enjoyable both professionally and personally even during the stressful or disappoint-

My colleagues at LIMSI, LadHyX and VECG made my time meaningful and 2. [START_REF] Epson | Projector technology[END_REF] The feedback control system in [START_REF] Miyagawa | An iterative compensation approach without linearization of projector responses for multipleprojector system[END_REF] for multiple-projectors.

Dashed-line blocks denote the same structure. . . . . . . . . . . . .

2.20

The two different methods for embedding the pattern in [START_REF] Park | Simultaneous geometric and radiometric adaptation to dynamic surfaces with a mobile projector-camera system[END_REF]. 

3.3

Single structured-light projection on an arbitrary scene as in [START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF] and [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] 

4.6

The mean depth images for the 5 calibration positions. . . . . . . . 4.7 Some of the structured-light images acquired using RoomAlive Toolkit [START_REF]RoomAlive Toolkit[END_REF]. (The images were captured in grayscale). . . . . . . . 4.8 Top image: Calibration result of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF]. Bottom image: Calibration result of the proposed method. (Green pixels: depth points that correspond to projector and should not exceed projector frame. Red pixels: depth points projected on Kinect RGB sensor.

Blue pixels: points on calibration surface used for calibration). . . . 4.9 Calibration fails in case all 3D points lie on the same plane (degenerate configuration [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF]) Left: Calibration using only the 2 nd pose of the planar surface. Right: Calibration using only the 3 rd 

Context

The emerging technology of projector-camera systems (ProCams) breaks new ground in augmented reality and provides a unique immersive experience for the user. The virtual content is directly augmented on the real world without requiring the use of any wearables or other additional equipment. This opens a wide application range for such systems including, but not limited to, entertainment, gaming, education, cultural heritage, art installations and advertisement. This thesis discusses the alteration of the real world these systems can offer through the superposition of some virtual content and the surrounding space. Different illusion effects can be produced depending on the projected content and its reaction with the physical world. The main area of this work is the change of appearance of real color objects. This transformation can be applied in numerous scenarios spanning from object camouflage to various color and texture manipulations.

A fundamental problem in video-projected augmented reality is that real world surfaces are not optimal projection surfaces such as the ones used in movie theaters. Therefore, the projected content is distorted by the color and the geometry of the underlying surface. Color compensation is the process of modifying the projected content in order to appear as it would on a perfect white surface. Similarly, geometric compensation refers to the alternation of the projection material to compensate for any geometric distortions. This research is particularly focused on the color compensation on 3D arbitrary surfaces that can be either static or dynamic (moving objects). This is one of the most challenging scenarios in a projector-camera system since neither the surface color nor the scene geometry remain stable. Moreover, it is a problem of great significance in augmented reality since projection on real surrounding objects can transform the way we perceive and interact with the world.

Using this technology one is able to project on whichever color surface and still perceive the same image as projecting on a perfect white surface.

The ability of color manipulation and the visual illusion it creates has an aesthetic result which can be used for numerous creative and artistic purposes. The philosophical question of the nature and perception of reality can be further explored and challenged by the use of projector-camera systems. The disappearance of an object by camouflaging it in its background has been an open problem in performing arts. For this reason, a part of this thesis is devoted to the artistic exploration by applying the results of this work to the interactive art installation Gardien du Temple.

Contributions

The overall contribution of this thesis is a novel approach of photometric compensation that was built in order to efficiently adapt to dynamic changes of the projection surface (both in terms of time and compensation quality). The vast majority of existing compensation methods in the literature are based on a long calibration procedure that limits their application to static surfaces. Moreover, the few ones that can be extended to dynamic surfaces require strong assumptions about the surface characteristics and rely on a naive and inadequate color management. Therefore, they do not offer an accurate compensation on real world objects of high frequency texture and saturated colors.

The adaptation of our method to dynamic surfaces requires the reprojection of single reference image and its acquisition by the camera. This delay in adaptation is reasonable since new information about the scene needs to be provided to the system. Moreover, a new geometric calibration technique is introduced. The accurate geometric calibration of our system that uses an additional depth sensor enables the dynamic projection on moving scenes in real-time without the need to recalibrate the system geometrically.

In addition, since projectors and cameras are color devices of different nature and characteristics, precise color management between the two devices is essential.

An established color pipeline for the system is required in order to achieve color constancy between the image captured by the camera and perceived projection in real world. In this research, a method for color management in a ProCam is proposed. First, the colorimetric characterization of the devices is obtained and the color compensation is performed in the device-independent color space CIE XYZ 1931. The key elements of the proposed solution are highlighted in the following items:

• A novel photometric compensation method that requires a single input image is proposed. It addresses the surface reflectance as a spectral signal and, thus, achieves to predict color appearance more robustly.

• The dynamic adaptation of the photometric method that is able to efficiently recompensate for changes in the projection surface using a single image of the scene under reference illumination. More importantly, it significantly improves previous methods that require a single image for dynamic adaptation.

• A new geometric calibration procedure of a projector-camera system using an additional depth sensor (such as Microsoft Kinect) that enables the projection on moving 3D surfaces in real-time. This approach was found more accurate than the leading projector-Kinect calibration up to date.

• The device-independent color management between the projector and the camera that guarantees the color constancy across the different devices to match the appearance between the projection and the capture. Furthermore, it ensures the generality of the proposed solution that can be applied to various devices.

Outline

The remainder of this thesis is organized as follows. In Chapter 2, the reader can find the introduction of the complete geometric and photometric model of a projectorcamera system. Moreover, an extensive overview of the existing methods in the literature regarding geometric calibration and photometric compensation is offered.

Chapter 3 introduces the novel methods proposed in this work in order to make the dynamic compensation on 3D moving objects feasible. The geometric calibration of a system composed of a projector, a camera and a depth sensor is introduced.

Furthermore, the dynamic photometric compensation that is based on spectral reflectance estimation is presented thoroughly. The fusion of these two methods and their GPU implementation that allows the real-time calculation conclude the chapter.

Extended results and various technical implementation details of the introduced methods can be found in Chapter 4. Their outcome is evaluated both qualitatively and quantitatively and their performance is further compared with other methods that share similar objectives in order to test their contributions and limitations.

This thesis provided an excellent opportunity for the development of the art and science installation Gardien du Temple that plays with the concepts of concealing and revelation. The implementation of the proposed photometric compensation for the purposes of this creation is presented in Chapter 5.

Finally, Chapter 6 summarizes the outcome of the developed approaches and highlights the achieved contributions. Various research paths that were revealed during this work and potential guidelines for further improvement of the obtained results conclude this thesis.

Chapter 2

Projector-Camera Systems

Pairing a projector with a camera can provide real-time information about the environment on which the content is projected. This is the concept of "smart projection" referring to the fact that projectors can sense their environment, adapt to it and possibly conceal environment's color and/or geometry. Hence, often the projectorcamera systems are called smart projectors [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF]. However, this requires the accurate communication between the devices to capture and process real-word data for the purposes of calibration and compensation. In this chapter, the different calibration problems in projector-camera systems (ProCams) are discussed. Moreover, various techniques and capabilities of these systems are presented. The two main challenging problems that are usually addressed by a ProCam are the photometric and the geometric compensations allowing projections on arbitrary surfaces.

The first section of this chapter, Section 2.1, presents the complete physical model of a ProCam. This model is separated in the geometric model and the radiometric/photometric model. Section 2.2 describes different calibration configurations and techniques that achieve a correspondence between the projector and the camera. In Section 2.3, an extended review on the different methods in the literature regarding color compensation and color manipulation is provided. Finally, Section 2. 4 discusses the challenging open issues in ProCams and concludes the chapter.

Model of a Projector-Camera System

A projector is a device which emits light on a surface while the camera captures light reflected by the surface. In order to fully characterize a ProCam, one should calibrate the system both geometrically and photometrically which can be obtained using a geometric and photometric model, respectively. The first, which is discussed in Section 2.1.1, describes the geometry relation between the projector, the camera and the scene, while the second one explains the relation between the light emitted by the projector and captured by the camera and it is presented in Section 2.1.2.

Geometric Model of a ProCam

Both the projector and the camera can be described by the pinhole model [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF] (see Fig 2.1). The only difference is that their ray directions are opposite. According to the pinhole model, the relationship between a 3D point in the world space coordi- 

s m = A [R|t] M, (2.1) 
where M = [X,Y, Z, 1] T and m = [u, v, 1] T are the homogeneous coordinates, s is an arbitrary scale factor, A is the camera calibration matrix and R and t are the rotation and translation matrices, respectively.

The camera calibration matrix A, which is also known as the intrinsic matrix is defined as:

A =      f x γ c x 0 f y c y 0 0 1      , (2.2) 
where (c x , c y ) are the coordinates of the principal point, f x and f y are the scale factors of the image axes and γ is a parameter describing the skewness between the two axes. In case the axes are orthogonal γ = 0.

The above model does not take into account the distortion of the camera lens.

However, in real lenses, distortions are not negligible since they usually introduce radial distortion and slight tangential distortion. Therefore, there have been various more complex models proposed in the literature [START_REF] Brown | Close-range camera calibration[END_REF], [START_REF] Cochrane | Manual of photogrammetry[END_REF], [START_REF] Weng | Camera calibration with distortion models and accuracy evaluation[END_REF]. The model proposed by Brown [START_REF] Brown | Close-range camera calibration[END_REF], which is called "Plumb Bob" model, was the one adopted by the widely used calibration toolboxes of Bouguet [START_REF] Bouguet | Camera calibration toolbox for Matlab[END_REF] and OpenCV library [START_REF] Bradski | The OpenCV Library[END_REF].

This extended pinhole model becomes (for z = 0):

     x y z      = R      X Y Z      + t (2.3) x = x/z (2.4) y = y/z (2.5) x = x 1 + k 1 r 2 + k 2 r 4 + k 3 r 6 1 + k 4 r 2 + k 5 r 4 + k 6 r 6 + 2p 1 x y + p 2 (r 2 + 2x 2 ) (2.6) y = y 1 + k 1 r 2 + k 2 r 4 + k 3 r 6 1 + k 4 r 2 + k 5 r 4 + k 6 r 6 + p 1 (r 2 + 2y 2 ) + 2p 2 x y (2.7)
r 2 = x 2 + y 2 , (2.8) 
where k 1 , k 2 , k 3 , k 4 , k 5 , k 6 and p 1 , p 2 are the radial and tangential distortion coefficients, respectively. The image coordinates u and v are given by: In this thesis, the extended model is used for the calibration of the projectorcamera system, as it is described in Section 3.1. Sub-pixel accuracy is essential for color compensation and the distortion parameters of the devices cannot be ignored, especially for the wide-angle lenses that are used in our system.

u = f x x + c x (2.9) v = f y y + c y . ( 2 

Radiometric/Photometric Model of a ProCam

The relation between the color channels of a projector and a camera can be seen in Fig. 2.2. Depending on whether one refers to the radiance or luminance of the light emitted, this model is known as the radiometric or the photometric model.

The main assumptions in this model, are that the projection surface is considered to be Lambertian and there is no interreflection between the different points of the surface. The nonlinear relation between the luminance L p (λ ) projected by a projector and its p channel value C p can be described by a function α p that modulates the channel response w p (λ ):

L p (λ ) = α p (C p ) w p (λ ), (2.11) 
where λ is the wavelength over the visible spectrum. This formulation corresponds to the spectral transmittance of the channel's color filter which is modulated by the amount of light that is allowed to be transmitted.

The illuminance measured by the camera E c is related to its c channel value C c in a nonlinear way:

E c = β c (C c ) , (2.12) 
where β c is a nonlinear increasing function. Even though the illuminance impinging on the camera's sensor is producing an approximately linear amount of electron charge due to the nature of silicon sensors, the nonlinear response of the camera is caused by various factors such as the analog-to-digital converter, coding techniques (Gamma curve) and embedded image processing (e.g. white balance).

A single point of the projection surface with spectral reflectance r(λ ) that is illuminated by the projector reflects towards the direction of the camera spectral illuminance I(λ ) given by the equation:

I(λ ) = (L(λ ) + S(λ )) r(λ ), (2.13) 
where L(λ ) is the luminance impinging on the surface point by the projector and S(λ ) the luminance of the ambient light in the room.

The measured illuminance E c of the camera with channel spectral response q c (λ ) is, therefore, given by:

E c = λ (L(λ ) + S(λ )) r(λ ) q c (λ ) dλ . (2.14)
In case the projector and the camera have three channels (which is the most common case) the above equations can be written in the more compact form of:

C = V P + F, (2.15) 
where

C =      C R C G C B      , V =      V RR V GR V BR V GR V GG V BG V BR V GB V BB      , P =      P R P G P B      , F =      F R F G F B      (2.16)
In this equation, vector C represents the three camera channels:

C L = β -1 L (E L ).
(2.17)

Matrix V is also known as the color-mixing matrix and includes the spectral interdependence between the individual channels of the projector and the camera. Its entries are given by:

V KL = w K (λ ) r(λ ) q L (λ ) dλ , (2.18) 
Vector F expresses the spectral contribution of the ambient light:

F L = S(λ ) r(λ ) q L (λ ) dλ , (2.19) 
Finally, vector P denotes the nonlinear factors of the projectors channels:

P K = α K (C K ). (2.20) 
Different variations or simplifications of the aforementioned photometric and geometric model are used in the literature in order to characterize a projector-camera system. These variations are usually due to assumptions that are taken regarding the final application and/or limitations of the calibration procedure that estimates the parameters of the used model. Various calibration techniques and their selections on the ProCam model are discussed in Sections 2.2 and 2.3.

Geometric Calibration

Frequently, there is a confusion between the terms "geometric calibration" and "geometric compensation" in a projector-camera system since they are sometimes used interchangeably. However, in this thesis, geometric calibration refers to the process of finding a correspondence between the pixels of the projector and the ones of the camera. On the other hand, geometric compensation is the process of correcting the geometry distortion, caused by the projection surface, so that the viewer can perceive an undistorted image. Therefore, this section addresses the first problem and the latter is beyond the scope of this thesis.

The knowledge of the accurate correspondence between the image planes of the camera and the projector is essential in a projector-camera system. In order to establish such a relationship different calibration methods have been proposed in the literature. There are three main different approaches in this problem that can be categorized as systems with coaxial optics (Section 2. 

Coaxial-Optics System

A projector-camera system with coaxial optics is a special case since it does not require a geometric calibration procedure for a specific scene. Inspired by the I/O bulb in [START_REF] Underkoffler | Emancipated pixels: Real-world graphics in the luminous room[END_REF], Fujii et al.

[1] created a coaxial system in which the mapping between the pixels of the projector and the camera is independent of the scene. A beam splitter is placed in front of both the camera and projector lenses, which ensures that there is no occlusion or parallax between the two devices. All the surface points that are visible to the camera can be seen by the projector as well. This is demonstrated in Fig. 2.3. A similar system was built by Amano et al. [START_REF] Amano | Appearance control for human material perception manipulation[END_REF]. Both systems can be seen in Fig. 2.4. This method is popular for projections on dynamic surfaces since the pixel correspondence between the two planes only needs to be established once for the system. This initial mapping is usually calculated using one of the methods in Section 2.2.2. The main drawback of the coaxial approach, apart from the need for special optics, is that the presence of the beam splitter reduces the luminance of the projector and the light captured by the camera, which limits the performance of the system. Moreover, the scattered-projection light affects the image quality of the camera. To reduce this effect, Amano et al. [START_REF] Amano | Appearance control for human material perception manipulation[END_REF] inserted a light absorbing material with a black mirror reflection, as illustrated in Fig. 2.4b.

Structured Light

According to the structured-light methods, a pixel correspondence between the projector and the camera is established by projecting different calibration patterns. It should be noted that the resulting mapping is not necessarily 1-to-1 and it can be 1to-n pixels, where n is a positive integer larger or equal to zero. The term "structured light" refers to coded information that is emitted by the projector and captured by the camera. In general, the procedure consists in the three following steps. First, the projector projects the coded patterns, then the camera captures and decodes them and, finally, a map between the pixels of the projector and the camera is obtained.

The number of patterns depends on the type of coding used. There has been a large variety of coding techniques proposed. The reader can find a detailed review in [START_REF] Salvi | Pattern codification strategies in structured light systems[END_REF], [START_REF] Salvi | A state of the art in structured light patterns for surface profilometry[END_REF] and [START_REF] Geng | Structured-light 3D surface imaging: a tutorial[END_REF]. In the rest of this section, three popular coding methods are highlighted.

Binary coding has been widely used for projection patterns. Black and white horizontal and vertical stripes form a sequence of patterns by time multiplexing.

Posdamer and Altschuler [START_REF] Posdamer | Surface measurement by space-encoded projected beam systems[END_REF] were the first to propose a binary pattern where a sequence of n patterns codes 2 n stripes using plain binary coding. A simplified example of these patterns for 5 bits can be seen in Fig. 2.5. Inokuchi et al. [START_REF] Inokuchi | Range imaging system for 3-D object recognition[END_REF], 

I 3 (x, y) = I m (x, y) + I mod (x, y)cos(φ (x, y) -θ ), (2.23) 
where I m (x, y) is the average intensity, I mod (x, y) is the intensity modulation, φ (x, y)

is the phase and θ is the constant phase-shift angle. These patterns are not black and white and have more gray levels. They reduce significantly the amount of images that are required to be projected and they have been applied even on moving objects. A three-step fringe pattern is shown in Fig. 2.6, with the three shifted images overlapping. A lot of effort has been made to reduce the number of projected patterns down to a single pattern [START_REF] Takeda | Fourier transform profilometry for the automatic measurement of 3-D object shapes[END_REF][START_REF] Boyer | Color-encoded structured light for rapid active ranging[END_REF][START_REF] Griffin | Generation of uniquely encoded light patterns for range data acquisition[END_REF][START_REF] Morano | Structured light using pseudorandom codes[END_REF][START_REF] Salvi | A robust-coded pattern projection for dynamic 3D scene measurement[END_REF][START_REF] Pagès | Optimised De Bruijn patterns for one-shot shape acquisition[END_REF][START_REF] Forster | A high-resolution and high accuracy real-time 3D sensor based on structured light[END_REF][START_REF] Pagès | An approach to visual servoing based on coded light[END_REF][START_REF] Yue | Fourier transform profilometry based on composite structured light pattern[END_REF] in order to decrease the time needed for calibration. This allows the projection on moving objects at a high frame rate and it can be achieved by either spatial and/or frequency multiplexing. Zhang et al. [START_REF] Zhang | Rapid shape acquisition using color structured light and multi-pass dynamic programming[END_REF] proposed a color structured-light technique that achieves single pattern projection using color spatial coding. They combined de Bruijn binary patterns of individual R,G and B channels to make a pattern in which each three consecutive color transitions are unique. Their color stripe pattern and its projection on a real object can be seen in Fig. 2.7. The limitation of the color coding methods is that the projection surface should not alter significantly the colors of the projected pattern. This constraint makes such an approach inapplicable in case the projected object is colored since the decoding of the captured images is difficult (if possible) and subject to errors.

Geometric Model Parameters

In many applications it is desired instead of having a simple mapping between the pixels of the projector and the camera to have a complete physical model that characterizes the whole system. Therefore, pixel correspondences between the two devices are used in order to calculate and tune the parameters of the physical model presented in Section 2.1.1. This model is widely used in the majority of camera calibration techniques. As stated before, a projector can be considered as a camera with the only difference that the light ray direction is reversed [START_REF] Kimura | Projector calibration using arbitrary planes and calibrated camera[END_REF].

Camera Calibration

Camera calibration is a well studied problem and there has been an extensive amount of work produced in the literature. It is an important task in photogrammetry and computer vision since it allows to extract 3D metric information from paired 2D images. The calibration methods are usually categorized according to the calibration targets they use (3D, 2D, 1D, no target), the model and the distortions they take into account and whether they perform a linear or a nonlinear fit to the parameters. A detailed review on camera calibration methods can be found in [START_REF] Salvi | A comparative review of camera calibrating methods with accuracy evaluation[END_REF], [START_REF] Zhengyou | Camera calibration[END_REF] and [START_REF] Remondino | Digital camera calibration methods: considerations and comparisons[END_REF]. Three popular calibration techniques that are used in different widely used tools ( [START_REF] Bradski | The OpenCV Library[END_REF], [START_REF] Bouguet | Camera calibration toolbox for Matlab[END_REF]) are the ones proposed by Tsai [START_REF] Tsai | A versatile camera calibration technique for high-accuracy 3D machine vision metrology using off-the-shelf TV cameras and lenses[END_REF], Heikkila and Silven [START_REF] Heikkilä | A four-step camera calibration procedure with implicit image correction[END_REF] and Zhang [START_REF] Zhang | A flexible new technique for camera calibration[END_REF].

Projector Calibration

Even though a projector can be described by the same geometric model as a camera, its calibration is more challenging since a projector cannot capture the surface it illuminates. Therefore, the use of an additional camera is inevitable. Moreover, a calibration pattern is projected on the 3D world and not attached to it as in the case of a camera calibration. Hence, the extraction of the 3D corresponding points is not a trivial task. Different approaches have been followed in order to establish a correspondence between 3D illuminated points and 2D points on the projector plane. They can be categorized into three main categories: 1) The methods that use a calibration object such as a printed checkerboard pattern, 2) the auto-calibration techniques that do not use any extra object and 3) the ones that use an extra depth sensor in their system (RGB-Depth device).

Calibration Object

Falcao et al. [4] assumed the pinhole model presented in Section 2.1.1 including the distortion parameters. First, they calibrated the camera using Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF],

according to which a planar checkerboard pattern is placed at different orientations and captured by the camera. Using the intrinsic and extrinsic parameters of the camera they were able to define the calibration plane in the camera coordinate system.

On the plane with the printed checkerboard, they projected a checkerboard pattern that was captured by the camera. Then, the corners of the projected checkerboard on the camera images were extracted using [START_REF] Bouguet | Camera calibration toolbox for Matlab[END_REF]. Since the plane equation and the camera calibration parameters were known, the corresponding 3D points of the projected checkerboard were obtained by a ray-plane intersection, as can be seen in Fig. 2.8. Capturing projected checkerboards at different orientations and obtaining the correspondences between the projected 2D image and the 3D illuminated points, the projector was calibrated as a camera using Bouguet's implemenation [START_REF] Bouguet | Camera calibration toolbox for Matlab[END_REF] of Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF]. Their method requires a large amount of acquisitions and the detection of the corners on each captured image is not automatic. The user has to manually select the area that is covered by each chessboard in each image.

Moreover, errors in camera calibration are accumulated in the projector calibration. The black and white checkerboard was replaced in [START_REF] Zhang | Rapid shape acquisition using color structured light and multi-pass dynamic programming[END_REF] by BCH fiducial markers (see Fig. 2.9), where Audet and Okutomi presented a user-friendly method that requires one minute for the calibration. They used a similar calibration pattern to the one introduced by Fiala and Shu [START_REF] Fiala | Self-identifying patterns for plane-based camera calibration[END_REF] but half of the BCH markers were printed on the plane while the rest were projected on the blank areas of the surface. The ac-(a) Binary-coded fiducial markers using BCH of IDs 0 (left) and 1 (right) [5].

(b) Overview of one iteration in [5].

Figure 2.9: Markers and method used by Audet and Okutomi in [5].

quisition process can be seen in Fig. 2.9b. In order to make sure that the projected pattern will not interfere with the printed pattern, their method first estimates an homography from some of the decoded markers in order to prewarp the projected pattern. Then, the system decodes all the captured markers and if the error is lower than a threshold the decoded corners are used for updating the prewarp homography. Moreover, if the printed and projected markers are well aligned (according to a threshold), the marker corners are saved and the procedure is repeated for another orientation of the calibration plane. Anti-aliasing of the warped pattern and overlapping markers were addressed in order to make the system more robust. Once the different orientations were captured, the camera was calibrated using Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF]. The captured images were undistorted for the projector's calibration, which was calculated using the same procedure with the camera. Since the projector is calibrated using the camera calibration parameters, it suffers from any errors at that stage.

In order to increase the accuracy of the calibration, Moreno and Taubin [START_REF] Moreno | Simple, accurate, and robust projector-camera calibration[END_REF] combined a checkerboard pattern and a structured light sequence. Their method does not rely on the camera calibration and, thus, projector's calibration is not affected by any errors in camera calibration. They assumed the pinhole model with radial and tangential distortions for both the projector and camera. Their acquisition process consists in capturing complete structured-light sequences of printed checkerboard at different orientations. Complementary Gray codes for rows and columns were used as the structured-light pattern. The captured images for which the projector was projecting a white image (images under full illumination), were used to provide the calibration of the camera according to Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF]. For the projector calibration, they first decoded the structured-light sequence to assign a projector row and column to each camera pixel (if applicable). In the decoding, they used the method of Xu and Aliaga [START_REF] Xu | Robust pixel classification for 3D modeling with structured light[END_REF] that takes into account the direct and global components of illumination and significantly reduces decoding errors. They argued that structured-light mapping between the projector and the camera is not bijective and, thus, camera pixels cannot be directly transformed to projector pixels. There-fore, they introduced the concept of local homography as it is demonstrated in Fig. 2.10. Each local homography was defined in a small region surrounding the pixel of the checkerboard camera and was valid only for transforming this pixel to the projector plane. The calculation of the local homography Ĥ was performed taking into account only the correctly decoded pixels of the patch around the checkerboard corner. Supposing a camera pixel inside the patch p that was decoded to the projector pixel q, the homography was defined as: Ĥ = arg min

H∈R 3×3 ∑ ∀ q -Hp 2 , (2.24) 
where p = [x, y, 1] T and q = [col, row, 1] T , [x, y] are the camera coordinates and [col, row] denote the row and column of the projector, respectively. It should be noted that the size of the patch is a trade-off between the robustness of the local homography and the accurate estimation of the calibration parameters, especially the distortion ones. Once all the checkerboard corners on both camera and projector planes were known, they calibrated the projector-camera system as a camera stereo system. The intrinsics of each device were estimated using Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF] and the stereo extrinsic parameters were calculated once the intrinsics were fixed.

One of the drawbacks of the acquisition process is that the checkerboard has to be placed relatively far from the camera sensor to allow the capture of the structuredlight sequence. However, an accurate estimation of the intrinsics would require close-up captures of the checkerboard to calculate the distortion of the lens.

Auto-calibration

Some methods attempt to solve the calibration problem without the use of any printed patterns or additional equipment. These methods are also known as autocalibration methods. Okatani and Deguchi [START_REF] Okatani | Autocalibration of a projector-screen-camera system: theory and algorithm for screen-to-camera homography estimation[END_REF], [START_REF] Okatani | Autocalibration of a projector-camera system[END_REF] proposed a method that can be applied to projector-camera systems of multiple projectors or systems with a single projector in various locations. They focused on the homography estimation between a planar screen and the camera image plane while there is no information about the screen. However, their method requires the precalibration of the projector(s) since their intrinsic parameters have to be known. Therefore, their approach can be useful for keystone correction in systems with multiple precalibrated projectors.

Draréni et al. [START_REF] Draréni | Geometric video projector autocalibration[END_REF], [START_REF] Draréni | Methods for geometrical video projector calibration[END_REF] introduced a projector auto-calibration technique under two constraints; the camera should be fixed while the projector was displaying the patterns on a planar surface and there should be at least one capture with the projector placed roughly fronto-parallel to the planar surface. Their calibration model neglected the distortion parameters and assumed a simple pinhole model. Instead of using any mounted or printed patterns on the planar projection surface, they projected a checkerboard pattern under different orientations of the projector. Using the point matches between the scene and the projector, they performed projector calibration, using any of the existing auto-calibration camera methods [START_REF] Triggs | Autocalibration from planar scenes[END_REF], [START_REF] Malis | Camera self-calibration from unknown planar structures enforcing the multiview constraints between collineations[END_REF], [START_REF] Gurdjos | Methods and geometry for plane-based selfcalibration[END_REF].

In order to address convergence issues at the non-linear optimization step, which is used in auto-calibration methods, they required a single image with the projector fronto-parallel to the planar screen and defined a initialization procedure. Despite the need of moving the projector during acquisition, their method is simple and fast.

Moreover, the camera calibration is not required for the calibration of the projector since the camera is only used to provide the point matches between the projector and the scene. However, neglecting projector distortions can significantly affect the calibration accuracy [START_REF] Moreno | Simple, accurate, and robust projector-camera calibration[END_REF]. Furthermore, even though the camera is not required to be calibrated for the projector calibration, as in [START_REF] Kimura | Projector calibration using arbitrary planes and calibrated camera[END_REF], their method calibrates only the projector. Thus, an additional camera calibration has to be performed in order to calibrate both devices.

Another auto-calibration approach was proposed by Yamazaki and Mochimaru [START_REF] Yamazaki | Simultaneous self-calibration of a projector and a camera using structured light[END_REF], which estimates the intrinsic and extrinsic parameters of both the projector and the camera up to a global scale. Their approach is based on epipolar geometry and structured light in order to obtain the projector and camera correspondences.

Thus, no calibration pattern, such as a checkerboard, is required. However, the final result is defined up to a scalar factor. They simplify their pinhole model by setting skew factor to 0 and ratio aspect to 1 ( f x = f y ). Their method is based on the decomposition of the radial fundamental matrix, introduced by Barreto and Daniilidis [START_REF] Barreto | Fundamental matrix for cameras with radial distortion[END_REF],

in a fundamental matrix and two distortion matrices up to an homography. They assumed that the distortion centers coincide with the principal points of the projector and camera. The decomposition is achieved due to the dense and accurate correspondences between the projector and the camera provided by the structured light.

Their method is independent of the structured-light coding technique but in order to obtain subpixel accuracy they proposed the use of both Gray and sinusoidal patterns as can be seen in Fig. 2.11. After decoding the captured patterns, the dense The structured-light calibration patterns used in [START_REF] Yamazaki | Simultaneous self-calibration of a projector and a camera using structured light[END_REF].

correspondences between the projector and the camera are used to calculate the radial fundamental matrix which is, finally, decomposed. Their method achieves the decomposition of the fundamental matrix accurately while in other passive-stereo systems with sparser correspondences decomposition is supposed to be unstable and, thus, impractical [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF]. On the other hand, the lack of a calibration target of known size or other apparatus allows the calibration estimation only up to a scale factor.

RGB-D methods

The most challenging part in the calibration of a projector-camera system is to establish a relationship between several known 3D points in the real world and 2D points on the plane of each device. As it has been already stated, this becomes even more difficult for projectors since they cannot capture the real world but they project on it. In order to overcome this problem, an additional depth sensor is used in various projector-camera systems. This extra sensor provides accurate 3D positions on the real world and it can allow dynamic projection on moving scenes taking advantage of these real-time measurements. The dynamic projection using a depth sensor is further discussed in Section 3.1.

An RGB-D sensor (also known as depth sensor) is a device that provides, in that these sensors provide depends on the distance from the sensor in a nonlinear relationship [START_REF] Kramer | Hacking the Kinect, ch. Point Clouds[END_REF], [START_REF] Khoshelham | Accuracy analysis of Kinect depth data[END_REF] which should be taken into account during device calibration.

In order to calibrate a Color-Depth sensor with a projector, Burrus [START_REF] Burrus | RGBDemo[END_REF] extended his toolbox of Kinect sensor calibration to include projector-Kinect calibration. The special checkerboard shown in Fig. 2.15 has to be printed and attached on a plane.

Then, another checkerboard is projected in the middle of the same plane and var- ious acquisitions are made in different orientations. The extracted corners of the projected checkerboard are used as the 3D world to 2D image plane correspondences for the calibration. This approach is similar to the one of Falcao et al. [4] with the difference that the 3D coordinates of the corners projected by the projector are given directly by the depth sensor and the ray-plane intersection in [4] is not needed.

A similar technique was developed for large scenes in [START_REF] Kogan | Kinect Projector Toolkit[END_REF], where a planar surface is moved in different positions covering all the projection volume while a chessboard pattern is projected on it. Once a significant amount of 3D to 2D correspondences is achieved, the extrinsic and intrinsic parameters are estimated. However, no distortions are taken into consideration and the depth error of the Kinect sensor is not addressed.

Ben Madhkour et al. [START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF] introduced a method that combines the RGB-D data of a Kinect sensor and structured-light correspondences. The pipeline of this technique can be found in Fig. 2.16. A Gray-coded structured-light sequence is projected on the arbitrary scene which provides the corresponding pixels between the projector and the RGB-D sensor. For each projected image of this sequence both RGB and depth images are captured. The RGB images are used for decoding the pattern while the depth images are averaged in order to reduce the errors in the depth map. Using the extracted correspondences between the 3D points of the scene and the 2D cooridnates of the RGB-D sensor, they calibrated their system according to the method of Heikkila et al. [START_REF] Heikkilä | A four-step camera calibration procedure with implicit image correction[END_REF]. However, errors in structured-light correspondences affect the performance of the calibration since the structured light is projected only once and interreflections between different objects in the scene lead to errors.

Benko et al. [START_REF] Benko | Dyadic projected spatial augmented reality[END_REF] and Jones and al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] extended the previous method in order to support multiple ProCam systems with the only prerequisite of overlapping between the systems (approximately ∼ 10%). Apart from averaging depth maps, as in [START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF], they embedded a RANSAC procedure [START_REF] Fischler | Random sample consensus: A paradigm for model fitting with applications to image analysis and automated cartography[END_REF] to increase the robustness of their method. According to this process, outliers in the depth map and false correspondences by the structured light system are eliminated. This procedure only works on nonplanar scenes and thus the ProCams should be placed pointing at more complex scenes. Even though this automatic method can be applied easily, it does not sufficiently explore the complete projection volume and might inherit outliers, which limit the methods' precision.

Color Compensation

Using the information of a color camera sensor the projector can adapt its content to the colors of the projection surface. By processing this extra information different desired appearances can be achieved. One key application that has been an open research issue the last two decades is the projection on a nonwhite surface that provides a result which is perceived as similar (if not identical) to the result of a projection on a white surface. There have been numerous methods proposed in the literature and they could be separated in several categories. For the purposes of this section, the separation is done according to whether the projection surface is static or dynamic. The adaptation of the system to a moving surface changes significantly the problem and additional assumptions have to be taken into consideration. At this point, it should be noted that the dynamic scenario refers to the case in which the surface colors might change dynamically but the geometry of the scene remains the same-for example, projecting on a planar colored poster and then displace it.

Static Surface

When the projection surface is fixed, the main problem is to find the response relation between what is projected by the projector and what is captured by the camera.

In other words, the objective is to successfully color calibrate the projector-camera system. For this purpose, a significant amount of research has been performed which consists in projecting a set of images that once captured and processed is used to estimate the parameters of the model described in Section 2.1, under some assumptions and/or simplifications. The methods in this section are categorized by whether their compensation is based only on the calibration parameters, whether they take into account the input image and/or human perception, whether they consider the complete light transport, and whether they use feedback control on their output.

Calibration-based Methods

Nayar et al. [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF], first, addressed the case where the projector and camera are monochromatic (single channel) and the surface color is gray, which they named as "the gray world". Moreover, they neglected the ambient light and, thus, F = 0 in Eq.

2.15. They assumed that the surface is a perfect gray with a varying albedo which implied that r(λ ) = 1, ∀λ . Since the camera and the projector have a single channel, the complete model of Section 2.1 becomes a single nonlinear monotonic function h bw that includes all the individual nonlinear components of the system such that

E c = h bw (C p ).
In order to densely map, at each pixel, the function h bw , they used a set of 255 calibration images that were projected and captured by their system.

After inverting this sampled monotonic function and interpolating it, a 1D lookup table was built that characterized their system. Thus, a desired gray appearance could be produced by using the corresponding values of this lookup table.

They extended their work to color under the prerequisite that the nonlinearity of the camera is known. In order to decouple the V matrix in Eq. 2.15, they assumed that all the diagonal elements of the matrix are equal to 1 (V KK = 1). Projecting two images of uniform colors that differ only in one channel allows the calculations of the parameters of this channel. By doing so, the minimum number of calibration images required to compute the V matrix was reduced to 6, using 2 images for each of the 3 channels. Once the color-mixing matrix was computed, the nonlinearity of the projector was estimated by the same calibration procedure used in the gray case for each channel separately. However, this raises dramatically the number of calibration images used in total. In their work, even though the precalibration of the projector is not necessary, their method relies on a large set of calibration images. Moreover, the calculation of the projector's nonlinearity is based on the computation of the V matrix. Thus, all the computation errors are accumulated resulting in a reduced precision.

Grossberg et al. [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF] reduced significantly the amount of calibration images that is required for estimating the parameters of the radiometric model. Instead of the minimum 261 frames (255 for nonlinearity and 6 for matrix V) that were necessary in [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF], they achieved a calibration procedure with 6 images by decoupling the channels of the color mixing matrix V. The nonlinearity of the camera was supposed to be known or estimated in advance. Moreover, they reduced the size of data required for storing the calibration parameters under the assumption that the nonlinear function of the projector is the same at all pixels of the display image.

This assumption allowed the integration of the 255 calibration images used in [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF] into one single image, which was composed by 20 × 20 pixel squares of varying gray levels from 0 to 255 in increments of 1 (see Fig. 2.17). However, since the projection surface is not uniform (neither are the optics of the system or the ambient light) they constructed an invariant of the projector illumination. This invariant value though at some pixels highly depends on the surface reflectance. Especially at The single calibration pattern for the projector nonlinearity in [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF].

pixels that are too dark or saturate a camera's channel, invariance is lost. For these reasons, they introduced a mask in order to eliminate these values and the projector nonlinearity was computed by all the valid pixels using regression. Despite reducing the number of calibration images the compensation errors were similar with the ones in [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF].

In their work on smart projectors, Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF], followed a simplified radiometric model without requiring an extensive calibration procedure. The devices were assumed to be previously linearized and the RGB color channels to be independent. They estimated the effects of ambient light and surface colors by projecting a dark (black display level) and a bright (white display level) image, respectively. Thus, no individual components of the system (such as surface reflectance, projector's luminance and ambient light) were calculated but their products. This simple method is able to neutralize some small color artifacts but is not able to handle complex surfaces (in terms of color) due to the lack of information about the system components and the strong assumption that there is no interdependence between individual color channels.

Perception-based Methods

The previous methods first calibrate the system offline and then the compensation is performed online using the offline calculated parameters. Ashdown et al. [START_REF] Ashdown | Robust content-dependent photometric projector compensation[END_REF] developed a method that depends both on the radiometric model and the content of the image. The nonlinearity of the projector was measured using a colorimeter (contrary to previous techniques) and the camera was considered to be previously calibrated in order to estimate CIEXYZ values. They argued that the linearized projector response RGB is a linear transformation to CIEXYZ color space given by the equation:

     X Y Z      = M         R G B 1         , (2.25) 
where M is a 3 × 4 matrix. This is a rough assumption, since it only stands if the projector's spectral functions are a linear transformation of the CIEXYZ colormatching functions (CMFs), which is unlikely. Since the camera is considered to output CIEXYZ values, the 12 parameters of the color mixing matrix between the projector and the camera at each pixel M were estimated in a similar way with the one in [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF] (by projecting uniform color images). However, the authors in [START_REF] Ashdown | Robust content-dependent photometric projector compensation[END_REF] used High Dynamic Range imaging [START_REF] Reinhard | High Dynamic Range Imaging: Acquisition, Display, and Image-Based Lighting (The Morgan Kaufmann Series in Computer Graphics)[END_REF] and more than 4 calibration images to obtain a least-square solution for the color mixing matrix. In their work, the calibration procedure corresponds more to a 3 × 4 mapping between the projector and the camera than estimating the individual parameters of the radiometric model as in [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF] or [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF].

Once the calibration procedure is performed, their method [START_REF] Ashdown | Robust content-dependent photometric projector compensation[END_REF] takes into account the limitations of the projector and projection surface, in terms of reproducible colors, for a given desired appearance. First, the device-dependent displayed image is transformed to the CIELUV uniform color space which is device independent.

However, even though the authors performed this transformation in order to use a perceptually uniform color space, it has been proven [66, pp. 115-151] that CIELUV is not recommended for such transformations since it is highly nonuniform. The two chrominance channels are fitted to the reproducible gamut at each pixel and the minimum and maximum possible luminance levels for the fitted chrominance are calculated. The desired luminance according to the original image is fitted to the available range at each pixel. The dynamic range of the result is balanced so that the underlying colors of the projection surface are invisible. The final compensation image is transformed back to RGB values using the inverse of Eq. 2.25.

The first real-time radiometric compensation that takes into account the content of the displayed image was presented by Grundhöfer and Bimber [START_REF] Grundhöfer | Real-time adaptive radiometric compensation[END_REF]. Their algorithm was entirely implemented on GPU and reduces the clipping artifacts while preserves the maximum luminance and contrast of the input image. After the calibration procedure [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF], the projection surface was analyzed to determine the intensity range in which a compensation was feasible. The content of the image was analyzed as well. The image was transformed from sRGB color space to CIEXYZ and the average luminance was calculated. As proposed in [START_REF] Ramasubramanian | A perceptually based physical error metric for realistic image synthesis[END_REF], the Threshold-Versus-Intensity (TVI) was computed according to [START_REF] Larson | A visibility matching tone reproduction operator for high dynamic range scenes[END_REF]. They analyzed the Laplacian pyramid of the input image and calculated the high frequencies of the image as well as the elevation factor map which adjusts the TVI map depending on the spatial frequencies. After the surface and image analysis, the image intensities were scaled globally and a first compensation was computed. According to this output, they performed an error analysis to evaluate any clipping errors that occurred at the previous compensation with respect to the Human Visual System (HVS). Finally, the image was readapted globally and locally according to the results of the error analysis. Since their algorithm adapts each image individually, they included a temporal adaptation method that adapts the global scaling factors over time to avoid flickering in case of videos or successive frames.

Another perception-based method was developed by Law et al. [START_REF] Law | Perceptually based appearance modification for compliant appearance editing[END_REF] to modify the appearance of target objects. Instead of working directly with device-dependent RGB values, they transformed the desired display image to the CIELAB color space. They required the albedo image of the scene (under maximum projector illumination) and they calculated at each surface point the maximum luminance that could be a compliant color for the projector. For this, they sampled the whole range of the chrominance channels a * , b * . The physical projection surface was separated into patches of uniform color by grouping areas of similar albedo and an optimization process computed the compliant appearance which was the most perceptually similar to the desired appearance. Thus, this technique requires the surface to be composed of uniform color patches. It has a considerably high time complexity that can be up to one hour for a complex scene. Before the content-dependent optimization procedure, their approach requires, as a first step, the estimation of the light-transport matrix in [START_REF] Aliaga | A virtual restoration stage for realworld objects[END_REF] and a radiometric calibration which is a variation of [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF].

A completely different approach was followed by Grundhöfer in [START_REF] Grundhöfer | Practical non-linear photometric projector compensation[END_REF]. In order to avoid the use of special equipment or the a priori knowledge of any parameter of the projector-camera system, he proposed a method that does not require the calibration of any of the devices. Moreover, his method is suitable for complex devices such as DLP projectors, whose linearization is a difficult task as discussed further in Section 3.2. The only prerequisite of this technique is that the camera should be able to capture the complete dynamic range of the projector. The nonlinear pixel-wise mapping from projector to camera colors was generated by a sparse sampling of the projector's color gamut (by sampling the extreme and the intermediate values of the complete RGB cube) and a scattered data interpolation using Thin Plate Splines (TPS) [START_REF] Duchon | Splines minimizing rotation-invariant semi-norms in sobolev spaces[END_REF]. Sparse sampling is necessary to avoid the computation of a complete 3D lookup table between the projector and the camera. Otherwise, several millions of images (assuming 8-bit depth and 3 color channels) are required to be displayed, captured and stored, which is not feasible for both time and space issues. Thus, instead of using the photometric model described in Section 2.1, he defined the color mapping function f as:

C c = f (C in ), (2.26) 
where the input picture colors C in are transformed into the compensated colors C c that produce the desired appearance. Vector C denotes the 3 × 1 color channels vector. In order to avoid the colors that were out of the gamut, an optional offline optimization step scaled locally the input image by minimizing the intensity, saturation and gradient variation per-pixel errors. Thus, the achievable luminance and contrast were maximized while still smooth input gradients were preserved. De-spite this method's advantage of not requiring the radiometric precalibration of the devices, it requires a considerably large set of images [START_REF] Topper | On a ghost of historiography past[END_REF] in order to perform the necessary color mapping.

Madi and Ziou [START_REF] Madi | Color constancy for visual compensation of projector displayed image[END_REF] introduced a method that controls the appearance of an image taking into account the surrounding illumination and attributes of the human visual system. All the transformations that were considered in their model were assumed to be linear. In order to estimate the calibration parameters of their system, they used a coloring graphical user interface by which the viewer manipulated the projected original image until a similar appearance was reached. The screen reflectance was constrained in order to avoid non-reproducible colors. They applied their method for both screen reflectance compensation and achieving desired appearances under different illuminations.

In [START_REF] Grundhöfer | Robust, error-tolerant photometric projector compensation[END_REF], Grundhöfer and Iwai, extended further the method described in [START_REF] Grundhöfer | Practical non-linear photometric projector compensation[END_REF].

They presented an extra step that minimizes the color artifacts in regions of high-frequency reflectance changes that are caused by the small vibrations of the projector-camera system and are present in every system. They included a drift measurement and analysis procedure that was combined with the compensation and significantly reduced the artifacts on sharp edges where the HVS is more sensitive.

They addressed the drift effect by considering not a one-to-one pixel correspondence between the projector and the camera but the fact that a single projector pixel affects several camera pixels.

In a similar way, Mihara et al. [START_REF] Mihara | Artifact reduction in radiometric compensation of projector-camera systems for steep reflectance variations[END_REF] had suggested that the surface reflectance within a single projector pixel should be measured with various camera pixels to make the compensation more accurate. Grundhöfer and Iwai [START_REF] Grundhöfer | Robust, error-tolerant photometric projector compensation[END_REF] estimated the projector movement by acquiring a series of projector-camera mappings over time with a fixed interval. According to these data they estimated localization probabilities of the pixels that predict the current position of a pixel. Finally, they performed a non-linear error optimization which estimates the projection color that produces the least perceivable error. They selected as the final compensation pixel color the one that minimized the perceived difference for all possible drift positions weighted by their probabilities. The perceived difference was calculated using the current CIE standard color difference formula CIEDE2000 [START_REF] Luo | CIE 2000 color difference formula: CIEDE2000[END_REF], [START_REF] Sharma | The CIEDE2000 color-difference formula: Implementation notes, supplementary test data, and mathematical observations[END_REF].

All the aforementioned methods estimate the compensation image and they project it on the scene. Possible artifacts and errors that might occur are not corrected afterwards. This is what the feedback methods of the following category try to achieve.

Feedback Control

Since the camera can provide real-time feedback of the compensation, a variety of methods reduce errors in their compensation through a closed-loop feedback. In order to increase the accuracy of their method, Nayar et al. [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF] introduced a simple closed-loop compensation algorithm; if the original display image at a specific time t is I(t) and the camera capture M(t), the compensation image Ĩ at the next frame (t + 1) is given as:

Ĩ(t + 1) = Ĩ(t) + α(I(t) -M(t)), (2.27) 
where Ĩ(0) = I(0) and the feedback gain α ∈ [0, 1]. More results of this method can be found in [START_REF] Nayar | A projector with automatic radiometric screen compensation[END_REF]. This simple feedback loop requires several frames (iterations) to converge and it is more efficient to be used together with their radiometric compensation. Due to the number of frames that are required by the feedback, this method cannot be applied for real-time or video compensation because of synchronization latency between the projector and the camera.

Amano and Kato [START_REF] Amano | Appearance enhancement using a projector-camera feedback system[END_REF] created a projector-camera feedback system to enhance the appearance of an object. Their color processing was rather different since their objective was not the color compensation of the surface but the control of the brightness, saturation and contrast of an object. They defined the initial compensation of their feedback system as I 1 = G KI 0 , where K denotes the surface's reflection characteristics, G is the feedback operator that includes all camera and projector properties and I 0 the ambient light. Thus, the final compensation of their linear feedback is formulated as:

I ∞ = (1 -G K) -1 G KI 0 , (2.28) 
where I = (I R , I G , I B ) T is the compensated image vector. The chromatic dispersion between the projector and camera channels was included in matrix K. Due to the lack of error function the convergence of their system depends on the feedback gain and the system was found to be stable as long as adequate gain was given. Since the objective was not an accurate color compensation but a color manipulation of the target, the camera and the projector were calibrated by a simple RGB-to-RGB mapping using averaged pixels values.

In [START_REF] Amano | Appearance control using projection with model predictive control[END_REF], the method of [START_REF] Amano | Appearance enhancement using a projector-camera feedback system[END_REF] was further developed using model predictive control (MPC) [START_REF] Camacho | Model Predictive Control[END_REF], as can be seen in Fig. 2.18, in order to address the lack of control error and reference desired appearance, which significantly affected the robustness of the previous system. An estimation of the physical spectral reflectance K, by using projection pattern P, was formulated as:

K = diag{C./{(C f ull -C 0 )} P +C 0 }, (2.29) 
where C f ull and C 0 are the images captured under maximum and zero power projections (white and black projector image) and ./ and denote element-wise division and multiplication, respectively. The camera and projector had been already linearized before this step. This rough estimation is not suitable for accurate color compensation but is useful for the appearance enhancement that was implemented in [START_REF] Amano | Appearance control using projection with model predictive control[END_REF].

For multi-projectors systems, Miyagawa et al. [START_REF] Miyagawa | An iterative compensation approach without linearization of projector responses for multipleprojector system[END_REF] proposed a compensation method using camera feedback. They reformulated Eq. 2.15 in order to include the contribution of N projectors as:

C = N ∑ j=1 V j P j + F. (2.30)
They modeled the nonlinearity G j (I j ) of each projector and its input intensity I j in the color-mixing matrix to avoid the prelinearization of the device using special equipment or multiple calibration patterns. Under the assumption that the projector response is monotonically increasing and taking into account only the first-order approximation of the Taylor expansion of G j (I j ), they defined the gradient of projector responses matrix as:

G j =      ∂ G J ∂ I jR 0 0 0 ∂ G J ∂ I jG 0 0 0 ∂ G J ∂ I jB      , (2.31) 
where

I j = [I jR , I jG , I jB ].
Using the method of 4 uniform calibration patterns presented in [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF], they were able to obtain the color mixing matrix V j multiplied by gradient matrix G j . However, since only first-order factors were considered and they computed this gradient only once in a specific range of intensity, the nonlinearity of the projector response was not adequately addressed. After calibrating the projectors, they introduced a feedback system that can be seen in Fig. 2.19. The output brightness of each projector was controlled individually without taking into account any cooperation between the different projectors of the system. Thus, their iterative approach was based on the system state of a single projector. For a difference in input intensity ∆I j (t) of the j th projector, the next state of the system C(t + 1) is given as: where U j ≈ V j G j . The desired appearance was gradually reached by defining the current state of the projector as:

C(t + 1) = C(t) + N ∑ j=1 U j ∆I j (t), (2.32) 
C j (t + 1) = C j (t) + Ke(t), (2.33) 
Integrating all the projector contributions to what the camera observes (C(t) = ∑ N j=1 C j (t)), the feedback control was applied according to the difference vector:

e(t) = C -C(t), (2.34) 
where C is the desired appearance and K is a 3 × 3 constant matrix defined as

K = κ 0 0 0 κ 0 0 0 κ
with gain parameter κ as 0 < κ < 1. Their system was able to provide color compensation for multiple-projector systems by controlling individually the input of each projector eliminating the need to know which projector is projecting on which pixel. In case multiple projectors were projecting on the same pixel, their contribution was initialized as the average of the intensity. The camera either had to be prelinearized or assumed to have a linear response.

Feedback control methods take advantage of the information provided by the camera and they have the potential of continuously correcting any errors in the compensation due to false device calibration or dynamic change of the projection surface. The several frames they need to converge could be addressed by GPU programming to allow real-time compensation. However, since new images are required by the camera, the synchronization between the projector and the camera limits the response of the system and drops the frames-per-second (fps) rate significantly. Therefore, they are not suitable for real-time compensation on dynamic surfaces since they cannot guarantee a high fps rate so that the response delay is not perceived by the viewer.

Light Transport

Wetzstein and Bimber [START_REF] Wetzstein | Radiometric compensation through inverse light transport[END_REF] followed a distinct path for achieving radiometric compensation. They computed the full light transport between a projector and a camera (using [START_REF] Sen | Dual Photography[END_REF]) which takes into account various global illumination effects such as refractions, interreflections, scattering, shadows and defocus and goes beyond the model in Section 2.1.2. Thus, their approach is more appropriate for complex objects. The forward light transport T λ in a projector-camera system is given by:

     C R -E R C G -E G C B -E B      =      T R R T G R T B R T R G T G G T B G T R B T G B T B B           P R P G P B      , (2.35) 
where C is the camera image of size (m × n), P is the projected image of size (p × q) and E is the ambient light including the black level of the projector. Each light transport matrix T λ p λ c of size (mn × pq) represents the contributions of a single projector channel λ p to a single camera channel λ c . By replacing the camera image with the desired appearance and solving for P, the radiometric compensation can be obtained. However, the dense transport matrix has an enormous size that does not allow real-time computations. Thus, the authors in [START_REF] Wetzstein | Radiometric compensation through inverse light transport[END_REF] presented a method that approximates the pseudo-inverse of the transport light and was implemented on GPU. They proposed a clustering scheme in order to get various and smaller independent equation systems that can be solved separately. The main drawback of this approach is that the acquisition of the light transport can take up to several hours depending on the complexity of the scene.

The clustering of pixels in the previous method compromises scene interreflec-tions between individual or clusters of pixels. To overcome this problem, Ng et al.

[84] used the stratified light transport and showed that the stratified inverse light transport converges to the true one. Using the interreflection cancellation operation C proposed in [START_REF] Seitz | A theory of inverse light transport[END_REF], they defined a stratified light transport T (n) up to the nth bounce of light as:

T (n) = n ∑ i=1 C (i) T (2.36)
Similarly, they stratified the inverse light transport as a linear expression of the full light transport and the 1-bounce light transport. Their work was further extended in [START_REF] Ng | From the rendering equation to stratified light transport inversion[END_REF], where the reader can find an insightful derivation of the inverse light transport. Additional methods for fast transport light inversion were introduced in [START_REF] Bai | A dual theory of inverse and forward light transport[END_REF] and [START_REF] Chandraker | On the duality of forward and inverse light transport[END_REF]. Despite the significant progress in inverting the transportation matrix, its acquisition remains a time and size-consuming process. Apart from the brute-force technique of acquiring the light transport, there have been many alternatives presented [START_REF] Debevec | Acquiring the reflectance field of a human face[END_REF][START_REF] Matusik | Progressively-refined reflectance functions from natural illumination[END_REF][START_REF] Wenger | Performance relighting and reflectance transformation with timemultiplexed illumination[END_REF][START_REF] Peers | Inferring reflectance functions from wavelet noise[END_REF][START_REF] Peers | Compressive light transport sensing[END_REF][START_REF] Sen | Compressive dual photography[END_REF][START_REF] Wang | Kernel Nyström method for light transport[END_REF][START_REF] O'toole | Optical computing for fast light transport analysis[END_REF][START_REF] Reddy | Frequency-space decomposition and acquisition of light transport under spatially varying illumination[END_REF][START_REF] Miyagawa | Efficient acquisition of light transport matrix using push broom-type projector illumination[END_REF]. However, the acquisition requires at least several hundreds of images for one scene.

Dynamic Surface

The problem of photometric compensation becomes dramatically more difficult in case the projection surface changes. In this section, the term dynamic surface refers to a change in the colors of the surface and not to a change in the geometry of the scene. The latter will be addressed in detail in Section 3.1. For example, a possible scenario is the displacement of the projection surface.

All the methods presented in Section 2.3.1 will fail in case the colors of the projection surface are altered. This can easily happen in case a movement of the projection surface occurs. Since they depend on a calibration which is dependent on the projection surface, highly perceived artifacts will be introduced in case the surface is even slightly displaced. Due to the nature of compensation that assigns appropriate colors to specific pixel points that guarantee the desired appearance, the break of the compensation (miscompensation) produces an even worse result than simply projecting the original image without compensation (noncompensation). Hence, each method that calibrates its system with respect to a given projection surface needs to reperform the calibration procedure in order to tune the system parameters for the new surface.

For a system to be able to compensate on a dynamic surface, there should be a continuous sensing of the current projection surface. This challenging task implies additional constraints in the compensation and calibration procedures. First of all, real-time computation is essential in order to make dynamic compensation feasible without the viewer observing artifacts during calculations. Moreover, the calibration procedure of the system needs to be adapted to the new surface with minimum (if not zero) delay. The extra hard constraints of the dynamic scenario is the reason why the vast majority of color compensation methods in the literature focuses on static surfaces. However, there is a growing need for systems that are able to interact with a dynamic real world [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF], [START_REF] Benko | Dyadic projected spatial augmented reality[END_REF].

Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] presented a hybrid method that combined offline photometric calibration and dynamic feedback for color compensation in dynamic environments.

In order to adapt the photometric model to dynamic surfaces they made a key assumption according to which the surface reflectance is constant within each of the camera bands. Thus, the Eq. 2.14 becomes:

E c = A c (L(λ ) + S(λ )) q c (λ ) dλ (2.37)
and they formulated their final model in Eq. 2.15 as:

C = A (V P + F) , (2.38) 
A =      A R 0 0 0 A G 0 0 0 A B      . (2.39)
As can be seen in the last equation, in a dynamic environment, both the surface reflectance A and the ambient light in the scene F can change. Since the authors in [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] aimed to perform color compensation with a single frame delay, it was impossible to determine well both A and F and they assumed that the ambient light was stable. The single frame delay refers to the fact that any change on the projection surface was compensated in the next response of the system. In order to estimate the parameters of their system, they used 4 calibration patterns in a similar way to [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF]. The first pattern was a uniform dark image (low intensity) and the rest were obtained by changing a single channel by an extra amount of intensity. The main difference is that now the projector response was prelinearized and, hence, all elements of the color mixing matrix V could be determined directly, while in [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF] the nondiagonal entries were determined in relation to the diagonal elements since the projector response was not known. The first offline calibration allowed to estimate all the system parameters for the first frame. In order not to reproject the 4 calibration patterns for every frame, which would be visible to the viewer, their method compensates the next frame using the estimates of A and F of the previous frame.

They used the error between the desired appearance C and the last camera capture

C (t)
to estimate the new channel K of the reflectance matrix as:

A (t) K A (0) K = C (t) K C K (2.40)
given that ambient light was stable (F (t) ≈ F (0) ). Their adaptation is applied only in case the error

C (t) K
C K is larger than a threshold. Using their system, they achieved dynamic adaptation in one-frame delay.

In order to sense any differences in surface reflection and geometry, Park et al. [START_REF] Park | Simultaneous geometric and radiometric adaptation to dynamic surfaces with a mobile projector-camera system[END_REF] performed simultaneous geometric and radiometric adaptation by continuously projecting embedded patterns. Their method, which was called spatial encoding, introduced a new pattern technique that provides information about changes in the scene while it attempts to remain unperceived by the viewer. For this purpose, the pattern was embedded in the projected images by adding/subtracting a specific value to the projected content. A certain value P(x, y) was added to the odd sequence frames I odd (x, y) and was subtracted from the even frames I even (x, y) such as:

I odd (x, y) = I odd (x, y) + P(x, y) 2 (2.41) I even (x, y) = I even (x, y) - P(x, y) 2 , (2.42) 
where I odd (x, y) and I even (x, y) are the pattern-embedded frames. The projection of the two patterns at a high frequency rate limits the perceptibility of the pattern due to the integration of the different stimuli. The dynamic range of the projected content was reduced in order to assure that the P(x, y) would not be clipped. Two different methods were proposed for embedding the pattern as it is demonstrated in Fig. 2.20. In temporal encoding (see Fig. 2.20a), the patterns are separately embed- ded into successive frames of the projected content. Since larger amount of frames is required in order to receive all the necessary information for the compensation, this technique is more appropriate for static scenes (both in terms of geometry and color). The second method is called spatial encoding and all the information for geometric and radiometric compensation is embedded in a single pair of odd and even images of the projected content. The compensation quality depends on the value P(x, y) since it needs to provide enough information for accurate estimation of the system parameters. Thus, the drawback of the embedded pattern technique according to the results in [START_REF] Park | Simultaneous geometric and radiometric adaptation to dynamic surfaces with a mobile projector-camera system[END_REF] is that for the compensation to be accurate the pattern has to be perceptible by the viewer.

Another system that is able to address dynamic environments was created by Amano et al. [START_REF] Amano | Appearance control for human material perception manipulation[END_REF] and was further developed in [START_REF] Amano | Projection based real-time material appearance manipulation[END_REF]. Taking advantage of the coaxial optics discussed in Section 2.2 and using the MPC feedback in [START_REF] Amano | Appearance control using projection with model predictive control[END_REF], their system is able not only to enhance and control the appearance of an object but also manipulate it. Based on the work of Motoyoshi et al. [START_REF] Motoyoshi | Highlight-shading relationship as a cue for the perception of translucent and transparent materials[END_REF], they applied the pipeline of Fig. 2.21 in order to make an object appear translucent or glossy. The color Object's appearance manipulation in [START_REF] Amano | Projection based real-time material appearance manipulation[END_REF]. calibration of this system was sufficient for the purposes of color enhancement or manipulation, since the result in such a case is an approximation of a desired effect, but it could not be applied for the accurate color compensation of an object.

Conclusion

This chapter reviews previous works on the geometric calibration and photometric compensation in a ProCam. Despite the impressive amount and variation of meth-ods that have been proposed in the literature, the dynamic photometric compensation on a real-world object remains a challenging topic that has not been addressed adequately. Both in terms of geometric calibration and photometric compensation there are various aspects that need be explored in order to allow the realization of this task. First of all, the geometric calibration of the ProCam should be able to respond to changes in scene's geometry in real time. In addition, a robust and adaptive photometric compensation method that is able to respond in minimum delay to surface changes has to be developed. Finally, these two methods need to be integrated in the same system with a time complexity that allows the real-time compensation.

Chapter 3

Photometric Compensation on

Moving 3D Objects

Being able to project and interact with real moving objects stands at the core of projected augmented reality for creating immersive user experiences. As evoked in the previous chapter, photometric compensation is essential in order to appropriately augment the virtual content to the environment without loss of visual information.

Such a color compensation can be applied in numerous projects ranging from gaming (where users interact with physical objects while virtual content is projected on them) to medical applications (such as the visualization of information on the patient's body to assist the surgeon). The application of photometric compensation in an Art & Science installation is demonstrated in Chapter 5. This chapter discusses the challenging problem of performing color compensation on a moving 3D object.

The task is extremely difficult since both the surface color and the correspondence between the projector and the camera change dynamically. Moreover, the system should respond in a minimal delay in order to achieve a sufficient frame rate that will not be unpleasant for the viewer. The computation cost of the current position of the object is added to the accurate computation of the color compensation introducing further constraints to the real-time performance of the system.

The rest of this chapter is organized as follows. Section 3.1 addresses the geometric calibration of a projector-camera system including a depth sensor in order to be able to project on a moving 3D object. In Section 3.2, a novel method for performing photometric compensation on a static surface is described, where the surface colors can change dynamically but the geometry of the scene is assumed to be static. Finally, Section 3.3 provides a complete solution where photometric compensation adapts to movements of a 3D object while Section 3.4 concludes the chapter. Extended results of all the methods described in this chapter can be found in Chapter 4.

Geometric Calibration of a ProCam Using a Depth Sensor

One of the fundamental tasks in a ProCam is the accurate geometric calibration that enables the geometric correspondence between the two devices. This section addresses the geometric calibration of a significantly more complex system that is able to project on a moving surface. In order to make this projection feasible, a realtime depth sensor is added to the ProCam. In this work, the Microsoft Kinect v2

sensor was chosen as it is one of the most widely used and easily accessible depth sensors. However, this study is not limited to this specific sensor and other depth sensors (such as ASUS Xtion PRO) can be used as well. The explanation of the method, for terms of simplicity, is performed for a system composed of a projector, a Kinect sensor and an extra RGB camera. Nonetheless, it can be easily extended under the same principles to calibrate multiple devices by integrating additional projectors or cameras in the system. The addition of a Kinect sensor to a ProCam increases the complexity of the calibration and the accuracy of the technique is crucial due to the accumulation of errors in calibration of each sensor, affecting the precision of the final projection.

As it is described in detail in Section 2.2, there are two different approaches in the calculation of the relationship between the image planes of the projector and the camera. One is to find a pixel correspondence between the two planes and the other is to estimate all the intrinsic and extrinsic parameters of the ProCam's geometric model (see Section 2.1.1). Both techniques are inadequate for dynamic projection on a surface whose geometry changes over time. The first technique is sufficient for projection on a static surface with a fixed geometry relationship between ProCam and scene. Otherwise, the calibration procedure that was used for estimating the pixel correspondence has to be reperformed every time the geometry changes.

Going one step further from the pixel correspondence and characterizing intrinsically and extrinsically the projector and the camera is beneficial for additional calculations such as 3D scanning, rectification and disparity estimation from stereo.

However, the knowledge of the model parameters does not allow the direct mapping of the pixels from one plane to the other without knowing the distance of the projection surface that corresponds to each pixel . This information can be provided by a depth sensor that measures the distance at a pixel level. This sensor needs to be calibrated together with the ProCam.

In Section 3.1.1 the pipeline of the proposed calibration method is presented.

The description of the data acquisition can be found in Section 3.1.2 while the Sections 3.1.3 and 3.1.4 introduce the calibration procedure for the Microsoft Kinect and the projector and additional cameras, respectively.

Overview of the Method

The geometry and the components of the ProCam used in this method are presented in Fig. 3.1. It should be noted that the depth sensor of Kinect is selected as the world origin of this system and all the extrinsic parameters are computed with respect to this reference point. Since it is the sensor that all the other devices require for the interactive projection it makes the calculations easier. Each device has the intrinsic parameters introduced in Section 2.1.1. The Microsoft Kinect v2 is composed of two different cameras, an RGB and an IR camera. The latter is part of the 3D depth sensor and it is this camera that is considered as the origin of the world coordinates.

Thus, four devices have to be calibrated. In The main steps of the proposed method can be seen in Fig. 3.2. According to this procedure, first, the projector emits a Gray-coded structured-light pattern sequence, which is captured by the Kinect sensor and the RGB camera. This step affects dramatically the accuracy of the method and it is explained in detail in the next section. From the acquired data, correspondences between pixel points on the image planes of the devices and 3D points in the projection volume are calculated.

These relationships allow the calibration of each device both intrinsically and extrinsically.

Capturing the Data

The calibration of projectors and cameras relies on point correspondences between the two-dimensional image plane of the device and the three-dimensional real world. The more accurate and dense these correspondences are, the better they describe the behavior of the device. Hence, this leads to a more precise estimation of the calibration parameters.

One of the most popular ways of establishing a dense correspondence between the projector and a camera is by projecting a Gray-coded structured-light sequence, which is captured simultaneously by all the cameras of the system. The Kinect sensor provides the 3D points of the scene. The two main attributes that are important for the calibration is that the 3D points of the scene correspond to the complete 3D projection volume of interest and that a large number of such points is be available.

Two previous methods that calibrate a projector and a Kinect using structuredlight sequences were developed by Ben Madhkour et al. [START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF] and Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF].

Both perform a single projection of the structured-light sequence on an arbitrary scene as it is shown in Fig. 3.3. Despite the convenience of projecting only once without using additional calibration objects, the accuracy of these methods gets significantly affected by this choice. The decoding of the binary structured-light patterns suffers from interreflections and out-of-focus areas, as discussed by Xu and Aliaga [START_REF] Xu | Robust pixel classification for 3D modeling with structured light[END_REF]. Thus, there are many outliers in the captured 3D points that are passed to the calibration estimation. In order to address this problem, Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] included an additional iterative RANSAC procedure that randomly searches for non-coplanar points that are considered as inliers of the estimated model and the calibration parameters are recomputed using only these inliers. The two drawbacks of this technique are that the number of points used in the calibration is significantly reduced and that it cannot be applied to scenes that are composed of a single planar surface, such as a wall (which is a very common case for ProCams). In the last scenario, the authors in [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] suggest to introduce random objects in the scene such as boxes for the calibration procedure. However, this counterbalances the advantage of the simple single projection. Furthermore, the 3D volume in which the projection stays in focus is very limited. Therefore, arbitrary 3D objects in the scene (such as sofas, chairs etc.) usually exceed the in-focus volume, introducing additional outliers in the calibration. Finally, the use of an arbitrary scene and the single projection make the calibration dramatically dependent on the scene and the complete 3D volume is not sufficiently sampled.

For all the above reasons, in the method proposed here, the structured-light sequence is projected on a planar surface which is moved around the 3D projection volume in order to cover it sufficiently, as presented in Fig. 3.4. The planar surface is of uniform color (blue in this work) and, hence, can be easily segmented in the acquired images. Other colors can be used as well. A uniform saturated color makes its segmentation in the camera images easier. As a result, all the points of this surface can be used for the calibration since the decoding of the structuredlight pattern on planar surfaces is a trivial task. This guarantees a huge amount of points that can be used for the calibration and since the surface is moved manually around the space it can be ensured that in the selected positions the projection is in focus. The depth sensor captures several images (100) for each surface position in order to average them and reduce the measurement errors in Kinect [START_REF] Khoshelham | Accuracy analysis of Kinect depth data[END_REF], [START_REF] Kramer | Hacking the Kinect, ch. Point Clouds[END_REF]. As can be seen in Chapter 4, this method achieves more accurate calibration results.

Moreover, the additional complexity of the multiple projections is not an important limitation since each projection takes less than a minute and this procedure is only performed once for a ProCam system, as long as its components are not displaced with respect to each other.

Calibrating the Microsoft Kinect

Once the Gray-code structured-light sequence is captured by all the cameras, the calibration is first performed on the Kinect sensor since it is the reference point for the rest. The Microsoft Kinect v2 is composed of an RGB camera which captures the structured-light sequence and a depth sensor (IR) that provides the depth information. These two sensors have different resolutions and viewpoints. Hence, there are pixels on one image plane that do not correspond to a pixel on the other sensor. The software development kit Microsoft Kinect for Windows SDK v2 provides functions that map the pixels from one plane to the other using the factory calibration, which is in the firmware of each Kinect sensor. However, since in this method all the intrinsic and extrinsic parameters of the two sensors are necessary and they are not provided by the SDK they are estimated according to the following procedure.

The 3D volume inside which the depth values of Kinect are reliable (distance 0.4m to 4.5m) is scanned virtually by sampling points in steps of ∆x, ∆y, ∆z in axes x, y and z, respectively, as it is shown in Fig. 3.5. The 3D points can be mapped to the color and depth sensors of Kinect using the SDK of Kinect. Thus, a correspondence between 3D space points and 2D image points is established. The two cameras are calibrated using the popular methods developed by Zhang [START_REF] Zhang | A flexible new technique for camera calibration[END_REF] and

Bouguet [START_REF] Bouguet | Camera calibration toolbox for Matlab[END_REF]. Since in this case the 3D points are already known and not extracted from a calibration pattern, the camera pose is estimated solving the Perspectiven-Point (PnP) problem using Direct Linear Transformation (DLT) and Levenberg-Marquardt optimization as described by Hartley and Zisserman [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF]. The global iterative optimization Levenberg-Marquardt algorithm minimizes the reprojection error, which is the sum of squared distances between the observed 2D points and the projected 3D points using the current estimated parameters.

Instead of using the firmware calibration to project the virtual 3D points on the image planes, an additional checkerboard pattern could be used in order to calibrate the RGB and IR cameras of Kinect using Zhang's method [START_REF] Zhang | A flexible new technique for camera calibration[END_REF]. However, this requires an additional calibration procedure of capturing a checkerboard pattern under different poses, such as in the work of Zhang and Zhang [START_REF] Zhang | Calibration between depth and color sensors for commodity depth cameras[END_REF] or Herrera et al. [START_REF] Herrera | Joint depth and color camera calibration with distortion correction[END_REF]. It might be difficult for IR and RGB sensors to simultaneously extract the checkerboard corners from the same calibration image and, thus, Berger et al. [START_REF] Berger | Markerless motion capture using multiple color-depth sensors[END_REF] proposed a new checkerboard pattern that is composed of white diffuse and mirroring patches. For the purposes of the ProCam calibration presented in this section, it is argued that the extra complexity of calibrating the Kinect using an extra pattern is not justified since it does not necessarily provide better results [START_REF] Bokaris | 3D reconstruction using depth sensors[END_REF].

Calibrating the Projector and Additional Cameras

Ideally, the projector should have direct pixel correspondences with the depth sensor since the latter is the reference coordinate system of the ProCam. However, the structured-light sequence is not captured by the depth sensor but by the RGB sensor of Kinect. Therefore, the pixel correspondences between the projector and the Kinect RGB have to be mapped from the color to the depth sensor, using the calibration parameters of Kinect that were calculated in the previous section. It should be noted that the Kinect coordinate system (as modeled by the Microsoft Kinect SDK) is not the same as the one of the pinhole model in Section 2.1.1, which is "right-handed". The x and y axes are inverted and this needs to be taken into account when transforming points from one system to the other. Once the 3D points provided by the depth sensor and their corresponding 2D points of the projector are defined, the calibration of the projector is performed with the same function as the one used for Kinect.

Additional cameras that might be needed for different applications can be easily calibrated. In this method, an extra RGB camera is included in the system. This camera is used in Section 3.3 for the photometric compensation. For its calibration, the 3D world points of the depth sensor have to be matched with 2D points on the camera's image plane. The correspondence between the 3D points and the projector plane is already known from the projector's calibration. Thus, using the decoded structured light sequence of the camera the 2D points of the projector are mapped to the ones of the RGB camera. This 3D to 2D correspondence allows the camera's calibration as before.

Real Time Photometric Compensation on a Static 3D Surface

Since the scope of this thesis is the color compensation on moving objects, a suitable compensation method needs to fulfill three fundamental criteria:

1. The number of calibration patterns that need to be projected should be minimum (if not zero) so that the method can be extended to dynamic surfaces as well.

2. The compensation is required to be accurate and robust for real-world surfaces that exhibit saturated colors with sharp boundaries.

3. the computation complexity of the method needs to be sufficiently low to allow real-time compensation.

It should be noted that the projection on a physical object requires some further constraints on the nature of its surface in order to make the photometric compensation feasible. For this reason, the surface is considered to be Lambertian in order to avoid specularities. This assumption is common to all the previous methods in the literature excluding the ones based on light transport, which can predict various illumination phenomena. Moreover, the compensation is computed for the viewing angle of the camera. Thus, the observer should be placed on the same direction. This is even more limiting for systems with coaxial optics since the whole ProCam must be placed on the position of the viewer.

Despite the various existing color calibration and compensation techniques that were presented in Section 2.3, there is an increasing need for ProCams that are able to compensate accurately for dynamic real-world surfaces. Most of the methods in the literature fail in at least one of the three aforementioned criteria. First of all, they usually require at least 6 calibration images [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF], which makes their application to dynamic surfaces impracticable. Moreover, they perform well for surfaces whose saturation is limited and for which transitions between different colors are smooth.

The human visual system discriminates significantly more easily color differences in sharp boundaries and direct side-by-side color matching. On the other hand, projection on a real-world surface (or object) is dramatically more complex since its colors usually are highly chromatic and saturated while sharp boundaries between color regions are inevitable.

In this section, a novel calibration method that fulfills all three desired criteria is presented. It requires a single capture of the surface under reference illumination while it is able to compensate accurately for challenging surfaces with saturated colors and sharp boundaries. This was achieved by performing the characterization and calibration of the system offline while building a reflectance estimation mechanism that provides an accurate estimation of the spectral reflectance at a pixel level, using a single input image. In addition, a characterization procedure for ProCam systems is proposed. A new model for characterizing DLP projectors is presented since their complex function requires special treatment. Finally, the method is fully implemented on GPU using OpenGL Shading Language (GLSL) [START_REF] Rost | OpenGL Shading Language[END_REF] to allow real-time compensation.

The remaining part of this section is organized as follows. First, the overview of the method is presented in Section 3.2.1. Then, Section 3.2.2, introduces the reflectance estimation mechanism and Section 3.2.3 describes the characterization of the projector and the camera. The compensation solution is provided in Section 3.2.4, while the model for DLP projectors is presented in Section 3.2.5.

Method Overview

The overview of the proposed method can be seen in Fig. 3.6. It requires the responses of the projector to be known (or determined during the device characterization step). First, an image of the projection surface is captured under reference is not perceptually uniform, it was chosen as the device-independent color space in this method due to its low computation complexity. Preliminary works of this method have been presented in [START_REF] Bokaris | Photometric compensation to dynamic surfaces in a projector-camera system[END_REF] and [START_REF] Bokaris | One-frame delay for dynamic photometric compensation in a projectorcamera system[END_REF].

Reflectance Estimation

One of the key components and main advantages of the proposed method is that it is able to estimate accurately and pixel-wise the spectral reflectance of every pixel on the surface requiring a single image under reference projector illumination. As reference illumination, the maximum output of the projector was selected (white image) for better color discrimination in the camera image. The significance of this mechanism lies in the fact that having a precise estimation of the reflectance through a single frame makes the method easily extensible to dynamic surfaces. Most of the previously proposed methods ( [START_REF] Nayar | A projection system with radiometric compensation for screen imperfections[END_REF], [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF], [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF], [START_REF] Ashdown | Robust content-dependent photometric projector compensation[END_REF], [START_REF] Grundhöfer | Real-time adaptive radiometric compensation[END_REF]) do not compute this reflectance but they tune their system using calibration images and they include the result of the spectral reflectance in the color mixing matrix. Therefore, each time the surface changes, all the calibration patterns have to be reprojected. Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] introduced a surface reflectance estimation for dynamic surfaces. However, they addressed it as a three-dimensional signal, where the spectral nature of the reflectance is lost, leading to large errors as it is further investigated in Chapter 4.

The proposed reflectance estimator is based on a training set, which contains m pairs of measured spectral reflectances r i ∈ R n and their camera captures

x i ∈ R k (i = 1, . . . , m) under reference illumination L: {(x 1 , r 1 ) , . . . , (x m , r m )} ⊂ R k × R n . (3.1) 
In this work, k = 3 and n = 81, assuming that {λ t } 81 t=1 are uniformly spaced wavelengths in the interval of the visible spectrum [380, 780] nm. Since the selection of the training set, obviously, affects the performance of the estimation, different training sets were tested and evaluated, as presented in [START_REF] Bokaris | One-frame delay for dynamic photometric compensation in a projectorcamera system[END_REF].

Our estimation method consists in minimizing the following empirical loss using least-squares minimization:

arg min C r ∈R n×N m ∑ i=1 Φ Φ Φ(X)C T r -M 2 F , (3.2) 
where . F denotes Frobenius norm and the rows of matrix M contain the m reflectance vectors of the training set:

M = [r 1 . . . r m ] T ∈ R m×n . (3.3)
The feature map of N features Φ Φ Φ(X) is given by:

Φ Φ Φ(X) = [Φ Φ Φ(x 1 ), . . . , Φ Φ Φ(x m )] T ∈ R m×N (3.4)
The following third degree feature map (where N = 20) was selected as it was found to be the most accurate (see Chapter 4 for comparisons):

Φ Φ Φ(x) = (1, x 1 , x 2 , x 3 , x 2 1 , x 2 2 , x 2 3 , x 1 x 2 , x 1 x 3 , x 2 x 3 , x 3 1 , x 3 2 , x 3 3 , x 1 x 2 x 3 , x 2 1 x 2 , x 2 1 x 3 , x 2 2 x 1 , x 2 2 x 3 , x 2 3 x 1 , x 2 3 x 2 ) T . (3.5) 
The solution C r can be, therefore, written as:

C T r = Φ Φ Φ(X) T Φ Φ Φ(X) -1 Φ Φ Φ(X)M. (3.6)
Finally, the reflectance estimation is obtained by:

r = C r Φ Φ Φ(x) T (3.7) 
It should be noted that the training set has to be established only once for a projector-camera system by capturing an image of samples of known reflectance under reference projector illumination. Once this is performed offline, the compensation can be computed in real time.

Device Characterization

In order to accurately solve the compensation problem, the nonlinearities of the devices have to be taken into account. Moreover, our method requires the projector responses to be known. The complete characterization of a projector requires spectroradiometric and colorimetric measurements of the light emitted by the device.

Despite one might argue that the use of special equipment (such as a spectroradiometer) limits the applicability of the method, all the existing methods require the prelinearization of the devices. The additional constraint concerning the a priori knowledge of spectral projector responses is not a significant limitation since they have to be measured only once for each projector or they can be simply provided by the manufacturer. The projector characterization procedure consists in projecting a color ramp for each primary color channel. Using a spectroradiometer and A popular technique for characterizing the nonlinearity of the camera capture consists in acquiring an image of a target, such as the Macbeth ColorChecker [START_REF] Mccamy | A color-rendition chart[END_REF],

which has surfaces of varying optical density, under reference illumination. By plotting the optical density as a function of the camera values, the gamma function of the camera, as it is expressed in Eq. 2.12, can be derived (see Fig. 3.8b). Other methods can be used as well that do not require the use of a special target [START_REF] Debevec | Recovering high dynamic range radiance maps from photographs[END_REF], [START_REF] Mitsunaga | Radiometric self calibration[END_REF]. In our method, the procedure with the ColorChecker was used as the one that provides the most reliable results since it directly relates the response of the camera to a physical quantity. 

Photometric Compensation

Given a reference image, the objective of the photometric compensation is to compute an image that once projected on the surface will create an image that is perceptually closest (if not identical) to the reference. This appearance that we want to create on the surface will be referred to as "desired appearance" and is not other than the one of the reference image projected on an perfect white diffusing surface.

Since both the projector and the camera have RGB values that are device dependent and cannot be directly compared, a transformation to a device-independent color space is necessary. Thus, as can be seen in Fig. 3.6, the first step is to transform the desired image from the device-dependent RGB camera values to the CIEXYZ 1931 color space.

At this point, a distinction should be made between trying to reproduce the "desired appearance" for the viewer and/or for the camera. In the first case, the original image is considered as a digital image that belongs to one of the commonly used digital color spaces such as sRGB, Adobe 1998 etc. Each of these spaces has a predefined nonlinearity that allows the linearization of the RGB values. Then, a known linear mixing matrix is used for the final transformation to the CIEXYZ color space. For example, in the case the image is stored in the sRGB color space, the mixing matrix is given as: 

     X Y Z      =      0.
          R linear G linear B linear      . ( 3.8) 
These XYZ values correspond the white reference point of the sRGB color space (D65 illuminant). In order the viewer to see the same image through the projector which has a different white reference point, these XYZ values need to be adapted for the new white point of the projector. This is performed through a chromatic adaptation transform such as the CAT02 model [START_REF] Cie Tc | A color appearance model for color management systems[END_REF]. It should be noted that in this scenario the camera is not involved in the color processing and the appearance matching is tuned for the observer.

On the other hand, in case the objective is the "desired appearance" to be reproduced at the camera plane, further color characterization of the camera is needed.

The projector and the camera are considered to be already linearized using the characterization described in the previous section. A common transformation from camera RGB to XYZ values is using a linear transformation matrix T, as it was used by Ashdown et al. [START_REF] Ashdown | Robust content-dependent photometric projector compensation[END_REF]:

     X Y Z      = T      R linear G linear B linear      . ( 3.9) 
Since each camera device has its unique spectral response the matrix T has to be defined for each device individually. This is usually done by capturing a target of known XYZ values (such as the Macbeth ColorChecker or ColorChecker Digital SG). In a similar way to the least-square regression of the reflectance estimation in Section 3.2.2, the matrix T can be defined by the m pairs of color patches (depending on the used target) of their device-independent XYZ values t i ∈ R 3 and their camera captures (RGB values) c i ∈ R 3 (i = 1, . . . , m):

{(t 1 , c 1 ) , . . . , (t m , c m )} ⊂ R 3 × R 3 . (3.10)
For some cameras polynomial regression of higher degree is more suitable [START_REF] Bianco | A new method for RGB to XYZ transformation based on pattern search optimization[END_REF] since the camera responses are not a linear combination of the XYZ Color Matching Function (CMFs) to justify the linear matrix. The complexity of the regression can be easily defined according to the selected feature map Φ Φ Φ(x) and its number of features, ranging from the following simple linear feature map:

Φ Φ Φ(x) = (x 1 , x 2 , x 3 ) T (3.11)
to feature maps of higher degree features as the one in Eq. 3.5.

Ideally, the final response of the camera would be the reference image itself.

Therefore, the first step of the photometric compensation is to transform the reference image from the device-dependent RGB values of the camera to the deviceindependent XYZ values as described above. These XYZ values are the ones that once captured by the camera will create the desired image. Thus, one needs to compute the projector values that produce these XYZ values.

Supposing that projector's output is the sum of its contributions of the different channels, the light emitted by the projector is modeled as a linear combination of the 3 independent primaries:

E(λ ) = a q r (λ ) + b q g (λ ) + c q b (λ ), (3.12) 
where q r (λ ), q g (λ ) and q b (λ ) are the spectral responses of the color channels of the projector and a, b and c their weighting factors. The above stands for most projectors that do not use any additional color filters such as DLP projectors, as discussed in the following section and in Appendix A. Substituting in Eq. 2.14 the camera responses with the XYZ CMFs and neglecting ambient light, the XYZ values of the light reflected by the surface are given as:

X = 780nm 380nm (a q r (λ ) + b q g (λ ) + c q b (λ )) r(λ ) x(λ ) dλ (3.13) Y = 780nm 380nm (a q r (λ ) + b q g (λ ) + c q b (λ )) r(λ ) ȳ(λ ) dλ (3.14) Z = 780nm 380nm (a q r (λ ) + b q g (λ ) + c q b (λ )) r(λ ) z(λ ) dλ (3.15)
By knowing the reflectance of the surface and the spectral responses of the projector, this 3 × 3 system can be easily solved as:

     a b c      =      X r X g X b Y r Y g Y b Z r Z g Z b      -1      X desired Y desired Z desired      , (3.16) 
where X c = 780nm 380nm q c (λ )r(λ ) x(λ )dλ and c = r, g, b. Y c and Z c are similarly given for ȳ(λ ) and z(λ ), respectively.

DLP Projector Model

In the special case of a single-chip DLP projector (see Appendix A for more information) the additivity property of Eq. 3.12 does not stand. The behavior of a single-chip DLP projector is significantly more complex [START_REF] Heckaman | The effect of DLP projector white channel on perceptual gamut[END_REF] due to the presence of an extra white channel in addition to the regular RGB channels. This filter increases the projected luminance in a nonlinear way in order to enhance the dynamic range of the device. However, as it can be seen in the characterization results in Fig. 3.9 on the left, the scalar factor of the extra white filter is composed of discrete linear segments. The difference in this DLP model is that according the desired Y value, the corresponding factor of the white filter should be taken into account: where R, G, B,W denote the corresponding channel. The light emitted by a singlechip DLP projector can be written as:

     X Y Z      =      X RGB Y RGB Z RGB      +      X W Y W Z W      , (3.17 
E(λ ) = a q r (λ ) + b q g (λ ) + c q b (λ ) + d(Y ) q w (λ ). (3.18) 
By knowing the weighting factors of the white channel, the above equation leads to a similar 3 × 3 system to Eq. 3.16.

Photometric Compensation on a Moving 3D Object

Real-time photometric compensation on a moving real object is an extremely challenging problem since there are various different limitations that have to be taken into account. First of all, the ProCam needs to perceive any difference in the geometry of the scene over time in order to project on the correct place. Moreover, the system must be able to detect any changes in the colors of the projection surface and compensate adequately.

Combining the two proposed methods that were explained in Sections 3.1 and 3.2, the adaptation of compensation to moving 3D objects becomes feasible.

For this purpose, the ProCam is composed of a projector, an RGB camera and a Microsoft Kinect v2, as can be seen in Fig. 3.10. The accurate geometric calibration of the components of the system is crucial since any misalignments on the projection surfaces are easily perceived even if they are only one pixel large. The additional RGB camera, even though it is not required for the geometry of the scene, it is fundamental for the color compensation. The color camera of the Kinect sensor cannot be used for this task since it performs significantly poor, colorimetrically.

Apart from the image processing algorithms that run in the firmware, the exposure of the sensor cannot be set. Therefore, the device has an unpredictable automatic behavior that does not allow its photometric calibration. An extra RGB camera that is calibrated according to the method in Section 3.2 is, hence, added to the system and the RGB camera of Kinect is not used at any point in this application.

For the compensation, as it was described in the previous section, an image of the projection surface under reference illumination is required in order to estimate the surface reflectance pixelwise. This projection is shown in Fig. 3.10. Since the scene changes dynamically, there is no fixed pixel correspondence between the RGB camera and the projector for the compensation and their relationship is required to be updated at each frame. Thus, the pixels of the depth sensor p KD are projected on the 3D space using the calibration parameters of the device (Kinect IR). These 3D points P can be reprojected on the image plane of either the projector or the RGB camera, resulting in points p P and p C , respectively. More details on the communication between the devices are given in the next section.

Once the compensation image is calculated, it is projected on the 3D scene as demonstrated in Fig. 3.11. Every time the scene changes the white image has to be reprojected so that the method can compensate for the new surface. Since the projection of this frame can be perceived by the viewer it is only projected in case the object moves and the compensation is broken. This is triggered by measuring the color difference between consecutive frames captured by the RGB camera. If this difference is above a threshold the white image is reprojected. Therefore, it is impossible to compensate for fast moving objects without suffering from flickering effect by the white image projection. This is a trade-off that cannot be avoided since the system needs to be able to sense any difference in the colors of the projection surface. The method of Fujii [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF], that instead of projecting a frame, uses the previous acquired frame fails to compensate dynamically as it is further discussed in the following chapter. In order to reduce the effect of the bright white surface, darker gray levels could be used as the projector's reference illumination for the reflectance estimation. Nonetheless, even though a gray frame is easier to be hidden in a video sequence than a white one, the compression of the dynamic range has a significant effect on the reflectance estimation.

Finally, two more factors that are important for the system's performance are the synchronization and the alignment between the different devices. The first, limits the frame rate on which the system can respond and depends on the refresh rate of the projector and the frame rates of the cameras. The second should minimize (if not eliminate) the points that cannot be seen simultaneously by all devices.

GPU Implementation

Due to the computational cost of the method, required for the real-time geometrical mapping and the color compensation, a GPU implementation is essential. Taking advantage of the identical operations that have to be performed simultaneously on a large amount of pixels, the parallelization that GPU implementation offers, has a dramatic effect on the performance of the method, in comparison with a conventional CPU implementation.

The depth image captured by the Kinect, the color image acquired by the RGB camera and the frame to be projected by the projector are all stored as textures in GPU and the constant exchange of data is performed using the Framebuffer Objects (FBOs) in OpenGL Shading Language (GLSL). The geometric and photometric analysis and processing of the scene are performed in fragment shaders. First, the texture coordinates of the depth image are transformed to the 3D points of the scene using the system's calibration. Then, they can be projected on the image plane of the projector or of the RGB camera. Since the resolution of the depth sensor is significantly lower than the one of the projector and the RGB camera, the depth values that are missing on their planes have to be interpolated using the neighboring values, in a window large enough to ensure the presence of other depth values. This is an efficient task in GPU.

Once the pixel coordinates correspondence between the difference devices has been calculated, the color compensation is computed inside the fragment shader.

Some calibration variables are directly defined in the shader (XYZ CMFs and projector's primaries SPDs) while other calibration data (reflectance estimation matrix and projector's nonlinearity) that cannot fit in the storage limit of the shader are passed as an additional texture. The texture of the image under reference projector illumination is used for the reflectance estimation inside the shader while the compensation image is calculated using the current desired frame of the projector and the surface reflectance, solving the compensation problem described in Section 3.2.

Conclusion

The two novel methods that were presented in this chapter once combined enable the adaptation of the photometric compensation to moving 3D objects. The efficient GPU implementation offers dynamic compensation that is only limited by the physical constraints of the scene's reflectance and device synchronization.

The ProCam calibration method allows the simultaneous calibration of a projector, a Kinect sensor and additional cameras. Despite the few structured-light patterns that need to be projected on a uniform planar surface under different poses, it remains straightforward and practical. The correctly decoded structured-light sequences on the planar surface are imperative for the accurate estimation of Pro-Cam's parameters since pixels are mapped from one device to the other using these correspondences. Moreover, the complete projection volume is explored and the errors in data acquisition are minimal since the procedure is controlled by the user and does not depend on an arbitrary scene as in [START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF] and [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF]. The evaluation of this method can be found in Chapter 4.

The real-time compensation using a single reference image dramatically reduces the amount of images that are required for the system's calibration down to one. This is a huge improvement over the 6 images required by Grosseberg et al. [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF]. In addition, the accurate compensation ensures reliable results even for demanding scenes with saturated and strongly contrasted colors. Further evaluation of the method's performance in comparison with other well-established and popular techniques, with which we share the same objectives and constraints, is offered in the following chapter.

Chapter 4

Results and Discussion

Extended results and implementation details of the novel methods introduced in Chapter 3 are presented in this chapter. Main purpose of this chapter is to provide a better insight into the performance and robustness of the proposed approaches.

The calibration of a ProCam using a Kinect sensor is described while various compensation results on challenging static and dynamic surfaces are presented. Further evaluation is performed for each technique both qualitatively and quantitatively.

Moreover, in order to better demonstrate the advantages and highlight the contributions of the proposed approaches, a direct comparison with other promising and well-known methods found in the literature is made. Due to the device-dependent nature of some of these methods their reproduction is not a trivial task. However, the same conditions and parameters were used across all methods in order not to favor the performance of any technique.

The rest of this chapter is organized as follows. In Section 4.1, the calibration procedure of Section 3.1 is presented in detail through the obtained calibration images. In addition, it is evaluated and compared with the state-of-the art projector-Kinect calibration method of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] used in RoomAlive that is the most accurate current method, to the best of our knowledge. Section 3.2 provides various compensation results of the photometric method described in Section 3.2 on a fixed surface for both 2D and 3D objects. This method is evaluated and tested in comparison with the compensation techniques of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] and Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF]. The results and evaluation of the dynamic adaptation of these three methods on moving 2D and 3D surfaces, as well as the boost in performance offered by the GPU implementation against conventional CPU programming, can be found in Section 4.3.

Finally, Section 4.4 discusses the outcome of the proposed methods and concludes the chapter.

ProCam Calibration Using Kinect

The calibration method for a ProCam using an additional depth sensor introduced in Section 3.1 was implemented for the system shown in Fig. 

Experimentation

In order to establish pixel correspondences between the different devices, a planar surface of uniform color was placed in various orientations. A Gray-coded structured light sequence was projected on the surface and it was captured by both the RGB camera and the Kinect. The surface color used in these experiments was bright blue but other colors could be used as well. The purpose of the uniform color is to easily segment the surface from the scene. Thus, any color that is not present in the scene can be used for the calibration surface. Saturated bright colors are preferred since the color detection becomes more trivial. Another technique that could be used to extract the points of the calibration surface would be to place markers on the four corners of the surface and define the bounding square. However, since a scene is highly unlikely to contain all possible colors that could be used for the planar surface, a uniform color is more than sufficient. in order to ensure that the Kinect resolution would be sufficient to correctly decode the projected pattern.

As can be observed in the images of Kinect in Fig. 4.2a, the exposure time is not constant across the sequence resulting in differences in image intensity. This is due to the fact that the exposure time in Kinect cannot be controlled and it is In the third and fourth columns of this figure, the decoded rows and columns of the During the acquisition process, Kinect captures both color and depth images.

Thus, since only one depth image is required, the 46 depth images (the number of Gray patterns for this projector) are averaged in order to minimize depth errors that might be present in some areas of the scene, by obtaining the mean image. However, the depth variation on the points of the planar surface, taken into account by this method, is minimal. The mean depth images for the 5 different calibration surface positions can be seen in Fig. 4.6. The resolution of the depth sensor (512 × 424) is significantly lower than the one of the projector and the camera. However, the provided correspondences by the depth sensor are sufficient in order to accurately calibrate the devices since they provide an adequately large set of point pairs.

First, the Kinect sensor is calibrated as described in Section 3.1.3. Then, the masked pixels on the color Kinect sensor are transformed to their corresponding 3D world points using the obtained calibration of Kinect. Their matching 2D points on the projector image plane are known from the decoded structured light. These pairs of 3D world points and 2D projector pixels allow the calibration of the device.

This can be done using the efficient implementation of the OpenCV [START_REF] Bradski | The OpenCV Library[END_REF] function calibrateCamera() that includes radial and tangential distortions using Levenberg-Marquardt optimization. The additional RGB camera is calibrated following the aforementioned procedure using the projector-camera relationship that leads to pairs of 3D world points and 2D camera pixels. Calibration results and estimation of the reprojection errors can be found in the following section.

Evaluation and Comparison

In order to evaluate the performance of the proposed calibration procedure, the results are compared with the state-of-the-art method for projector-Kinect calibration introduced by Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] and used in Microsoft RoomAlive. The RoomAlive Toolkit is publicly available online [START_REF]RoomAlive Toolkit[END_REF] and, thus, the original performance of the method was guaranteed without any bias of reimplementation.

A key difference in their procedure is that they perform a single Gray-coded structured-light sequence projection and capture on an arbitrary scene. Due to the pattern decoding problem caused by the unstable exposure of Kinect and the interreflections between different objects in an arbitrary scene, outliers in the calibration data are inevitable, as it was discussed in Section 3.1.2. Arbitrary 3D poxes were inserted in the scene in order to perform the calibration according to Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF].

Some of the acquired structured-light images can be seen in Fig. 4.7. The ProCam and Kinect as well as the rest of the scene were remained fixed in order to maintain the same conditions and viewpoint with our method.

In order to visualize the performance of each calibration method, the pixels of the depth sensor were projected using the computed Kinect calibration on the color sensor of Kinect. Moreover, the depth pixels were projected on the projector image plane using the projector calibration. Since the correspondence between the projector and the Kinect RGB camera is known, all the pixels can be observed on the color image of Kinect. The comparison between the calibration of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] and the proposed one can be seen in Fig. 4.8. Red pixels correspond to the depth points projected on the Kinect RGB image and cover a large area of it since Kinect RGB and IR sensors intentionally overlap. Green pixels denote the depth points that were projected to the projector plane using the calculated calibration and are visualized in the Kinect RGB image. For an ideal calibration, green pixels should map accurately and not exceed the white limits of the projector frame in Kinect RGB image. Blue pixels represent the points on the calibration surface that were used for the calibration by the proposed method. They are included in the visualization only to denote how many of the different poses of the calibration plane were used for each calibration. It should be noted that some of the blue pixels can exceed the projector frame of this visualization since they correspond to poses of different geometry imposed by the calibration plane. In Fig. 4.8, all 5 poses were used. Different zoomed patches are offered in the corners of the images to highlight the performance of each method. The zoom areas are selected in the corners since any inaccuracies of the calibration can be easily seen by green pixels exceeding the white limits of the projector frame. As can be observed, the proposed method offers a more precise calibration that is able to project accurately all the pixels in the projector frame. Especially on the bottom of the image (middle zoom area), it significantly outperforms the method of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] which maps a large amount of pixels outside the projector limits.

In the above comparison all five different orientations of the calibration planar surface were used in the computations. However, an accurate calibration can be achieved with even only two orientations. It cannot be reduced down to one since a camera calibration where all the 3D points lie on a single plane is a degenerate configuration [START_REF] Hartley | Multiple View Geometry in Computer Vision[END_REF]. This is the reason why in [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] the RANSAC procedure that tries to eliminate the outliers in the dataset searches for non-coplanar subsets. As can be seen in Fig. 4.9, the calibration becomes ambiguous in case a single orientation is used. However, only two different orientations of the calibration surface are sufficient for an accurate calibration as it was tested with different pairs of surface orientations. Four of these combinations can be observed in Fig. 4.10.

The performance of the proposed method was evaluated quantitatively by calculating the Room Mean Square (RMS) of the reprojection error (in pixels). The latter is the Euclidean distance ∆(x, x) on the image plane between a projected point x using the estimated calibration and the initial corresponding 2D point x. The reprojection errors for the different devices of our system and the corresponding results of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] are presented in Table 4.1. Moreover, the results for the cali- can be performed in less than 2 minutes. In addition, the calibration surface is not required to be perfectly planar. Small curvatures that do not introduce significant interreflections can be sensed by the Kinect depth sensor and do not pose any problem in calibration. Furthermore, since no calibration can be performed in case the ProCam is facing a planar scene and 3D objects need to be inserted in the scene, the selection of a moving planar calibration target is a more efficient solution than 3D arbitrary objects in terms of accuracy. Finally, in some applications there is no specific projection surface but a projection volume of interest. For example, in order to project on moving objects, such as on a theater stage, the system is required to be calibrated for a specific volume, where the projection will take place, but there is no predefined fixed surface.

RMS reprojection error

Photometric Compensation on a Fixed Surface

The photometric compensation on a static surface described in Section 3.2 was applied for the purposes of this experimentation using the ProCam in Fig. 4.1. However, different ProCams have been used in [START_REF] Bokaris | Photometric compensation to dynamic surfaces in a projector-camera system[END_REF] and [START_REF] Bokaris | One-frame delay for dynamic photometric compensation in a projectorcamera system[END_REF] demonstrating the generality of the proposed method and its device independence. Section 4.2.1 describes the characterization procedure adapted to the used ProCam while the compensation results on various challenging surfaces are presented in Section 4.2.2. The proposed method is compared with the promising techniques of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] and Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF]. Numerical evaluation on the results can be found in Section 4.2.3 which concludes this section.

ProCam Photometric Characterization

The photometric characterization of the projector and camera used for the compensation is necessary in order to allow their linerization and color calibration.

However, the PixeLINK PL-D722CU RGB camera does not require to be linearized since direct access to its linear raw data is available. This can be seen in Another advantage of working with raw data is that any image processing algorithm that might be applied in the firmware of the camera is avoided. The only algorithm provided by the SDK of the camera that was used was the demosaicing algorithm, which converts the Bayer pattern of the sensor to the RGB image. Since the raw camera values are used, the output color does not correspond to any standard color space. However, in our method this is not a problem due to the fact that the camera responses are used to built the reflectance estimator. Nonetheless, if a transformation of the camera output to a standard color space (such as sRGB) is desired for further evaluation of the camera captures, this can be achieved using the procedure described in Section 3.2.4. An example of such a transformation was performed using the ColorChecker Digital SG and a third degree feature map. The result is shown in Fig. 4.12 where the raw camera output is transformed to the sRGB color space.

The projector responses were measured using a Konica Minolta CS-1000 spec- ) and CIEDE2000 (∆E * 00 ) were used for this evaluation. For ∆E * 94 the parameters K L , K H and K S were all set to one as it is suggested for general purpose applications. D65 was chosen as the reference illuminant since all the above color formulas were developed to judge small color differences under this reference. The results for the feature maps of first, second and thirddegree polynomial terms can be seen in Table 4 of less than 3 CIELAB units for the third degree future map implies that the error in reflectance is hardly perceived by the HVS and the majority of the estimations span the space of just-noticeable differences (JNDs) [START_REF] Melgosa | Performance of recent advanced color-difference formulas using the standardized residual sum of squares index[END_REF].

Compensation Results

The objective of this research is to project on real 3D objects and, hence, challenging projection surfaces were used for the evaluation of the performance in order to better test its limits. Two 2D scenes and one with inserted 3D objects were chosen for the qualitative evaluation and are shown in Fig. 4.14. The first consists in Once the devices are linearized and the spectral responses of the projector are known, the compensation can be performed using a single image under reference projector illumination (white image) to estimate the spectral reflectance of the surface, as described in Section 3.2. The original image is transformed from the sRGB color space (the common space for most of the digital images stored in a computer) to the CIE XYZ 1931 color space. These XYZ values are matched taking into account the projector responses and the estimated reflectance. The output is captured by the camera. It should be noted that the adaptation model CAT02 [START_REF] Cie Tc | A color appearance model for color management systems[END_REF] was used to transform the XYZ values of the sRGB space to the ones of the projector. However, the projector light source was tuned by the manufacturer to match the D65 illuminant which is used as the reference white in sRGB color space and the impact of CAT02 to the final result was negligible.

In addition, the proposed method is compared with the techniques of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] and Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] since they are two well-established approaches that can achieve dynamic compensation based on a single image. Both these two methods require the prelinerization of the projector and the camera. Thus, all the tested techniques share the same system parameters and the accurate linearization offered by the spectroradiometer.

The method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] requires 4 calibration patterns to be projected in order to estimate the matrix V of Eq. 2.15:

V =      V RR V GR V BR V GR V GG V BG V BR V GB V BB      . ( 4.1) 
Starting with a gray pattern of equal amounts of R, G and B channels and then increasing only channel R in the next pattern the following parameters of matrix V are computed:

V RR = ∆C R ∆P R ,V GR = ∆C G ∆P R ,V BR = ∆C B ∆P R (4.2) 
Similarly, changing only G and B channels the complete matrix is calculated. In the implementation of the method presented in this chapter the 4 calibration images were set to RGB values of [START_REF] Seitz | A theory of inverse light transport[END_REF][START_REF] Seitz | A theory of inverse light transport[END_REF][START_REF] Seitz | A theory of inverse light transport[END_REF], (245, 85, 85), [START_REF] Seitz | A theory of inverse light transport[END_REF]245,[START_REF] Seitz | A theory of inverse light transport[END_REF], [START_REF] Seitz | A theory of inverse light transport[END_REF][START_REF] Seitz | A theory of inverse light transport[END_REF]245).

The method of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] requires two calibration images formulating the compensation image P as:

P = C -FR f R , (4.3) 
where C is the original image, F is the ambient light, R is the surface color and f is the form factor ( f = cos(α)/r 2 ) for Lambertian surfaces, with α being the incidence angle of the light ray and r the distance. Projecting an image of maximum intensity (P = 255) with no ambient light (F = 0) the product of f R is obtained. Similarly, with (P = 0) the product FR is obtained. It should be noted that the computation is performed on each channel separately and, thus, no interdependence between the channels is taken into account.

The compensation results of the three approaches for Surfaces 1, 2 and 3 are presented in Figs. 4.16 and 4.17 (d) Compensation result of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(e) Compensation result of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Compensation result of the proposed method. 

Quantitative Evaluation

Apart from the qualitative evaluation of the compared methods through visual examination, a quantitative evaluation of the results offers another insight into the (d) Compensation result of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(e) Compensation result of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Compensation result of the proposed method. performance of each approach. For this purpose, the metrics root mean square error (RMSE) of each individual RGB channel and the S-CIELAB [START_REF] Zhang | Color image quality metric S-CIELAB and its application on halftone texture visibility[END_REF] color difference were computed. The first one is a common metric in image processing. However, (d) Compensation result of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(e) Compensation result of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Compensation result of the proposed method. since it evaluates similarity in terms of channel values, the overall number does not correspond to any visual attribute. Since the result of color compensation is highly related to the HVS, the S-CIELAB metric was selected as it assesses perceptible As can be seen in both the quantitative and qualitative results, the proposed method achieves the closest resemblance to the original image in terms of general color reproduction while it eliminates adequately most of the color artifacts introduced by the color of the surface. Moreover, it requires only a single image for calibration which is an important improvement. Its vulnerability is spotted in large areas of uniform color, such as in Surface 2, where errors in reflectance estimation can over or under-compensate introducing a small but perceptible color discontinuity.

The method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] performs significantly well in eliminating the color artifacts in most cases but alters the appearance of the original image by modifying its color attributes (such as increasing its saturation). This is the reason why in the metrics the differences might be higher for some cases despite the successful elimination of artifacts. The reason behind this is that since it is a camera driven approach no color management between the projector and the camera is performed. Moreover, the spectral reflectance of the surface is integrated in matrix V and, hence, this alters the appearance compared to projecting and capturing the image on a white surface. The metrics evaluate the overall image resemblance and not only isolated areas of color artifacts. It should be noted that it is the approach that uses the largest amount of calibration images.

The approach of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] is able to eliminate some of the artifacts but not sufficiently for all color combinations. As another camera driven approach the color matching with the original image cannot be achieved. Furthermore, clipping errors occur and since each channel is treated separately the final output is a less chromatic image with errors in compensation due to the interdependence of the projector and camera channels that was not taken into account.

Photometric Compensation on a Dynamic Surface

The ultimate objective of this thesis is the real-time compensation on a moving object. Thus, no matter how precise a compensation method is for a static surface it should be able to adapt adequately to a moving scene. This section evaluates the performance of the three methods compared in Section 4.2 on a dynamic surface.

Section 4.3.1 presents the compensation results in case the surface changes while Section 4.3.2 evaluates quantitatively the resulting compensations, using the RMSE and S-CIELAB metrics. In Section 4.3.3, the boost in time computation of GPU programming against conventional CPU implementations for the proposed method is discussed.

Compensation Results

The three compared methods in Section 4.2.2 are able to adapt to a dynamic surface using a single image. In order to evaluate their adaptation performance, the Surfaces 1, 2 and 3 of the previous section were displaced as can be seen in Fig. 4.22. The displacement was intentionally kept low in order to correspond to a movement of the surface over the next frame while demonstrating that even a relatively small displacement has a severe impact on the compensation. The proposed method requires a single image of the new surface under reference projector illumination (white image) in order to adapt to it. The technique of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] can adapt to the new surface using the same image as well, considering that ambient light in the scene is zero. On the other hand, Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] followed a less intrusive approach according to which no image is projected on the scene. The difference in the surface reflectance A (t) at a time t in Eq. 2.38 is modeled as:

A (t) =       C (t) R C R 0 0 0 C (t) G C G 0 0 0 C (t) B C B       . (4.4) 
where C (t) is the actual capture of the camera and C is the original image. This formulation assumes that the surface reflectance is uniform across the spectral responses of the projector and the camera and, hence, it can be treated as a threedimensional vector. The final compensation P (t) considering zero ambient light (F = 0) is given as:

P (t) = V -1 (A (t) ) -1 C. (4.5) 
This formulation of the reflectance corresponds more to a scaling factor on each camera channel using the feedback of the camera.

The compensation results of the three methods, before and after adaptation, for the displaced Surface 1 can be seen in Figs. respectively. The result before the adaptation corresponds to each method's output using the compensation for the surface before being displaced. The adapted images are the outcome of the recomputed compensation for the displaced surface.

Quantitative Evaluation

The RMSE for each individual RGB channel and the S-CIELAB difference were computed for the compensations on the displaced Surfaces 1, 2 and 3. They were calculated for the compensated and uncompensated results of each method and are provided in Tables 4.7, 4.8 and 4.9 for Surfaces 1, 2 and 3, respectively.

As can be observed in Figs. For this reason, the compensation errors of the same surface before and after being displaced are consistent, as can be observed in Tables 4.6 and 4.9. The method of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] does not depend on the previous compensation either. Nonetheless, due to the simple individual channel scaling it fails to remove the underlying color of the surface.

On the other hand, the approach of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] suffers from incorrectly compensated areas where artifacts are introduced from the previous compensation.

Especially in Figs. 4.27 and 4.28, where the presence of 3D objects with their shadows and highlights imposes higher reflectance differences, the result is significantly stronger and the previous positions of the objects can be perceived. This can be seen in Fig. 4.29, where a cropped area of the adapted compensation results of the three methods is displayed. This area corresponds to a portion of Image 6 projected on displaced Surface 3.

Despite the considerable advantage of not projecting an additional calibration pattern of the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF], a major drawback of this technique is that there are areas depicting significant errors in color reproduction of the original image. The division performed for the reflectance estimation A (t) between the captured frame and the original image and the inversion of this reflectance for the new compensation dramatically impacts the appearance of the image. As can be seen in over, the division of the two images (last camera capture and original image) affects the edges of the compensated image in case there is a small displacement between the capture and the original. In the method of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] even though there is division between the calibration image and the original image, this effect is not present. This is because the calibration image has the texture of the surface and not one close to the original image, as in the case of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF], where the previous compensation is similar to the original image. The method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] was developed for a system of coaxial optics and this displacement was avoided. However, in systems where the projector and the camera do not share the same optics even a slight displacement is inevitable and changes the appearance of the edges. This can be observed as an effect resembling to sharpening in the adapted results of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] in Figs. 4.23 -4.28.

Finally, as it was previously observed in the compensation results in Section 4.2.2, the camera-driven approaches of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] and Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] alter the color reproduction of the image. Hence, their errors in Tables 4.7, 4.8 and 4.9 are higher than the proposed method. This effect is stronger in the adapted version of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] than in their complete calibration for the aforementioned reasons. For example, in Table 4.9, the S-CIELAB difference for Images 2, 3 and 4 is higher after compensation than before due to the overall change of image colors and edges despite the removal of some of the color artifacts of the new surface.

As it is observed in this comparison, there is a trade-off between the continuous reprojection of a calibration pattern to the scene, in order to achieve a more accurate compensation, and the adaptation without reprojection that affects the compensation quality. Therefore, a hybrid method could be considered for future work by combining some attributes of our method and some of the approach of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

GPU Implementation

In order to perform the dynamic compensation on a moving object in real-time, the computational complexity of the proposed method is crucial. Therefore, GPU programming using OpenGL Shading Language (GLSL) was selected for the implementation of the proposed method. The impact on the performance against conventional CPU implementations is presented in Table 4 All three implementations were run on the same system: Dell Inspiron 3537 with an Intel® processor i7-4500U 1.8 GHz, memory of 8 GB RAM and a graphic board AMD RADEON HD 8850M. The performance boost of the GPU implementation results in a dynamic compensation at a frame rate of approximately 16 frames per second. Since the tests were run on a significantly outdated embedded graphic board of a laptop, the real-time compensation at a frame rate of more than 30 fps can be easily achieved using a more recent and powerful graphic board.

Moreover, the proposed method requires only 140 KB of storage space for the calibration parameters of the system (projector ramps, projector and camera nonlinearity) which is a considerably small amount of data for current graphic boards. It should be noted that no further optimization was performed for the implementations which are evaluated here. As can be seen in Table 4.10, the GPU implementation is the only one that can achieve real-time compensation since it parallelizes the identical procedures that are executed at each pixel simultaneously.

Conclusion

In this chapter, the implementation details of the proposed methods of Chapter 3 were presented. They offer a novel and complete solution for photometric compensation that can adapt to moving 3D objects. More importantly, they were evaluated qualitatively and quantitatively in comparison with popular and well-established methods that were developed in the same context. As the results imply, both the geometric calibration and the photometric compensation techniques improve the existing approaches offering a more accurate and robust dynamic photometric compensation. In static compensation, our method performs similarly to the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] while reducing the amount of calibration patterns from 4 to 1. It provides better overall color reproduction of the original image despite the presence of more color artifacts than Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] in some cases.

The proposed geometric calibration of a ProCam using an additional depth sensor allows the precise communication between the devices and dynamic projection on complex moving 3D objects can be achieved. It outperforms the state-of-the-art method of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] by minimizing the outliers in the calibration procedure.

For this purpose, a new acquisition approach and data treatment that offers higher precision in pixel mapping, which is crucial for photometric compensation, is introduced.

The proposed dynamic adaptation significantly improves the promising and well-known methods of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] and Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF], as it was tested on various challenging dynamic surfaces. Requiring a single reference image it is able to adapt adequately without accumulating errors of previous compensations. In addition, by addressing the spectral nature of light, it enables the more precise estimation of the color appearance contrary to previous approaches. Finally, the color management pipeline that the method follows ensures the reproduction of the desired appearance in the compensation without changing considerably its attributes.

(a) Desired appearance of Images 1, 2 and 3 on a white surface.

(b) Before adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. (c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. (c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. (c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. (c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. (c) After adaptation: Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

(d) Before adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(e) After adaptation: Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].

(f) Before adaptation: Proposed method.

(g) After adaptation: Proposed method. The augmented reality techniques and especially the Spatial Augmented Reality [START_REF] Bimber | Spatial augmented reality: merging real and virtual worlds[END_REF] have a broad field of applications including museums, entertainment, education, research and industry. Due to the immersive environments they create and their large capabilities of altering the real world, they could not pass unnoticed by the artistic community as a new medium of creative expression. Moreover, the interaction they offer with the spectator breaks new ground in interactive installations.

Currently, interactive art installations are becoming more popular [START_REF] Boisclair | L' installation interactive. Un laboratoire d' expériences perceptuelles pour le participant-chercheur[END_REF] placing at the center the process of art and not the object of art (artifact), such as in the work of Sommerer and Mignonneau [START_REF] Sommerer | Art as a living system: interactive computer artworks[END_REF]. Therefore, there has been an increasing number of creations that develop augmented reality techniques produced by mixed groups of artists and scientists. This reopens the debate upon the connection between art and science.

Section 5.1 offers some reflections on the subject while Section 5.2 introduces the art and science installation Gardien du Temple that was developed during this thesis. A review on concealment and revelation can be found in Section 5.3, whereas the installation is described in Section 5.4. Finally, Section 5.5 concludes the chap- concealment and revelation" [START_REF] Bokaris | Gardien du temple: concealment and revelation[END_REF] 1 , written by the team members of this art-science project.

Art and Science

For decades philosophers, artists, researchers, historians and epistemologists have tried to bind the two different fields of art and science in order to highlight their differences [START_REF] Malina | Some reflections on the differences between science and art[END_REF], [START_REF] Katzir-Katchalsky | Reflections on art and science[END_REF], [START_REF] Wilson | Information Arts: intersection of art, science and technology[END_REF] and their possible interrelationship [START_REF] Topper | Interrelationships between the visual arts, science and technology: A bibliography[END_REF], [START_REF] Richmond | The interaction of art and science[END_REF], [START_REF] Topper | Interrelationships of the arts, sciences and technology: A bibliographic up-date[END_REF], [START_REF] Topper | On a ghost of historiography past[END_REF]. However, even though art is not science and science is not art, separating science from scientific research and art from artistic approach, experimentation can be a common language for both [START_REF] Lapointe | On the role of experimentation in art (and science)[END_REF]. Moreover, creativity that exists in both art and science, and is driven by the same thinking mechanisms [START_REF] Rothenberg | The Emerging Goddess: The Creative Process in Art, Science, and Other Fields[END_REF], can be combined to create "art science". According to Edwards [START_REF] Edwards | The Lab: Creativity and Culture[END_REF],

it is the fusion of the aesthetic and analytical processes that takes place when we create anything new. These "twin engines of creativity" can become the key to 21 st -century aesthetics, as stated by Wright [START_REF] Wright | Art+science now how scientific research and technological innovation are becoming key to 21st-century aesthetics by Stephen Wilson[END_REF].

In addition, state-of-the-art research and innovation are highly related to the contemporary which is found in current art as well. Agamben [START_REF] Agamben | What is an apparatus?" and other essays[END_REF], in his effort to

seek for an answer to the question "What is the contemporary?", makes the following statement:

"This means that the contemporary is not only the one who, perceiving the darkness of the present, grasps a light that can never reach its destiny; he is also the one who, dividing and interpolating time, is capable of transforming it and putting it in relation with other times. He is able to read history in unforeseen ways, to "cite it" according to a necessity that does not arise in any way from his will, but from an exigency to which he cannot not respond. It is as if this invisible light that is the darkness of the present cast its shadow on the past, so that the past, touched by this shadow, acquired the ability to respond to the darkness of the now." [START_REF] Agamben | What is an apparatus?" and other essays[END_REF] It is this exact capacity of someone to "firmly fix his gaze on his one time" and perceive its darkness, allowing him to gasp his time in a way of a "too soon" which is also a "too late" that is essential for both innovative scientists and contemporary artists.

The Concept and the Team

Under this prism, this thesis provided an ideal exploration field to develop the art and science creation Gardien du Temple, which is both an interactive art installation and a performance. Spatial augmented reality techniques and poetry were employed, offering the spectator the freedom to interact and interfere with the oppositions between concealment and revelation, absence and presence, hiding and exposure. This play was achieved by the artistic integration of novel augmented reality techniques, sound and interaction in order to erase "signs" (words or bodies) and reveal them in a theatrical set/installation.

For the purpose of this installation, a team of one artist (and her artistic collective) and four scientists joined forces to make the realization of the project feasible.

The simultaneous participation of the whole team in both the aesthetic and analytical process boosted the creative imagination of each other through the desired synthesis taking into account the different backgrounds of the two sides and the limitations and challenges each imposed.

The artist, Véronique Caye, theater director and filmmaker, develops hybrid and experimental performances through visual and sound research based on a creative and poetic use of digital technologies. Using augmented reality, her performances question specifically the tension between the video, the presence of the actor and the audience. For example, she has made performances without actors (Silenzio, Genius Loci) in which a sensory work (augmented reality, spatial sound)

creates the illusion of their presence. In these hybrid works, she invites the spectator to discover another world-beyond the reality. Through revelations, apparitions and disappearances stories, she summons the hidden meanings and mysteries of the world. For Gardien du Temple, the artistic team was composed of the musician Frédéric Minière, the circus artist Ashtar Muallem and the set designer Pascale Stih.

The artistic contribution of Gardien du Temple is a continuation of Véronique

Caye's research on the revelation of the "hidden" by provoking viewers' perception disorders. As in her previous performances, the work was based on the appearance of what is not there (the body of the actor in Silenzio, or the "spirit" and visual history of a place in Genius Loci). The idea of Gardien du temple was conceived after Caye's research in Algeria, under the scheme of a scholarship granted by the French cultural institution "Institut Franc ¸ais". The Algerian Civil War wave that hit hard Algeria between 1991 and 2002 had a direct social and intellectual impact on the country. A part of free-thought literacy (contemporary philosophy, poetry, sociology, etc.) that preexisted was seriously censored in an attempt to be erased from people's memories. However, this process failed due to the passage of these subversive words from the state of "censored" to that of "hidden". Gardien du temple is the visual transcription of a philosophical reflection on the "hidden, erased memories" associated with religious/political censorship in some Arab countries.

Therefore, Gardien du temple is an invitation to reveal the "hidden erased", such as the poetic and subversive writings of the famous poet Adonis in a space inspired by the Mausoleum of Sidi Abderrahmane in Algiers. At the core of Gardien du temple is the combination of a strong conceptual statement about the revelation of a hidden poem (making a parallelism with censorship) and its tremendous visual resolution that captivates the spectator. The illusion of revealing the "hidden" lies in all the forms and substances of this installation/performance-writings, poetry, light, sound, performer and audience, diminished reality-are all components of the same shared and interactive space. As a result, the success of the ambitious perceptional illusion that this work desires to create lies in the harmonical fusion of novel spatial augmented (and diminished) reality techniques, interaction, light, sound and dance.

The scientific part of the team was composed of Panagiotis-Alexandros Bokaris, Michèle Gouiffès and Christian Jacquemin, all researchers in computer science, and Jean-Marc Chomaz, physicist in fluid dynamics. The challenging problem that was faced in this project was the robust implementation of the play between concealment and revelation while maintaining the illusion for the observer. Thus, color compensation was applied to neutralize the presence of the information that was desired to be hidden (in our case the poetic writing) and reveal it by breaking this color compensation through interaction. The accuracy of this procedure is imperative since only a thin line separates the revelation from the concealment and the optical illusion can be easily ruined by artifacts in the compensation. Moreover, the interaction of the spectator/performer had to be combined with the music, the projections and the complete setup of the installation.

Concealment and Revelation

From the Cap of Hades in Greek mythology to the Cloak of Invisibility in Harry Potter, the concealment of presence has been intriguing people's minds for thousands of years. Besides its magical aesthetics, most of the characters that use it in literature, fiction, mythology etc. seek the additional freedom and/or power it provides either by escaping a danger or through the capability of acting while remaining unnoticed.

Scientists have long been trying to create this illusion with various techniques and applications [START_REF] Ergin | Threedimensional invisibility cloak at optical wavelengths[END_REF], [START_REF] Howell | Amplitude-only, passive, broadband, optical spatial cloaking of very large objects[END_REF], [START_REF] Ni | An ultrathin invisibility skin cloak for visible light[END_REF], [START_REF] Owens | Camouflaging an object from many viewpoints[END_REF], [START_REF] Wang | Cephalopod-inspired design of electro-mechano-chemically responsive elastomers for on-demand fluorescent patterning[END_REF].

The antipodal of concealment, revelation, consists in the surprising disclosure of some truth or knowledge that was previously unknown. Especially in religion/theology the act of revelation is connected with divine truth that is communicated by a supernatural entity or deity. The Book of Revelation, written in Koine Greek: apokalypsis, literally means the "unveiling" or "uncovering" of the hidden.

Science, on the other hand, pursues knowledge that "unveils" the mysteries of the natural world through empirical research and abstraction.

In terms of human vision, both concealment and revelation to be perceived require the contribution of the Human Visual System (HVS) with its sensory and cognitive mechanisms. Gardien du Temple plays with the attributes and limitations of the HVS in order to create the desired illusion. Involving novel techniques of augmented reality and image processing, the installation is concealing information in order to reveal it under a different form. Visible light projected on the scene using "smart projections" plays a crucial role in the perception of the real world, as it is one of the key and necessary components of human vision.

Art and science installations that experiment with the concepts of revelation and concealment while using augmented reality techniques have been presented in the past. In some of these works the augmented reality used for concealment is referred to as "diminished reality". An abstract presentation of the idea of making an object invisible using a projector-camera system for art performances was presented by Yun et al. [START_REF] Yun | The invisible eperformance base on texture neutralization with a projector-camera system[END_REF]. However, despite introducing the basic principles behind the technique, no implementation was shown. Under a different perspective, without using a ProCam but via the manipulation of video-surveillance images, projet EVA in their work On va tous y passer [START_REF] Grenier | Projet EVA -subservient techno for subservient minds[END_REF] separate persons from their surrounding social environment by concealing the human presence around them. In this project concealment is used as a statement over the control and surveillance which can be found in other similar artworks. There have been many examples in the recent history where concealment has been used for political purposes, from erasing undesired presences (such as political opponents) in images of the past to the hidden cameras and microphones used to capture military or political information.

The Augmented Reality Korean Unification Project by Mark Skwarek conceals the Korean Demilitarized Zone between the two countries and "restores" the landscape as it once was when Korea was united [START_REF] Skwarek | The Augmented Reality Korean Unification Project[END_REF]. The augmentation was not made on the physical space but the spectators had to use handheld devices such as smartphones. A similar project by the same artist was made for the wall between Israel and Palestine [START_REF] Skwarek | Erase the separation barrier[END_REF].

During the exhibition Gimme More: Is Augmented Reality the Next Medium?

at Eyebeam Art+Technology Center [START_REF] Meier | Gimme More: Is Augmented Reality the Next Medium?[END_REF], various installations involving augmented reality were presented. However, the main objective of these artworks was towards a "genuine" augmentation and not concealment. An attempt to change the appearance of an object and make it look like another using a ProCam, even though it was not transformed to an art piece, dates back to Grossberg et al. [START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF]. A successful application of this concept providing spectacular aesthetics was aplied on moving human faces by artist Nobumichi Asai [START_REF] Asai | Face hacking / real-time face tracking & projection mapping[END_REF].

Revelation and concealment in art is not something that was triggered only by the emergence of digital media. In photography, architecture, art installations, performance and design many surfaces or devices allow to hide the presence of physical objects. Projects ranging from the Juniper House built by the architects Hans Murman and Ulla Alberts to the photographs of Liu Bolin (The Invisible Man)

that covers himself in paint to become indistinguishable from the background are all seeking for the same effect. After all, according to Leach [START_REF] Leach | Camouflage. Architecture/design[END_REF], the desire for camouflage is a desire to feel connected-to find our place in the world and to feel at home.

The Installation

The three main elements of the interactive installation Gardien du Temple are two ProCams that project on different surfaces using augmented (or "diminished") reality and a sound device. The main layout of the room can be seen in Fig. 5.1. Central role in the installation have the symbolic reconstruction of the Mausoleum of Sidi Abderrahmane in Algiers and the poem Mon corps est mon pays (My body is my country) of Adonis. The visitor is invited to enter and explore the space, search for hidden meanings and reveal the subversive poem that has been censored in some Arab countries.

The Place

Gardien du Temple was exhibited in the Grand Salon of the CNRS castle in Gif-sur-Yvette, which was adjusted (as can be seen in Fig. fireplaces. The white color is dominant covering the walls, the ceiling, the basreliefs and moldings, while a remarkable large chandelier hangs from the center of the ceiling.

The installation of Gardien du Temple was designed in order to highlight the eye-catching features of the room. The place was covered in darkness by light sealing the four windows and the two French doors. No additional light sources were used in the room except some fairy lights that were hung from the chandelier in order to highlight its presence without significantly increasing the ambient light in the room. The two projections of the ProCams were providing sufficient light in the space for the visitors to admire the elements of the room. Grand Salon was, hence, transformed into a symbolic reconstruction of a mausoleum in Algiers.

The Mausoleum of Sidi Abderrahmane, patron saint of the city, is a very popular place in Algiers. Being a place where popular culture blends with Sufi philosophy, it is mostly frequented by women. During the "Black Decade" in Algeria between 1991 and 2002, the armed conflict between the Algerian Government and Islamic groups, the mausoleum remained closed since it was considered as a "heretical" place by the fundamentalists. It reopened its gates by the end of this conflict.

In Algiers, there are only a few meeting places, where women have access to, and this mausoleum is one of them. It is in this place where they can spend their afternoon discussing, heal their wounds, find some peace and reveal secret words-as "erased", censored poems in the country.

The installation/performance is deeply inspired by the architecture and the spiritual life of this building. The room layout, the chandelier lights reflected to infinity in the mirrors, the video projections, the music and sound-voices in French and Arabic-, the female presence in the performance were all symbolic manifestations of the life in the mausoleum. The hidden, subversive and censored words excerpted from the poem My body is my country of Adonis (pen name of Ali Ahmad Said Esber) could be brought back to light through silhouette-based interaction. The interested reader can refer to [START_REF] Bokaris | Gardien du temple: concealment and revelation[END_REF] for more information on the reasons behind the selection of this poem.

Interaction and Performance

Once the visitors enter the Grand Salon, they find themselves under a hypnotic soundscape, where the salient object of the room is an illuminated carpet. A video sequence is projected on the carpet, figuring the Mausoleum of Sidi Abderrahmane's ceiling under kaleidoscopic treatment (see Fig. 5.2). Thus, the presence in the mausoleum is suggested rather than forced. An excerpt of a poem by Adonis is painted in Arabic on the carpet. However, the visitor cannot observe it since it is concealed using color compensation by the ProCam performing the projection on the carpet. A white book lays on the carpet revealing a small part of the rather inverted colors of the carpet, product of the color compensation. The visitors are invited to lift up the book and move it around the carpet to explore and read the whole writing, as it is demonstrated in Fig. 5.3. Apart from the interaction with the carpet, the spectator is invited to walk around in the room, in a similar way that one would do in the mausoleum. The drone sound that plays in the background creates a cozy atmosphere that invites strolling. Each visitor's journey defines the mean and level of exploration and revelation they will achieve. The details of the interaction between the spectator and the five points that are illustrated on the floor by Arabic characters (see Fig. 5.1) can be found in [START_REF] Bokaris | Gardien du temple: concealment and revelation[END_REF].

As Adonis' view on culture, this installation is dynamic. Subject to various subjective readings and different feelings, each visitor is free to find her/his own journey. In addition to the spectators' visit, a performance was proposed at regular schedules during the display of the installation. The performance offers the visitors another reflection on the project. Its concept and execution are further described in [START_REF] Bokaris | Gardien du temple: concealment and revelation[END_REF].

A woman covered with a 20-meters black veil enters the room, bending under the weight of the fabric. The uncanny presence of the woman in the room reveals the poem My body is my country, through her body movements, by the projected white shadow on the wall. Arriving at the edge of the carpet, intrigued by the revelation of the hidden text, she grabs the chance to free herself from the restrictions.

Escaping from the black veil, a light white dress is revealed, which is, consequently, exposing the woman's body. While the music of the poem resonates in the room, her forbidden sensuality, finally free, dances on the carpet. The poem is overlaid on her body through the video projection in rather inverted colors than the painted ones on the carpet, as a result of the color compensation. Instead of the book that was before on the carpet, it is her body now that is virtually tattooed, as, finally, she unites with the fiber of the text, written on the grain of her skin and revealing the poetry of Adonis My body is my country.

Science Behind the Installation

For the purposes of this installation, two ProCams were used. The first was composed of a projector and an RGB camera for the color compensation on the carpet while the second one consisted of a projector (Epson EH-TW6600W) and a Microsoft Kinect v2 sensor for the detection of the presence and the projection on the wall. In order to enable the audio visual interaction, the skeleton data provided by the Microsoft Kinect SDK were processed and the corresponding triggering signals for the visual and sound effects were driving the sound unit and the projector, respectively. Thus, Gouiffès and Wang [START_REF] Wang | Développement logiciel pour le projet art-science gardien du temple : interface graphique et réalité augmentée[END_REF] developed a software that created and directed the sound signals to Ableton Max for Live, with which Frédéric Minière designed the soundscape. A Graphical User Interface (GUI) was further developed to make the tuning of the installation easier by selecting the presence detection areas in a few clicks [START_REF] Heems | Développement logiciel pour le projet art-science gardien du temple : interface graphique et réalité augmentée[END_REF].

For the challenging color compensation on the carpet, a theater projector Epson EB-Z9875U of high luminance (8.700 lumens) was used. It was coupled with a Nikkon D90 DSLR camera. The high luminance is crucial for this compensation since the projector was far from the projection surface. Thus, sufficient power is needed in order to be able to compensate for the vivid colors of the surface without reaching the reproducible color gamut limits of the projector and surface.

Since the projection is static, instead of using a complete geometric calibration of the ProCam system by calculating all its intrinsic and extrinsic parameters, as the proposed method in Section 3.1, a pixel correspondence between the projector and the camera is sufficient. Hence, the method by Xu et al. [START_REF] Xu | Robust pixel classification for 3D modeling with structured light[END_REF] that was adapted by Moreno and Taubin [START_REF] Moreno | Simple, accurate, and robust projector-camera calibration[END_REF] was selected for this calculation. Some of the structuredlight patterns that where projected on the carpet can be seen in Fig. 5.6.

The color compensation was performed using our method described in Section 3.2. Even though this technique permits real-time calculation, since both the video and the projection surface were unchanged during the installation, the compensation was calculated once and then was recorded in a video, which was projected in a loop during the installation. Finally, the projection was limited on the circular carpet using a mask that was calculated by extracting the edges of the carpet on the image captured by the camera. Some examples of the final color-compensated video frames projected on the carpet and their corresponding desired appearances can be found in Fig. position (the spectators could observe the carpet under all different angles in the room). However, as it is exposed in the results (see Fig. 5.8), our method was able to perform adequately even under these extreme conditions and make this installation feasible.

Conclusion

Art and science, a space of thesis, antithesis and, hopefully, synthesis, can give breath to creative hybrids that go beyond the perspectives and attributes of each one of them. The collaboration of scientists and artists under the same objective expands the horizons of both. Scientific research can be boosted by such conditions since new challenging problems arise that can trigger additional paths of investigation.

Moreover, as it was experienced during Gardien du Temple, the demanding condi- Chapter 6

Conclusions

This thesis examined and provided novel methods for the ambitious problem in augmented reality of dynamic photometric compensation on a 3D moving surface. This last chapter summarizes the outcome of this research and discusses its impact with respect to previous studies. Finally, it concludes this dissertation by highlighting unexplored areas, revealed paths and missing elements that future research might try to address. Section 6.1 presents the contributions of this work while Section 6.2 suggests potential guidelines and challenging aspects for further investigation.

Contributions

The main objective of this research was to build a projector-camera system that is able to project and provide dynamic photometric compensation on static and moving surfaces, including 3D objects. Therefore, two fundamental attributes of this system are its abilities to sense and adapt to changes in geometry and surface color within the shortest possible delay. This delay is implied by the time needed for the system to capture any change in the projection scene in order to recalibrate its compensation. Moreover, since the compensation result should be appealing to the observer, the visual intrusion of the system during the sensing phase needs to be minimal.

Under this prism, it was selected to pair the ProCam with an additional depth sensor (Microsoft Kinect v2 in this work) in order to make the projection on moving calibration. Furthermore, the proposed approach for dynamic photometric compensation is based on a single calibration image in order to reduce the irritation of the viewer by constantly reprojecting various calibration patterns. The contributions of the complete solution that was developed in this thesis are summarized in the next paragraphs:

Calibration of ProCam and depth sensor: The use of an additional depth sensor in order to provide information about the scene geometry increases the complexity of the system. The accurate calibration between the devices of the ProCam is crucial for the precise color compensation since even extremely small displacements of less than one pixel can be perceived by the viewer. The proposed calibration approach provides higher accuracy than the state-of-the-art method of Jones et al. [START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF].

This is achieved by reducing the presence of outliers in the calibration data through the new data acquisition procedure and processing, resulting in more precise pixel correspondences between the devices.

Novel photometric compensation method: The proposed photometric compensation requires a single calibration image which is a significant improvement over the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] that requires 4. The spectral reflectance estimator that is used in our method enables the robust calculation of the compensation using only a single image under reference illumination. The obtained results are compared with methods in the literature that share the same constraints and objectives which are minimum number of calibration patterns and real-time calculation. The performance of our method in terms of color artifacts reduction is similar to the results of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] and significantly better than the approach of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

The latter suffers from strong artifacts caused by the channel interdependence between the projector and the camera that was considered negligible. However, the drawback of the proposed method is that in case there is a small error in the estimation of the spectral reflectance of a large uniform area, a low but perceptible color discontinuity might be present in the image.

Dynamic adaptation of photometric method: Since the proposed method requires a single input image, it can be easily adapted to moving surfaces by reprojecting this white calibration pattern (reference projector illumination). As was observed in the compensation results and the quantitative evaluation of Section 4.3, it significantly improves the methods of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] and Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] since it achieves an accurate compensation without inhering any artifacts from the previous surface as the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF]. On the other hand, the latter is not projecting any additional calibration images, which is an important advantage in some applications.

In case though the surface keeps moving the compensation accuracy is diminished and the output becomes severely unstable. Thus, the complete recalibration in the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] is inevitable after a pair of consecutive displacements of the surface. The method of Bimber et al. [START_REF] Bimber | Embedded entertainment with smart projectors[END_REF] even though it does not accumulate artifacts of previous frames fails to correctly compensate for all areas across the projection surface due to the naive color mapping.

Device independent color management: The proposed method for photometric compensation is not based on a simple mapping between the projector and the camera as most of the existing methods. It transformes the device-dependent data to the device-independent color space CIE XYZ 1931 in order to ensure better color constancy between the desired appearance and the projected one perceived by the viewer. This approach is considered a colorimetric compensation since it takes into account both the CIE standard observer and the color transformation in each device. The characterization of the ProCam devices is necessary in this case. The main disadvantage of the device-dependent methods is that their result might be tuned to appear well in the camera image but since the HVS is more complex and sensitive, the result for the observer might differ significantly. The proposed method provides a complete color processing procedure that takes into account perceptual characteristics.

A direct comparison with previous popular methods: In order to evaluate the performance of each proposed approach, a qualitative and quantitative comparison with other popular and well-established methods, which share similar objectives and constraints with this work, offered a better insight into the strong points and weaknesses of each technique. Especially in the case of photometric compensation, it is important to have side-by-side comparisons of different methods since some qualitative visual data can only be judged in relation with other results.

The GPU implementation of the proposed methods: The GPU implementation of the dynamic photometric compensation enables real-time calculation for the projection of videos, which is essential for the projection on moving surfaces.

Future Work

This work provided solutions but also revealed additional paths to be explored. Future research might seek to either improve some of the drawbacks of the proposed methods or investigate different directions. The ambitious and challenging problem of photometric compensation on a moving real object has various interesting aspects that need to be addressed. Some of them that were spotted during this thesis are highlighted in the following paragraphs:

Dynamic adaptation while reducing calibration pattern reprojection: The proposed method offered a dramatic improvement by reducing the number of calibration patterns down to one while maintaining compensation accuracy. However, the continuous reprojection of a white image (reference projector illumination) in order to compensate on a fast moving surface can be considerably irritating to the viewer.

The comparison with the method of Fujii et al. [START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] showed that the compensation precision is affected by adaptation without pattern reprojection. However, it should be evaluated to what extend the inaccuracy in the compensation is more irritating to the viewer than the continuous reprojection of a calibration pattern. A hybrid solution, where the pattern would be projected less frequently and for the intermediate frames adaptation without pattern would be performed, could be an optimal solution. Another perspective would be to find alternatives to lower the luminance of the calibration pattern without affecting the reflectance estimation and hide the pattern in the projected video sequence.

Use of camera feedback to increase compensation accuracy: Errors in the pho-tometric compensation can occur for various reasons (such as metamerism, errors in device characterization, non-Lambertian surfaces etc.) and they might result in perceptible color differences. An iterative approach that would use the camera feedback to correct the possible errors would be of great benefit for many methods. The feedback cannot be applied to scenes that change rapidly since it requires various frames to converge. However, it could correct the compensation artifacts of the proposed method caused by errors in reflectance estimation. These errors are inevitable, even if the reflectance estimator were perfect, since two colors might appear identical to the camera but correspond to different spectral reflectances (metamerism).

Include more attributes of the HVS: The basic color transform from the devicedependent RGB values of the projector to the ones of the camera is not sufficient to predict the visual appearance on the projection surface. The HVS has many complex mechanisms that should be taken into account for an accurate color match.

Moreover, the color spaces of each device are significantly different and color transformations should be connected to visual attributes. This work includes colorimetric compensation based on the device-independent color space CIE XYZ 1931.

Nonetheless, expanding from basic colorimetry to advanced colorimetry by including advanced color appearance models such as CIECAM02 [START_REF] Moroney | The CIECAM02 color appearance model[END_REF] or image appearance models such as iCAM [START_REF] Fairchild | Meet iCAM: A next-generation color appearance model[END_REF] might expand the capabilities of ProCams.

Address the resolution differences of the devices: In a ProCam, the pixel correspondence between the devices is highly unlikely to be 1-to-1. Even if the devices have the same nominal resolution, due to differences in optics and position there will always be pixels of one device that might correspond to more or to none of the pixels of the other device. An accurate handling of the missing pixels either by different interpolation methods or by image inpainting techniques will reduce artifacts due to geometry miscalculations.

Take into account the physical limitations: Photometric compensation is limited by physical constraints on both the projection surface and the ProCam. The amount of reproducible colors depends on the gamut and brightness of the projector and the reflectance of the surface. In addition, the color gamut and sensitivity of the camera further limit the output. In this thesis, the desired appearance was considered to be inside the reproducible gamut of the system. However, research that will modify the desired gamut, in order to better comply with the physical limitations of the system, can achieve better treatment of areas where clipping errors occur.

Overall, the further investigation and potential solutions to the ambitious problem of changing the appearance of moving real objects can have an enormous impact on the way we perceive and interact with our surrounding environment breaking new ground in immersive experiences.

Cette méthode a été entièrement développée sur GPU pour permettre une compen- 
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 21 Figure 2.1: The pinhole model.
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 10123456 The parameters in the above equations can be categorized in intrinsic and extrinsic parameters. The intrinsic parameters are different for each sensor and describe the behavior of each sensor. They do not depend on the scene view as long as the focal length is fixed. The extrinsic parameters depend on the scene view and describe the relative position of the sensor with respect to the scene. The list of these parameters is the following:Intrinsic Parameters • f x ,f y : the focal lengths in pixels related units • (c x , c y ): the principal point on the image plane (usually close to the center) the radial distortion coefficients • p 1 , p 2 : the tangential distortion coefficients Extrinsic Parameters • R: the rotation matrix • t: the translation matrix
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 22 Figure 2.2: The radiometric/photometric model of a ProCam.
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 23 Figure 2.3: The scene independence in a coaxial system [1]. (a) Test pattern projected on a curved object. (b) Test pattern projected on a moving object.

( a )

 a ProCam system by Fujii et al.[START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF].(b) ProCam system by Amano et al.[START_REF] Amano | Appearance control for human material perception manipulation[END_REF].
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 24 Figure 2.4: Systems with coaxial optics.
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 25 Figure 2.5: A simplified example of a binary pattern of 5 bits [2].
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 26 Figure 2.6: A three-step phase-shift fringe pattern.
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 27 Figure 2.7: The color stripe pattern by Zhang et al. (left) and its projection on an object (right) [3].
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 28 Figure 2.8: Retrieval of 3D points by ray-plane intersection in [4].
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 210 Figure 2.10: Subpixel precision achieved by local homographies at each checkerboard corner in the captured image in [6].
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 2 Figure 2.11: The structured-light calibration patterns used in [7].

  addition to a conventional color RGB image, a depth image where each pixel represents the distance of each point in the color image from the sensor. There are two different technologies that make the acquisition of such an image feasible; disparity and Time of Flight (ToF). Two characteristic examples of these techniques can be seen in Fig. 2.12. These widely used sensors are the two different releases of the (a) Kinect v1 (disparity). (b) Kinect v2 (ToF).
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 212 Figure 2.12: Widely used depth sensors.
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 213 Figure 2.13: Infrared pattern emitted by Kinect v1 [8].
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 214 Figure 2.14: Output of Kinect sensor.
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 215 Figure 2.15: Printed pattern required in RGBDemo projector-Kinect calibration [9].
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 216 Figure 2.16: Pipeline of the method proposed by Madhkour et al. [10].
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 2 Figure2.17: The single calibration pattern for the projector nonlinearity in[START_REF] Grossberg | Making one object look like another: controlling appearance using a projector-camera system[END_REF].
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 218 Figure 2.18: Negative feedback with MPC controler in [12].
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 219 Figure 2.19: The feedback control system in [13] for multiple-projectors. Dashed-line blocks denote the same structure.
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 220 Figure 2.20: The two different methods for embedding the pattern in [14]. (a) Temporal encoding, where patterns are multiplexed in time. (b) Spatial encoding, where a pattern is designed and embedded in odd and even frames of the projected content.

  (a) Translucency pipeline (b) Glossiness pipeline
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 2 Figure 2.21: Object's appearance manipulation in [15].
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 31 the projector, the RGB camera, the RGB camera of Kinect and the Depth (IR) camera of Kinect are denoted by the subscripts P, C, KC and KD, respectively. The axes (x, y, z) correspond to the coordinate system of each device while the axes (u, v) represent the image axes of each device's plane in pixels. The extrinsic parameters of rotation and translation for each device with respect to the Kinect depth sensor are denoted by [R, T].
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 31 Figure 3.1: Calibration model of a ProCam with an additional Kinect sensor.

Figure 3 . 2 :

 32 Figure 3.2: Pipeline of the calibration procedure.
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 33 Figure 3.3: Single structured-light projection on an arbitrary scene as in[START_REF] Madhkour | Automatic geometric projector calibration -application to a 3D real-time visual feedback[END_REF] and[START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF].
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 34 Figure 3.4: Multiple structured-light projections on a planar surface in different positions proposed in this method.
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 35 Figure 3.5: Virtually sampling the 3D volume of Kinect for calibrating the sensor.
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 36 Figure 3.6: Overview of the proposed compensation method.
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 37 Figure 3.7: The spectral radiance emitted by a projector while increasing the input value of each channel individually. With blue, green and red is marked the radiance of the corresponding color channel.

( a )

 a The non-linear function of the weighting factor with respect to the projector channel value. (b) The gamma response function of the camera.
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 38 Figure 3.8: Nonlinearities in the projector-camera system.
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 39 Figure 3.9: Left: Real brightness output of the projector compared to R+G+B sum. Right: Scalar factors of the different projector primaries.
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 310 Figure 3.10: Projection of white pattern for reflectance estimation on 3D object.

Figure 3 . 11 :

 311 Figure 3.11: Projection of the compensation image on 3D object.
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 41 It is composed of an Epson EH-TW6600 projector, a PixeLINK PL-D722CU RGB camera and a Microsoft Kinect v2. The experimentation using this system is described in Sec-(a) Components of the ProCam. (b) Top view of the ProCam.

Figure 4 . 1 :

 41 Figure 4.1: The ProCam + Kinect system used in our experiments.

  The projector was set to its nominal Full HD (1920 × 1080) resolution and, hence, 46 images (number depends on the projector's resolution) were required for the Gray-coded structured-light sequence. Some of these images acquired by the RGB camera of Kinect and the additional color camera can be seen in Fig.4.2. The (a) RGB camera of Kinect. (b) Additional RGB camera.

Figure 4 . 2 :

 42 Figure 4.2: Some of the 46 Gray-coded structured-light images acquired by the RGB camera of Kinect and the additional RGB camera. Each image of Kinect corresponds to the same capture of the RGB camera. Note that the images of Kinect are flipped along the x axis.
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 43 Figure 4.3: Error in Kinect exposure (right) because it was still set as for the previous image (left).
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 44 Figure 4.4: (From left to right) 1 st column: The positions of the calibration surface. 2 nd column: the segmented surface area. 3 rd column: The masked decoded rows. 4 th column: The masked decoded columns.
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 45 Figure 4.5: Zoom area of the decoded rows of the projector from the RGB image captured by Kinect. Gray pixels were marked "invalid" by the robust classification.
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 46 Figure 4.6: The mean depth images for the 5 calibration positions.
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 47 Figure 4.7: Some of the structured-light images acquired using RoomAlive Toolkit [17].(The images were captured in grayscale).
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 48 Figure 4.8: Top image: Calibration result of Jones et al. [16]. Bottom image: Calibration result of the proposed method. (Green pixels: depth points that correspond to projector and should not exceed projector frame. Red pixels: depth points projected on Kinect RGB sensor. Blue pixels: points on calibration surface used for calibration).
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 49 Figure 4.9: Calibration fails in case all 3D points lie on the same plane (degenerate configuration [18]) Left: Calibration using only the 2 nd pose of the planar surface. Right: Calibration using only the 3 rd pose of the planar surface.
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 410 Figure 4.10: Two orientations of the planar surface are sufficient for an accurate calibration. Top left: Calibration using poses 1 and 2. Top right: Calibration using poses 2 and 3. Bottom left: Calibration using poses 3 and 4. Bottom right: Calibration using poses 4 and 5.
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 4 Fig.4.11, where the different optical density of the 6 gray patches of Macbeth Col-orChecker [107] is plotted with respect to the camera responses.
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 411 Figure 4.11: The linear camera response of PixeLINK PL-D722CU.
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 412 Figure 4.12: Left: Raw camera image. Right: Transformed to sRGB color space.
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 413 Figure 4.13: The nonlinear response of the projector EPSON EH-TW6600.
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 414 Figure 4.14: Projection Surfaces 1(left), 2 (middle) and 3 (right) used in the evaluation.
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 415 Figure 4.15: Top row: Original Images 1(left), 2 (middle) and 3 (right). Bottom row: Original Images 4(left), 5 (middle) and 6 (right).

, 4 .

 4 18 and 4.19 and 4.20 and 4.21, respectively, providing a first qualitative comparison. Further discussion on the results is provided together with the quantitative evaluation in the next section.

(a) Projection Surface 1 .

 1 (b) Desired appearance of Images 1, 2 and 3 on a white surface. (c) Uncompensated Images 1, 2 and 3 on Surface 1. (d) Compensation result of Bimber et al. [20]. (e) Compensation result of Fujii et al. [1]. (f) Compensation result of the proposed method.

Figure 4 . 16 :

 416 Figure 4.16: Compensation results for Images 1, 2 and 3 on Surface 1.

(a) Projection Surface 1 .

 1 (b) Desired appearance of Images 4, 5 and 6 on a white surface. (c) Uncompensated Images 4, 5 and 6 on Surface 1.

Figure 4 . 17 :

 417 Figure 4.17: Compensation results for Images 4, 5 and 6 on Surface 1.

(a) Projection Surface 2 .

 2 (b) Desired appearance of Images 1, 2 and 3 on a white surface. (c) Uncompensated Images 1, 2 and 3 on Surface 2.

Figure 4 . 18 :

 418 Figure 4.18: Compensation results for Images 1, 2 and 3 on Surface 2.

(a) Projection Surface 2 .

 2 (b) Desired appearance of Images 4, 5 and 6 on a white surface. (c) Uncompensated Images 4, 5 and 6 on Surface 2.

Figure 4 . 19 :

 419 Figure 4.19: Compensation results for Images 4, 5 and 6 on Surface 2.

(a) Projection Surface 3 .

 3 (b) Desired appearance of Images 1, 2 and 3 on a white surface. (c) Uncompensated Images 1, 2 and 3 on Surface 3. (d) Compensation result of Bimber et al. [20]. (e) Compensation result of Fujii et al. [1]. (f) Compensation result of the proposed method.

Figure 4 . 20 :

 420 Figure 4.20: Compensation results for Images 1, 2 and 3 on Surface 3.

(a) Projection Surface 3 .

 3 (b) Desired appearance of Images 4, 5 and 6 on a white surface. (c) Uncompensated Images 4, 5 and 6 on Surface 3. (d) Compensation result of Bimber et al. [20]. (e) Compensation result of Fujii et al. [1]. (f) Compensation result of the proposed method.

Figure 4 . 21 :

 421 Figure 4.21: Compensation results for Images 4, 5 and 6 on Surface 3.

Figure 4 . 22 :

 422 Figure 4.22: Top row: Projection Surfaces 1(left), 2 (middle) and 3 (right). Bottom row: Displaced projection Surfaces 1(left), 2 (middle) and 3 (right).

  4.23 and 4.24. For the displaced Surfaces 2 and 3 they are presented in Figs. 4.25 and 4.26 and Figs. 4.27 and 4.28,

Fig. 4 .

 4 Fig. 4.30, on the same area of the compensation results on Surface 3 for Image 3 produced by Fujii et al. [1], using their complete calibration or the adapted version after the displacement of the surface has a huge effect on the appearance. More-

Figure 4 . 23 :

 423 Figure 4.23: Compensation results for Images 1, 2 and 3 on displaced Surface 1.

( a )

 a Desired appearance of Images 4, 5 and 6 on a white surface. (b) Before adaptation: Bimber et al. [20].

Figure 4 . 24 :

 424 Figure 4.24: Compensation results for Images 4, 5 and 6 on displaced Surface 1.

( a )

 a Desired appearance of Images 1, 2 and 3 on a white surface. (b) Before adaptation: Bimber et al. [20].

Figure 4 . 25 :

 425 Figure 4.25: Compensation results for Images 1, 2 and 3 on displaced Surface 2.

( a )

 a Desired appearance of Images 4, 5 and 6 on a white surface. (b) Before adaptation: Bimber et al. [20].

Figure 4 . 26 :

 426 Figure 4.26: Compensation results for Images 4, 5 and 6 on displaced Surface 2.

( a )

 a Desired appearance of Images 1, 2 and 3 on a white surface. (b) Before adaptation: Bimber et al. [20].

Figure 4 . 27 :

 427 Figure 4.27: Compensation results for Images 1, 2 and 3 on displaced Surface 3.

( a )

 a Desired appearance of Images 4, 5 and 6 on a white surface. (b) Before adaptation: Bimber et al. [20].

Figure 4 . 28 :

 428 Figure 4.28: Compensation results for Images 4, 5 and 6 on displaced Surface 3.

( a )

 a Proposed method. (b) Fujii et al. [1].(c) Bimber et al.[START_REF] Bimber | Embedded entertainment with smart projectors[END_REF].

Figure 4 . 29 :

 429 Figure 4.29: Close-up of adapted compensation on displaced Surface 3 for Image 5.

( a )

 a Fujii et al.[START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] with complete calibration. (b) Fujii et al.[START_REF] Fujii | A projector-camera system with real-time photometric adaptation for dynamic environments[END_REF] with adaptation.

Figure 4 . 30 :"

 430 Figure 4.30: Close-up of the compensation results of Fujii et al. [1] on Surface 3 for Image 3 using the complete calibration and the adapted version.

5. 1 .

 1 Art and Science 123 ter taking into account the experience of the aforementioned installation. Some content of this chapter comes from the collaborative article "Gardien du Temple:

5 . 1 )

 51 to receive the installation during the Art-Science festival CURIOSITas 2015. Built in the 18 th century, the castle belongs to the CNRS 2 since 1946. The room is marked by its considerable high ceiling of over 4 meters, its wooden floor and two wide mirrors over two marble2 Centre National de Recherche Scientifique, or National Center of Scientific Research

Figure 5 . 1 :

 51 Figure 5.1: Plan of the Grand Salon and the key elements of the installation. A Kinect sensor detects the presence of the visitors in five locations marked on the floor with Arabic letters (noted by gray circles), a carpet featuring augmented reality and a white book to read the hidden poem, a chandelier above the carpet, two ProCams, one for the wall and one for the carpet.

Figure 5 . 2 :

 52 Figure 5.2: Image extracts from video of the ceiling projected on the carpet under kaleidoscopic treatment.

Figure 5 . 3 :

 53 Figure 5.3: The kaleidoscopically treated video sequence of the Mausoleum of Sidi Abderrahmane's ceiling is projected on the carpet while compensating for its colors.A part of Adonis' poem is revealed on a white book.

Figure 5 . 4 :

 54 Figure 5.4: Visitor's location triggers visual and audio effects while her/his shadow appears in white on the wall, revealing a part of the poem. By moving around the complete space of the wall, the full poem is shown.

Figure 5 . 5 :

 55 Figure 5.5: Images of the performance. The contortionist reveals the Adonis poem on her skin when she dances on the augmented carpet.

Figure 5 . 6 :

 56 Figure 5.6: Projector-camera geometric calibration for the carpet. 46 Gray-coded patterns are projected on the surface of the carpet in order to calculate the pixel correspondence between the projector and the camera.

5 . 7 .

 57 The color surface of the carpet is presented in the first image of Fig.5.6. The carpet was painted with red and yellow acrylic paints (producing some intermediate tones of orange around the carpet's surface). An accurate compensation was dramatically difficult due to the saturated colors of the carpet and the nature of the surface, made of brush-painted carpet threads. Most compensation methods are built under the assumption of Lambertian surfaces. However, the carpet was made by a synthetic fabric that had a significant amount of glossiness and some fluorescence. In addition the acrylic paints that covered the carpet increased the specularities on the surface in an unpredictable way, depending on the viewing Original frames Projected frames (after color and geometric corrections) Original frames Projected frames (after color and geometric corrections)

Figure 5 . 7 :

 57 Figure 5.7: Examples of the frames projected on the carpet after color compensation and geometry mapping.

Figure 5 . 8 :

 58 Figure 5.8: Some concealment (color compensation) results on the carpet.

Table 4 . 1 :

 41 RMS reprojection error for the proposed method and the one of Jones et al.[START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF]. bration using only two of the five surface orientations can be seen in Table4.2. As both the qualitative and quantitative results state, the proposed technique provides an accurate calibration that outperforms the state-of-the-art method introduced by Jones et al.[START_REF] Jones | Roomalive: Magical experiences enabled by scalable, adaptive projector-camera units[END_REF] for Microsoft RoomAlive. This is due to the minimization of out-

	Device	Proposed Method Jones et al. [16]
	RGB Kinect	0.0885	0.1272
	Depth (IR) Kinect	0.0001	0.0594
	Projector	0.6928	0.8955
	RGB camera	0.4387	-
	liers in the calibration dataset by the controllable acquisition procedure. Hence, the
	proposed method is scene independent as the calibration relies on the calibration
	surface and not on an arbitrary scene. Moreover, since only two different surface
	orientations are sufficient for an accurate calibration, the extra workload of the pro-
	posed method is not significant. The structured-light sequence can be captured in

Table 4 .

 4 2: RMS reprojection error of the proposed method using different pairs of the five captured surface orientations.

Table 4 . 3 :

 43 .3. The low mean color difference Mean color differences between the estimated and measured reflectances.

	Mean color differences under D65
	Feature map degree ∆E * ab	∆E * 94	∆E * 00
	First	7.2091 4.5501 4.4195
	Second	3.8900 2.7053 2.6520
	Third	2.9228 2.0882 2.0091

Table 4 .

 4 4: S-CIELAB and RMS errors for compensations on Surface 1.

			Color differences on Surface 1	
		Uncompensated	Proposed	Fujii et al.[1]	Bimber et al.[20]
	Im S-C. * RMS R G B	S-C. * RMS R G B	S-C. * RMS R G B	S-C. *	RMS R G B
	1	25.8 54,70,58 14.0 37,33,35 17.2 38,34,38 17.4 41,39,34
	2	10.8 40,40,28 7.8 31,28,23 11.1 37,29,30 11.0 37,31,29
	3	18.2 38,49,49 9.9 26,22,29 11.8 27,25,28 14.7 42,31,38
	4	28.7 53,66,67 19.6 33,28,40 14.6 29,29,29 18.0 40,38,30
	5	33.5 46,72,63 13.3 28,25,32 19.0 31,26,39 19.6 38,34,33
	6	21.9 46,53,37 12.1 29,26,25 15.1 33,27,22 21.9 40,37,45
			Color differences on Surface 2	
		Uncompensated	Proposed	Fujii et al.[1]	Bimber et al.[20]
	Im S-C. * RMS R G B	S-C. * RMS R G B	S-C. * RMS R G B	S-C. *	RMS R G B
	1	29.3 65,76,43 12.0 26,25,32 14.7 32,29,33 22.3 41,36,33
	2	11.7 48,39,19 5.1 20,18,21 6.4 21,21,23 11.7 33,21,36
	3	12.1 26,32,16 12.1 30,26,38 17.8 23,25,56 20.3 42,31,68
	4	29.4 58,66,45 14.3 27,23,34 16.9 38,24,34 27.1 52,34,44
	5	37.7 59,75,37 15.6 32,22,37 23.9 48,25,44 33.8 49,36,45
	6	19.4 44,42,26 12.8 23,26,27 14.2 27,27,29 24.8 40,30,47

* S-CIELAB * S-CIELAB

Table 4 . 5

 45 

: S-CIELAB and RMS errors for compensations on Surface 2.

Table 4 .

 4 6: S-CIELAB and RMS errors for compensations on Surface 3.

			Color differences on Surface 3	
		Uncompensated	Proposed	Fujii et al.[1]	Bimber et al.[20]
	Im S-C. * RMS R G B	S-C. * RMS R G B	S-C. * RMS R G B	S-C. *	RMS R G B
	1	30.8 65,75,44 10.6 25,25,25 13.9 32,27,32 19.1 33,33,30
	2	10.8 39,39,21 4.7 18,14,19 5.5 16,16,23 12.9 36,22,31
	3	12.3 27,33,20 11.3 32,24,32 17.1 20,24,53 18.8 49,29,59
	4	32.4 66,67,39 12.6 19,19,29 14.4 29,20,30 25.3 30,30,48
	5	44.3 72,83,41 17.1 28,26,22 23.6 45,29,34 31.8 29,32,45
	6	23.0 47,47,22 9.5 21,18,23 9.6 20,18,21 26.3 38,29,56

* S-CIELAB

  4.23 -4.28, the proposed method is able to adapt to the new surface position without carrying any residual artifacts from the previous compensation. This is due to the fact that it calculates the spectral reflectance of the new surface without making any assumptions regarding the previous compensation.

		Color differences on displaced Surface 1
			Uncompensated	
		Proposed	Fujii et al.[1]	Bimber et al.[20]
	Im S-C. * RMS R G B	S-C. * RMS R G B	S-C. *	RMS R G B
	1	19.6 52,46,45 21.6 55,47,47 22.9 54,50,48
	2	11.4 43,38,33 13.5 44,40,43 17.2 49,43,47
	3	12.9 35,31,36 16.5 38,33,46 22.7 60,51,60
	4	23.7 47,45,49 23.7 54,46,54 26.5 51,57,62
	5	18.7 41,39,46 22.9 54,41,48 26.3 48,47,49
	6	17.1 40,39,34 20.4 44,40,43 29.7 51,51,65
			Compensated	
		Proposed	Fujii et al.[1]	Bimber et al.[20]
	Im S-C. * RMS R G B	S-C. * RMS R G B	S-C. *	RMS R G B
	1	16.3 46,39,38 21.2 52,43,45 19.6 49,43,36
	2	9.6 40,35,28 16.0 52,41,41 13.1 44,35,36
	3	11.1 33,26,31 15.8 36,30,39 22.7 60,48,58
	4	21.1 42,38,43 19.2 46,42,44 20.3 44,43,37
	5	15.0 35,30,38 18.6 32,29,41 21.6 41,39,33
	6	13.8 36,33,29 17.9 48,38,38 23.6 44,41,48

* S-CIELAB

Table 4 .

 4 7: S-CIELAB and RMS errors for compensations on displaced Surface 1.

Table 4 .

 4 8: S-CIELAB and RMS errors for compensations on displaced Surface 2.

Table 4 .

 4 9: S-CIELAB and RMS errors for compensations on displaced Surface 3.

  .10. These are the average times including the complete loading of each new image in dynamic compensation.

	Computation time of the proposed method for one FullHD frame in seconds (s) *
	Implementation	Time (s)
	MATLAB	308.52
	C++, OpenCV	56.43
	C++, OpenGL	3.78
	* Run on Dell Inspiron 3537, i7-4500U @1.8 GHz, 8 GB RAM, AMD
	RADEON HD 8850M	

Table 4 .

 4 10: Computation times of different implementations of the proposed photometric compensation for one FullHD frame.

  sation en temps réel. Les méthodes antérieures portant sur la compensation couleur sont discutées et comparées afin d'évaluer la performance de notre technique. L'étalonnage photométrique et géométrique fidèle d'un ProCam est essentiel pour une compensation précise. Une nouvelle technique de calibration géométrique entre un capteur de profondeur (Microsoft Kinect v2) et un ProCam est présentée dans le but de réaliser la projection sur un objet en mouvement. Une série d'images de lumière structurée est projetée sur une surface plane uniformément colorée et capturée par les caméras (RGB et Kinect). Ce processus est répété quelques fois dans différentes orientations. Comme on a pu prouver, même deux orientations sont suffisantes pour un étalonnage robuste. Le décodage de cette séquence de lumière structurée fournit les correspondances de pixels entre les différents périphériques qui sont utilisés pour le calcul des paramètres du modèle géométrique. Cette méthode est évaluée en comparaison avec une récente et populaire technique de calibration Kinect-ProCam. En outre, une calibration photométrique est décrite pour estimer les non-linéarités dans les réponses du projecteur et de la caméra. La transformation des couleurs entre le projecteur et la caméra est fondamentale dans un ProCam. Cela nécessite la caractérisation colorimétrique du système. Dans cette méthode, la transformation des valeurs RGB de la caméra et du projecteur (dépendantes du périphérique) est effectuée dans l'espace couleur CIE XYZ 1931 (indépendant du périphérique). Le pipeline de gestion des couleurs dans un ProCam est présenté. Le potentiel artistique des techniques de réalité augmentée proposées est en outre exploré à travers l'installation interactive artistique Gardien du Temple. La révélation et l'effacement ont toujours été un terrain d'expérimentation commun aux artistes et aux scientifiques. Cette installation/performance audiovisuelle utilise la réalité augmentée pour effacer la présence d'un poème écrit sur un tapis invitant le spectateur à le révéler. Dans de telles applications, la précision et la robustesse des méthodes utilisées sont cruciales. Cette installation artistique a donc permis de tester et d'évaluer les travaux de cette thèse dans un contexte collaboratif et

This paper is not published at the time these lines are being written.
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(b) A micromirror on a DLP chip [START_REF]How TI DLP technology works[END_REF]. In order to produce brighter colors an additional white filter is added to the wheel making the calibration of a DLP projector significantly challenging. There are projectors that instead of using a single DLP chip they use three, avoiding the color wheel with the white component. However, 3-chip DLP technology is not used in affordable commercial products and it is mostly used in high-end cinema projection.

Appendix B

Résumé en franc ¸ais The main objective of this work is the color compensation on a moving 3D object using a ProCam, which is a dramatically more challenging scenario. A novel method for color compensation using a single input frame is proposed. It consists in estimating the spectral reectance of the surface in order to compensate for it under the assumption that the projector responses are known or previously measured. This method was fully developed on GPU to enable realtime compensation. Previous methods on color compensation are discussed and compared in order to evaluate the performance of our technique. The accurate photometric and geometric calibration of a ProCam is essential for precise compensation. A new geometric calibration technique between a depth sensor and a ProCam is presented in order to make the projection on a moving object feasible. A photometric calibration is described for the transformation of the device-dependent camera and projector values to the device-independent CIE XYZ 1931 color space.

The artistic potential of the proposed augmented reality techniques is further explored through the interactive art installation Gardien du Temple. Revelation and concealment has always been a common experimentation ground for both artists and scientists. This audio visual installation uses augmented reality to hide the presence of a written poem on a carpet inviting the spectator to reveal it. In such applications, the accuracy and robust performance of the methods employed is crucial and, thus, it oered a challenging ground for testing and evaluation.

Université Paris-Saclay