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Widely used for surface slopes measurements and for three-dimensional shape reconstruction, deflectometry is a particularly powerful technique that can also be applied for defects detection on specular surfaces. In the visible domain, deflectometry is usually based on the projection of complex encoded light patterns and necessitates heavy processing that makes it not suitable for inline inspection. In this paper, A new deflectometry based approach that is more adapted for inline inspection of linearly moving parts (parts on conveyors) is proposed. Based on a more affordable and a simpler hardware setup, the new approach allows at the same time for a proper localization and a precise geometrical quantification of any defects on the scanned specular surfaces. The proposed approach uses a fast and simple processing algorithm that lends itself very well to real-time inspection. The new method is tested and validated in laboratory for the inspection of defects on specular surfaces of plastic parts.

INTRODUCTION

A present challenge in the industry is the automatic quality control of reflective and also non-reflective parts with more or less complex surfaces such as, e.g., plastic parts. The goal being not only to detect and locate possible irregularities on the inspected surfaces but also to retrieve 3D data that can be used for a proper classification of the detected defects. This problem is still open as it relates not only to the type of material the parts are made of but also to their surface conditions (ie., roughness and light reflection characteristics [START_REF] Höfer | Infrared deflectometry for the inspection of diffusely specular surfaces[END_REF] ), the size of the objects under inspection, their geometrical complexity and also the examination cycle-time.

In recent years, the imaging technology named deflectometry has more and more been used in the field of surface inspection in many industrial sectors. Deflectometry is a non-contact, and non-destructive optical metrology technique that allows for the acquisition of topographical information on specular surfaces by the mean of analyzing the reflections of specially generated light patterns. By a direct comparison with the nominal defect-free reflection, irregularities on the surface can be detected. Moreover, encoding the light pattern using for eg., the phase wrapping/unwrapping technique 2 and calibrating the position of the emitting points of light 3 makes qualitative surface inspection possible (see Fig. 6). The directional gradient of every point from the surface can then be computed. In a further step, if the position of at least one point from the surface is known, a complete reconstruction of the specular surface can be performed. [START_REF] Huang | Comparison of fourier transform, windowed fourier transform, and wavelet transform methods for phase extraction from a single fringe pattern in fringe projection profilometry[END_REF] The approach described in Fig. 3 and its different variations 5 are well suited for inspecting static (non-moving) parts. The camera+screen system can be mounted on a robotic arm 1 and moved to fully scan larger and more complex non-flat objects. With such setup, the inspection is however restricted by the workspace of the robot.

In the work proposed hereby, a new deflectometry based scanning technique more suitable for inline inspection of linearly moving parts (eg., objects on conveyors) is presented. Instead of using a complex encoded fringes pattern as a light source, a single-line source of light in the visible domain is used (see Fig. 3 and Fig. 4). Having the advantage that a simpler hardware setup and faster processing algorithms can be used for the detection of defects in real-time, the single-line pattern approach entails on the other hand the disadvantage that many frames must be acquired to sample the whole surface under examination. The frame rate of the camera sets then an upper boundary on the linear speed of the moving parts and therefore constrains the inspection process pace. Defects can precisely be located and geometrically (metrically) quantified on moving parts and on much larger objects.

The rest of this paper is organized as follows. In Section 2, the hardware set-up used to scan a sample plastic part is presented. The data necessary for the detection of possible surface defects and for their geometrical quantification are also described. In Section 3, a light source position calibration approach is presented. A good estimate of this position is crucial for the quality of the defects detection and quantification. In Section 4, the defect detection algorithm that generates the result image (i.e., the slopes image), on which any possible surface defect is clearly visible, is presented. In Section 5, the algorithm used for the geometrical 3D reconstruction of the defect zone is described then finally, in Section 6, our contributions are summarized, discussed and the future work exposed.

THE HARDWARE SET-UP

We built a laboratory prototype for scanning linearly moving plastic parts placed on top of a conveyor. These plastic parts are rectangular and perfectly plane when defect free (see Fig. 6.a). Our basic setup uses a camera that observes the reflected line of light on the inspected surfaces. In case of a defect, this straight line of light is distorted (see Fig. 6.b and Fig. 4). The camera image acquisition is synchronized with the movement of the conveyor and is accordingly triggered at a constant pace. The light source is in the visible domain and consists of a led based white illumination with a special cover. A linear slot in this cover allows for a straight line of light to illuminate the scanned part. The light source is placed on the left side of the camera (see the geometrical model of the setup in Fig. 1). As the plastic part translates, an image is acquired for each of its positions. A stack of n images on which the potentially distorted light can be seen is generated.

x y Y c X c Z c P R N S ( X s , Y s , Z s ) u v M(X M , Y M , Z M ) m (X m , Y m , Z m )
Camera sensor N can only be computed at a specular reflection.

x y Y c X c Z c

P 1 R 1 N 1 u v M1(X M1 , Y M1 , Z M1 ) m 1 (X m 1 , Y m 1 , Z m 1 ) Camera sensor c S 1 ( X s 1 , Y s 1 , Z s 1 ) P 2 R 2 N 2 L ig h t s o u r c e M2(X M2 , Y M2 , Z M2 ) m 2 (X m 2 , Y m 2 , Z m 2 )
Calibration level 1

Calibration level 2

Calibration chessboard

Perfectly plane mirror 

THE DEFECT DETECTION ALGORITHM

In this section, the algorithm used to process the raw stack of images and to check the presence of any defect at the surface of the scanned parts is presented. Both the camera and the position (X s , Z s ) of the light source in the camera optical frame C are calibrated. [START_REF] Zhang | A flexible new technique for camera calibration[END_REF] Section 4 describes in details how to properly calibrate the position of this light source. The defect detection algorithm takes as input in addition to the camera and light source calibration parameters, the acquired raw stack of images. The algorithm is summarized in the following steps :

1. First, each pixel m from the raw stack of images is projected as a point M in 3D world :

m(u m , v m ) → M (X C M , Y C M , Z C M ).
The projection equations for each pixel m from an image i ∈ [0 : N ] belonging to the acquired stack are as follows :

               Z C M = Z init , Y C M = Z C M * (v m -c y ) f y , X C M = Z C M * (u m -c x ) f x + (i * ∆d). (1a) (1b) (1c) 
With X C M and Y C M representing the X C and Y C coordinates of the M point in the camera optical frame C. Z C M = Z init is the mean distance between the camera optical center C and the surface of the plastic part. ∆d in (1c) is the relative displacement of the conveyor between two successive image acquisitions and i represents the image number in the acquired stack from which the pixel is extracted. c x , c y , f x and f y are respectively the optical centers in pixel coordinates and the camera focal lengths along the x and y axis of the image sensor (see Fig. 1).

It is important to understand that each point (small region) from the moving plastic part is represented/seen n times in n pixels from the acquired stack of images (a pixel in each image, see Fig. 6.b). These pixels when unwrapped in 3D world (metric coordinates, step 1 of the algorithm), result into a cluster of M i points. As they all encode the same small region from the plastic part, these M i points are all close to each other.

2. During the movement of the conveyor, there exists only one position d at witch, one of the M i points can reflect the specular ray emitted by the light source to the camera sensor. At this particular position, M i = M * is specular and the surface normal vector N together with the angle slope α can be computed (see Fig. 1 and Fig. 6.b) :

                                       P = (0 -U ) 0 -U ) with : U =   X C m Y C m f   , R = (S -M ) S -M ) with : S =   X C s Y C s Z C s   and M * =   X C M * Y C M * Z C M *   , N = R -P R -P =   N x N y N z   , α = -N x N z , (2a) (2b) (2c) (2d) 
With X C m and Y C m being the metric coordinates in the C optical frame for a pixel m and f represents the camera focal length. On the other hand, X s , Y s and Z s are the position coordinates of the light source in the same frame. Note : the light source here is not encoded and there is no possibility to deduce Y C s for each specular point M * . Therefore, Y C s in ( 2) is fixed to 0 for all the m pixels.

3. As a third step, all the M * points at which the slope has been computed are projected back into the image space. All the pixels m * (u * m , v * m ) resulting from this projection are respectively encoded with the slope α computed at M * . After this final step, the acquired raw stack of images is now transformed into one result image of the plastic part that is referred to as the slope image (see Fig. 6.c). A surface defect zone being characterized by a local gradient of slopes that is different from the gradient of its surroundings, any surface defect is clearly visible in the slopes image.

As a final result, Fig. 6.c clearly depicts the defect that is present at the surface and at the center of the scanned plastic part. This surface defect that is invisible on a raw image (see Fig. 6.a) is bell shaped and has an amplitude of around 1/5 th of a mm.

THE LIGHT SOURCE POSITION CALIBRATION

In this section, the method used to properly calibrate the position (X s , Z s ) of the light source is presented. This position results from the intersection of at least two reflected rays supported by the R 1 and R 2 vectors (see Fig. 2). The intersection point is determined as follows :

1. First, the calibration device composed of a plane mirror and a chessboard pattern is placed at the calibration level 1 where the specular reflection of the light source is projected into the camera sensor (see Fig. 2). Using the camera calibration parameters, it is possible to determine the rotation-translation matrix between the chessboard frame and the camera optical frame C 7 . 8 Once the pose of the calibration device is known, the reflected ray vector R 1 is computed :

R 1 = P 1 -2 • N 1 N 1 • N 1 .
2. The calibration device is then moved to a second calibration level (level 2) then, using the same approach, vector R 2 is computed. Note : Additional calibration levels with different orientations can be used to acquire more R h vectors, with h being the number of the chosen calibration levels.

3. Once R 1 , R 2 ... R h determined, the intersection point of the rays supported by these vectors fixes the (X s , Z s ) position of the light source in the camera optical frame C.

Using the steps described hereby, the position (X s , Z s ) of the light source for our prototype has been properly determined with a millimetric precision.

SHAPE RECONSTRUCTION FROM THE SLOPES IMAGE

In this section, the algorithm used for the plastic part shape reconstruction is presented. The shape reconstruction is used for the metric geometrical quantification that allows for a proper classification of the detected defects. Based on the computed slopes image, the height distribution Z C M * for all points M * from the plastic part is determined as follows :

1. The shape reconstruction results from the projection of the pixels from the slopes image into 3D world (see Fig. 6.c). The shape reconstruction process is performed row by row with j representing the column number of each projected pixel m * j . For the first row in the slopes image, the top left corner pixel m * j (j = 1) is unwrapped in metric coordinates using equations (1) (see M * 1 in Fig. 5). Z init for the projection of this first pixel and for the projection of all the pixels belonging to the first column (j = 1) can be measured using for example a laser based distance measuring device or estimated with any of the other height regularization techniques. Techniques like for example the stereo deflectometry based approach that can determine the surface height Z init based on the minimum general disparity between two computed normal fields, each with a separate light source. for the first projected pixel m * j (j = 1) from the first row are computed, the position coordinates for the pixel belonging to the same row and at the next column can be determined by computing the intersection between the D j plane and the P j+1 vector (see Fig. 5). D j is defined by its normal vector N j and P j+1 represents the probing vector for the m * j+1 pixel (the one on the next column).

3. Finally, the same operation is repeated for all the pixels from the remaining columns and rows in the slopes image to reconstruct the whole 3D shape of the plastic part.

The point cloud resulting from the shape reconstruction of the slopes image can be seen in Fig. 6.d. The depicted point cloud is re-scaled ×15 along the Z C axis and the bell shaped surface defect at the center of the scanned plastic part is clearly visible. A bell shaped defect with an amplitude of 1/5 th of a mm can easily be quantified. 
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Figure 5: Geometrical model of the shape reconstruction algorithm. In this model it is the relative movement of the camera and the light source to the surface under inspection that is depicted. On the real setup, the camera+light system is fixed and the surface moves at a constant speed. The surface is sampled with the number of frames needed to detect all the defects. R i represents the incident light beam on M * i which is a sample point from the inspected surface. m * i is its projection on the camera sensor. N i and P i respectively represent the surface normal at M * i and the camera probing ray. 

CONCLUSION

In this paper we presented a new deflectometry based approach that allows for inline inspection of linearly moving parts using a simple hardware setup. The proposed method allows for a proper detection of defects at the surface of the scanned parts and also for the possibility to acquire geometrical data that are metrically sound and that can be used for defects classification and categorization. [START_REF] Kim | Deep learning based automatic defect classification in through-silicon via process: Fa: Factory automation[END_REF] The applicability of this new approach has been demonstrated on practical samples by detecting and quantifying defects on plastic parts scanned using a prototype built in laboratory. It is important to highlight that not all defects can be detected and quantified using this approach. Defects zones being characterized by the local surface slopes, only defects within an [α min : α max ] slopes domain can be detected and quantified. The borders of this domain are fixed by the geometrical configuration of the hardware setup, ie,. the distance between the camera and the light source and the height between the light source and the scanned surface. Additional developments regarding the automatic detection of the defects zones on the slopes image using deep learning based algorithms and neural networks has already been performed and are giving promising results. [START_REF] Soukup | Convolutional neural networks for steel surface defect detection from photometric stereo images[END_REF] Further developments will focus on the applicability of this deflectometry based approach on more geometrically complex parts.
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 1 Figure 1: A sketch of our deflectometry geometrical model used to compute the slopes at the surface of the scanned parts. This sketch is illustrated by a reversed ray tracing model. N is the surface normal, P is the camera probe ray and R represents the reflected ray. N can only be computed at a specular reflection.
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 234 Figure2: Geometrical model for the light source position calibration setup. The calibration chessboard is used to determine the pose of the mirror plane at both calibration levels. Knowing the poses of the mirror for level 1 and level 2 and the camera probing vectors P 1 and P 2 , the two rays supported by the reflected vectors R 1 and R 2 intersects exactly at the position (X s , Z s ) of the light source. Note : Only the coordinates along the X C and Z C axis of the vectors P 1 , P 2 , R 1 , R 2 are considered. Also, the calibration levels do not necessary need to be horizontal. Tilted calibration levels may result in a better precision for the determination of the light source position.
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Figure 6 :

 6 Figure 6: a) Raw image of the plastic part sample scanned on the conveyor (the defect in the middle is not visible). b) Sample raw images from the acquired stack on which the specular reflection is visible. The reflected light is distorted in the middle within the defect zone. Note how a same point from the plastic part is seen several times in the images of the stack. Only when this point is specular (first image from the top), it is possible to compute the surface normal vector N c) The generated slopes image of the plastic part with the defect clearly visible at its center. d) 3D geometrical reconstruction of the part (for a better visualization, the point cloud is re-scaled ×15 along the Z C axis)
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