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Relief Extraction of Rough Textured Reflecting Surface by Image Processing

INTRODUCTION

In this paper, we present a method for relief extraction of rough textured reflecting surface by image processing. The rough textured reflecting surface is the surface which mixes both diffuse and specular components.

Rough surface relief extraction is generally made by a mechanical method using a tactile sensor or by using an auto-focus laser sensor. With these sensors we can estimate surface relief from the analysis of a series of profiles. Since these measurements spend a lot of time, we hope that we can determine the relief by image processing. Several methods in the field of image processing have been proposed for relief extraction, such as shape from shading 1 , optical flow 2 , shape from focus [START_REF] Krotkov | Focusing[END_REF] and photometric stereovision [START_REF] Woodham | Photometric method for determining surface orientation from multiple images[END_REF] . Our works are based on the photometric stereovision. In 1980, Woodham indicated that the relief of a Lambertian surface can be determined by the exploitation of a photometric model, which takes into account camera and light source positions according to the plan of surface. [START_REF] Woodham | Photometric method for determining surface orientation from multiple images[END_REF] The proposed model expresses the gray level on the image according to the local relief variations. Three images of the same relief obtained under different angles of lighting are used to reconstruct the surface relief. From the method of Woodham, several important ameliorations have been proposed by other researchers. [START_REF] Kulick | Shape from shading using three images[END_REF][START_REF] Kim | Shape from shading and photometric stereo using surface approximation by legendre polynomials[END_REF][START_REF] Zhang | Iterative shape recovery from multiple images[END_REF] But a limit study in section 2.1.3 proves that the above methods worked with Lambert's model is adapted to the diffuse reflection, but not to the specular reflection. Thus, we propose another method to extract the relief of rough textured reflecting surface. In the proposed method, we show that the diffuse and specular components of the acquired images can be decomposed in two independent components. The diffuse component can be processed by Lambert's model, the specular component can be processed according to the position knowledge of facets. Finally, section 3 presents the experimental results obtained by this method, and compares measurement precision with the experimental results obtained by Lambert's model.

RELIEF EXTRACTION BY PHOTOMETRIC STEREOVISION

Relief extraction can be obtained by photometric stereovision. In this section, we will clarify how to establish the photometric stereovision system from the exploitation of several photometric models and study the performance of these photometric stereovision systems for rough textured reflecting surface.

Lambert's model 2.1.1. Relation between gray level and relief variations

To establish the link between the gray level variations and those of relief, we can use the Lambert's model which is the most common model for describing the diffuse reflection. Lambert's model states that the incidence light on a surface is scattered equally in all directions; 8 the total amount of reflected light depends on the lighting incidence angle. This means that the gray level depends on the lighting incidence angle of facet, so the problem is that we must find out the link between this angle and the surface relief. Fortunately, according to the position knowledge of source and the camera in figure 1, we can find out the link between this angle and the surface gradient field {p = ∂z ∂x , q = ∂z ∂y }, then the link between the gray level (intensity received E(x, y)) and the gradient field {p, q}:

E(x, y) = ρ I 0 r 2 cos θ -p sin θ cos ϕ i -q sin θ sin ϕ i 1 + p 2 + q 2 (1)
where ρ is the surface albedo, I 0 the light source intensity, r the distance between light source and facet, θ the angle between lighting direction and surface normal, ϕ i the azimuth angles between x axis and the projection of three sources in the ( x, y) plane. 

Relief extraction

In equation 1, we have three unknown parameters p, q, ρ I0 r 2 . We thus need to acquire three images of the studied surface under different angles of lighting to establish an equations set (ϕ 1 = π, ϕ 2 = π 3 and ϕ 3 = -π 3 ). After resolving this equation set, we determine p and q:

p = 2 -E3 E1 -E2 E1 tan θ 1 + E2 E1 + E3 E1 (2) q = √ 3 tan θ E3 E1 -E2 E1 1 + E2 E1 + E3 E1 (3) 
It exists various algorithm to obtain a 3D reconstruction from the gradient field {p, q} of a surface. [START_REF] Horn | Height and gradient from shading[END_REF][START_REF] Zhang | Shape from shading: a survey[END_REF][START_REF] Agrawal | What is the range of surface reconstructions from a gradient field?[END_REF] In this paper, we use the algorithm of Frankot and Chellappa 11 which proposes a method to reconstruct the surface z = f (x, y) by minimizing the following cost function:

W = - ∂f (x, y) ∂x -p 2 + - ∂f (x, y) ∂y -q 2 dxdy (4) 
With the theorem of Parseval, the cost function becomes:

W = 1 2π -ju f (u, v) -p 2 + -jv f (u, v) -q 2 dudv (5) 
where f (u, v) is the Fourier Transform of the function f (x, y), p and q are the Fourier Transform of the gradient field {p, q}. After minimization of this expression, we determine a relation between the Fourier Transform of the surface and the Fourier Transform of the gradient field:

f (u, v) = -jup * -jv q * u 2 + v 2 (6) 
Consequently, the reconstructed surface z = f (x, y) can be obtained by Inverse Fourier Transform of f (u, v).

Limits of the classical approach

As we know in [START_REF] Woodham | Photometric method for determining surface orientation from multiple images[END_REF] , the above classical photometric stereovision technique of Lambert's model was exploited for rough textured surface. So, we will study whether this technique is adapted to rough textured reflecting surface through experiment. We acquire three images of a real cylinder (See figure 2). The reason we study a columned object is that all slope is presented on a cylinder. We find several specular areas in the images 2, 3, so this cylinder surface mixes both diffuse and specular components. Through Lambert's model, we extract the relief of the cylinder (See figure 3(a)) and the associated profiles which consists of diffuse and specular components (See figure 3(b)). We find also a specular area in figure 3 Thus, the method by Lambert's model do not eliminate the influence of specular reflection and it do not reconstruct the cylinder surface perfectly. We then focus our attention on other model for specular reflection.

Model for specular reflection

In the case of specular reflection, the reflected ray is visible only when the reflected direction and the view direction coincide. But in fact the situation is rarely so simple that the reflected ray can be seen even if these two directions do not coincide. Phong proposed his model [START_REF] Phong | Illumination for computer generated images[END_REF] which depends on the angle between the specular direction and the view direction: where n is the specular coefficient and α the angle between specular direction and view direction. The specular coefficient n depends on the surface nature and it requires to be estimated.

E(x, y) = ρ I 0 r 2 cos i (cos α) n (7) 
Blinn came up with an alternative way to calculate the specular reflection, which eliminates the expensive reflection vector calculations 13 . To do this, Blinn introduced the half vector h, which is a vector halfway between the light vector and the view vector h = ( s + v)/| s + v| (See figure 4). Blinn proved that we can optimize the Phong model by using cos( n, h) instead of cos α: However, in this two photometric models, we do not know the value of specular coefficient n. So it's very difficult to determine the gradient field {p, q} through these models. Then we hope to find another way to extract the relief of rough textured reflecting surface more simply.

E(x, y) = ρ I 0 r 2 cos i(cos n, h) n (8) 

The suggested approach 2.3.1. Gradient field of specular area

In the proposed method, to extract the relief of the surface mixing diffuse and specular components, we decompose the acquired images in two terms, a diffuse component and a specular component. The diffuse component can be processed ed by Lambert's model. The specular component can be processed according to the position knowledge of facets.

The idea is to detect first the specular area on the image and then to compute the corresponding local gradient by using the light source and camera positions. We thus obtain the gradient value, through Lambert's model, for the diffuse region of the surface, and the gradient value for the specular region is obtained by the suggested method. The global gradient field is then integrated to extract the relief of the surface.

We suppose that a pixel is specular when its gray level is more superior than a threshold. We can extend this supposition to entire image and find the specular area. Figure 5 illustrates the decomposition procedure. 

Gradient computation

The computation of gradient field {p d , q d } of diffuse area can be executed by the method of Lambert's model (equations 2, 3). Then we present the computation of gradient field {p s , q s } of specular area according to the position knowledge of facets.

In the specular facet, we can find that the half vector h coincides with the facet normal n because the view direction coincides with the reflected direction. So according to the property of half vector, we obtain:

n = h = s + v | s + v| = s + v 2 + 2 cos( s, v) = s + v 2 cos s, v 2 (9) 
The camera direction is perpendicular

( v = z =   0 0 1
  and z is the normal of the surface), we thus obtain:

n = s + z 2 cos s, z 2 = s + z 2 cos θ 2 (10) 
From light source position and facet normal position in figure 3 we know that:

s =   sin θ cos ϕ i sin θ sin ϕ i cos θ   , n = 1 1 + p 2 + q 2   -p -q 1   So,
• Specular area on image 1 (ϕ 1 = π):

s 1 =   sin θ cos π sin θ sin π cos θ   =   -sin θ 0 cos θ   (11) 
n = s 1 + z 2 cos θ 2 = 1 2 cos θ 2   -sin θ 0 1 + cos θ   = 1 1 + p 2 + q 2   -p -q 1   (12) 
After solving this expression:

p 1 = sin θ 1+cos θ q 1 = 0 (13) 
In the same way, we can find the gradients of the specular area of other images.

• Specular area on image 2 (ϕ 2 = π/3),

p 2 = -1 2 sin θ 1+cos θ q 2 = - √ 3 2 sin θ 1+cos θ (14) 
• Specular area on image 3 (ϕ 3 = -π/3),

p 3 = -1 2 sin θ 1+cos θ q 3 = √ 3 2 sin θ 1+cos θ (15)
Since the specular areas of three images are disjoint, the gradient field of specular area on every image can compose the gradient field {p s , q s } of specular area on surface.

Relief extraction

We have previously determined the gradient field {p d , q d } of diffuse area and the gradient field {p s , q s } of specular area on the same surface. Then the gradient field {p, q} consisted of the gradient field {p d , q d } of diffuse area and the gradient field {p s , q s } of specular area can be used for relief extraction through the algorithm of section 2.1.2.

EXPERIMENTAL RESULTS

In order to realize the method of relief extraction, we exploited an acquisition system. In this system, we use respectively three light sources to illuminate an object from three different angles (ϕ 1 = -π, ϕ 2 = π 3 and ϕ 3 = -π

3 ), and we acquire respectively three images in perpendicular direction by using a camera. With this system, we have acquired three images of a real cylinder (See figure 2) of size 540 × 570. In order to reconstruct this cylinder surface more perfectly than Lambert's model, we extract the relief (See figure 6(a)) and a profile (See figure 6(b)) by the proposed method. Obviously, the specular area does not exist in figure 6 Where Z x,y is the reference relief, z x,y is the relief extracted by photometric model. The global results of these measurements are presented in the table 1.

The result obtained by the suggested method is more precise than this obtained by Lambert's model. Consequently, this method is more adapted to the relief extraction of the rough textured reflecting surface.

Error coefficient Lambert's model 0.0451 Our method 0.0422 Nevertheless, we can note that the weak difference between the first results presented in table 1 is due to the small size of the specular area comparatively to the global shape.

Figure 1 .

 1 Figure 1. Illumination received by the sensor.

  (a), this specular area appears in figure 3(b) as a convexity in the center of the figure.

Figure 2 .

 2 Figure 2. Three acquired images.

Figure 3 .

 3 Figure 3. Cylinder and profile reconstructed.

Figure 4 .

 4 Figure 4. Case of Blinn-phong model.

Figure 5 .

 5 Figure 5. Image decomposition

  (a) and 6(b).

  (a) Cylinder reconstructed by the proposed method. (b) Profiles of reference relief (• • • ), of relief reconstructed by the proposed method (-).

Figure 6 .

 6 Figure 6. Cylinder and profile reconstructed.

Table 1 .

 1 Comparison of reconstruction errors.

CONCLUSIONS AND PERSPECTIVES

In this paper, we first presented how to establish the link between the gray level on image and the relief variations through Lambert's model and the principal 2D numeric integration algorithm. From this classic photometric stereovision technique, we developed a relief extraction method which applies to the rough textured reflecting surface. Thus, in the application of roughness estimation, 14 this method can improve the precision of the estimation of surface roughness.

From this method, it will be possible to exploit a more perfect method of general Lambertian model (Oren-Nayar's model 15 ), which takes into account the complex geometric and radiometric phenomena such as masking, shadowing and inter-reflections between facets. This method also allows us to extend our study to dynamic images in the future.