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Abstract   
 
This paper presents a noble approach for the efficient examination and classification of surface textures on medium- and large-sized 
mold products, such as used for automobiles, TVs, and refrigerators. Although there are many types of precise surface inspection 
and measurement methods, most are difficult to apply at industrial sites or by finishing robots due to problems such as speed, setup 
limitations, and robustness. An accurate and objective method of machined surface inspection has been needed. This study proposes 
techniques based on image processing that aims to automate surface inspection during an unmanned lapping process that is mainly 
employed to eliminate milling tool marks. First, both the distribution of the reflected light and the intensity of the captured near-
field contrast image generated right adjacent to the reflected specular, are used to determine the machined surface state as well as 
the presence of tool marks as the line light source scans clockwise or counter-clockwise. The most significant advantage of near-field 
contrast image, as compared with other vision techniques, is the capturing of highly sensitive contrast image data. It makes possible 
to distinguish the machined surface state by using the shape of the reflected light and the intensity of the image according to the 
tool mark, and the tool mark can also be detected. Second, the photometric stereo technique is adopted to detect surface scratches 
through the normal map that recovers the surface, which shows the entire surface at one time and can detect scratches. The 
proposed techniques show localized machined patterns and classify them with high accuracy through the statistical process.  
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1. Introduction  

Inspection of defect objects requires an equal balance 
between the inspection cost and the production cost of the 
faulty object. Up to date, most surface inspection operations 
have been regarded as manned work, which requires a long 
process time and high cost. For that task is usually repetitive and 
labor intensive, and it might also involve exposure to radiation, 
high noise levels, metal dust and chemical environments, 
leading to health problems such as musculoskeletal and lung 
diseases.  

Conventionally, surface roughness and waviness are measured 
using a stylus, laser scanners, etc. However, these methods 
create limitations to the setup. Because of these problems, it is 
difficult to apply a stylus to real industrial sites or robotic 
finishing [1,2]. Therefore, robotic finishing for automation is 
highly necessary from the perspective of productivity, cost, time, 
and uniformity of surface quality. 

This study compares two major image-based surface 
techniques. First, machined surfaces are evaluated using tool 
mark detection and classification of the surface state based on 
the characteristics of the different reflected light according to 
the residual tool mark. The second proposed method is 
inspecting the entire machined surface at once and detecting 
scratches from the extracted normal map image based on a 
photometric stereo. The most significant advantage of near-field 
contrast image, as compared with other vision techniques, 
captures the highly sensitive contrast image data. By that highly 
sensitive image can detect the tiny sizes of scratches on the 
surface, the minimum size of scratch size recorded 8µm. But 
with other existing methods cannot identify the minimal size of 
scratches on the surface. And also, individual point light source  

 
lighting information can improve the reliability of inspection of 
specular surfaces.  
 
2. Methodologies of inspection  
 
2.1. Inspection based on reflection property [3,4] 
 
   After machining, multiple tool marks are created on the metal 
surface by machining tools performing milling and grinding. 
When point light source is used to illuminate the surface, 
reflected light is indicated by the yellow arrows in Fig. 1 and is 
called specular highlight.  
 

 
Fig. 1 Surface inspection using reflection property 

 
The reflected light can be expressed as Eq. (1) in relation to the 

tool mark and the normal vector of the surface. 
 

                                               𝑟ℎ̂ =  �̂� × �̂�                                                      (1) 
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Where 

           𝑟ℎ̂: the specular highlight by tool mark 

            𝑠 ̂: the tool mark direction of surface 

            𝑛 ̂: the surface normal 

 
Eq. (2) is satisfied when the intensity is maximum. 
    

                                    𝑛′̂ ∙ (�̂� × �̂�) =  𝑛′̂ × 𝑟ℎ̂ = 0                          (2)        
where 

          𝑛′̂: the bisector between camera and light source 
 
Using the tool mark radius from a point P, the direction vector 
of the milling tool mark is given by Eq. (3). 
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where 
          𝑟  : the radius of milling tool 
         𝑃  : a point on the milled surface 
         𝑃𝑥: the point depending on the x-coordinate 
 
The below equation is derived by substituting Eq. (3) for the 
maximum intensity condition. 
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From the reflection property and maximum intensity condition, 
the relationship between the milling tool radius and the 
reflected light is derived at 𝑃𝑥 on the surface, as shown in Eq. (5). 
When  the larger the diameter of the milling tool, the larger the 
𝑃𝑥. This reduces the range in which the reflected light occurs. 
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2.2. Inspection with photometric stereo [4] 

 

   Photometric technique is formally defined by the surface 

normal from the reflected light between the object and the light 

source and the observed intensities, as given by Eq. (6). 

 

                             𝐼 = 𝑘(𝐿 ∙ 𝑛)                                         (6) 

where 
         I: vector of observed intensities 
         L: normalized light directions 
         n: surface normal 
         k: albedo reflectivity 
 
The intensity and the position of the light source, surface normal 
vector is derived from Eq. (6) through Eq. (7) and (8). The surface 
normal is obtained through light modeling from images along 
the light source at different locations from Eq. (8). 
 
                                          𝐼 = 𝐿𝑇𝑘(𝐿 ∙ 𝑛)                                          (7) 

                                       (𝐿𝑇𝐿)−1𝐿𝑇𝐼 = 𝑘𝑛                                    (8) 

 

3. Design of the surface inspection system 

 

3.1. System overview 

 
   The system mainly includes a camera and an LED light source 
(Fig. 2b), and the inspection system is tested in a dark space to 
minimize the effects of external noises [5]. 
   As shown in Fig. 2, the camera is fixed vertically to the 
specimen, and 12 images are taken from 0° to 180° at intervals 
of 10° as the work piece rotates. The light source obtains the 
image when moving only in the horizontal direction while being 
fixed at 45° in the vertical direction. 
 

 
Fig. 2 Setup for surface inspection 

     
   For this inspection, four types of machined surfaces are 
prepared which have a size of 50 × 50 × 20 mm3.  The material 
is KP4M. Those surfaces were each machined by face mill, a 
turbo lap linear, a grinding machine, and a hand grinding. 
 
3.2. Results of surface inspection according to different 
property 
 
   The reflected light is perpendicular to the milling tool mark, as 
shown in Fig. 1. The white line in the image shown in Fig. 3 is a 
specular highlight or reflected light. In addition, the shape of the 
reflected light by lapping (Fig. 3b) and grinding(Fig.3c) is linear 
and wider than the reflected light from the milling tool mark 
since milling and grinding are performed manually. 
 

 
  

Fig. 3 Shape of reflected light by machined metal surface under 

60° & 120° of angles light:(a) milled by face mill 100mm; (b) 
lapped by #600; (c) grinded by plane grinder 
 
4.  Surface inspection algorithm 
 
4.1. Characterization of the machined surfaces 
 
   The image processing in MATLAB was adopted to verify the 
relationship between the intensities seen with the naked eye 
and those of the image. 
   The mean and standard deviation values can represent the 
intensity in image processing. Fig. 4 shows the mean and 
standard deviation of eight images outside this range. It is 
confirmed that the intensities of the individual surfaces are 
distinguished within the range of the histogram without being 
influenced by the reflected light.  
   As in the case of the four brown circle areas, surfaces made by 
milling, lapping, grinding and grinding with chatter can be 
distinguished by the intensity difference.  

  (5) 



  

 
Fig. 4 Mean and standard deviation of gray scale corresponds 

to the intensity of the machined surface state 
 
4.2. Detection of Tool mark using specular highlight 
 
   Figure 5 shows the image processing procedure for tool mark 
detection using the reflection property method [6]. The use of 
the specular highlight is possible for determining the residual 
amount of tool mark for the surface inspection of each finishing 
step.  
 

 
Fig. 5 Image processing procedure for tool mark detection 

 
   Figure 6 shows that the tool mark around the reflected light is 
clearly visible, since the reflected light is the brightest part of the 
entire surface. 
 

 
Fig. 6 Tool mark detection results of machined metal surface 

under 60° & 120° of angle light:(a) milled by face mill 100mm; 
(b) lapped by #600; (c) grinded by plane grinder 
 
   By using this method, it is possible to detect the residual tool 
marks around the reflected light when scanning the entire image 
of 12 surfaces. But the detection of scratches is not clear except 
for the tool marks when the light is reflected. Only scratches 
deeper than the depth of the residual tool marks can be 
detected.  
 
4.3. Detection of Tool mark on the slope and curve surfaces 
 
   Using this method can inspect the slope and curve large 
surfaces with high accuracy. Within 16 seconds can check the 
32800𝑚𝑚2 area.  For examining the slop and curve surfaces 
camera sensor should be perpendicular to the midpoint of 
surface. 

    Figure 7 shows that a large amount of tool marks visible 
around the specular highlight. In the other existing methods 
using diffuse light, the scattered light cannot see this kind of a 
large number of tool marks on the surface.  
 

 
Fig. 7 Tool mark detection results of machined metal surface 

under 60° & 120° of angle light:(a1) lapped slope surface; (a2) 
lapped slope surface boundary result; (b1) grinded curve 
surface; (b2) grinded curve surface boundary result 
 
4.4. Surface inspection using photometric stereo      
 

   As shown on the left of Fig. 8, the normal map is obtained. This 
normal map does not recover the entire surface, and the left of 
Fig. 8 shows the surface information lost. If the normal map is 
acquired using the light source location where no reflected light 
is produced, a normal map can be obtained which can recover 
the whole surface, as shown on the right side of Fig. 8. 

 
Fig. 8 Normal map result according to presence (left) and 
absence (right) of reflected light 
 
   Table 1 indicates the result of the horizontal angle region 
where light occurs in and where non-reflected light occurs. That 
non-reflected light occurs region used for the photometric 
stereo.  The common range of no reflected light is -40°-0° (40°) 
and  140°-180° (40°). As a result, six light source locations were 
set at 0°, -20°, -40°, -140°, -160°, and 180° as the common angle- 
 
Table 1 The range where reflected light occurs or does not occur 

Milling D= 80mm D= 100mm D= 125mm Hand 
grinder 

Range of 
specular 
highlight 

10°~170° 
(160°) 

20°~160° 
(140°) 

30°~150° 
(120°) 

- 

Range of 
non-
specular 
highlight 

−60°~0° 
−120°~180° 

−70~10° 
−110°~170° 

−70~20° 
−110°~160° 

- 

Lapping 
/Grindin
g 

#600 #800 #1200 Plane 
grinder 

Range of 
specular 
highlight 

 40°~140°   
(100°) 

 60°~120°   
(60°) 

Range of 
non-
specular 
highlight 

 −40°~40° 
−140°~140° 

 −40°~40° 
−130°~130° 



  

-for six minimum images that can be recovered, using the 
opposite direction of Fig. 2.   
    As can be seen in Fig. 9, the normal maps show the entire 
machined surfaces at once. But the middle region is relatively 
dark, because images near 90° and the opposite side are not 
considered in order to exclude specular highlight. In Fig. 9 
normal maps are acquired by inverting the z-direction of the 
original normal map and adopting it at 1.2 times the weight. 
 

 
Fig. 9 Normal map results: (a1-a2) milled surfaces; respectively 
diameters of 100 mm, 125 mm; (b1-b2) lapped surfaces; 
respectively grit size #600, #800; (c1-c2) grinded surfaces; 
respectively plane grinder, hand grinder 
 
4.5. Scratch detection in the machined surface 
 
   Tool mark detection was easy because the tool mark around 
reflected light was brightly captured. However, it was difficult to 
detect scratches because of the bright characteristics of the 
reflected light. Therefore, adopting a normal map technique, it 
reflects the entire surface. The procedure is similar to that of the 
process in Section 4.2. As illustrated in Fig. 5 The inverted image 
was used for scratch detection in the normal map of the original 
z-direction.    
    In Fig. 10, the dark yellow boxes show where scratches are 
detected, and the yellow ellipses show where the milling tool 
mark, which could not be removed with #600 hand lapping (Fig. 
10b), was detected. 
 

 
Fig. 10 Scratch detection results from normal maps: (a) milled 
surface, diameter 125 mm; (b) lapped surfaces, grit size #600; (c) 
grinded surfaces, plane grinder 
 
   In the case of milling tool marks (Fig. 10a), scratches and tool 
marks detected at the same time when the scratches were small 
or the depth was low. On the lapped surface (Fig. 10b), the tool 
mark and scratch can be detected simultaneously. The ground 
surface was difficult to detect except for deep scratches, but 
many tools mark detected. 
   The surfaces lapped and ground may include accidental 
handling scratches. This scratch is somewhat deeper and 
smoother than tool marks such as the tool mark. To solve this 
problem, the distinguishing between scratches caused by 
external factors and the device itself requires a robust detection 
algorithm. 
   Significant improvements were made using the proposed 
method. The non-detection rate of scratches was very small and 

the improved inspection is superior to that from a human 
operator. 
 
4.6. Tool marks counting using specular highlight and diffuse 
light on the milled surface 
 

 
Fig. 11 Tool marks detection results: (a, b) tool mark counts 
respectively relate specular highlight and diffuse light 
 
    Applied binarizing technique for two normal map images and 
got the milling tool marks/scratches count on the milled surface. 
Comparing numbers can see the highest number of tool marks 
detected by the specular highlight method. Because of specular 
highlight  can  illuminate  the  tiny  sizes  of  tool  marks  on  the 
surface. 
 
5. Conclusion 
 
   In  this  paper,  two  methods  are  proposed.  The  first  is  an 
inspection method that utilizes reflected light characteristics by 
a  tool  mark  on  a  machined  surface.  This  distinguishes  the 
machined surface state by using the shape of the reflected light 
and the intensity of the image according to the tool mark, and 
the tool mark can be also detected. The second is a normal map 
by the photometric stereo technique, which  shows the  entire 
surface at one time and can detect scratches much clear. 
   This method can be applied to automate detection of the state 
of  machined  metal  surfaces.  This  will  widen  the  inspection 
method for robotic machining system as well as for unmanned 
machining processes. 
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