
MV.4 '96 IAPR Workshop on Machine Vision Applications. November. 12-14, 1996. Tokyo. Japan 

Inspection of Shiny Surface using a Laser Range Finder 
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Abstract model [2] has been generally considered in both com- 
puter graphics and computer vision areas as a good 

Since the surface reflectance is a function of the geo- physics-based model to describe the specular reflec- 
metrical components and the physical surface char- tion of rough surfaces. However, since this model is 
acteristics, the reflectance parameters can be esti- complicated in nature, the simplified TS (STS) model 
mated from the brightness, range data and its re- h, heen widely used instead 14, 51. 
lation1 2.e. reflectance function. In this Paper, we Fortunately, several reflectance parameter estima- 
estimate the surface reflectance parameters by aP- tion algorithms for the STS model such as partial 
plying the partially linear to the simplified linear method (PLM) [5] can prove the sufficiency of 
~orrance-Sparrow reflectance model and inspect the the input. Thus, we estimate the surface roughness 
flaws on shiny surfaces by using the estimated re- based on the STS model using the P L ~ I .  
flectance parameters In order to  extend the dynamic A~~~~ the various range finders, in this paper, 
range CCD laser finder, we the the laser range finder is used, since the laser range 
pseudo brightness, instead of the brightness. The finder provides several advantages over the conven- 
~ r o ~ o s e d  algorithm is tested on the synthesized and tional image-based range finders. The main advan- 
real output of a laser range finder. tage is that the laser range finder is independent to  

ambient light because it employs an optical filter to  

1 Introduction pass only the laser light. Therefore, although the 
reflectance is generally a function of wavelength of 

one of the primary goals of machine vision is to incident light, we don't need to consider the spec- 

recover physical of a scene from images. tral context of reflectance in the proposed estimation 

For such purpose, many researchers have investigated "lgorithrn. However, since the structure laser cam- 

various reflectance models and complicate imaging era is different from the conventional CCD camera, 

process [2, 6, 71. For instance, since the surface re- we present the image the laser 

flectance is directly related to surface polish and rough- range finder in 2. 

ness, it is an important inspection criteria in many 
industrial applications, such as inspecting surface de- 
formations in silicon wafers or detecting flaws in the 
painted exterior of cars [4, 51. 

The reflectance property of a surface can be de- 
scribed in terms of two features: a geometric term de- 
scribing the relationship between the surface orienta- 
tion and light reflection, and a physical term describ- 
ing the intrinsic properties of object surface. How- 
ever, it is well known that the employment of only the 
brightness information leads to  an ill-posed problem 
[I], and none of the intensity only based algorithms 
are capable of modeling the speclilar highlights suc- 
cessfully. 

In order to examine the reflectance properties, 
the understanding of the reflectance mechanism is 
essential. The Torrance-Sparrow (TS) illumination 

2 Reflectance and Image Forma- 
tion Models 

In general, the image intensity depends on the light 
flux or light energy received by the surface, the amount 
of light reflected by the surface in the direction of the 
viewer, and the surface type. Thus, the BRDF (bidi- 
rectional reflectance distribution function) has been 
introduced to describe the light reflection character- 
istic. 

2.1 Torrance-Sparrow Model 

Experimentally the physicists have observed how the 
light is reflected from rough surfaces. and haye at- 
tempted to develop the physical models to account - - 
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of geometric attenuation factor and F'resnel coefficient 
could be ignored under the assumption that the inci- 
dent angle and viewing angle are at most 60' [4, 51. 
In this case, the BRDF for the simplified Torrance- 
Sparrow (STS) model f: is given by 

1 
f,? = wd- + W, 

P ( a ,  a,) 
7T 4 COS 0, COS Oi ' (1) 

where P ( a ,  a,) represent the micro-facet distribution 
and wd and w, are the weighting factors for diffuse 
and specular component, respectively. 

2.2 Structure of Laser Camera 

To obtain a proper image formation model, it is es- 
sential to understand the structure of laser camera. 
The laser camera used in this paper employs the syn- 
chronized spot scanning technique [8]. Fig. 1 shows 
the synchronized spot scanning geometry that em- 
ploys two sides rotating mirror OM. If we have an 
information on the position of the image on the de- 
tector, then the (y ,  z )  coordinates of the spot on the 
object can be easily calculated. The coordinate x is 
obtained by mounting the camera on a sliding table. 
While the position of the imaged spot on the CCD 
provides the information needed for range measure- 
ment, and the brightness can be obtained from the 
amplitude of the signal. 

I I 

Fig. 1: The structure of laser camera 

2.3 Image Formation Model 

It should be noted that L, is inversely proportional to 
the square of distance r because the scanning mecha- 
nism of the laser camera is so called the synchronizing 
spot scanning [8]. 

Imaging geometry describes the relation between 
a surface point and its corresponding imaged point, 
i.e., scene radiance L, and image irradiance E. By 
taking account of the lens collection effect [I], the re- 
lation between the image irradiance E and the scene 
radiance L, is given by 

where d is the diameter of lens and y is the angle 
between the ray from the object point to the center 
of projection and the optical axis, respectively. 

Now, let us derive the image irradiance E from 
a given reflectance and image formation models. For 
a notational simplicity, we shall denote the position 
vector by x,  including all geometric information and 
the reflectance parameter vector p = [kd, k,, o,IT. 
The image irradiance E can be expressed as 

3 Reflectance Parameter Esti- 
mation 

In the context of the optimization techniques, the re- 
flectance parameter estimation problem is equivalent 
to finding the reflectance parameter vector p, which 
minimizes the following cost function over a homoge- 
neous object surface N: 

where I (x)  represents an observed brightness and E(x ,  p) 
is an estimated intensity a t  a point x. Notice that (6) 
is a nonlinear optimization problem because of the 

When the radiance of the point light source comes parameter Or. 
from only one direction (Oi, 4i), we can express the Kay and Caelli [5] first used the PLM to estimate 

scene irradiance as the reflectance parameter. In the STS model, the cost 
function is linear in kd and k,, but nonlinear in a,. 

I0  Li = cos Oi d(Ox - Oi)d(4x - 4i) 
(2) However, for a fixed a,, the optimal kd and k, can be 

sin Oi 7 

obtained with the least square method. Therefore, 
where r is the distance between a light source and the cost function can be minimized using any one 
a measured point, and I. as the radiance of light dimensional techniques. Moreover, since the surface 
source, respectively. Given a BRDF f T  and a point roughness is a bounded variable, the optimal value is 
light source, the radiance of reflected light along the easily obtained. 
viewing direction (O,, 4,) can be computed from 

(3) 
4 Experiments 

In this section, we first perform several experiments 
to verify the derived image formation model. Then, 



estimated parameters a t  the minimum position are 
n,..,.,, . --- compared quantitatively with the true values in Ta- 

210 ble 1, which shows that the PLM is sufficient to our 

we present the experiment results with the synthe- 
20 . 

sized and real data to demonstrate the performance 
of the reflectance parameter estimation. 

First, we conduct an experiment to verify the im- 
age formation model derived in Section 2. Since, in 
this paper, a point light source in (2) is assumed, 

purpose. 
IS0 . 

I 11. - 

B 2 m -  
Table 1: Parameter estimation performance of Par- 

HI . 

3 0 .  
tial Linear Method. 

2 5 -  the image irradiance in (4) is inversely proportioned 
to the square of distance between the observed point 

Fig. 2: The brightness change as the distance varies. 
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Next, let us examine the effect of the lens collec- 
tion effect described in (4) and (5). Contrary t~ the The proposed reflectance parameter estimation al- 
previous experiment, the brightness is measured by gorithm is also tested on the real range and bright- 
fixing the distance to 155mm, while varying the in- ness data. Fig. 5 shows the measured brightness data, 
cident and viewing angles. Moreover, to exclude the and the estimated brightness data for Apollo statue. 
specular component in (5), we use a flat panel which The estimated reflectance parameters (kd, k,, a,) are 
slants against the laser scanning plane (y - z plane). (0.623 1.327 0.407 ). 

and light source. To observe the effect of change in 

Note that the specular component is exponentially 
decrease as the angle a in (1) increases. As shown 
in Fig. 3, a close agreement between the measured 
brightness and the theoretical value, ccosOi cos4 y, 
where c is also a scaling constant, is also observed. 

E x p d m m l  - 

0 

Mouse 
(kd, ks, a,) 

(0.320 0.400 0.190) 
(0.318 0.397 0.189) 
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Fig. 5: Experiment on Apollo statue: (a) measured 
brightness data (b) estimated brightness data 
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(0.993 1.454 0.401) 
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%an Numhr Fig. 6 also shows the measured and estimated 
brightness data for the PC mouse. Note that the esti- 

Fig. 3: The effect of lens collection effect: brightness mated roughness is 0.183 rad, which is more smooth 
than the Apollo status. Therefore, the proposed al- 

To show the performance of the PLM, the over- gorithm can be applied to discriminate two similarly 
all estimation error as varying the roughness is pre- looking objects with different roughness. Notice that 
sented in Fig. 4. The minimum position can be eas- it is very difficult task for brightness data only used 
ily identified using the golden section search [9]. The approaches. 

0 1  a 1 6  a 2  als 0 1  n j s  0 4  0 4 s  11s 
n~uxhnev 

distance, the brightness is measured as the incident 
and viewing angles are fixed and the distance is lin- Fig. 4: The comparison of cost values as the varying 
early increased from 180mm to 440mm. As shown surface roughness for the synthetic data (Cylinder, 
in Fig. 2, the measured image irradiance, i.e., the PC Mouse, and Apollo Statue), when the PLM is 
brightness is close to the theoretical value, $, where applied to the STS model. 
d is a scaling constant. 



Fig. 6: Experiment on computer mouse: (a) mea- 
(a) ('1) 

sured brightness data and (b) estimated brightness Fig. 7: An example to explain the notion of the 
data pseudo brightness: (a) Measured brightness for a 

fixed point as varying laser power. The slopes of 
each point A, B, C are 27.5, 24.2, and 16.7, respec- Detecting On Shiny Sur- tively. (b) The measured brightness image of cylinder 

face shaped plaster and three corresponding points A, B, 
C. The brightness of these points are 220, 191, and 

One of the difficulties in measuring the brightness 132. 
data is that the ratio of specular to diffuse reflection 
for shiny surface exceeds the dynamic range of CCD 
[7]. By controlling the shutter speed of camera, Wolff laser powers are set to 80mW and 67mW, respec- 

could raise the ratio of specular to diffuse reflection tive'~. However, when the laser Power is set t' the 

up to about 3000:l. The laser camera can not adjust Center Power pointwisely, the measured brightness is 

the shutter speed or iris, but instead can control the always in a range of [80, 1401, except for background 

laser power pointwise. We can extend the limit of points. 

dynamic range using the differentiation of E against The exterior of car is normally heated to polish 

the radiance of light source lo. From (5), we can its surface after spraying paint. The defect in heat 

easily obtain the dE/aIo ,  which is referred to as a treating Process is to detect by the 
pseudo brightness. To see the validity of the pseudo conventional image-based vision system, since the dif- 
brightness, a test is performed on different points in ference between the normal and the defected is caused 
cylinder-shaped plaster as shown in Fig. 7 (a). The by its color and surface roughness. Fig. 9 (d) shows 
brightness as varying the laser power on these points the inspection object, i.e.l a car bumper. 
linearly is presented in Fig. 7 (b). The slopes of each Fig. 9 shows also the results of experiment: the 

point A, B, C are 27.5, 24.2, and 16.7, respectively. measured brightness, the estimated brightness, and 

one can find that the slopes are nearly constant in the candidates of defect where the absolute differ- 

the middle range of brightness. The steeper slope in ence between the measured and estimated brightness 

the Fig. 7 (b) corresponds to the brighter point in the is larger than a threshold. By considering the noise 
Fig. 7 (a). Whereas, the brightness of these points are level of the laser camera, the threshold is set to 15 
220, 191, and 132, respectively. Note that the ratio e m ~ i r i c a l l ~ .  From the shown in Fig. (c), 
of the pseudo brightness are very ,-lose to those of there are three different of denoted 

brightness, implying that the pseudo brightness can type I, 11 and 111 errors, respectively. The type I er- 

substitute for the brightness. ror in mainly due to  the range data itself, since the 

Now, let us explain how to acquire the pseudo range finder can not acquire a range data properly in 

brightness image. First, a proper range of laser power the edge or in the narrow wedge of the object (see 

should be searched on each point. When the laser the black regions in Fig. 9 (b)). The type 111 error 

power is set to the proper value, the measured bright- is caused by specular spike component on which the 

ness would be in [40, 2301. Then, we can calculate surface behaves like a mirror. Since this component 
the average change of the brightness against the laser is not considered in (5), the brightness could not be 
power increasing. As an example, the proper ranges accurately estimated for the specular spike. Fortu- 
of laser power and its center power for a shiny object nately, the type I and 111 can be eliminated from the 
are shown in Fig. 8 (a). The measured brightness range information. Therefore, we can only detect the 
for fixed power, and the obtained pseudo brightness ''1 caused the difference of surface 

is presented in Fig. 8 (b). Note that there are back- '"ghness 

ground points over the 233th point in Fig. 8 (b). One 
can easily find that the brightness can not properly 
be measured for any fixed power. More specifically, 
the brightness is saturated or not measured when the 



6 Conclusion 
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Fig. 8: An example to explain how to acquire the 
pseudo brightness: (a) proper scopes of laser power 
and its center power, (b) The 3 measured brightness 
for fixed power 67, 68, 80, one measured brightness 
for center laser power of the proper scope, and the 
calculated pseudo brightness 

In this paper, we have estimated the reflectance pa- 
rameters based on the range and brightness data of 
a laser range finder which is robust against the envi- 
ronmental condition. The structure of laser camera 
and lens collection effect have been considered, and 
a proper image formation model was derived for the 
laser camera. The proposed algorithm employs the 
simplified Torrance Sparrow Model. As an applica- 
tion, the estimated reflectance parameters were ap- 
plied to  inspect the surface defects on homogeneous 
material, which may have different shape or position. 
For this application, we also introduced the pseudo 
brightness to extend the dynamic range of CCD sen- 
sor of the laser camera. 
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