yields 
one to one mapping. The overlapped zone shaded with 
dark gray is visible from any direction, and thus a point 
in this region looks like a circle on the image plane. 
Therefore it is diflicult to analyze the projected image of 
an object in this region. Since the occluded zone is out of 
the field of view, it is natural that an object in this region 
should be invisible to the camera. In the end, available 
zone is actually the unique zone, though the overlapped 
zone can be used limitedly. 

camera 

I 

\ 

, \ 
,---. 

Fig. 3. The configuration of field of view 

2.3 Image Transformation 

An image transformation between an object space and 
an image space through complex mirrors has to be 
developed since the system consists of multiple mirrors 
as described above. As shown in Fig.4, let us use the 
object coordinate 0, -mZ centered at point 0, and the 
mirror coordinate 0,+1 -Xm which is ‘+lP,m away 
from the origin 0, of the object coordinate. Provided 
that a ray of light starts at a point XI with the direction 
cosine s, , then the ray would be reflected at a point XI+1 
on the mirror surface with the direction cosine SI+, . 
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X z 

object coordinate 

X 
Fig.4 A reflective diagram of a ray of light on a mirror 
surfam 

Hence, calculating the reflected point Xi+l in vector 
form in terms of Xi,Xi+l, Si ,  and S i + l  becomes as 
follows 

where: and r, are the homogeneous ma& and 
the reflection matrix[l7], respectively. Representing 
these matrices with their components wi l l  be given as 
follows 

This result can be used, without any loss of 
generality, to develop the model of image transformation 
for the sensing system. Fig3 illustrates the coordinate 
system of the sensing system. 

object 
Fig. 5. The coordinate system of the sensing system 

Let us use the sensor frame {S} centered at the optical 
center Os, the image frame {C} with the same z-axis as 
the optical axis, the conic mirror frames {M,} and 
{M,} centered at vertexes of the cones, and the plane 
mirror coordinates {M3} and {M4} centered at the 
intersection points of the optical z-axis and the plane 
mirrors. We also assume that a ray starts at a point X, 
on an object with direction cosine So. Then the 
transformation between the object space and the sensor 
space can be represented by the consecutive equations as 
follows 

These equations depend on normal vectors of mirror 
surfaces and translation vectors between frames. Eet us 
define the normal vectors as n ,n ,n ,n and the 
translation vectors as Op1 , 1 P~,, 2 P ~ ~ ,  3p4-, 

n1 =(-asp -sing, tans)’ (8) 

010 

respectively. Then these vectors are represented by 

n,=(cosp sinp -tany)’ 
n3 =(o o 1)‘ 

n4 =(o o -1)’ 

i+l pIl >’ pimo = ( i+lPXI Py, i+l 1+1 (9) 
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where a1 ,a2 are the vertex angles of the inside conic 
mirror and the outside one respectively, and p is an 
azimuth angle. Rewriting all of these vectors with respect 
toabaseframe {B} willbegivenas 

where q5i, vi and 4 are the ZYX-Euler angles[l6] of the 
minor iimnes { M ~ }  relative to the base h e  {B). 

3. Design 

A goal of design in the OISSA system is to determine 
its configuration parameters SatiSFying the field of 
view(F0V) and the working distance under the 
constraints of a given resolution and a given depth of 
field. In the design, we have to take account of al l  the 
parameters constructing 3-dimensional configuration as 
shown in Fig.2(a). However, it is dif€icult to determine its 
configuration in consideration of all its parameters since 
its pa rame~c  analysis is sometimes nonlinear and 
complex Fortunately, its symmetrical configuration can 
reduce its design parameters to about 38%. Therefore we 
substitute a 2dimensional configuration for the 3- 
dimensional one as shown in Fig.6(a). In the end, the 
design of the system is just to determine the 2- 
dimensional parameters. In this simplified problem, let 
us define that the working distance as is a distance from 
the optical center 0, to an object, and the field of view 
fa, is a maximum viewing size on an object plane 
slanted to an angle Ap relative to the incident ray with an 
angle ,f3. Then, the working distance a, and the field of 
view fov for an incident angle p = 0 can be written as 
follows 

htan? 
u o = d 3 + h t a n F + -  sina, 
A, = a2 -a, 
d3 = a ,  +a2 +a, 
fov = V x V(mm 

(15) where V = 2  a0 t w n a x  
cos A, + tanp,, sin A, 

The following is the interference height N depending on 
the size of a part and the length of a tool. 

By the way, in consideration of assembling conditions of 
smal l  mechanical parts and miniaturization of the 
system, the working distance up, the field of view fov 
and the height H are predetermined as a, = 363mm, 
fov = 42 x 42" and H = 179.72". Accordingly, 
the controllable variables order to satisfy the 
predetermined constraints are the mounting angles 
(6,,82), the size of mirrors(L,,L,,L,,L,), the vertex 
angles(a,, a2), the diameters( Di , D, ,D,,), the focal 
length(f) and the focal distance(b ), and the distances 
(a, ,a2 ,a3 ,h)  in Fig.6(a). 

(a) @I 
Fig6 Parametric configuration and ray tracing diagram 
of the system: (a) the simplified 2dimensional 
configuration of the system, @) a ray tracing simulation 
for checking the designed values 

3.1 The Focal Length f of a Camera 

We assume that an object of size L at a distance a, 
from a camera using the lens of a focal length f is fully 
projected onto an image plane with size h .  Then, by 
using perspective projection and pinhole camera 
geometry, the focal length f is written by 

(17) f =- 

where L is the size of an object placed on a normal plane 
to the optical axis of the camera and it has a great deal to 
do with the size V of the field of view as follows 

(13) 
Calculating the focal length ffrom (17) with respect to 
some constraints such as the limit of L = 40 - 43mm, the 

h x a ,  
h + L  

L =  cos^, +tans- sins,) (q, >o) 
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working distance of a .  =363mm, and 2/3" CCD 
becomes as follows 
48.3mm 5 f 551.4". 

Hence we have selected the commercial lens of the 
focal length, f = 50". Then, calculating the oblique 
angle A, from (18) is also 14.1'. 

3.2 The Plane Mirrors 

We predetermined all  the mounting angles B,, 6, of 
the plane mirrors as 4 5 O  for simple projection. Thus, 
considlering the viewing angle of a camera, the sizes 
4 ,L, and the mounting distances d, ,d, of the mirrors 
can be calculated as follows 

2di tanp,, cos 4 L, =- ,i = 1,2 
cos2 91 - tan2 p,, sin2 4 

k=l 
where 0 5 dl < WO. 

3.3 The Outside Conic Mirror 

Similarly, we also predetermined the vertex angle of 
the outside conic mirror as a2 = 90°. Then, the size L3 
, the Ciistance d3 and the diameter D j  are given as 

(20) J%= d3 tanp,, 
c o s ~ + t a n p , , s i n ~  

y(cos2 ~o +tanp,, sin20 c o s ~ o )  - H(l+sinl,) 
d3 =-  

2 cosl ,  tanpm cos lo 
Di = 2 4  sin? 

3.4 The Inside Conic Mirror 

The inside conic mirror, which plays an important 
part in the system, has a great deal to do with the field of 
view and its configuration. This mirror is represented by 
the vertex angle a,, the size L4 of mirror surface or the 
diameters D,, D,, and the locating position h as shown 
in Fig.6(a). The vertex angle a, and the locating 
position h can be obtained from the relation of (13) and 
(16), respectively. Accordingly, using these results. the 
size L, and the diameter should be also calculated as 
follows 

3 

d4 = c a t  +htanT 
k=l 

D,-D, =2L4sin3 
In this manner, the determined parameters are shown in 
Table 1 and all the designed parameters of the sensing 
system are investigated by a ray tracing simulation as 
shown in Fig.6@). 

a ,  = 39.52mm, h = 57.92" 
I Mountinghgles I B ]  =4s0, 6, I 

4. Implementation and Experiment Results 

4.1 Implementation 

A prototype shown in Fig.7 consists of three essential 
components: optical system including mirrors and a 
camera, an illuminating system, and an object handling 
tool. 

Fig.7 Prototype of the proposed sensing system 

In order to avoid an occlusion which may be produced by 
a mounting plate supporting the outside conic mirror and 
the tool, we used the transparent mounting plate made of 
acrylic. 
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The conic mirror has the spherical aberration and the camera 

astigmatism[l9]. They yield much blurring in an input 
image if the camera has a large aperture. Therefore, to 
overcome the spherical aberration, we made the aperture 
of the camera as small as possible. Since the small 
aperture yields lack of brightness on the input image, 
however, we also used the illuminator consisting of four 
halogen lamps located at interval of 90" and the LED 
illuminator of ring type simultaneously. 

4.2 Experiment Results 

Simulation and Experiment were carried out to 
investigate the characteristics of the sensing system. 
Fig.$ illustrates the features of distortion which linearly 
varies from pin-cushion to barrel as the working distance 
is getting father. Fig.8@) is the projected image of a 
&(Fig.S(a)) placed on the reference distance of 2, 
with no distortion. The top plate, whose distance is closer 
than that of the bottom d a c e ,  yields the pincushion 
distortion clearly. The vertical edges, which consist of 
points at an equal distance from the center at (O,O), 
produce no distortions since their azimuth angles are 
equal each other. Fig.S(d) also shows the projected 
results of the misalignment between a hole placed at the 
distance of Z, and a peg tilted to yawing of -2O, pitching 
of 5' and translated by TRANS (2,-1,-2) relative to the 
hole. As shown in Fig.8(d), we can figure out not only 
the misalignment between mating parts, but also the 
tilted states of the peg by comparing with the length of 
vertical edge lines and the relative planar shapes. 

2") Y(") 

(c) (d) 
Fig.8 A projection of a cube: (a) a cube at 2 = Z,, @) 
the projected image of (a), (c) a cube tilted by yawing - 
2 O  and pitching 5 O ,  and translated by x=2, y=--1, 2-2 
relative to a hole, (d) projected image of (c) 

Fig.9 shows an experimental result to estimate the 
misalignment between aligning objects. 

(4 (d) 
Fig.9 A 2% coaxial view between aligning objects with 
complicated shape: (a) the experimental set-up, (b) a 
misalignment image, (c) the edge image of (a), and (d) 
an error searching example along radial lines spaced at 
interval of an azimuth p 

Fig.9(a) represents a task that a disc with complicated 
shape is aligned on a pattern with the same shape. 
Fig.9@) shows that we can easily acquire their coaxial 271 
view between aligning parts without any occlusion no 
matter how complicated shape may be. In addition, 
Fig.9(d) illustrates that it may be possible to figure out 
the geometrid errors between mating parts through only 
one-dimensional searching method along radial lines 
spaced at an interval of an azimuth p. Since the number 
of searching lines is generally dependent on complexity 
of shape, the azimuth angle has to be predetermined in 
consideration of shapes of mating parts. 

5. Conclusion 

We have proposed an omnidirectional image sensing 
system for assembly of parts with complicated shapes. 
We also developed the image 'transformation in multiple 
mirrors and described the design features of the system. 
In addition, we have shown its feasibility through a series 
of simulations and experiments. 

The system can provide the coaxial 271 view of the 
misalignment along their matching boundary between 
mating parts without any self-occlusion. Thus, the 
relative errors can be effectively detected no matter how 
complicated the shapes may be. 

Since the system comprises multiple mirrors, 
however, more accurate calibration method must be 
developed. Now, research is being undertaken with 
regard to the development of the accurate calibration 
method and the assembling algorithm using the sensor. 
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