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Abstract 
This paper introduces a new vision technique for 

extracting roof edges of polyhedra having specularly 
reflecting surjaces. There have been many previous works 
on object recognition using edge information. But they 
can not be applied to specular objects since it is hard to 
acquire reliable camera images of specular objects. If 
there is a method which can extract the edges of specular 
objects, it is possibr'e to apply edge-based recognition 
algorithms to specular objects. To acquire the reliable 
edge images of specular objects> scanned double pass 
retroreflection method is proposed, whose main physical 
characteristic is curvature-sensitive. This utiliv of the 
phpical characteristic is motivated by the idea that roof 
edges can be charwterized as local surfaces of high 
curvature. In this pgper, the optical characteristics of 
double pass retroreflection are discussed and a series of 
simulation studies art? performed to verijj and analyze the 
sensor characteristics. The results from a series of 
simulations show the effectiveness of the proposed method. 

1. Introduction 

1.1 Motivation 
Recently, process automation is considered very 

important in industrj. In particular, the use of machine 
vision is ever increasing since it can provide effective 
solutions for automal ion in many cases. Frequently, we 
can fmd objects having specularly reflecting surfaces in 
many automated tasks such as plastic sheets, machined 
parts, solder joints, glassware, and the like. This vast 
volume of specular objects being used in industry 
necessitated development of machine vision technologies 
that can recognize specular objects. 

1.2 Related researches on specular object 
recognition 

Specular objects are hardly treated by conventional 
vision algorithms such as shape 6om shading el], 
photometric stereo [2], stereo matching [3], etc., since 
they are based on the assumption that reflecting properties 
of surfaces are lambertian. Thus, the hightlights, as shown 
in Fig. 1, may act as serious noises in the imaging process 
for the above methods. 

To overcome this difficulty, there have been several 
research works. Healy and Binford [4] proposed a 
simplified version of Torrance-Sparrow model to obtain 
the curvature of specular objects. This method relies on a 
priori knowledge of surface reflectance and uses the 
assumption that the surface have uniform reflectance 
property over the entire surface, Solomon and Ikeuchi [ 5 ]  
used four light sources to obtain the shapes and roughness 
of specular objects. Since photometric stereo is used in 
this method, it needs to construct the look-up table 
associating the surface normal with image brightness, 
which is also a kind of a priori knowledge. And, since this 
method used the diffused component of reflected light as 
well as specular component, it can be hardly applied to the 
objects having very shiny specular surfaces like mirror. 

There have been several approaches for obtaining or 
recognizing the shapes of specular objects by using 
specially devised equipments such as ring illumination, 
laser, retroreflector, etc. They illuminated specular objects 
to acquire the specularly reflecting component so that they 
can recognize the object through optical models. Nayar et 
al. [6] developed a vision system that used 127 point 
sources to determine the shapes of specular objects. This 
method also can be hardly applied to mirrorlike surface, 
otherwise it uses much more light sources. Kim and Cho 
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[7] used ring illumination for inspecting solder joints. Ryu 
and Cho [8, 91 devised a sensor system which collects the 
specularly reflected light with a parabolic mirror and 
detects it with photodiode array. The most notable of 
many previous works is the one by Reynolds et al. [IO], 
which is a surface inspection method using double pass 
retroreflection utilizing a point light source, a camera, and 
a wide retroreflector. By use of this method, they got 
enhanced images of smooth metallic or plastic panels 
showing surface defects and dents. 

Fig. 1 Typical camera images of specular objects 

1.3 

We introduce a new method for extracting edges of 
polyhedra whose surfaces are planar and highly specular. 
The edges of such objects are made from two planes 
intersecting each other, which look like roof. In most cases 
of vision tasks, edges are extracted by software filters such 
as Sobel, DOG, Canny, and the like. On the contrary, we 
extract edges via optical method, which is proved to be 
very suitable for extracting edges of specular surfaces. 
This optical system is based on the principle of Double 
Pass Retroreflection (DPR), which has been initially 
proposed by Reynolds et al. [lo] and modified by Park 
and Cho [l I ]  for obtaining the shapes of specular objects 
by recursive triangulation. The system is called Scanned 
Double Pass Retroreflection (SDPR) system since it 
utilizes double pass retroreflection by scanning over the 
surfaces of objects. 

Though SDPR has been proposed to measure the 
shapes of specular object, we found it has a special and 
interesting characteristic that is sensitive to curvature of 
specular surfaces. From this fact, we utilize it as a 
curvature sensor for specular surfaces. The principle of 
SDPR can be implemented in various ways with the 
fhndamental configuration which includes the following 
optical components : a collimated laser source, a beam 
splitter, a retroreflector of hemisphere-shape, .z camera 
lens, a CCD camera, and a 2-axis galvanometer scanner. 

SDPR system is equiped with a 2-axis galvanometer 
scanner, by which we can scan the local field of view to 
make the system field of view cover the whole surfaces of 
objects. Once the local field of view is steered to a local 
area of specular object, we can measure the curvature of 
the position. Thus, it is possible to reconstruct the 

The proposed method and its effects 

curvature map of the object. 
Polyhedra are such objects that consist of planar 

surfaces and roof edges. Over the whole planar surfaces, 
curvature is uniform and equal to zero. On the contrary, 
the curvature along edges is very high like impulse. Using 
this concept, it is possible to acquire the curvature map of 
specular polyhedra, and from those we can reconstruct the 
images in which edges are clearly shown and highly 
strengthened, 

In this paper, we present the principle of SDPR, its 
mathematical model and the curvature-sensitive 
characteristic through optical simulations based on ray 
tracing, and for two simple specular polyhedra, the edge 
images are reconstructed and shown. The results show that 
the proposed method is very effective for extracting the 
edges of specular polyhedra. 

2. Scanned double pass retroreflection of 
specular surfaces 

2.1 Retroreflection 

The principle of DPR and SDPR is enabled by 
retroreflection which is an artificial form of reflection. 
There are two types of retroreflection which are classified 
according to ways of implementation. The one is cube 
comer type, which is made of three mirrors in the form of 
comer of right angles. Once a light ray go incident to the 
cube comer, the ray is reflected on the three mirrors 
sequentially, and go out of the comer in the direction 
exactly reversed to the original. 

retroreflection lo 

Fig. 2 Light reflection of glass bead type retroreflector 

The other one of retroreflection is made of many 
micro glass beads which are silvered on the bottom sides 
and spreaded on plastic sheet. The size of glass bead is 
about a hundred times as large as the wavelength of light 
and much smaller than the diameter of light ray so that 
they can be assumed to be distribeted continuosly. I f  a 
light say, whose diameter is much larger than bead size, 
goes incident on this type of retroreflector, the ray is 
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diffised in a few forms of reflection as shown in Fig. 2. 
Specular and diffising components are quite natural, 
while retroreflection component looks very special. DPR 
and SDPR utilize this type of retroreflection. 

2.2 Principle of the proposed light path 
Fig. 3 shows the principle of the light path of double 

pass retroreflection using a laser light source which was 
proposed by Park arid Cho [ I  11 for measuring the shapes 
of specular objects. In this figure, the two optical axes of 
laser light source atid CCD camera are facing an object 
with mirrorlike surface in parallel. And the CCD camera is 
exposed small enou,g,h so that it can be assumed to be a 
pinhole camera. 

At the point on which the laser beam goes incident, 
say point A, the laser beam is reflected specularly to hit a 
point on the retroreflector, say point B. Here, the direction 
of reflected ray can be determined by the direction of the 
original laser and the: surface normal as following: 

where 

the surface normal v1:ctor of point A is & = (nm,nqvynar) , 
the directional vectm of the original laser beam and the 
reflected ray at point A are $1, and ?ob , respectively. 

The position 01' point B is the intersection between 
the ray AB and tb: retroreflector. If we represent the 
retroreflector by an €,quation as following: 

Y(x, y,z) = 0 (3) 

we can determine the position of point B through 
obtaining the intersection between Eq. (1) and the 
equation of line which represent the ray AB as following: 

where the directional vector of ray AB is 
Vab = ( v ~ b ~ , v ~ b ~ , v ~ b ~ )  and the positions of point A and B 
are (xu, yo, 2.) and (xb, yb, a ) ,  respectively. 

From its optical property, the retroreflector reflects 

-. 

the laser beam in the reversed direction with its 
characteristic form as shown in Fig. 2 and 3. Among the 
rays in this retroreflection lobe, there is a ray which is 
reflected at a point C to arrive at the pinhole of the CCD 
camera. Thus, we call the ray between point B and C 
retroreflected ray, and the ray between point C and the 
pinhole G returning ray. Because the other rays in 
retroreflection lobe do not meet the camera, we can see 
only a small bright spot in the camera image, while the 
rest looks dark. This bright spot is called characteristic 
spot which is the image of point B reflected at point C. 
Thus, it is possible to identify the returning ray with the 
pixel coordinates of the characteristic spot (x,, y,) by 
using perspective transform [14]. 

retuming rays 

Y 

,4) ' retuming rays 

Fig. 3 Fundamental principle of DPR 

From this optical principle, we can construct a set of 
simultaneous equations relating the position of point By 
the position of camera, and the local shape of the object 
as following. Firstly at point C, retroreflected ray BC is 
specularly reflected to be returning ray CG. Thus, between 
the retroreflected ray BC and the returning ray CG, the 
principle of specular reflection holds as previously 
described in the case of point A: 

where 

And, iic = (ncr,m,,.,n,) is the surface normal vector of 
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point C, 2.3 System Configuration 
Fig. 5 shows the schematic configuration which was 

actually implemented by Park and Cho [ 1 11 for measuring 
the 3-D shape of specular objects having curved surfaces, 
but now is to be examined for extracting roof edges of 
specular polyhedra in this study. In this configuration, a 
retroreflector of hemisphere-shape is used, whose top has 
a small hole through which the laser beam and the 
returning ray can pass. The object to be measured is 
located at the center of the hemisphere. To scan the object, 
a galvanometer scanner [ 131 is adopted, which swings the 
laser beam and the field of view of CCD camera with its 
2-axis mirrors, while simplified in Fig. 4 as if the 
galvanometer scanner has a single mirror. And, by using a 
beam splitter, the two optical axes of laser beam and CCD 
camera can be aligned very closely without physical 
interference. The specifications of the components are 
listed in Table 1. 

In such a configuration, if the two mirrors of the 
galvanometer scanner are once controlled to a couple of 
angles respectively, there happens a configuration of light 
path like the one previously explained in Fig. 3.  In Fig. 4, 
we can see two configurations of light path having a 
common point C. 

is the directional vector of retroreflected ray BC in terms 
of an arbitrary k,, the position of point B, the position of 
point G, (xc,y,zc), and 

.+ 
v c g  = (vcg*,vcgv,vcg.?) = ~ ~ ( x g - x c , y g - y c , z g - z c )  

is the directional vector of returning ray CG in terms of an 
arbitrary k2, the position of point C, and the position of 
point 6, (xg,yg,zg) . The directional vector of returning 
ray CG can be identified from the pixel coordinates of 
the characteristic spot, ( x,, y,) through perspective 
transform [I4]. And, the returning ray CG can be 
expressed as an equation of line whose directional vector 
is 5, = ( vcp, vcg,, vCs) , and passing a point G, so that 

If the surface of object is smooth enough so that there 
exist two partial derivatives &/ax and &/ay ,  we can 
add a condition on the position (xC,p,zc) and the 
surface normal iiC = (ncx, nn,, nc2) of point C ,  which is 

where (.x;l,ya,za) is the position of point A. And, we can 
normalize the surface normal of point C, so that 

By Eqs. ( 5 )  - ( 1  1 >, we can determine the position and 
surface noma1 vector of point C, (xc,y,zc) and Iic , 
where the positions of point A, B, G, and the directional 
vector of the returning ray CG. Here, the position of B is 
previously determined by solving Eqs. (1) - (4), and the 
directional vector of returning ray CG, qCg, is from 
(x,,y) by perspective transform [14]. 

And, we also can determine the curvature of the local 
area where the points A and B are located fi-om 

A (Xo,ya,Za), na, (~c,p,zc) ,and I i c .  

laser 

0 

Fig. 4 Schematic configuration of the SDPR system 
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power : 7mW He-Ne laser I beam dia. : lmm 
I I beam splitter I RT ratio : 50:50 I galvanometer aperture : 1 Omm 

scanner  axis offset : 13" 

type : glass bead I color : white retroreflector p 7 r l  
CCD camera resolut ion 768x493 

3. Edge extraction by Scanned Double Pass 
Retroreflectioii 

3.1 Optical characteristic of the SDPR system as 
a curvature sensor 
The pixel coordinates of characteristic spot is 

dependent on the local shape of object under illumination 
of scanned double pass retroreflection. The local shape of 
object can be represented by position, surface orientation, 
and curvature, among, which the most significant factor for 
SDPR is curvature as shown in Fig. 6 that the 
characteristic point moves as the local curvature of surface 
varies from plnar to highly curved. This is the key point 
which enables SDPR can be used as a mean for curvature 
sensing, and this is to be shown through a series of 
simulations. 

LIS" 
I .  

laser camera 

L 

It- R =  300" 4 curverture p 

Fig. 5 Simulation study on the curvature-sensitive 
charateristic of SDPR 

The system configuration which was tested for the 
simulations is as shown in Fig. 4 and 5. Since the 
galvanometer scanner and the beam splitter do not 
introduce any change in the working principle, both of 
them, configurations in Fig. 4 and 5, are equivalent to 
each other. In this configuration, the distances between the 
object and camera is about 450 rnm, and the distances 
between the object and retroreflector is about 300 mm as 
shown in Fig. 5. The offset between two optical axes of 
the camera and laser is 5 mm. And the focal length of 
camera lens is 69 mm, the resolution and array size of the 
camera are 768 by 493 and 213 inches, respectively. 

Under this condition, the position, slope, and radius 
of curvature of the surface of object, which can be 
considered as a sphere as shown in Fig. 5 ,  are varied 
within proper ranges in order to observe how sensitively 
the position of characteristic spot varies with them. Once 
the position, slope, and curvature of the point to be tested 
on the surface of object, say point A as shown in Fig. 5 ,  i s  
given, we obtain the resultant pixel coordinates of 
characteristic spot through following steps: 

Step 1 : Obtain the reflected ray by Eq. (1) and (2). 

Step 2: Determine the position of point B through solving 
the simultaneous Eqs. (4) and (5 ) .  Here, the shape of 
retroreflector is the equation of spherical surface as 
following, 

where (cx,cy,cz) and R is the position of the center and 
the radius of the hemispherical retroreflector, respectively. 

Step 3: Determine the position and surface normal vector 
of point B, and tne directional vector of returning ray CG 
by simultaneous solving the Eqs. (6) - (12), which can be 
achieved in a numerical way. 

Step 4: Calculate the pixel coordinates fkom the 
directional vector of returning ray CG through perspective 
transform [ 141. 

Step 5 :  Repeat steps I, 2, 3, and 4 at each point over 
which the local field of view of SDPR scanned. 

The results obtained from the simulations are shown 
in Fig. 7 (a) and (b), which present the relationships 
between the sensor output and the local shape of surface. 
Here, the sensor output is the pixel coordinates of 
characteristic spot and the local shape of surface is 



1572 

represented by three geometric features, i.e., position, 
slope, and radius of curvature. Fig. 7 (a) shows the sensor 
output w.r.t. the radius of curvature of the surface and the 
slope of the surface, and Fig. 7 (b) shows the sensor 
output w.r.t. the radius of curvature of the surface and the 
slope of the surface. In the figures, we can see a trend that 
the sensor output, the pixel coordinates of characteristic 
spot, is dominantly affected by the radius of curvature. 
This i s  the most important characteristic of SDPR system, 
by which SDPR system can be used as a curvature sensor. 
Fig. 4 (c) shows us the detailed sensor output, the 
deviation to a nominal value in the pixel coordinates of 
characteristic spot, with respect to curvature, which is 
determined by following equation: 

where I(x,,y,) is the sensor output by the pixel 
Coordinates of charateristic spot (.x-,p) , and ( x , , ~ , )  

represents the pixel coordinates of characteristic spot 
where the radius of curvature is infmite, i.e. planar surface. 

Fig. 6 Abrupt change in the pixel coordinates of 
characteristic spot at edge point 

;;; 1000 - 
a, x 
Q 
._ 

a, * 0.001 
1 .OE-04 1 .OE-07 

Curvature 

(6) 

1 .OE-01 1 .OE+02 

I/") 

Fig. 7 Curvature-sensitive charateristics of double pass 
retroreflection : (a) 3-D plot of pixel coordinates of 
characteristic spot w.r.t the radius of curvature and the 
slope of surface; (b) 3-D plot of pixel coordinates of 
characteristic spot w.r.t. the radius of curvature and the 
height of surface; (c) 2-D plot of pixel coordinates of 
charateristic spot w.r.t. the curvature of surface 

3.2 Edge strength 

As described in chapter 2, we can obtain the 
curvature of a point on specular surfaces by using SDPR. 
If the laser beam and the view of the camera are scanned 
over the surfaces of objects, we can obtain the curvature 
maps of the objects. I f  there are some roof edges on the 
surfaces, the curvature maps resemble the edge maps. 
From this fact, we can make some analogies between 
curvature map and typical edge map. Those are : (1) the 
value of curvature can be regarded as the edge strength, 
and (2 )  the scanning of the local view of SDPR can be 
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regarded as the perspective projection of camera. 
As the local view of SDPR is scanned over the 

objects, we sample the pixel coordinates of the 
charateristic spot ( x , , y )  as shown in Fig. 4. Since the 
surfaces of polyhedra are planar, the pixel coordinates of 
the charateristic spot stay at a point unless the local view 
of SDPR scan over iin edge point. If it meet an edge point, 
the pixel coordinales of the charateristic spot moves 
abruptly. 

In order to reconstruct edge images of specular 
polyhedra, it is needed to quantify the dislocation of the 
pixel coordinates of' characteristic spot for every sample 
point. Thus, it is needed to define a quantity which 
represent the edge strength of a point and is a function of 
pixel Coordinates of charateristic spot. For this quantity, it 
is quite natural to adopt Eq. (13) since it represents the 
movement of pixe,l coordinates of characteristic spot 
regardless of the direction of movement in camera image. 
However, prior to Ihe evaluation of Eq. (13), the pixel 
coordinates of chzxacteristic spot for planar surface 
(xm,ym) should be dlztermined, which is quite cumbersome 
since very precise calibration is needed. But, there is an 
alternative. Once ii surface of specular polyhedra is 
scanned over, we can obtain a couple of mean values that 
represent the centroid of all of sampled points as 
following: 

where N is the number of sampled points. 
Through many simulation studies as well as physical 

intuition, we found it is acceptable to replace (xm,p)  
with (p,p). Thus, Eq. (13) can be replaced by the 
following equation: 

3.3 Simulations for simple polyhedra 
In order to veri@ that SDPR can extract the edges of 

specular polyhedra, we performed a series of simulation 
studies for several simplified cases. The simulations are 
focused on how sensitively and reliably SDPR can detect 
the roof edges of the objects shown in Fig. 8 (a) and (b). 

Both of the objccts are 50 mm x 50 mm wide, and the 
one shown in Fig. S(a), say object 1, is 10 mm high and 

the other, say object 2, is 7 mm high. The radii of 
curvature of all roof edges of the two sample objects are 
1". 

Fig. 8 (c) and (d) show the three dimensional plots of 
the edge strength within the scanned field of view of 
SDPR system which are evaluated by Eq. (6). And, these 
can be scaled to form 8-bit images as shown in Fig. 8 (e) 
and (g), which are the edge images of object 1 and object 
2 shown in Fig. 8 (a) and (b). In these images, the roof 
edges look very clear, which means the proposed method 
is very effective and promising. 

Fig. 9 shows the edge images of object 1 taken as the 
object is rotated around the vertical axis. In the images, 
we can see the edges of various directions. These resuIts 
show the reliable and consistent detecting performance of 
the proposed method, edge extraction by SDPR. 

Fig. 8 Edge detection of specular polyhedra : (a) shape 
of object 1; (b) shape of object 2; (c) edge map of object 
1; (d) edge map of object 2; (e) reconstructed edge image 
of object 1; (9 reconstructed edge image of object 2 
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Fig. 9 Edge images of a roof edge of various directions 

4. Conclusion 
A new optical method for extracting the edges of 

specular polyhedra is proposed and its principle is verified 
through a series of simulations based on ray tracing. We 
regard roof edges of specular polyhedra as those surfaces 
which have impulsiveIy high curvature. 

In order to obtain the curvature map of specular 
polyhedra, we adopted double pass retroreflection using a 
laser light source as a fundamental principle, which is 
scanned by a 2-axis galvanometer scanner, i.e. scanned 
double pass retroreflection (SDPR). The curvature map 
obtained by SDPR is scaled to form the edge image of 
specular polyhedra. 

Since this method can detect edges with abrupt 
changes in camera images, it needs no accurate calibration, 
while needs some simple alignments. In order to 
implement this method, several optical components are 
needed. But this is of no expense when regarding the 
general difficulties in treating specular objects. 

The results from a few simulation studies show us 
clear and reliable edge images of specular polyhedra, 
which indicates the effectiveness and promise of the 
proposed method. 
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