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Résumé

Une dépiction réaliste d'une scène n'est souvent pas le choix optimal pour transmettre efficacement un message. Dans cette thèse, nous étudions comment les artistes utilisent l'éclairage pour influencer notre perception des propriétés physiques de la scène. Nous nous intéressons particulièrement à leurs emplois de l'ombrage et des ombres portées pour donner à voir forme et profondeur. Le style des cartes panoramiques du peintre Pierre Novat (1928Novat ( -2007)), qui excellait dans la représentation de paysages montagneux complexes, constitue pour nous un cas d'étude particulier. Nous étudions le style pictural de Novat et sa manière de s'affranchir d'une représentation réaliste de la montagne, au service d'une transmission efficace des informations nécessaires à la bonne compréhension du terrain.

En nous appuyant sur la recherche en perception visuelle et sur notre étude des travaux de Novat, nous introduisons de nouvelles méthodes visant à mettre en valeur les informations de forme et de profondeur dans les rendus 3D : Notre première méthode, Local Light Alignment, vise à améliorer la représentation de la forme à plusieurs échelles en contrôlant localement l'intensité de l'ombrage à la surface. Nous changeons la direction de la lumière en chaque point de la surface pour assurer la congruence entre la forme physique réelle et les motifs d'ombrage. Nous étendons notre approche pour contrôler indépendamment les propriétes des matériaux, par exemple les reflets et les réfractions.

Notre deuxième approche se concentre sur les ombres portées. Celles-ci peuvent à la fois masquer des zones, gênant notre perception, mais aussi fournir à notre système visuel des informations sur la profondeur, la forme et la disposition spatiale des objets. Nous calculons des directions de lumière, fonctions de la géométrie, qui garantissent un placement correct des ombres. Nous proposons également une définition multi-échelle des ombres pour réintroduire les informations perdues de profondeur et de forme dans les zones déjà dans l'ombre.

Enfin, nous montrons l'efficacité de nos algorithmes d'édition de l'éclairage dans le contexte de l'ombrage analytique (cartes 2D), ainsi que pour les cartes panoramiques 3D. Images have become a major means of communicating information in human societies. Various fields, including entertainment (e.g., film, video games), scientific visualization (e.g., medical imaging, cultural heritage), and advertisement, rely on images to convey information. Images can convey practical and emotional messages using a wide variety of styles and abstraction levels. Figure 1.1 displays different depictions of the Parthenon. Although the subject is the same in all these images, recovered information and induced emotion greatly differ.

More and more fields are using image synthesis, or rendering, to generate pictures using digital tools. Depending on the field, the motivation behind synthetic images may vary. They sometimes attempt to reproduce real life phenomena faithfully. This is referred to as photorealistic rendering, or more recently physically-based rendering [START_REF] Pharr | Physically Based Rendering: From Theory to Implementation[END_REF]. However, efficient ways of conveying information through an image may require not to use physically-based approaches: in fields such as archaeology, architecture, cartography, teaching, or video game, Figure 1.2 Expressive rendering used to emphasize cracks in a wall for a puzzle from The Legend of Zelda: The Wind Waker. The simple model and toon shading make the cracks stand out as a level design feature for the player. The wall can be blown up using a bomb to reveal a passage. artists often opt for non-realistic depictions. They need tools to express themselves, to shape their creations. Designing such digital tools is one of the goals of Non-Photorealistic Rendering (NPR) [START_REF] Strothotte | Non-Photorealistic Computer Graphics: Modeling, Rendering, and Animation[END_REF]. To this reductive label, we prefer the term Expressive Rendering in the following.

Quoting Satoru Takizawa, Design Manager on the The Legend of Zelda: The Wind Waker (2002), about the cartoon art direction of the game1 "Another benefit of those visuals was how we could represent the mechanisms and objects for puzzles in a more easy-to-understand way. When the visuals are photorealistic, it had the adverse effect of making information difficult to represent game-wise." (see Figure 1.2 for an in-game example).

Lighting in Visual Arts

Usually, visual arts depart from realistic depictions, even when portraying non-fictional scenes. Distracting details tend to be removed (abstraction) while subtle effects that serve the goal of the artist are enhanced (exaggeration). What really matters need to stand out for the viewers.

A common way to emphasize important elements of a scene, is to contrast them. This can be achieved in numerous ways, e.g., using strong complementary colors, different textures and shapes, or abstracted versus detailed shapes [START_REF] Maitland | The Art of Color and Design[END_REF]. In this thesis, we are interested in yet another method of creating contrast-actually the most used and well-known techniquelighting.

Lighting designates the effects caused by the interaction of light with matter. Different physical phenomena are causing these effects, e.g., scattering and absorption. We perceive them because of variations in the amount of photons reaching our eyes. Shading and cast shadows are arguably the most common and obvious effects. Shading is the local variation in intensity at a surface, function of the orientation of that surface with respect to the light. Cast shadows appear in areas where the light source is occluded (see Figure 1.3).

Depicting lighting effects in visual artworks is a complex task that requires, if not an extensive knowledge, at least a keen sense of observation. Light sources, materials, and spatial arrangement are among the many things to consider. In both traditional art and Computer-Generated Imagery (CGI), a careful lighting design is necessary to tell a story, to convey a message, and to provide information about objects in the scene.

The Human Visual System (HVS) is responsible for recovering information from visual cues. It can be helped or deceived in that task, a phenomenon with which artists have long experimented with [START_REF] Mamassian | Ambiguities and conventions in the perception of visual art[END_REF]. Indeed, lighting contains a wealth of information for the HVS to process. It may inform us about some physical properties of objects, such as their shapes, their materials, their depth, and their motion. Changes in the lighting of the scene have a direct impact on our perception of these properties, e.g., [START_REF] Kleffner | On the perception of shape from shading[END_REF][START_REF] Mamassian | The perception of cast shadows[END_REF]. For this reason, controlling light can be an efficient way of enhancing our perception of the depicted objects and their important characteristics.

Controlling lighting is therefore not only difficult, but also crucial for artists, the most effective way to light the scene being often physically incorrect. In the next chapters, we will discuss how artists apply to lighting the mechanisms of abstraction and exaggeration mentioned in the first paragraph. Sometimes this is done without the viewer even noticing.

For instance, chiaroscuro, a canonical painting mode of the Renaissance, was used by artists to depict shapes and volumes through the use of increased contrast in the shading intensity (see Figure 1. 4, left). Similarly, medical illustrators often use sharp contrast to enhance the readability of surface features (see Figure 1. 4, right).

As discussed at length by Kahrs et al., lighting serves many other purposes [START_REF] Kahrs | Pixel Cinematography: A Lighting Approach for Computer Graphics[END_REF][START_REF] Lowell | Matters of Light & Depth: Creating Memorable Images for Video, Film & Stills Through Lighting[END_REF]. It is used to complement composition, efficiently guiding the viewer's eye through the scene. It has a semantic function as well, defining a given atmosphere.

Night scene in Yoshiwara (before 1860), an ukiyo-e by Katsushika Ōi is a striking example in which the artist used lighting to capture the night life atmosphere of the Yoshiwara district (see Figure 1.5). Although she clearly had a mastery in the treatment of light, Katsushika Ōi used lighting effects for composition purposes rather than depicting them realistically. 

The Case Study of Hand-Painted Panorama Maps

Among visual arts, we find a prime case study in hand-painted panorama maps. In this section we introduce why they are interesting in the regard of lighting for shape depiction.

Panoramists are artists that are experts at transposing geographic information from 2D maps into a 3D depiction of the terrain, painted onto their canvas. They are in charge of depicting wide and appealing landscapes while meeting many topographical and politico-economical constraints.

The making of hand-painted panorama maps is a painstaking process that requires time, a solid knowledge of the depicted area, and sound artistic and technical skills. Panoramas are therefore pieces of art (paintings) and at the same time navigation tools (maps), which makes them unique objects.

For panorama maps to be effective representations of the terrain, panoramists have to cheat with reality. They use many tricks to achieve their goal, deforming the topography of the terrain and using inconsistent lighting throughout the scene. Although that deceives our perception, the result is allegedly more effective at depicting the terrain relief, while remaining plausible for the map reader.

There are currently only a handful of experts worldwide that are able to paint panorama maps. In the past twenty-five years, two of the most prominent masters passed away, Heinrich C. Berann , and Pierre Novat (1928Novat ( -2007)).

Heinrich C. Berann left an impressive legacy of 568 maps1 . He mainly painted the landscapes of Austria, Switzerland, and Italy. His work of Berann is world-famous, and many cartographic and computer graphics research have studied and attempted to reproduce his style.

Pierre Novat also left an important legacy, delivering more than 300 maps. Nevertheless, his work goes surprisingly unnoticed among other masters such as Heinz Vielkind or James Niehues. Perhaps because he focused mainly on painting the French Alps, whereas Berann's work already had an international impact. As a result, while being a telling subject for a case-study, the style of Novat has been scarcely covered.

Depicting a landscape in informative and aesthetic ways, is a highly constrained task. Although panoramists (1) share the same goal, (2) developed somewhat similar painting processes, and (3) have to follow requests of their clients, striking different styles have emerged. In our work, we focus specifically on the unique style of the hand-painted winter panoramas of Atelier Novat, in an attempt to formalize rules for the depiction of properties such as terrain shape.

Atelier Novat

Atelier Novat is a workshop founded in the 1960s by the French painter Pierre Novat. Through the years, the atelier (workshop) achieved national fame, delivering over 300 panoramas in total. Novat's panoramic maps accompanied the boom of alpine skiing in France and helped to promote ski resorts. They became emblematic of this period. As an example, Figure 1.6 displays the representative 1986 panorama of Mégève. Novat's work durably impacted how the mountain landscapes are represented and perceived in the French collective imagination.

A fundamental problem among panorama makers is the transmission of their expertise from one generation to the next, as the number of masters capable of creating these pieces of work is very low. Loss of expertise occurred with the death of Pierre Novat in 2007, eight years after the death of Heinrich C. Berann ).

Novat's children, Arthur and Frédérique carried on the work of their father, but never trained apprentices. Frédérique Novat is now retired and Arthur Novat is about to cease his activity.

That would mark the end of Atelier Novat. After them, who will know how to create panoramic maps in the style of Novat? In an attempt to save this knowledge, several multidisciplinary initiatives were launched, e.g., the MECOMO project [START_REF] Balzarini | A study on mental representations for realistic visualization: The particular case of ski trail mapping[END_REF][START_REF] Balzarini | The Effectiveness of Panoramic Maps Design: A Preliminary Study Based on Mobile Eye-Tracking[END_REF], in which Arthur Novat was involved, but considerable work remains to be done.

It is in this context that we established a close collaboration with Arthur Novat. Through our careful observation of Novat's painting, we have acquired a solid knowledge of the style of Novat. To support this thesis, we conducted several interviews with Arthur Novat in 2020 and 2021, and another with him and his sister, Frédérique Novat, in 2021. We also attended painting workshops taught by Arthur Novat.

All our claims regarding the style of Novat have been validated with Arthur Novat. Conversely, no claims made by the Novats that we could not verify ourselves in the panoramas, were included in this thesis.

Research Problem and Contributions

In this dissertation, we are concerned with the usage of lighting in synthetic images for perceptual purposes. We focus on the physical properties of objects that artists wish to enhance using lighting. We are particularly interested in using shading and cast shadows as tools to convey information about the shape and spatial arrangement of objects in the scene. We will address the following problem:

How can digital artists and designers have control over shading and cast shadows to convey information efficiently in their creations?

Borrowing the definition from Willats and Durand [START_REF] Willats | Defining Pictorial Style: Lessons from Linguistics and Computer Graphics[END_REF], shading refers to local lighting, that is a description of the local behavior of light at a surface. Cast shadows are an instance of global lighting effects. They are areas of a surface from which the light source is occluded by another object (the caster).

As presented later in the state of the art of the manuscript, different research communities developed solutions to assist artists in their creative process. Proposed methods must enable a precise control over the lighting, without impairing the target look and feel of the scene, and without limiting artists in the expression of their styles.

Although we approach the problem from a computer graphics perspective, the subject of this thesis makes it in essence interdisciplinary, and our contributions are not limited to the field of expressive rendering. Our first contribution is at the crossroads between cartographic research and art history, whereas our second and third contributions are in the field of computer graphics.

The Hand-Painted Winter Panorama Maps of Pierre Novat

We propose a stylistic study of the hand-painted winter panorama maps of Pierre Novat. We offer a portrait of Pierre Novat and a brief historical overview of his workshop. We analyze the main constituent elements of his style: creation process, color palette, terrain deformation, lighting effects, and surface texture (trees, rocks, roads, and buildings).

Because it covers a broad topic that partly falls outside the scope of this dissertation, we have split this work. We have retained in the body of the manuscript the discussion about lighting. The rest can be found in Appendix A. This research has been published in the peer-reviewed, double-blind, Cartographic Perspectives journal [START_REF] Mestres | A Stylistic Study of the Hand-Painted Winter Panorama Maps of Pierre Novat[END_REF].

Local Light Alignment for Multi-Scale Shape Depiction

We introduce Local Light Alignment, a novel method that allows for the enhancement of shape depiction of an arbitrary 3D object, made of an arbitrary material. Our method builds on discoveries in vision science and our observation of shading in paintings, especially the panorama maps in the style of Novat.

Benefiting from the relative insensitivity of the HVS to lighting inconsistencies [START_REF] Ostrovsky | Perceiving Illumination Inconsistencies in Scenes[END_REF], Local Light Alignment modifies the direction of light locally at each point of a surface, in a way that ensures a better shape depiction. The enhancement can be applied at multiple detail scales at the same time, and to independent components of the Bidirectional Scattering Distribution Function (BSDF).

To validate our approach, we propose a new metric that measures the congruence between the shading at the surface and the actual shape of the object. We compare this score with previous work methods, using various models and materials. Local Light Alignment outperforms previous work methods without impairing the overall look and feel of the scene. This work has been published in the peer-reviewed, double-blind, Computer Graphics Forum journal (Eurographics 2021) [START_REF] Mestres | Local Light Alignment for Multi-Scale Shape Depiction[END_REF].

Multi-Scale Cast Shadows for Relief Depiction

Cast shadows have an ambiguous impact on the depiction of the scene. They can hinder our perception by masking important surface features, but they may also inform us about various properties of objects [START_REF] Casati | The Visual World of Shadows[END_REF]. We present our on-going research on cast shadows for shape and depth depiction.

Our goal is twofold. On the one hand, we want to limit the masking effects caused by cast shadows. On the other hand, we want to place shadows in such a way that we better perceive the shape and spatial arrangement of objects in the scene that cast them. We propose to use several adjusted lights to control the placement of cast shadows. Our set of adjusted light directions is based on a partition of the terrain geometry using a recursive clustering algorithm.

In order to reintroduce contrast in shadowed areas and help viewers recover the shape of details and their layout, we extend our approach to account for multiple scales cast shadows, that is fine cast shadows that can lie on already shadowed slopes.

While the formulation of our method is general, we currently applied it to terrain rendering only.

Thesis Structure

In this chapter, we presented succinctly the context of our work for this thesis. This is a vast topic for which we need to provide insights into numerous fields. For that reason, the following of the thesis is divided in parts:

Part I addresses the topic of expressive lighting in visual arts. Our case-study focuses heavily on traditional hand-painted artworks:

• Chapter 2 presents relevant artworks illustrating striking and original uses of shading and cast shadows, while giving pointers to related works in art history;

• In Chapter 3, we present our first contribution, an in-depth analysis of lighting in the mountain panoramas of Pierre Novat.

Part II presents our state of the art on digital methods for expressive lighting:

• We propose a state of the art of research in expressive rendering and terrain visualization that aims at enhancing shape depiction (Chapter 4). We touch on the rendering of stylized panorama maps, and we provide a comprehensive review of techniques allowing for the control of shading in rendered images. We briefly present the vision science works that justify these approaches;

• In Chapter 5, we survey the computer graphics literature related to cast shadows, focusing on methods that allow their artistic editing, and discuss research on our perception of cast shadows.

Part III presents our second and third contributions in the field of computer graphics:

• We draw on the knowledge from our case-studies and interdisciplinary state of the art, and introduce our second contribution, Local Light Alignment, in Chapter 6. We apply it to general rendering scenarios;

• Chapter 7 presents an exploratory method for the depiction of cast shadows in the context of terrain rendering. We attempt to harness shadows for the benefit of our perception, while diminishing masking effects.

Part IV discusses applications of our methods and concludes this dissertation:

• We apply our shading and shadowing approaches to 2D shaded relief and to the rendering of mountainous terrains in the style of Novat (Chapter 8);

• Finally, we conclude this thesis with a discussion of future works in Chapter 9.

Part I Expressive Lighting in Visual Arts

Chapter 2

Case-Study on the Uses of Lighting 

Case-Study on the Uses of Lighting

Shading and shadowing can be sometimes difficult to distinguish from each other. In the end, lighting effects are variations in the outgoing radiance field of a surface, that result from the variations in the amount of photons reaching our eye, or the sensor of the camera taking a picture. Still, at a higher level of abstraction, visual artists have long been able to isolate and characterize these lighting phenomena. Indeed, manipulating lighting in pictorial arts is an age-old technique. The spatial arrangement of objects, their relative depths, and their shapes are all properties conveyed by the means of lighting. Objects without shading may seem flat. Without shadows they may appear to be floating.

In this chapter, we review a selection of artworks that make a remarkable use of lighting in their compositions.

Shading

As discussed in Chapter 1, shading, sometimes referred to as chiaroscuro or modelling in art, has been extensively used in visual arts as a pratical way for artist to depict volume and depth.

The depiction of such lighting effects is a feat first attributed to the Greek artist Apollodorus Skiagraphos (5th century BC). His paintings are now lost, but his legacy has survived, reaching the height of technical refinement during the Renaissance.

In the course of the High Renaissance movement (late 15th to early 16th centuries), artists continued experimenting with chiaroscuro as a means of depicting volumes. By exaggerating shading they were able to better depict shape and create dramatic contrasts. Later, the Baroque Tenebrism (17th to early 18th centuries) movement, inspired by Caravaggio, made of chiaroscuro a central composition mechanism.

Figure 2.1 displays Caravaggio's The Call of Saint Matthew, a vivid example of compositional chiaroscuro [START_REF] Cottle | Of Life and Lighting: A Study of the Evolution of Light in Caravaggio's Painting[END_REF]. In this painting, the strong contrast makes the protagonists stand out against the dark background. The orientation of the shading gradients guides our eye to the right side of the painting where the light source is located, while all hands point to the figure that would later become known as Saint Matthew. At the same time, the high contrast in the characters' faces greatly helps with understanding shape.

As we will see in the following paragraphs, shading is a crucial device for transmitting information. It has become an essential element of composition, just as its execution (or absence) has a major influence on the style of the final picture.

An Example of Semantic Shading

Utagawa Kuniyoshi's ukiyo-e triptych of Takiyasha the Witch and the Skeleton Spectre (Figure 2.2), depicts a mix between historical facts and legends. Princess Takiyasha, said to be a sorceress, is summoning a giant skeleton to attack the emperor's envoys after they killed her father, Taira no Masakado, a seditious leader of an uprising against the central government.

In this section, we present an example of what we term semantic shading. The painting can be diagonally divided: the top right part exhibits the giant skeleton, while the bottom left part displays the human characters. Humans are not shaded. They do not cast shadows on the ground either. The perception of depth in the scene is mainly due to the texture motifs of the ground. On the contrary, the skeleton is represented using a mix of shading and self-cast shadows. It pops up in the scene tearing up the background, dominating other protagonists.

In this work, the purpose of shading is twofold. First, it is a practical way to help the viewer disentangle the complex interlacing of the skeleton's bones. It effectively supports composition by increasing local contrast at the surface of the bones, that would prove difficult to understand otherwise.

Secondly, shading is important from a semantic point of view. Along with the diagonal division of the scene and the foreground-background contrast (the skeleton breaks in the scene), shading emphasizes the monstrous nature of the skeleton and its belonging to another world. Because of its size and the fact that it is the only shaded protagonist, it stands out as a frightening view.

Warm-To-Cool Tones

In the artwork Head and Hand (Cabeza y Mano), Oswaldo Guayasamin uses a warm-to-cool shading to depict surface orientation with respect to the light source (Figure 2.3). Lighting the model from below gives a dramatic look to the painting, consistent with the somber mood of the character. Although incorrect about the physical cause of the observed phenomenons, Goethe's work on the human perception of colors [START_REF] Wolfgang Von Goethe | Theory of Colours[END_REF], and notably his color wheel, had a lasting impact on art. Even before, using warm-to-cool tones was a well-known technique among artists to create contrast. An early example can be found in Jean Colombe's Folio 79 of The Very Rich Hours of the Duke of Berry, a book of hours whose illustrations were painted from 1411 to 1486 by several artists. Although Colombe was able to depict shading realistically (see Figure 2.4, top), he decided to shade his characters differently, using a warm yellow light.

The choice of this particular shading is both practical and (again) symbolic. Practical because the characters stand out more in the picture and we better perceive the folds of their clothing. The contrast is especially vivid on Mary's blue garment (see Figure 2.4, bottom). Symbolic because the artist probably wished to confer a sacred dimension on the scene, emphasized by the rays of light emanating from the dove.

Contrary to Takiyasha the Witch and the Skeleton Spectre (Figure 2.2), all the objects and protagonists are already shaded. Because of that, shading only was not enough to contrast the subject of the painting. Artists had to come up with novel ideas that serve the same purpose in the end.

As we will see in Chapter 4, computer graphics research investigates this illumination model for technical illustrations, commonly known as Gooch shading [START_REF] Gooch | A Non-Photorealistic Lighting Model for Automatic Technical Illustration[END_REF].

Cast Shadows

Cast shadows have long been used in pictorial art. In fact, for the Roman philosopher Pliny the Elder, painting originates from the depiction of someone's figure from the outlining of their shadow [START_REF] Rosenblum | The Origin of Painting: A Problem in the Iconography of Romantic Classicism[END_REF][START_REF] Victor | Short History of the Shadow. Essays in Art and Culture[END_REF]. A widespread version of the myth attributes the first painting to a Corinthian maid. She is said to have traced the outline of the shadow of her lover's face onto a wall (see Figure 2.5 for the first known interpretation of the myth [START_REF] Rosenblum | The Origin of Painting: A Problem in the Iconography of Romantic Classicism[END_REF]).

Cast shadows were long considered distracting, and were therefore omitted by artists for centuries. Briefly used in the fifteenth century to outline subjects, they were often depicted unrealistically [START_REF] Ernst | Shadows: The Depiction of Cast Shadows in Western Art[END_REF]. They were removed again during High Renaissance, maybe because the theory of cast shadows projection, to which Leonardo Da Vinci greatly contributed, was only emerging. Indeed, cast shadows were a major problem for artists at that time [START_REF] Da | The Perspective of Shadows: The History of the Theory of Shadow Projection[END_REF]. Gombrich questions the successive presence and absence of cast shadows in Western art [START_REF] Ernst | Shadows: The Depiction of Cast Shadows in Western Art[END_REF]. When present, he studies their depiction and uses. At the end of the sixteenth century, as the theory of shadows construction was robust enough and more widespread [START_REF] Da | The Perspective of Shadows: The History of the Theory of Shadow Projection[END_REF], they were durably reintroduced in paintings. Although the difficulties inherent to their depiction probably slowed their adoption, Gombrich outlines the benefits of cast shadows for our perception of shape, spatial arrangement, or distance to objects.

Baxandall [START_REF] Baxandall | Shadows and Enlightenment[END_REF] reflects on different shadow perception models of the eighteenth century and their history. He reviews the research on shadow perception in cognitive science and computer vision of the late twentieth century in the light of art history. He demonstrates that artists had a solid knowledge of the scientific models of the time regarding the perception of shadows in humans, or even were involved in the establishment of these models.

As discussed by Tversky, artists often use the figurative power of shadows to convey messages, ideas, or emotions [START_REF] Tversky | Shadow play[END_REF][START_REF] Ernst | Shadows: The Depiction of Cast Shadows in Western Art[END_REF]. Those narrative and symbolic uses of shadows can sometimes be the main informational elements of the composition.

In Figure 2.6, we display two examples in which shadows reveal to the viewer the presence of characters outside their range of view. In the scene of BioShock, an action-horror video game, this hors-champ contributes greatly to the player's sense of mystery and apprehension. In the Jean-Léon Gérôme painting, Consummatum Est, the viewer is placed next to the crucified, with the crowd pointing at them. This unusual point of view is a different way of telling the story that had never been tried at the time [START_REF] Ernst | Shadows: The Depiction of Cast Shadows in Western Art[END_REF].

Those examples displayed faithful representations of what the subjects' shadows would be. On other occasions, artists play with our perception to achieve their goal, using plausible yet non-realistic shadows.

Non-Realistic Shadows to Solve the Correspondence Problem

We find a fine example of the latter with René Magritte's series The Empire of Light (L'Empire des Lumières) (Figure 2.7, left). The artist depicts in the same painting a nocturnal scene, lit by a single lamppost, and a bright daytime skyscape. This startling view is both familiar and incoherent for our perception.

In the 1961 version, Magritte subtly plays with the shadow cast by the case of the lamppost. As discussed by Casati [START_REF] Casati | The Copycat Solution to the Shadow Correspondence Problem[END_REF], the cast shadows on the wall are not realistic, as they should be vertical, not oblique (see a rendering demonstrating this in Figure 2.7, right). This supposedly helps us to match the oblique shadows with their caster, the case of the lamppost. Matching Although the shadow is correct in the rendering, it seems to be projected by the lamppost rod instead of the lamppost case. Also note the depth illusion that Magritte creates by casting the shadow on the tree foliage and the wall at the same time.

a shadows with its caster is referred to as the correspondence problem in the vision science community. It is a crucial part for the proper understanding of a scene.

While helping us on one side, Magritte does not cease deceiving our vision. Notice how the shadow cast by the case of the lamppost is at the same time projected onto the tree foliage and the wall of the house (better seen in the close-up, Figure 2.7, middle). This gives the local impression that the tree is simultaneously behind and in front of the street light.

Cast Shadows as a Depth Cue

As we have just discussed, cast shadows can have a significant impact on the perception of depth. Taddeo Gaddi's work, Annunciation to the Shepherds, is an even more striking example of that property: in the absence of cast shadows, the subject appears to be floating above the ground (see Figure 2.8, left).

Although the shading in the painting is convincing, the lack of shadows makes it difficult to grasp the spatial layout of objects in the scene. The perception of depth could be reintroduced by using simple (non-realistic) cast shadows, as demonstrated in our edited version of Gaddi's painting (see Figure 2.8, right). Even if the shadow of the shepherd's staff is incorrectly projected along the slope of the ground, we perceive the character and his tool as anchored in the scene. In no way do we claim that our version is any better; we simply provide this experiment to illustrate the relationship between cast shadows and spatial layout [START_REF] Kersten | Illusory motion from shadows[END_REF][START_REF] Mamassian | The perception of cast shadows[END_REF]. We discuss this property from the vision science point of view in Section 5.2.

Artists and Visual Perception

We presented some of the wide-ranging uses of shading and cast shadows in visual arts. These uses let us think that artists, over the centuries and through their careful observation of the real world, gained valuable knowledge about human visual perception.

They use this knowledge to create meaningful artworks, with an ever-increasing evocative power. They make sure to design lighting in their scenes in a way that enhances our perception of useful properties, such as shape and depth.

In the following chapter, we study the winter panorama maps of Pierre Novat. We will see how Novat, like many artists before him, freed himself from depicting his subject realistically. Instead, he offers a plausible and efficient, yet deformed, representation of the mountain, characteristic of his style. Figure 3.1 displays the most accomplished panorama of Pierre Novat's career, according to his son. In this painting, and in his work in general, Novat strove to create an ideal yet personal representation of a mountain, with a dual purpose: a practical one, to help the viewer understand the topography of the region, and an aesthetic one, to depict an imaginary mountain, now emblematic of the French Alps, that encourages dreams.

In this chapter, we are interested in characterizing lighting in the hand-painted work of the French panoramist Pierre Novat (1928Novat ( -2007)). Note that this chapter is part of a broader work that was published in the Cartographic Perspectives journal [START_REF] Mestres | A Stylistic Study of the Hand-Painted Winter Panorama Maps of Pierre Novat[END_REF]. In this publication, we provide a portrait of Pierre Novat and a brief historical overview of the workshop. We also analyze the constituent elements of his pictorial style: creation process, color palette, terrain deformation, and surface texture (trees, rocks, roads, and buildings). As these elements of Novat's pictorial style fall outside the scope of this thesis, we have chosen not to discuss them in this chapter. Instead, we provide our analysis in Appendix A. The word panorama (from Ancient Greek pan "all" and horama "view") was coined by Robert Barker (1739-1806) to describe a way to display 360°paintings. He applied for a British patent in 17871 and has since been credited with the invention of panoramas [Oet97; Pat00]. Barker's painting of Edinburgh (1788) was displayed in a rotunda, a circular building in which viewers were surrounded by the painting, fully immersing them in the scene (Figure 3.2). The word panorama was used to designate both the paintings and the buildings used to display them.

On Panoramas

Nowadays, the definition of panorama has evolved, and is neither limited to 360°paintings nor to the technical way of displaying such paintings. A panorama refers to a wide-angle view of a scene (e.g., a landscape or historical battle), regardless of the medium. Digital photographs as well as paintings can be called panoramas.

According to Patterson [Pat00, p. 39]:

Panoramas are a unique variety of map that transcends the boundary between cartography and art [. . .] and are excellent pictorial devices for visualizing landscapesespecially ski areas, for which the panorama has become the de facto cartographic standard.

As maps, they help the viewer understand the topography of the region, placing the ski areas in a wider geographic context. As paintings, they represent the personal interpretation of the artist, mixing reality with an imaginary representation of the landscape. The overall goal of these panoramas is to entice skiers to explore all the areas of a resort, luring them with ideal weather conditions, a deep snowpack, and downhill pistes (ski runs). They serve a practical purpose. These two modes imply that panoramists are themselves at the crossroads between the fine arts and the applied arts. Pierre Novat was no exception, and considered himself more of an artisan than an artist.

In France, similar to North America [START_REF] Tait | Mountain Ski Maps of North America: Preliminary Survey and Analysis of Style[END_REF], panoramas are the standard for mountain panoramas. They are widely used by mountain operators to promote their resorts and played an important role in the development of winter sport tourism.

Previous Studies of Panoramists

Panorama artists who have become prominent masters in the field all share a similar creative process. Their process and styles are described for each artist in various works and interviews. Nevertheless, they achieve different styles in the end.

Patterson [START_REF] Patterson | A View From On High: Heinrich Berann's Panoramas and Landscape Visualization Techniques for the U.S. National Park Service[END_REF] provides an in-depth study of the work of Heinrich C. Berann , the most famous panoramist. Patterson [START_REF] Patterson | A View From On High: Heinrich Berann's Panoramas and Landscape Visualization Techniques for the U.S. National Park Service[END_REF] and Kast and Fischer [KF19] interview Berann's former apprentice, Heinz Vielkind, about their method. Tait [START_REF] Tait | Mountain Ski Maps of North America: Preliminary Survey and Analysis of Style[END_REF] studies James Niehues' maps, that are "in use at over a quarter of all ski areas" in North America. Weyland [START_REF] Weyland | En Piste: An Interview with James Niehues[END_REF] interviews Niehues and Bennett et al. [START_REF] Bennett | The Man Behind The Maps[END_REF] describe his technique in their book. A compilation of Pierre Novat's paintings and details about his creative process can be found in "Le Plan des Pistes" [START_REF] Novat | Plans des pistes: Les Domaines Skiables de France Dessinés par Pierre Novat[END_REF]. Finally, Dauer [START_REF] Dauer | The Alps in Panoramic Paintings[END_REF] brings together the work of leading panoramists that depicted the Alps.

However unique Novat's style is, his painting process has receive little attention in the literature, with the notable exception of [START_REF] Novat | Plans des pistes: Les Domaines Skiables de France Dessinés par Pierre Novat[END_REF]. To help address this gap, we cover Novat's process in Section A.2, Crafting the panorama.

Stylized Realism or Realistic Stylization

In the media, the style of Pierre Novat is often described as "hyperrealistic" [Fra92]. This statement is ironic considering how much Novat bends reality in his panoramas. He locally deforms the topography (see Appendix A.4) and also exaggerates lighting phenomena. The goals are numerous: to hide or reveal details of the surface; to draw attention to a given area; and to discourage skiing in dangerous areas.

Regardless of these deformations and infringements, the result appears plausible even to locals and expert users. This feeling of "realness" comes from Novat's great attention to detail, his retention of important landscape features, and his thorough depiction of complex lighting phenomena.

Light Effects

When discussing lighting effects, and specifically shadows, we will use the terminology by Mamassian et al. [START_REF] Mamassian | The perception of cast shadows[END_REF] (Figure 3.3). Shading is a variation of the reflected light on a surface. For diffuse surfaces, the shading is governed by the Lambert's cosine law (i.e., it depends on the cosine of the angle between the surface normal and the incident light direction). An attached shadow is the part of the surface where the light is occluded by the object itself, whereas objects occluding the light source cause cast shadows to appear on remote surfaces. Inter-reflection is a phenomenon caused by light bouncing, possibly multiple times, off surrounding surfaces. Penumbra is the region of the cast shadow where the light source is partly visible. 

Lighting Design

Panoramists often deviate from common cartographic conventions [START_REF] Imhof | Cartographic Relief Presentation[END_REF]. For instance, they carefully choose orientations used in panoramas, and rarely align them with the north. Regarding lighting, they depict cast shadows in their paintings, rather than the simplified hillshading often used in 2D mapping.

A panorama displays ideal weather conditions, at either sunset or sunrise. However, a completely realistic depiction of the effects of the light direction and low sun angle at these times can impair the readability of the map. Therefore, panoramists must invent new ways of shading the terrain surface, casting shadows, and depicting complex lighting effects such as indirect illumination. To that end, Novat performs with his brushes the work of lighting designers with their lamps, or lighting artists using their 3D software.

A careful lighting design prevents shadows cast by the sun from masking important areas, and features parallel to the light direction from lacking contrast. These are also good reasons not to use aerial photographs in place of panorama maps, as they would suffer from these problems. Novat had numerous techniques to solve these issues.

Lighting Inconsistencies

Novat changed the local direction of light in his panoramas. Figure 3.4 shows an example of how the light is aligned differently depending on the surface orientation of features. I estimated these local directions of light in several areas, depicted by arrows pointing towards the imaginary sun used to create lighting effects in that area. For instance, if the direction of light γ 1 were used to shade the valley in the rectangle, understanding the terrain would be difficult. Given their slopes, both sides of the valley would have about the same shading, diminishing contrast. Novat thus locally aligned the light with the illuminated face using light direction γ 3 .

These variations in the light direction allow for a precise control over the shading. Illuminated slopes are brightened and shadowed ones darkened, thus increasing contrast. Although not based in physical reality, this particular way of lighting the scene does not impair our perception of shape, as the HVS is rather insensitive to lighting inconsistencies [OCS05; WAM19]. In fact, maximizing local contrast on the surface ensures a better shape depiction, and locally varying the direction of light has proven to be an efficient way to achieve this goal [Jen01; MJ15; Mes+21]. Manual relief shading for maps is also based on locally varying the light direction. It has inspired cartographic research that has produced numerous digital techniques since the foundational work of Brassel [Bra74]. This research work on relief shading for digital terrain visualization is discussed in more details in Section 4.1.

Changing the direction of light not only helps with the shading. It also allows for the control of shadows, whose positions are important to recover spatial arrangement and to underline important features of the terrain.

Cast Shadows

Figure 3.5 presents examples in which Novat used cast shadows to depict terrain details on shadowed slopes that would not be directly exposed to sunlight. In reality, cast shadows cannot be inside other shadows (attached or cast). Still, Novat allowed small features within the shadowed slopes of larger landforms to cast their own shadows. These multi-scale shadows were painted from the coarser to the finer scale. The increase in contrast caused by an additional layer of fine-scale shadows helps with the readability of even the smallest details and enhances the depiction of the relief.

Casting shadows on important parts of the terrain that should stay clearly legible would cause something that the visual perception community calls masking. Masking is a phenomenon in which another stimulus (the mask) makes it difficult for the human visual system to recover information (in our case, shape and spatial arrangement) [START_REF] Legge | Contrast masking in human vision[END_REF].

Novat instinctively altered the shape of shadows to prevent masking. Strong shadows were stopped shortly after the bottom of slopes or before important elements of the panorama (see Figure 3.6 for an example). It allowed him to highlight abrupt changes in the slope that the user of the map should be aware of. Also, Novat's shadows are overall brighter than those in real life or than would be found in realistic renderings. It is again a way to prevent masking while still painting shadowed areas in a convincing way.

Inter-Reflections

Novat's use of inter-reflections (i.e., indirect illumination) is a practical means of relighting dark areas in a way that feels natural for the viewer. For instance, in a valley, we expect inter-reflections to be painted on the slope opposing the one exposed to the sunlight. See in Figure 3.7 how the shadows are brightened by the faces that reflect direct lighting. Novat brightened mostly the center of shadows. He maintained a high contrast by keeping the bottom Most of the complex lighting effects worth depicting in a panorama were captured in the photographs taken by Novat during his preliminary study of an area. Using these as a base for painting, Novat retained a certain physical accuracy, making the scene even more plausible. But inter-reflections were also sometimes added solely because they were convenient for terrain depiction; again, another reason not to describe Novat's panoramas as "realistic." Intuition played an important role in his painting, and inter-reflections were often placed "where they feel right," says Arthur Novat. 

Atmospheric Perspective

Sunlight is scattered by particles in the atmosphere. Light that has a wavelength that is shorter than or similar to these particles is scattered more. This phenomenon is called Rayleigh scattering in optics1 , and atmospheric or aerial perspective in cartography and painting [START_REF] Jenny | Aerial perspective for shaded relief[END_REF]. It is responsible for a decrease in contrast for distant objects and for giving them a bluish aspect, as blue light corresponds to the short wavelengths of the human visible spectrum.

To help us gauge the expanse of the Alps, Novat painted not only the resort, but also the scenery that surrounds it. However, he drew the attention of the viewer to the resort with a clever use of atmospheric perspective in the background. For instance, the Mont Blanc towers over the scene in the background of Figure 3.1. Aerial perspective makes it appear far away, reducing its importance without having to omit the emblematic summit. For areas inside the resort, the contrast is preserved, leaving it to stand out, within reach of the skier, distinct from the background that is veiled by a layer of haze. Thanks to this technique, the viewer focuses on important parts of the panorama.

Conclusion

In this chapter, we have described lighting effects in the characteristic style of the painter and panoramist Pierre Novat. We presented his unique treatment of lighting phenomena, which was aimed at a clear depiction of the relief. His main tool to control lighting across the panorama, is the use of an inconsistent light direction.

As discussed in this part of the thesis, artists, and particularly panoramists, often resort to trickery when depicting lighting. This is to influence our visual perception and help us to recover important information about the subjects in the scene. They have long understand that lighting provides decisive cues about shape, depth, and spatial arrangement. As a result, its manipulation became an inherent part of the artistic process.

In the next part, we will see how researchers in computer graphics and terrain visualization address the artists' need for digital tools enabling the edition of lighting.

Part II

State of the Art: Digital Tools for Expressive Lighting

Chapter 4

Shading for Shape Depiction

We now present an interdisciplinary state of the art on shading for shape depiction. First, we review the relevant literature in expressive rendering and terrain visualization as both these communities have investigated the use of shading to convey shape information. Then, we present research in vision science that explains the underlying mechanisms of the HVS involved in the perception of shape.

Towards Digital and Stylized Panoramas

As discussed in the previous chapter, artists, and among them panoramists, use shading for shape depiction purposes. In this section, we will discuss the digital solutions for the rendering of stylized panorama maps, with an emphasis on depicting relief.

Producing a hand-painted panorama is a challenging task, involving a broad range of skills. Even for masters such as Heinrich C. Berann or Pierre Novat, the production time for large paintings can take up to several months [Pat00; NNB13]. Panoramists, though experts at crafting beautiful aerial maps of the mountain, are now a dwindling profession due to these constraints.

Indeed, ski resorts rely more and more on CGI to produce panoramas. Figure 4.1 displays comparisons between Novat's hand-painted panoramas of Valmorel and Réallon and versions created by the company Kaliblue. Although fast, 3D rendering systems lack the editing tools to enable the creation of panoramas of similar artistic quality-they offer a limited range of styles. Artists are often required to manually or digitally repaint parts of the rendered images to achieve the desired result (as it seems to be the case in the panoramas by Kaliblue).

The cartographic and computer graphics research communities share common goals regarding terrain representation [START_REF] Kennelly | Non-Photorealistic Rendering and Terrain Representation[END_REF]. Both are tackling the challenge of enabling the creation of clear and stylized digital mountain panoramas. The main focus so far has been the style of Berann. Based on his artworks, rules that define his style are inferred, then translated into algorithms for image synthesis. Both the painterly rendering and the terrain deformations are explored.

Full rendering systems [BST09; BS17] mimic Berann's style regarding colors and surface texture. They also globally curve the terrain so that the foreground is seen as from above and the background is a frontal view. This is a common trick among panoramists so that landmarks in the foreground do not mask background features (e.g., valleys, peaks). Note that Brown and Samavati's system [START_REF] Hagen | Real-Time Panorama Maps[END_REF] works in real-time and is temporally coherent, enabling animation of the landscape.

Examples from their respective papers can be compared to Berann's iconic panorama of the Yellowstone National Park in Figure 4.2. Even though those results are promising, there are many artifacts in the final renderings. For instance, note the floating trees on the lake or in the background of Figure 4.2, right. Furthermore, they are limited to a single style, and focused on texture and colors rather than lighting. Jenny and Jenny [JJ13] used an early style transfer method, example-based texture synthesis [START_REF] Wei | State of the Art in Example-based Texture Synthesis[END_REF], to apply the style of Berann to 3D rendered terrains. This area of computer graphics has made significant progress since (see the stylized panoramas by Futschik et al. [START_REF] Futschik | STALP: Style Transfer with Auxiliary Limited Pairing[END_REF] in Figure 4.3) and proves to be a promising avenue of research. Example-based texture synthesis techniques enable the use of various style, but they require to manually stylize exemplars, which can be a difficult task for novices. Once the exemplar is obtained, the stylization process is automatic. It thus lacks artistic control (e.g., over lighting in what interests us), a crucial feature for creating expressive renderings. Note that the same issue would arise with neural style transfer methods.

Automatic [START_REF] Degener | A Variational Approach for Automatic Generation of Panoramic Maps[END_REF] and interactive [START_REF] Jenny | Interactive Local Terrain Deformation Inspired by Hand-painted Panoramas[END_REF] methods were proposed to deform the topography of the terrain locally, in the spirit of Berann. It could be combined with the above-mentioned rendering techniques for convincing results, but to this date and to our knowledge, little work has been conducted in this regard.

More generally, digital artists can enhance the perception of shape (and therefore terrain relief) using shape depiction methods. We will focus on methods that locally modify the inten- sity of the shading at the surface of objects (or terrain). We review these relevant cartographic and computer graphics approaches in the next section.

Shape Depiction in Rendered Images

For over three decades, many methods were proposed to enhance the depiction of 3D shapes. Two main classes emerged: line-based rendering [ST90; DeC+03; OBS04; JDA07; KST08] which focuses on finding the proper set of lines to depict shape (see Figure 4.4), and shading-based techniques that aim at modifying shading in order to better depict shape. Exception made of Lee et al. [START_REF] Lee | Line drawings via abstracted shading[END_REF] and DeCarlo and Rusinkiewicz [START_REF] Decarlo | Highlight Lines for Conveying Shape[END_REF], line-based techniques make no use of shading information, although they could complement shading approaches. In the following, we focus our state of the art review on shading-based shape depiction techniques. 

Original [JDA07] [DeC+03] [OBS04] [KST08] [Lee+07] [DR07]

Contrast Enhancement Using Image Processing

Contrast enhancement methods pursue in essence the same goal: enhancing the contrast to better depict the shape of the subject in the final image [Sta00; Abd+07; Rah+16; HM20]. Most of these image processing techniques are based on histogram equalization and use 2D information from an input photograph. Even though they are not real-time, they could be used as a post-process operation on rendered images as well, and still achieve convincing results. However, in this thesis, we are more interested in directly controlling the shape depiction of objects in 3D scenes.

Derivations of the Lambertian Model

Derivations of the classic Lambertian shading model have been explored to convey shape information. The main idea is to remap the Lambert's cosine term n • l = cos n l to different colors than black and white.

Gooch et al. [START_REF] Gooch | A Non-Photorealistic Lighting Model for Automatic Technical Illustration[END_REF] propose to use warm-to-cool tones to render objects in a technical illustration style (Figure 4.5, top left pair). Their goal is to preserve shape information in otherwise dark areas of the model, while preserving the contrast necessary to recover the volume of the surface. As demonstrated in Figure 4.6, this model can be easily tweaked to obtain stylized results close to those of manual artists. 

Accessibility Methods

Accessibility Shading [START_REF] Miller | Efficient Algorithms for Local and Global Accessibility Shading[END_REF] (Figure 4.7, top) was the first computer graphics method to locally adapt shading. It spawned new accessibility methods that focus on emphasizing concavities based on information about the surrounding geometry. A well known example is Ambient Occlusion [PG04] (Figure 4.7, bottom), still widely used for real-time rendering as an approximation for global illumination. In cartographic research, Kennelly and Stewart [START_REF] Kennelly | A Uniform Sky Illumination Model to Enhance Shading of Terrain and Urban Areas[END_REF] use the brightness of the visible section of the sky from a point to compute its shading intensity. 

Unsharp Masking

Cignoni et al. [START_REF] Cignoni | A simple Normal Enhancement technique for Interactive Non-photorealistic Renderings[END_REF] introduced a technique called Normal Enhancement that relies on adding a low-passed filtered version of the normal field to the original normals of the object (unsharp masking). It enhances the high frequencies in the normal field, thus effectively increasing the perception of contours. This technique requires a preprocess on mesh vertices, making its use with dynamic scenes difficult. It also tends to impair the perception of planar surfaces, exhibiting concavity and convexity artifacts (see Figure 4.8).

Later, Ritschel et al. [START_REF] Ritschel | 3D Unsharp Masking for Scene Coherent Enhancement[END_REF] used the same concept for their 3D Unsharp Masking method but applied to the outgoing radiance in the scene. It allows the use of arbitrary illumination and materials, even if some halo artifacts can occur with glossy surfaces. Unsharp masking the outgoing radiance effectively increases the contrast in the scene among other cues. The shape enhancement is thus implicit and occurs when surface shape and radiance are correlated. Note that the technique is applied at each vertex of the mesh. Doing so achieves temporal coherence, making 3D Unsharp Masking suitable for animation, at the cost of performance being dependent on the scene complexity.

Scaling Incident Radiance

Radiance Scaling [Ver+10; Ver+11] introduces a novel function to control the incident radiance in the rendering equation. By enhancing shape depiction in a way that is both dependent on surface curvature and reflectance this method addresses most of the drawbacks of the previous work making the enhancement explicit: the user can choose to enhance shape at a given scale (i.e., shape features of a given size) and which shading component to enhance (for instance, specular reflections or refractions). This method works with arbitrary rendering algorithms, enabling its use with global illumination (note how indirect bounces are also enhanced, see the reflections in Figure 4.9). However, this approach only works at a single detail scale and may produce under/over-saturated results that alter material appearance. 

Adding and Moving Light(s)

We have just seen various methods ensuring that shapes in rendered images are properly depicted. These enhance shape depiction using specific shading models (Sections 4.2.2 and 4.2.3), signal processing approaches applied to normal and radiance fields (Section 4.2.4), or scaling of the incident radiance (Section 4.2.5).

We will now review other approaches that are focused on directly modifying the illumination in the scene for shape depiction purposes. These alternatives either adjust the direction of light with respect to the local surface, or add more lights in the scene. They are the closest methods to our second contribution, Local Light Alignment, discussed in Chapter 6.

The sources of inspiration for this class vary greatly. Some are inspired by photography and cinematography (lighting design), or hand-shaded relief, while some are perceptually motivated by research in vision science. In any case, it is clear for all of them that lighting is linked to HVS properties, and that its control allows for enhancements of our visual perception.

Automatic Lighting Design

Light Collages proposed by Lee et al. [START_REF] Ha | Light Collages: Lighting Design for Effective Visualization[END_REF][START_REF] Ha | Geometry-Dependent Lighting[END_REF] segments the mesh into surface patches of similar curvature. Patches of a given group are assigned a directional light source that only affects its groups. It ensures sharp highlights to lie on highly curved features. Although globally inconsistent, the lighting appears coherent.

As the final result is well-lit at each surface point, the perception of depth is impaired. To solve this issue, the authors add what they call a silhouette light that darkens (or brightens, depending on the background color) the surface when the normal and view directions become perpendicular. They add proximity shadows as well, at depth discontinuities. The lighting is designed automatically, and is consistent between scenes, making Light Collages particularly suitable for medical applications. Nevertheless, it is a drawback in our case as it has no artistic control (light is always frontal, for instance). See a result of their paper in Figure 4.10.

Zhang and Ma [START_REF] Zhang | Lighting Design for Globally Illuminated Volume Rendering[END_REF] and Wambecke et al. [START_REF] Wambecke | Automatic lighting design from photographic rules[END_REF] are closer to the lighting design principles one can find in photography textbooks [START_REF] Hunter | Light -Science & Magic: An Introduction to Photographic Lighting[END_REF]. While Zhang and Ma [START_REF] Zhang | Lighting Design for Globally Illuminated Volume Rendering[END_REF] focus on volume rendering with three directional lights (key, fill, and back lights), Wambecke et al. [START_REF] Wambecke | Automatic lighting design from photographic rules[END_REF] address opaque objects using two lights (key, fill) and enable the use of area lights.

Finally, inverse methods also aim for automatic lighting design [SL01; Léo+14]. They minimize objective metrics using optimization processes. The lighting design is then controlled via a set of target parameters that should be observed in the final rendering. These parameters are terms of the objective functions to optimize, taking into account properties such as the magnitude of shading gradients, the prominence of the object edges, the variance of the luminance, etc.

Perception-Based

Light Warping [START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF] uses the ability of the HVS to recover view-dependent shape features from reflections [START_REF] Fleming | Specular reflections and the perception of shape[END_REF]. It aims at enhancing concavities and convexities by stretching or compressing the light environment, based on a view-dependent analysis of the surface curvature. They use a local shape descriptor enabling them to discriminate between concave and convex regions for which they respectively exaggerate or attenuate the compressions of reflected light patterns on the surface. As a result, Light Warping enhances the curvature information necessary to recover shape (see Figure 4.11).

As directions of light sources are not taken into account by the warping operation, it has sometimes the side effect of inverting bright and dark regions. The technique depends on the statistics of the scene, that must exhibit enough variations in contrast for the enhancement to work. For such cases, the authors propose a non-photorealistic version of the algorithm that produces results close to mean curvature shading [START_REF] Kindlmann | Curvature-based transfer functions for direct volume rendering: Methods and applications[END_REF]. 

Hand-Shaded Relief

Since the pioneering work of Yoëli [START_REF] Yoëli | The Mechanisation of Analytical Hill Shading[END_REF] and its automation by Brassel [START_REF] Brassel | A Model for Automatic Hill-Shading[END_REF], many methods inspired by hand-shaded relief artists have adjusted the direction of light to reveal surface features, both in the computer graphics and cartographic research communities.

Veronesi and Hurni [START_REF] Veronesi | A GIS tool to increase the visual quality of relief shading by automatically changing the light direction[END_REF] design a Geographic Information System (GIS) tool that uses two light sources and varies their azimuth locally across the terrain. In Figure 4.12, top, details are well depicted overall, especially in shaded slopes (D), but there are adverse cases. The cirque (A) appears convex but is supposedly concave in the original. The features enhanced depend on the chosen light direction, making some channels less visible (B). Similarly, details on flat surfaces do not exhibit enough contrast (C). Finally, material appearance is also impaired.

Although diffuse, the surface may be perceived as glossy and the scene is globally brighter.

Marston and Jenny [START_REF] Marston | Improving the representation of major landforms in analytical relief shading[END_REF] focus on the depiction enhancement of major landforms. They combine a classic analytical relief shading of the terrain with a Diffusion Curves rendering [START_REF] Orzan | Diffusion Curves: A Vector Representation for Smooth-Shaded Images[END_REF]. The Diffusion Curves method is applied over ridgelines and valleys, with grayscale tones corresponding to the shading intensities of the surface, using locally varying light directions. The result is closer to hand-shaded relief. See a comparison with Eduard Imhof and Heinz Leuzinger's manual art 1 in Figure 4.12, bottom.

Notably, Exaggerated Shading [START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF] adjusts the light locally so that it is always at grazing angles with respect to the surface. This method is effective at depicting shape features but suffers from two main limitations: adjusting only the elevation of the light source prevents some features to be exaggerated (e.g., ridges aligned with the light); small features may not produce enough contrast to be well depicted, even if the light is located at grazing angles. To get around these problems and ensure strong contrast everywhere, the authors rely on a modified half-Lambertian model, making the technique tied to a unique shading function. Unlike previous approaches, Exaggerated Shading accounts for multiple scales enhancements. Renderings are computed for each detail scale, then weighted and added together to obtain the final image, allowing for a fine control over the result.

Even if the inspiration behind the method of Rusinkiewicz et al. is hand-shaded relief, Exaggerated Shading is general enough to be applied to arbitrary models (see Figure 4.13). For instance on the right example, the overall shape of the face and limbs is enhanced as well as the garment small folds. The left pair is extracted from the paper while the right pair is a rendering from our implementation of Exaggerated Shading.

Perception of Shape from Shading

Since the seminal work of Koenderink and Doorn [START_REF] Koenderink | Photometric Invariants Related to Solid Shape[END_REF] on isophote patterns, more and more evidence shows that the HVS is using the so-called shading flows (i.e., directions and magnitudes of shading patterns in images) to estimate 3D shape information [BZ01; Hug+01; FTA04].

Shading flows are color gradients in the case of diffuse objects, and projections of the surrounding environment for glossy materials. Fleming et al. [START_REF] Fleming | Specular reflections and the perception of shape[END_REF] demonstrate that the HVS can use the compressions of specular reflections at the surface of glossy objects to recover their shape. Surprisingly, despite the complex nature of specular reflections, reflection patterns at the surface of objects are relatively stable. These shading patterns are correlated to surface orientation (i.e., normals at the surface, the first derivative of surface depth) for diffuse objects. For specular ones, shading patterns are correlated to view-dependent second-order shape properties, and therefore provide information about the curvature of the surface. This means that, regardless of material and illumination, properties that are crucial for the perception of shape can be inferred from shading flows [START_REF] Vergne | Flow-guided Warping for Image-based Shape Manipulation[END_REF].

This largely explains why controlling shading at the surface of objects is an effective means for artists to bring out the shape of a subject or exaggerate it. This property, the relationship between shading flows and shape flows (i.e., the actual shape of the object), has also proven effective outside the visual arts, for instance in the computer vision [START_REF] Kunsberg | Colour, contours, shading and shape: Flow interactions reveal anchor neighbourhoods[END_REF] and computer graphics [START_REF] Vergne | Surface Flows for Image-based Shading Design[END_REF] communities, for estimating or controlling the perceived shape of objects.

However, this correlation between shape and shading flows is not always perfect. Depending on lighting conditions or material properties, shading flows may deviate from the physical shape and then lead to misperceived surface features.

For instance, strong directional lighting tends to impair and distort the perception of shape [START_REF] Caniard | Distortion in 3D shape estimation with changes in illumination[END_REF]. The perceived surface of objects can also be attenuated or exaggerated depending on their materials [Wij+12; MA14]. Marlow et al. [START_REF] Marlow | The role of brightness and orientation congruence in the perception of surface gloss[END_REF] also studied how a lack of congruence between diffuse and specular flows has a negative impact on our perception of gloss.

This phenomenon is called masking and is actually not limited to shading. Quoting Legge and Foley [START_REF] Legge | Contrast masking in human vision[END_REF]:

The term masking is used commonly to refer to any destructive interaction or interference among transient stimuli that are closely coupled in space or time. [. . .] The effect of masking may be a decrease in brightness, errors in recognition, or a failure to detect.

Solving masking issues (or create some, e.g., Magritte's work) is yet another reason for artists to control shading in their productions, and more broadly lighting. Again, a realistic depiction of a scene is not always the most efficient one.

Summary

Lighting is used extensively by painters to depict shape (Chapter 2), which our analysis of Novat's style confirms (Chapter 3). Lighting is indeed a crucial tool for depicting relief in panoramic maps. Yet, lighting has received surprisingly little attention in previous work that has dealt with the rendering of stylized panoramas (Section 4.1).

However, the computer graphics and cartographic research communities investigated methods for shape depiction that could be applied to this specific use case.

In this chapter, we presented a state of the art of methods that leverage shading for shape depiction. They aim at contrasting surface features in the scene so that they are better perceived. Several classes of methods exist:

• Image processing for contrast enhancement (Section 4.2.1). These methods are mainly used to enhance photographs, but they could be applied to rendered images as a postprocess. They do not enable a precise control over shading, but rather enhance the global contrast in the image.

• Extensions to the Lambertian model (Section 4.2.2) are concerned with the production of legible images for cartoons or technical illustrations. They remap the Lambert's term to control shading. In doing so, they constrain the shading model, and thus the style of the final image.

• Accessibility methods (Section 4.2.3) propose to enhance concavities. They measure the accessibility of a surface point with respect to the surrounding geometry and modify the shading intensity at the surface accordingly. These methods enable real-time approximations of global illumination effects but lack artistic control.

• Signal processing methods (Sections 4.2.4 & 4.2.5) propose to filter the scene to enhance shape. Unsharp masking approaches have been applied in 3D to normal, or outgoing radiance, fields. Scaling the incident radiance with respect to curvature and reflectance was also explored. The applied filters may impair material appearance in some cases.

• Other methods enhance shape depiction by controlling the illumination in the scene (Section 4.2.6). Lights can be added to, or moved around the scene to control shading. They often propose a fine artistic control over the result, but can cause discontinuities in the shading and impair material appearance.

We also briefly presented the concept of shading flow that emerged from advances in the shape-from-shading branch of vision science. The main idea is that the HVS uses shading flows to recover surface shape, meaning that shading flows need to be correlated with shape flows for an efficient recovery. Decoupling shading and shape flows can impair our perception of shape and induce masking effects.

Our goal is to allow artists to convey shape information in their productions. Backed up by the discoveries in shape-from-shading, and addressing the limitations of related works, we propose a tool to locally control the shading at the surface of objects. Our main idea is to locally adjust the light direction in order to ensure a correlation between shape and shading flows. We present this second contribution in Chapter 6. There is a fine line between shading and shadows (as fine as the terminator, in fact). Some of the works we presented in the previous chapter aim for high-level control over the final look of the scene. They thus affect more than just the shading in the scene (Section 4.2.1 and parts of Section 4.2.6). Sometimes, moving light sources (direct paradigm in the categorization by Kerr and Pellacini [START_REF] Kerr | Toward Evaluating Lighting Design Interface Paradigms for Novice Users[END_REF]) to control shading also causes adverse changes in cast shadows, e.g., in some configurations, the method by Wambecke et al. for automatic lighting design suffers from distracting shadows [START_REF] Wambecke | Automatic lighting design from photographic rules[END_REF].

Casati and Cavanagh consider artists to be the first cognitive scientists to perform visual experiments [START_REF] Casati | The Visual World of Shadows[END_REF]. Albeit using pigments, their experiments involve depicting lighting and its consequences, including shading and cast shadows. While cast shadows were treated in a highly realistic way during the Renaissance, their expressive power was explored by different artistic movements, for instance impressionism in the 19th century (Figure 5.1). In computer graphics, many works have been carried out to achieve photorealism, but we would argue that expressive shadowing is just emerging. Some interfaces are general enough to allow for the separate control of shading, reflections, and shadows [START_REF] Pellacini | EnvyLight: An Interface for Editing Natural Illumination[END_REF]. Ritschel et al. [START_REF] Ritschel | Interactive On-Surface Signal Deformation[END_REF] allow editing of caustics and 3D textures, in addition to reflections and shadows. Although we review those works too, the present chapter will focus on the control and stylization of cast shadows in synthetic images.

For exhaustive details on lighting (and shadowing) design, we refer you to the user study by Kerr and Pellacini [START_REF] Kerr | Toward Evaluating Lighting Design Interface Paradigms for Novice Users[END_REF], the State of the Art in Artistic Editing of Appearance, Lighting and Material by Schmidt et al. [START_REF] Schmidt | State of the Art in Artistic Editing of Appearance, Lighting and Material[END_REF], and the excellent state of the art chapter of Desrichard's thesis [START_REF] Desrichard | Analysis of the Path Space for Light and Shadow Compositing[END_REF].

Artistic Control over Cast Shadows

In visual arts and especially in photography and cinematography, artists have a strong need for controls over the lighting in the scene. Shadows are a crucial part of the composition of an artwork (Section 2.2), would it be a painting or a film shot.

Manipulating Light (Direct Editing Interfaces)

In this section, we review methods that belong to the direct paradigm. They provide users with means to control light sources and their parameters, to control the lighting in the scene.

The lighting team for the animation movie Toy Story [START_REF] Lasseter | Toy Story[END_REF] heavily relied on the extended cone spotlight model proposed by Barzel [Bar97]. Their method allowed lighting designers to choose objects affected by a given light source (selection), to directly control the parameters of sources such as their positions, shape (cone to pyramid), "cuton" (near) and "cutoff" (far) fall-offs of the light cone (see Figure 5.2, left), and softness of the edges.

Smooth "cuton" of the light cone [START_REF] Barzel | Lighting Controls for Computer Cinematography[END_REF] A standard light cone BendyLight [KPD10] They could also place invisible objects acting as cucolorises1 , or cookies, to create shadows where needed. Although Barzel's main contribution is the spotlight model, they also provide an indirect interface using shadow maps, that enables control over the position of shadows while not changing that of the light (see Figure 5.4, left).

Kerr et al. [START_REF] William | BendyLights: Artistic Control of Direct Illumination by Curving Light Rays[END_REF] provides users with yet another extension of the cone spotlight model, through an interface allowing them to bend light rays of conical and directional light sources. They call this new spotlight formulation BendyLight. Handles are used to shape the light volume, which in turn impacts the projected shadows (see Figure 5.2, right). In practice, the authors map surface points to new positions in space. They transform surface points into the deformed (non-linear) light space defined by the user. The transformed positions are then used to compute direct lighting using the linear light direction.

Direct global illumination frameworks [Sch+13; Sub+17] were proposed for editing lighting in path-space. Path-Space Manipulation [START_REF] Schmidt | Path-Space Manipulation of Physically-Based Light Transport[END_REF] enables both direct and indirect controls over lighting, by either retargeting light paths (translation, rotation, scaling, and bending), or creating proxies of objects in the scene to alter light transport (see Figure 5.3, top row). Lighting effects are selected using an extended version of Heckbert's path labeling [START_REF] Heckbert | Adaptive Radiosity Textures for Bidirectional Ray Tracing[END_REF] that stores reflected and transmitted paths, as well as the IDs of intersected objects. Subileau et al. [START_REF] Subileau | RayPortals: a light transport editing framework[END_REF] use the same semantic path selection [START_REF] Schmidt | Path-Space Manipulation of Physically-Based Light Transport[END_REF] and introduce RayPortals. User-defined portals allow light paths to be selected and captured (input portal), and moved to another location in space (output portal). Although in the paper, RayPortals is particularly applied to the manipulation of caustics, the method controls light transport locally, allowing artists to directly edit the lighting in the scene (see position, intensity, and hue of given light paths. On the other hand, it does not allow for the direct control of shadows.

Manipulating Light Effects (Indirect Editing Interfaces)

In this section, we review methods that belong to the indirect paradigm (as opposed to direct editing interfaces). Indirect editing interfaces enable users to directly control lighting effects, e.g., shadows, rather than the light sources.

An important feature of indirect interfaces is that, depending on the method, user choices are either reflected on the light sources, producing the desired and physically correct result, or applied to a given lighting effect without subsequent changes to the scene, leading to physically incorrect results. Incoherent settings, although not realistic, can actually be closer to artistic goals. Note that the design process of controlling lighting effects directly and locally, strongly resembles the process of artists, and particularly the process of Pierre Novat (Chapter 3).

Pellacini et al. [START_REF] Pellacini | A User Interface for Interactive Cinematic Shadow Design[END_REF] introduced an indirect method allowing users for interactive control over the scale and postion of shadows using drag and drop operations performed in rendering space (see Figure 5.4, right). Note that, unlike in Barzel's work, the position of shadows is correlated with that of the light.

EnvyLight [START_REF] Pellacini | EnvyLight: An Interface for Editing Natural Illumination[END_REF] works in the context of Image-Based Rendering. The authors propose to decompose environment maps into two layers (foreground and background), depending on the user-selected lighting effect (see Figure 5.5). Selection of lighting effects is performed using a stroke interface. The designer marks the lighting feature to be edited with an in-stroke (green), and parts of the rendering unrelated to that feature with out-strokes (red). A delta is then computed between the so-called in and out "transports" (the product of visibility, reflectance, and Lambert term) of the marked regions. Highlights (high reflectance) and shadows (no visibility) yield respectively positive and negative deltas, allowing for the environment map decomposition.

Edits are subsequently carried out on the foreground layer that encodes regions of the environment causing the lighting effect to appear in the rendering. Available edits are numerous (translation, removal, brightness and tint adjustments, sharpening and smoothing). We display shadow editing operations from their paper in Figure 5.5. Although powerful, the selection operation cannot ensure that edits will be constrained to the selected lighting effect. In the end, modifications of the environment map also produce adverse effects by impacting other areas of the scene, e.g., changes in the shading intensity and tint, removal of unselected highlights.

Ritschel et al. [START_REF] Ritschel | Interactive On-Surface Signal Deformation[END_REF] propose to deform the on-surface signal (referred to as the shading function in the paper) by mapping surface points to other user-constrained locations. A blue [START_REF] Barzel | Lighting Controls for Computer Cinematography[END_REF] Original position Dragged shadow [PTG02] noise distribution is used to generate deformation points over the surface that a user can then click and drag. Discontinuous deformations are possible (for instance, a shadow can be dragged from the ground to another object, see Figure 5.6). The shading function is evaluated at the original locations and applied at the deformed ones, effectively warping lighting effects. The solver ensures dragged points to remain on a surface and close to their nearest neighbors. The approach enables decoupled edits of various lighting effects: reflections, shadows, refractions, textures, and caustics. Still, as the control points are computed scene-wise, and the shading function at a given point is spatially warped, it is for instance impossible to discriminate between two overlapping shadows.

Cast Shadows Stylization

The methods reviewed in previous sections are mainly concerned with moving shadows around (translation, rotation). In this section, we are interested in approaches that also explore the stylization of cast shadows, e.g., the shape of their boundaries, their abstraction level.

Obert et al. [START_REF] Obert | Visibility Editing For All-Frequency Shadow Design[END_REF] edit a precomputed visibility matrix to achieve expressive shadowing. Their main contribution is to decouple visibility from lighting, directly in the rendering equation (not at the compositing stage as with Stylized Shadows [START_REF] Decoro | Stylized Shadows[END_REF]). They precompute separately a transport operator, in the spirit of envyLight [START_REF] Pellacini | EnvyLight: An Interface for Editing Natural Illumination[END_REF], and a visibility matrix. This matrix is an extended version of the standard binary visibility function that stores RGB coefficients. These three-channel visibility ratios enable color changes in the shadows (see Figure 5.7), a key feature in impressionist works (see Figure 5.1), in addition to usual edits such as translation, rotation, removal, and blurring of shadows. Visibility can be precomputed per object, thus solving the limitation of overlapping shadows. Once a given shadow is selected, its shape can be edited using a 2D grid (see Figure 5.7, right). Nakajima et al. [START_REF] Nakajima | Tweakable shadows for cartoon animation[END_REF] and Mattausch et al. [START_REF] Mattausch | Freeform Shadow Boundary Editing[END_REF] focus mainly on editing the boundaries of shadows. The former introduce shadow objects, that are proxies of objects in the scene. The geometry of these proxies can be edited in a separate view (see Figure 5.8, top left) and is in turn used to project shadows using a shadow volume algorithm. The latter address the limitations of Nakajima et al. [START_REF] Nakajima | Tweakable shadows for cartoon animation[END_REF]. The authors propose to directly edit the shape of shadows in screen space. To that end, shadow handles are computed from the mesh silhouette, as viewed from the light source (similarly to a shadow map). Handles are then conveniently placed at the edges of cast shadows. Once edited, a proxy mesh is generated from the displaced handles and used to compute shadows (see Figure 5.8, top right). Displayed in Figure 5.8,

Original [NSM07] Original [MIW13]
Close-up of Cast Shadows (Ombres Portées), Jean-Jacques Grandville, 1830 bottom, is a caricatural use of shadows by Grandville [START_REF] Guédron | L'ombre révélatrice. Caricature, personnification, allégorie[END_REF]. Interfaces for shadow boundary editing would enable such uses in synthetic images.

Artists rarely depict shadows realistically. In fact, highly abstracted shadows are often preferred. To meet this need, DeCoro et al. [START_REF] Decoro | Stylized Shadows[END_REF] propose to filter the visibility buffer of the scene in image space. Post-processing of the visibility field enables a wide range of controls over cast shadows. As displayed in Figure 5.9, a user can vary inflation, brightness, softness, and most interestingly abstraction of shadows, a first at that time.

Desrichard et al. [START_REF] Desrichard | Global Illumination Shadow Layers[END_REF] propose the concept of shadow layers for editing shadows at the compositing stage. Compared with previous work approaches, shadow layers represent an actual physical phenomenon. They store the radiance loss that occur when an object occludes a given light source. The energy lost because of an occluder is cleverly computed as the difference between two versions of the scene: a scene without the occluder (no shadow), and the scene with a black body in place of the occluder (absorbing all the energy that reaches it). Later, Desrichard et al. [START_REF] Desrichard | Shadow Layers for Participating Media[END_REF] extend their concept to handle participating media and multiple occluders. Once computed, shadow layers can be freely edited using image space techniques to achieve various effects including abstraction, smoothing, and complete repainting (see Figure 5.10). They are then composited into the final rendering.

Cast Shadows in Vision Science

In this section, we briefly review the literature in vision science that deals with the perception of cast shadows. We will focus on the perception of depth from shadows, and shadow inconsistencies. For further discussions of perception, cognition, optics, and art of shadows, we refer you to Casati and Cavanagh's authoritative book, The Visual World of Shadows [START_REF] Casati | The Visual World of Shadows[END_REF], and to the interdisciplinary reviews of Baxandall [START_REF] Baxandall | Shadows and Enlightenment[END_REF] and Dee and Santos [START_REF] Dee | The Perception and Content of Cast Shadows: An Interdisciplinary Review[END_REF].

Cast shadows are inherently ambivalent. They can be potentially destructive to our perception and impair our ability to recognize objects [Bra+98; BLK00], e.g., by masking them, or by creating highly contrasted discontinuities in visual patterns, not correlated with the scene geometry underneath. However, it has been shown that cast shadows are rich in meaningful information (e.g., shape, depth, and size from shadows) for visual systems (human or not) to process. Although shadows are potentially informative, our visual system is not always able to access and use this information [START_REF] Mamassian | The perception of cast shadows[END_REF][START_REF] Casati | The Shadow Knows: A Primer on the Informational Structure of Cast Shadows[END_REF][START_REF] Dee | The Perception and Content of Cast Shadows: An Interdisciplinary Review[END_REF]. A lot of ongoing research strives to assess whether the HVS benefits from a given information contained in shadows, or not. For most properties, the problem needs to be constrained so that out visual system can solve ambiguities, e.g., using priors about the scene or illumination. Still, there seems to be a consensus that cast shadows are often the main cue for the perception of depth [Pue89; Ker+96; KMK97; CCE21], sometimes leading to cast shadows illusions when contradicting other cues [START_REF] Kersten | Cast Shadow Illusions[END_REF].

Early Detection

When processing the image of a scene, a commonly accepted hypothesis is that our visual system detects shadows at an early stage of vision, before discarding them. This claim is supported by the fact that the efficiency of visual search is diminished when objects to be recognized are shadows [START_REF] Ronald | The Influence of Cast Shadows on Visual Search[END_REF]. Ehinger et al. [START_REF] Ehinger | Change blindness for cast shadows in natural scenes: Even informative shadow changes are missed[END_REF] demonstrate that sudden changes (e.g., deletions) in cast shadows are less often noticed than changes to actual physical objects. Indeed, unless we intentionally look at shadows, they tend to go unnoticed, probably because they are not real objects that we can interact with.

Shadows are probably discarded for us to focus on actual physical objects in our environment. At the same time, we know that shadows are useful, e.g., for perceiving the scene spatial layout. This means three things: the scene can be effectively segmented to discriminate between shadows and objects [START_REF] Mamassian | The perception of cast shadows[END_REF]; a region labeled as a shadow must be associated to its caster (this is referred to as the correspondence problem [Mam04; Cas08]); and useful information about object-shadow pairs are extracted before shadows are discarded.

Depth from Shadows

Cast shadows are among the most important cues for our visual system to recover depth information [Ker+96; KMK97; MKK98a]. Figure 5.11 displays a vivid example of this property, where a square appears to move in depth because of its offset shadow. Note that the size of the square stays unchanged, and that the moving shadow could rather be explained by a change in the light direction. However, the HVS selects the hypothesis of the square moving toward the observer.

Kawabe [START_REF] Kawabe | Shadow-Based Illusion of Depth and Transparency in Printed Images[END_REF] applied this perceptual property of cast shadows to add a sense of depth to real 2D objects. This is done by projecting fake shadow offsets onto real photographs (see Figure 5.12, top). When casting a fake shadow of the object silhouette inside its shape, the .12 Projecting fake shadows to suggest depth. Top: A printed photograph of a jigsaw puzzle. A fake shadow shaped from the missing piece is projected on the table next to the photograph. When the fake shadow is projected below the missing piece, it suddenly looks like a black piece hovers above the puzzle. Bottom: The red, then green, then both, rectangles appear transparent because of the fake inner shadow.

object is suddenly perceived as transparent (see Figure 5.12, bottom), further proving that cast shadows are the main cues used to recover the spatial layout of a scene.

Cavanagh et al. [START_REF] Cavanagh | Scaling depth from shadow offset[END_REF] show that the perception of depth is indeed strongly and linearly impacted by shadow offsets, whereas other properties-the size of the penumbra and the offset direction-play little to no role.

Shadow Incongruities

As we have just discussed, penumbra and offset direction are not essential for cast shadows to fulfill their mission effectively. Incoherent shadows due to lighting inconsistencies are particularly difficult to perceive in natural scenes [START_REF] Ostrovsky | Perceiving Illumination Inconsistencies in Scenes[END_REF][START_REF] Lopez-Moreno | Measuring the perception of light inconsistencies[END_REF]. It does not mean that we never use these properties-they can help solving ambiguous interpretations-but it gives visual artists some freedom when depicting cast shadows. They can take advantage of our relative insensitivity to cast shadows incongruities to depict expressive, yet non-photorealistic, shadows.

Original scene

Shadow, or blue paint? Van Gogh's painting Close-up Artists can infringe other properties such as color and shape (to a certain extent) of cast shadows. Interestingly, drawing the outline of a real shadow on a piece of paper can veto its interpretation as a shadow, while it is not necessarily the case when outlining shadows in paintings (see Figure 5.13). The coherence in style between the elements in the scene is probably important: when the treatment is not photorealistic we may be more tolerant to incorrect shadows [START_REF] Casati | The Visual World of Shadows[END_REF].

Sometimes, physically incorrect shadows can help with the interpretation of a scene. The copycat solution to the correspondence problem [START_REF] Casati | The Copycat Solution to the Shadow Correspondence Problem[END_REF] helps associating a shadow to its caster. Instead of depicting a geometrically accurate cast shadow, the visible silhouette of an object is copied onto the receiving surface.

Summary

The rendering of cast shadows has received particular attention since the beginning of computer graphics. Through the years, considerable efforts have been made to achieve photorealism. The edition of cast shadows for artistic control is more recent, but it receives more and more attention as scenes become increasingly complex.

Two main categories of approaches emerged: direct (Section 5.1.1) and indirect (Section 5.1.2) interfaces. In the former, users directly control light sources and their parameters. In the latter, users have a direct control over lighting effects.

Direct interfaces allow to control light sources, but they often require the user to have a high technical level, as well as to tune many parameters. The impact of light sources in the scene on the different lighting effects is rarely decoupled. Unless a tedious selection step is performed to determine which source impacts which object(s), precise control may be difficult to achieve, and scaling highly depends on scene complexity.

On the other hand, the indirect paradigm is closer to the traditional practice of artists. They can edit cast shadows using various interfaces, e.g., drag-and-drop, stroke-based. These methods recently enabled a wide range of control over the stylization of cast shadows (Section 5.1.3), exploring properties such as level of abstraction, color, and shape.

In Section 5.2, we have reviewed the literature in vision science related to the perception of cast shadows. Research in visual perception highlights key properties of cast shadows, such as their role in recovering depth and our relative insensitivity to shadow incongruities. As a result, artists can breach many properties of shadows while still conveying information necessary for understanding the scene. These discoveries support the need for effective and expressive representations of cast shadows in synthetic images, something traditional artists have long discovered.

In the light of this state of the art, we present our ongoing research and experimental results for the rendering of cast shadows in stylized panorama maps in Chapter 7.

Part III Moving Light to Control Shading and Shadows

Chapter 6

Local Light Alignment for Multi-Scale Shape Depiction Figure 6.1 Multi-scale shape depiction using our approach. Real-time (top pair) and global illumination (bottom pair) scenarios. Note how shape features of various sizes are enhanced without impairing lighting and material appearance.

As discussed in Chapter 1, producing an image able to efficiently convey the shape of objects in a scene is crucial in many domains such as medical imaging, cartography, archaeology, video game or film industry. Our work targets digital artists and designers exploring or creating visualizations from 3D scenes, as they have a strong need for techniques enhancing the depiction of shape.

The computer graphics community has tackled this challenge with increasing success in the past thirty years, but it still is an open field of research (see Chapter 4). Inspired by recent studies and analyses related to the perception of shape-from-shading (Section 4.3), our goal with Local Light Alignment is to better depict shape features at different scales without impairing the final look of the scene. We also take inspiration from Exaggerated Shading [START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF] for the multi-scale control of the shape depiction enhancement, but targeting arbitrary materials as with Light Warping [START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF].

We propose a simple yet effective method that locally adjusts light directions in such a way that the congruence between shape and shading flows is increased, ensuring a better depiction of shape features in rendered images (Figure 6.1).

Our key idea is to align the light with shape features at multiple scales to better control the final contrast and direction of the shading patterns. With the HVS being not very sensitive to lighting inconsistencies [OCS05; Lop+10; WAM19], we show how to properly modify directions of light to obtain spatially and temporally coherent depicted shapes (Sections 6.2 and 6.3).

Our approach can be integrated into any rendering algorithm (i.e., from real-time to offline) and easily adapts to any component of the shading function or the BSDF, to control the behavior of highlights for instance (Section 6.4). Through its fine multi-scale controls, our method provides end-users with efficient means of depicting arbitrary features of an input shape, independently of materials and lighting conditions.

Approach Overview

Our main goal is to enhance shape details at multiple scales by controlling the intensity of the shading regardless of the shading function. Intuitively we propose to locally rotate the light to ensure that, for each surface feature, the intensity is maximal on one side, and minimal on the other (see Figure 6.2).

By feature we mean any significant part of a shape, typically a ridge or a valley. Such features are scale-dependent: a very small ridge is a significant feature at a fine scale but should be omitted at a coarser one. Therefore when applied at multiple scales our light adjustment allows us to enhance the perception of the overall shape while still revealing even the smallest details of the model.

Our approach works in two steps:

• Creating local frames at multiple scales: this is done by successively smoothing the normal field of the object. Surface features are to be understood as the geometry of the model that varies between two successive versions of the normals.

• Adjusting the light direction: we design a function that locally adjusts the incident direction of light with respect to the geometry of features at each point. We perform this step iteratively using two successive levels of the normals.

In the following we detail how to modify the direction of light in the case of a single scale (Section 6.2) before showing how to make this light adjustment controllable at multiple scales (Section 6.3). We then generalize the enhancement process to account for arbitrary materials (Section 6.4) and show its use with various rendering techniques from real-time rendering to global illumination (Section 6.5, Results). Finally we analyze the congruence between shape and shading provided by our approach and show comparisons with previous techniques (Section 6.5, Congruence score, Comparison with previous work).

A Lambertian Feature on a Plane

Let's consider a ridge lit by a single directional light (Figure 6.2). Our idea is somewhat similar in essence to that of Exaggerated Shading [START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF], with a major difference: we do not seek to place the light at a grazing angle with respect to the shape detail, but rather to maximize the difference in intensity between the shading of both of its sides. Considering simple Lambertian shading, it means aligning the light with the normal on one side, and with a vector orthogonal to the normal on the other one (i.e., a properly chosen tangent vector) so that the scalar products between lights and normals are always equal to either 1 or 0 on a feature. What we call a feature is an element of interest of the shape protruding from a coarser version of the surface, later referenced as the base. The base depends on the scale-space analysis and will be detailed in the next section.

Light Rotation

At a given point p of the surface, consider a local reference frame L = (x, y, z), where z is the base plane up vector, x is the projection of the normal n onto the base plane and y = x × z, as shown in Figure 6.3. Assuming that both the light direction l and the normal vector n are expressed in the local frame L , our goal is to define a guiding vector g, towards which the light will be directed to increase the contrast of the underlying feature. In a diffuse scenario we define g as either the normal for the bright side of the feature or the tangent that lies in the (x, z) plane for the dark side:

g =    n, if ( l • x) ≥ 0 R (y,-π 2 ) n, otherwise,
where R (y,-π 2 ) denotes a rotation by -π 2 around the y axis and v represents the projection of a vector v onto the (x, y) plane. The original direction of light is then rotated towards g:

l ′ = R (a,θ ) l, with a = l × g, θ = σ •W γ (λ ) • l g, (6.1) 
with σ ∈ [0, 1] a user-defined parameter that controls the strength of the enhancement. Aligning the light with g leads to binary images as shown in Figure 6.4, b. W γ : [0, 1] → [0, 1] is therefore a weighting function that prevents discontinuities to appear when the light is switching from bright to dark regions. W γ is function of a confidence value λ that represents how close we are from a discontinuity. There are two scenarios in which the light direction changes suddenly, causing the discontinuities:

• When ( l • x) = 0, corresponding to the locations around which the guiding vector g is switching from the normal to the tangent vectors. We represent it as λ 1 = 1 -2 l ḡ/π, the distance from the light to this switching point.

• When there are little to no features to enhance. As the feature normal n tends to be aligned with the base plane up vector z, enhancing the feature makes less sense, the local frame L being almost undefined. We detect this case using the magnitude of the projected normal on the (x, y) plane, as λ 2 = || n||.

We finally combine these confidence values in the weighting function W γ to ensure smooth transitions in the shading everywhere on the surface:

W γ (λ ) = λ e -γ (1 -λ ) + λ , with λ = λ 1 • λ 2 and λ 1 , λ 2 ∈ [0, 1].
Intuitively, this function controls how fast the light can rotate around discontinuities. When approaching a region where the rotation of l is ambiguous, λ tends to 0, thus preventing the rotation. Away from the discontinuities, λ quickly reaches 1. Figure 6.4 illustrates the effect over the discontinuities of both λ 1 and λ 2 when applied separately (c,d) or combined (e). W γ (λ ) is a simple remapping of the λ value, controllable via the γ parameter. When γ = 0, the function is linear (W 0 (λ ) = λ ). Increasing γ narrows the transition areas between bright and dark sides, while still ensuring them to be smooth, as seen in Figure 6.5. In practice and unless mentioned otherwise, γ = 3 in all the results presented, as it provides a good trade-off between the resulting contrast and perceived discontinuities.

Multiple Scales Enhancement

As opposed to Exaggerated Shading [RBD06], we do not seek to average multiple renderings, but rather to compute a single direction of light that takes all scales into account at once. With S being the number of scales, our rotation operator (Equation 6.1) is applied successively

a) λ = 0 b) λ = 1 c) λ = λ 1 d) λ = λ 2 e) λ = λ 1 • λ 2 Figure 6
.4 Effects of λ 1 and λ 2 . a) The light is not adjusted; b) when λ = 1 the adjustment is unconstrained, hence the discontinuities; c) λ 1 accounts for the cases where g changes from the normals to the tangents; d) λ 2 accounts for cases where details are not protruding enough from the base plane; e) using both constraints solves the discontinuities. Images rendered using γ = 2 and σ = 1. S -1 times, from the coarsest to the finest scale, to control the depiction of each shape feature:

γ = 0 γ = 1 γ = 2 γ = 3 γ = 4
l S = l, l i = R (a i ,θ i ) l i+1 , for i ∈ [1, S -1].
W γ used in the computation of θ ensures that the light direction is rotated only for points lying on features of the considered scale. For other points, light directions rotated at previous (coarser) scales remain unchanged. If a point belongs to features of different sizes then the light is successively rotated to reveal small details while still retaining the overall direction induced by bigger features.

We iteratively filter the input shape geometry to obtain a set of S normals at each point of the surface. These are denoted n i (i ∈ [1, S]). n 1 and n S correspond respectively to the finest and coarsest versions of the surface. The local reference frame

L i = (x i , y i , z i ) (i ∈ [1, S -1])
in which we rotate the light at scale i differs at each scale. It is a convenient way to represent geometric features, i.e., variations between two successive smoother versions of the surface normal field. We compute it as:

L i :          z i = n i+1 , x i = n i -z i (n i • z i ), y i = x i × z i ,
where each vector is normalized to ensure a proper change of basis to compute the guide and rotate the light direction. An illustration of our multi-scale enhancement is shown in Figure 6.6 where we can observe how the original light l 3 is modified at each scale to reveal coarse (scale 2) and fine (scale 1) details.

Implementation Details

In practice, we store the input normals in a G-Buffer and use successive bilateral filtering operations [START_REF] Banterle | A Low-Memory, Straightforward and Fast Bilateral Filter Through Subsampling in Spatial Domain[END_REF] to obtain the set of smoothed normals. The range kernel is applied on depth values to preserve the silhouettes of the surface. The size of the spatial kernels depends on the image resolution and the desired level of detail scales. In our results, we increased this size by a factor of 1.7 for each coarser scale. All the computations are then done per-pixel, in a fragment shader. The resulting modified directions of light are also stored in a buffer, that can next be used as input to any shading function. .6 Illustration of our multi-scale enhancement using S = 3 scales, applied on two points p and q of a surface. Normals n 3 of the last scale are used to deduce the local frame L 2 , only represented by the z-axis (in blue) for clarity: z 2 = n 3 , and similarly, z 1 = n 2 . The direction of light is then rotated towards the guiding vectors at each successive scale. l 3 becomes l 2 which in turn becomes l 1 . The choice of guiding vectors depends on the sign of the scalar product between l i+1 and n i when projected onto the plane defined by z i (Section 6.2). This is easily seen here by testing if these vectors are on the same side with respect to the z-axis. At scale 2 for instance, l 3 and n 2 are on the same side at point q or on different sides at point p with respect to z 2 , making the surface appear brighter on the right and darker on the left. The same approach is applied at scale 1 to reveal the finest features. We found that a value of S ∈ {5, 6, 7} is mostly enough to enhance the depiction of an arbitrary surface, but of course it is also a matter of artistic choice. Users can control the intensity of the enhancement at each scale as presented in Figure 6.7. The x-axis shows how σ influences the enhancement while the y-axis corresponds to different scales of the model. When successively applied (bottom-right) our method allows the surface to be properly depicted everywhere. Note that σ may also be tuned differently at each scale to precisely control the rendered image. A designer may then easily and interactively tweak each scale enhancement factor σ i to explore and create his own intended visual representation.

Arbitrary Materials Enhancement

Our approach can easily be extended to control the properties of various materials such as glossiness or refraction. By simply adjusting the light with dedicated guiding vectors, we can ensure, for instance, that the intensity of highlights are maximal and minimal on both sides of the features. As with normal vectors n i for diffuse materials, we use the reflected (respectively refracted) incident view vectors r i for specular (respectively transmissive) materials to construct the local frame L i = (x i , y i , z i ) at scale i and compute the corresponding guiding vector g i :

L i :          z i = r i+1 , x i = r i -z i (r i • z i ), y i = x i × z i , g i =    r i , if ( li+1 • x i ) ≥ 0 R (y i ,-π 2 ) r i , otherwise.
Using these new guiding vectors we can compute a new light direction l i per shading component, allowing us to control the diffuse shading, specular highlights and refractions independently (see Figure 6.8). The rest of the pipeline stays unchanged. 6.5 Results and Discussion

Results

Using our multi-scale approach, an artist can choose the proper shape depiction that suits his goal by playing with σ i parameters. Figure 6.9 shows scale tuning examples for diffuse shading. Taking advantage of full shading models, any component can be used to efficiently reveal shape details. We give an example for the diffuse and specular terms in Figure 6.10, a. The user can choose to enhance coarse scales for the diffuse component to depict the general shape and large features of the model, while enhancing fine scales with the specular component to reveal thin details. The opposite is also possible, see Figure 6.10, b. In the end, the user controls exactly which scales to enhance using the appropriate shading components. This results in a wide range of possible enhancements, examples given in Figure 6.11. As a proof-of-concept, we also rendered global illumination results using a homemade path tracer.
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Congruence Score

To verify whether our approach improves shape depiction, we compare the shading flows obtained with and without enhancement with respect to the shape flows. As in [START_REF] Vergne | Flow-guided Warping for Image-based Shape Manipulation[END_REF], these flows are computed using structure tensors [Big87; Bro+06] applied per pixel in image-space. They locally specify how shape and shading patterns are stretched or compressed. More specifically, the direction of the shading flow v s is determined by extracting the maximum eigenvector of the tensor and it indicates the direction in which the compression of shading patterns is maximum. We also compute the overall magnitude of shading compression by taking the averaged eigenvalues of the structure tensor, denoted e s . The shape flow information, similarly noted v c and e c are obtained in the same way, but using depth gradients in the structure tensor formula instead of shading gradients.

Once the shape and shading flows are obtained, we design a congruence score s ∈ [0, 1] that represents both their direction and magnitude at each pixel i of an image:

s = ∑ n i=1 e c (i)(1 -⌊e c (i) -e s (i)⌋)|v c (i) • v s (i)| ∑ n i=1 e c (i) , (6.2)
where the symbol ⌊x⌋ stands for the clamping of x in the range [0, 1]. Intuitively, this score compares the directions of flows (with the scalar product), and averages them with a weight proportional to the magnitude of the shape flow. Curved surfaces will thus have much more impact on the final score than flat ones, for which the directions become undefined. The clamping operation prevents the score from dropping in case of exaggeration (i.e., if e s > e c ).

To analyze the similarities between shape and shading features on a given scene, we compute this score on a set of images rendered with 21 different lighting directions, numbered as in the inset figure. A visual comparison of the scores is given in Figure 6.12. Renderings obtained with our approach (third column) exhibit much more details with respect to the original renderings (first column). The corresponding scores are also higher with our approach, as shown in the false color images, where red and blue respectively correspond to low and high scores. This is especially true when the rendering is subject to masking effects, such as the one obtained with the grazing direction of light #7. In that case, the left part of the original scene appears entirely dark whereas our approach manages to reintroduce most of the shape details while still conveying a global coherent look for such a lighting direction. Comparisons with other scenes are provided in Appendix B, Figures B.3 to B.27.

Comparison with Previous Work

A visual comparison of our approach with the closest related works is given in Figure 6.14. Our method (b) reintroduces most of the details lost with simple Lambertian shading (a). The Exaggerated Shading approach [RBD06] (c) successfully depicts all shape details thanks to its modified half-Lambertian shading function that prevents any masking effects. However, such a function also tends to flatten the surface, making the main direction of light difficult to read. As a result, the perception of the shape also seems to change when the light is moving.

Light Warping [START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF] (d) is similar to our method as the goal is to modify the directions of the lights to improve the perception of shape, by increasing the compressions of shading patterns. Yet this method may reverse dark and bright patterns on convexities or concavities and does not manage to remove masking effects caused by a lack of variations in the environment itself. Moreover, this method does not take multi-scale details into account.

Radiance Scaling [START_REF] Vergne | Improving Shape Depiction under Arbitrary Rendering[END_REF] (e) is also limited to a single scale and directly modifies the outgoing radiance according to surface curvature, making convexities and concavities respectively darker and brighter (or inversely) using a multiplicative factor. Consequently, this method modifies the shading function itself, making the material properties look different. On regions affected by masking effects, where the resulting intensity is very low, this method also fails at reintroducing the details of the shape. We finally compare these techniques using our congruence score, as shown in Figure 6.13. In this plot, the scores are computed on the renderings of the Figure 6.14, with the whole set of 21 different lighting directions. First, we see that all the methods produce high scores, except when the original light is positioned away from the camera, producing a lot of masking effects. This is due to the fact that our score computation mostly compares the directions of flows rather than their magnitudes. A high score then corresponds to a proper shape depiction but does not scale with the amount of exaggeration (i.e., when the contrast of shading patterns is increased). Overall, the score obtained with our approach is higher than with other methods, regardless of the light direction. This illustrates that, even in presence of masking effects (i.e., around lighting directions #7 and #21), our method succeeds at depicting shape details. Note also that Exaggerated Shading scores tend to be similar to ours. It is sometimes higher or lower depending on the input scene, as shown in Appendix B. This is due to the fact that this method relies on a half-Lambertian shading, which ensures that the shape is visible everywhere. It is the strength of this technique, but also its main limitation, as no other shading function can be used and material parameters cannot be controlled. 

Limitations and Future Work

As our congruence score shows, our method improves the overall shape depiction in a measurable fashion with respect to previous techniques. Nevertheless, the score formula does not represent all phenomena happening in the enhanced images: exaggeration is not properly handled and the coherency with the original scene is not taken into account. Subjective evaluations could help to narrow down the impact of these properties on shape depiction. This avenue of research proves to be interesting and a possible key to better understand the relationships between shading and shape.

Pushing σ i to extreme values can alter the original perceived light and material properties. It may be desirable in some use-cases for which a high degree of realism is not a priority. In other cases, we would like to investigate the range of σ i values that automatically lead to plausible enhancements, e.g., using metrics similar to [START_REF] Nader | Just Noticeable Distortion Profile for Flat-Shaded 3D Mesh Surfaces[END_REF] to guide the enhancement.

Recent perceptual research evaluating the HVS sensitivity to light inconsistencies within single object shows that the scale at which variations in the light direction happen must be correlated with the size of the observed features [START_REF] Wilder | Shape from shading under inconsistent illumination[END_REF]. Still, more studies will probably be needed to confirm this result and explore how multi-scale enhancement affects the plausibility of the scene.

We also would like to design more intuitive controls in future work as it is a key question for non-photorealistic applications. Indeed, when working with a high number of scales, a simplistic user interface made of sliders can be cumbersome to use. One could imagine better ways to interact, e.g., [START_REF] Perin | Crossets: Manipulating Multiple Sliders by Crossing[END_REF].

Conclusion

In this chapter, we presented an approach whose main goal is to enhance human visual perception of surface details by ensuring congruence between shading and shape flows. We achieve multiple scales shape depiction in the spirit of Exaggerated Shading [START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF] while retaining the material diversity enabled by Light Warping [START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF]. We introduced a novel congruence score to objectively measure shape depiction. Our method outperforms previous work in that regard while retaining their strengths. It is general enough to be easily integrated in various rendering pipelines, from real-time to offline. As discussed in Chapters 2 and 5, cast shadows are an efficient means of conveying depth information. They can also inform about the shape of objects. Our visual system is particularly capable of performing this task in two-tones images (see Figure 7.1).

In this chapter, we are interested in cast shadows for the rendering of 3D terrains. We present our ongoing research that aims at depicting cast shadows for the rendering of stylized panorama maps. Our goal is to automatically assist artists when designing lighting in the scene.

From our analysis of Novat's style (Chapter 3), we identify that cast shadows are most of the time cast downslope, so that valleys are not masked. Again, the direction of light is not constant across the panorama (Section 3.3.1), and shading and cast shadows appear to be independent. This allows the artist to precisely control the position of cast shadows, a long identified need in the movie industry that was addressed in several computer graphics previous research works (Chapter 5).

Mountain scenes have a complex topology. The depicted features can vary greatly in size, e.g., mountain ranges versus small bumps on a slope. In Novat's work, fine shadows are allowed to be cast inside coarser shadows (Section 3.3.1). These multi-scale shadows are useful to provide the viewer with information about the spatial relationship at coarse scales (major landforms of the landscape) but also when looking at smaller features that lie on an already shadowed slope.

The goal of the method we present in this chapter is twofold. We aim at (1) solving masking effects caused by long cast shadows, while (2) using their beneficial properties for visual perception to depict the terrain (conveying shape and depth). We solve masking in two ways. First, by ensuring that shadows are not projected too far. To preserve shape and depth information we align shadows with the terrain features that cast them. Doing so outlines the shape of terrain features and prevent shadow distortions from happening. Our main idea is to use several adjusted light directions so that cast shadows are aligned with respect to the orientation of their casters, and to modify the elevation of these light directions so that shadows are neither projected too far nor too distorted.

Secondly, we define multi-scale cast shadows à la Novat to reintroduce depth cues in already shadowed slopes. Our approach allows to depict all details of the terrain at chosen scales.

From a technical point of view, we work with Digital Elevation Models (DEM) of realworld terrains, i.e., height maps. In the following, we assume an orthonormal basis {x = (1, 0, 0), y = (0, 1, 0), z = (0, 0, 1)}, with the terrain height z = h(x, y). We compute different

Original terrain

Adjusted shadows maps as G-buffers (normals, shadows,...) and use them to render the terrain using a simple ray marcher (similar to Sphere Tracing [START_REF] Hart | Sphere tracing: a geometric method for the antialiased ray tracing of implicit surfaces[END_REF], but evaluating h(x, y) at regular steps instead of a distance function). Figure 7.3 shows the terrain basis and the spherical coordinate system that we use to represent light directions.

Controllable Cast Shadows

For the shading to exhibit contrast in a mountainous scene, the sun is required to be low in the sky. At the same time, when the sun is at a grazing angle, it casts long distracting shadows, often masking important elements (see Figure 7.4). We would like to retain a contrasted shading, while preventing shadows from masking the terrain. Assuming a simple directional light model, a classic way to control shadows and shading is to decouple them. As displayed in Figure 7.5, we use two different light directions: l to compute the shading intensity; l ′ for shadows. In the spherical coordinate system displayed in Figure 7.3, we have:

l = θ φ , l ′ = θ ′ φ ′ , with θ , θ ′ ∈ [0, 2π] and φ , φ ′ ∈ [0, π 2 
] the azimuthal and elevation angles respectively. Varying φ ′ allows to control the length of cast shadows. The length of their projection is minimal when l ′ is tangent to the normals of dark slopes (slopes that are opposed to the light direction). To maintain a coherent look, θ ′ usually equals θ , but we will see that varying the azimuthal angle in the spirit of Local Light Alignment (Chapter 6) can also be beneficial for cast shadows (Section 7.1.1).

Having two different light sources to tweak can be cumbersome. We want to spare artists this burden. When designing a mountainous scene, they should have to place a single directional light, while our algorithms automatically compute shadows. We propose to deduce a shadow light l ′ from the user-defined shading light l.

Average Light Direction for Cast Shadows

We want shadows to fall at the bottom of slopes, to outline the terrain features. As mentioned above, the cast shadow of a feature is minimal when the light is tangent to the normals of its dark side. Our idea is to compute l ′ from l, so that cast shadows will be minimal on average.

High contrast, long shadows

Low contrast, short shadows High contrast, short shadows Unlike shading, visibility is a phenomenon that requires global knowledge about the scene geometry. The existence of three elements is required for a shadow to exist: a light source, a shadow caster, and a shadow receiving surface. The caster is an object that occludes the light source from a set of points on the receiving surface. Therefore, changing the light direction based on local information is hazardous for shadows, i.e., using the light directions obtained with Local Light Alignment (Chapter 6) would not work. Indeed, a distant object could suddenly occlude the light, casting a distracting shadow.

To prevent this, we pick a global light direction so as to produce minimal shadows. We consider the set of normals on dark slopes, N -= { n | n • l < 0 }. We pick our global direction to be aligned with most of its tangents t = R (n×z, π

2 ) n, with the operator R (a,α) a rotation by α around a (as defined in Section 6.2.1). Our global direction is defined as the average of tangent vectors t:

t = ∑ t ∑ ||t|| .
Using l ′ = t effectively shortens shadows, solving masking issues (see Figure 7.6).

However, when φ is high, shadows are short already. There is little to no masking, and thus there is less need to adjust their length (see Figure 7.7, top). Moreover, the cardinality of N -is inversely proportional to φ , making t less significant for high elevations.

To factor in these phenomena, we propose to use the original direction of light for high elevations, and quickly switch to the adjusted one when the elevation decreases. We propose to use the normalized elevation φ ∈ [0, 1] to interpolate smoothly between l and t. We thus define our shadow light l ′ as the rotation of t towards l, such that: Low elevation l, shadows produced with l ′ = l Shadows produced with l ′ = t l ′ = R ( t×l, γ) t, with

γ =    0 φ ≤ π 3 , (3 φ 2 -2 φ 3 ) • t l, π 3 < φ < π 2 .
The formula of γ is a smoothstep function (see Figure 7.7, bottom) that ensures a smooth transition between t and l. As φ diminishes, we progressively apply the adjustment to quickly reach the point where l ′ = t.

High elevation l, shadows produced with l ′ = l Shadows produced with l ′ = t

Shadows produced with l ′ = R ( t×l, γ) t γ with respect to φ Using l ′ = t in these cases yields shadows that are too short (right). Bottom row: Using l ′ = R ( t×l, γ) t smoothly interpolates between l and t, solving the issue (left). The bottom right figure displays the weight applied to t l. As soon as φ decreases, we use the adjusted direction t.

User Control Over Shadows Length

For the user to be able to control the shadow adjustment, we expose a parameter σ ∈ [-1, 1]. Tweaking σ directly impacts the elevation of l ′ , and thus the length of cast shadows in the scene, from no shadow at all when σ = -1 to the longest possible shadows when σ = 1. For σ = 0, the elevation remains unchanged (see Figure 7.8). The new elevation φ ′′ of l ′ is:

φ ′′ = (1 -|σ |) φ ′ + |σ | φ lim , with φ lim =    0, if σ ≥ 0, π 2 , otherwise.
In the following, A l (N -) denotes the whole light adjustment process described in this section applied to a normal field N -with a user-defined light direction l.

Normal-Based Segmentation

As discussed in Chapter 3, panoramists make use of an inconsistent illumination. The need for a varying light is illustrated in Figure 7.9. We argue that shadows are more effective at Conversely, an illumination from the top produces a pleasing shadow for the horizontal bar but not the vertical one (c). Using several light directions may solve the issue (d).

conveying shape when aligned with the features casting them, as they undergo less distortions. This may be linked to the correspondence problem evoked in Chapter 5.

Our adjustment relies on averaging the tangents to normals opposed to l. With some azimuthal angles θ , this process can produce an ill-oriented light l ′ , as in Figure 7.9, a. To solve this problem, we propose to partition N -so as to create sets of similarly oriented normals. A can then be applied to each part and cast shadows computed using each resulting light direction (see Figure 7.9, d, for an illustration with two lights).

Partition Normals with Recursive Clustering

To partition a field N of mean orientation n, we propose to use a clustering algorithm. N is recursively partitioned in two sets N < and N ≥ that contain normals on each side of the nz-plane. A field N does not need to be partitioned further when normals n ∈ N do not deviate too much from n, i.e., when the average deviation β N = 1 |N| ∑ n n is below a given threshold t. We denote C this recursive clustering:

C (N) =    N, if β N < t C (N < ) ∪ C (N ≥ ), otherwise,
where N = N < ∪ N ≥ , and

N < ∩ N ≥ = / 0. N < = {n | ( n × z) • n < 0} is the part of N on one side of n, while N ≥ = {n | ( n × z) • n ≥ 0} is on the other.

Multiple Light Cast Shadows

We apply A l to each cluster N i to obtain a set of adjusted light directions defined as:

L ′ = (A l • C ) (N -), (7.1) 
with

L ′ = {l ′ i | l ′ i = A l N i , ∀i ∈ [[0, k -1]]} the set of adjusted light directions.
In practice, the number of clustering operations depends on the base case threshold t. Empirically, with t = π 8 , the algorithm converges in 1 to 3 iterations, resulting in 2 ≤ k ≤ 4 adjusted light directions.

Using the set of adjusted light directions L ′ produced by our algorithm, we compute several shadow buffers for the terrain. The union of these buffers yields a single shadow buffer S that we use to depict the final cast shadows, similarly to the illustration in Figure 7.9, d. An example of multi-light cast shadows can be seen in Figure 7.12.

Multiple Scales Cast Shadows

As we can see in two-tone images, shadows draw the outline of objects as seen from the light, informing about their shapes. Shadows are also projected on distant surfaces which can be informative about both the shape and the spatial layout of the scene (see Figure 7.2). Nevertheless, information in shadowed regions is lost. What really is informative are the terminators and the edges of cast shadows [START_REF] Casati | The Visual World of Shadows[END_REF].

Original, φ ≈ 47 • k = 2, σ 0 = -0.5, σ 1 = -0.5
Figure 7.12 Multiple light cast shadows. Note that cast shadows are projected in two different directions (see the the circled regions). The final result appears coherent (but an evaluation of the perceived lighting inconsistencies would be necessary to prove it).

Therefore, we propose to cast fine scale shadows inside coarser shadows so as to depict shape and depth of fine details. To that end, we generalize our adjustment (Section 7.1) and partition (Section 7.2) methods to account for multiple detail scales. Computing shadows at a given scale reintroduces information about the shape and spatial arrangement at that scale.

Scale-Space

We use the terrain generalization method by Jenny et al. [START_REF] Jenny | Terrain Generalization with Multi-scale Pyramids Constrained by Curvature[END_REF] to construct a scale-space. The method computes a weighted Laplacian pyramid from a Gaussian pyramid of the terrain height field. A regular Laplacian pyramid has the disadvantage of smoothing the terrain indiscriminately. To preserve the sharp edges of important ridges the authors use the plan curvature to weight the levels of the pyramid during the reconstruction. Shary et al. [START_REF] Peter A Shary | Fundamental quantitative methods of land surface analysis[END_REF] offer a comprehensive formula sheet to compute different curvature metrics from elevation grids.

Levels of a Laplacian pyramid are usually computed by subtracting Gaussian filtered versions of the height field, as it is the case in [START_REF] Jenny | Terrain Generalization with Multi-scale Pyramids Constrained by Curvature[END_REF]. Instead, in our implementation, we use the cosine weighted height difference d as an approximation for the distance between the fine and coarse surfaces (see Figure 7.13). Although our approach better preserves the terrain details geometry than the standard height difference, it is still sensible to sudden variations in the coarse height field. In practice, DEMs are smooth enough to ignore the problem, and thus avoid an iterative process to find the exact distance. The resulting Laplacian pyramid allows us to isolate frequency bands of the terrain that correspond to details at a given scale.

Fine Cast Shadows

We can think of details of the terrain contained in a given level of the Laplacian pyramid as if they were projected onto a coarse representation of the terrain (see the orange curve labeled "distance d" in Figure 7.13). Normal vectors obtained from this height field are different from the real orientation of details. If we were to compute our adjusted light direction from this detail normal field (Equation 7.1), resulting shadows would be wrong (see Figure 7.14, left).

The user-selected light direction l hits the fine terrain surface at a point of normal n f with an angle l n f . The input light of our adjustment should hit the extracted detail surface with the same angle. Let θ = n f n d be the angle between the fine scale normal n f and the normal of the extracted detail n d (note that this angle varies locally across the surface). We use it to rectify the light direction, as displayed in Figure 7.14, right. Our adjustment (Equation 7.1) for detail scales becomes:

L ′ d = (A l d • C ) (N -), with l d = R (θ ,n f ×n d ) l. (7.2) 
Our approach enables digital panorama makers to enhance the depiction of shape and depth using cast shadows. Figure 7.15 compares our multi-scale shadowing approach (right) with the global adjustment presented in Section 7.2 (left). Fine scale shadows (black) are enclosed in the coarse shadows (gray). Note how fine shadows reintroduce lost information about the shape and spatial arrangement of terrain details. 

Blending Shadow Buffers

Let D be the number of scales. Each detail scale has its own shadow buffer S d , as described in Section 7.2.2. To obtain a final shadow buffer for the scene, we blend together S d , ∀ d ∈ [0, D -1]. We use a cascading linear interpolation from the finest to the coarsest scale, with D user-parameters α d controlling the interpolation. α d can be seen as a way to control the opacity of S d . For α d = 1, S d is opaque and we cannot see finer scales shadows. single shadow buffer B ⋆ = B D-1 used to render the final image, where:

B i = α i S i ∪ (1 -α i ) B i-1 , ∀i ∈ [1, D -1], B 0 = α 0 S 0

Results and Discussion

Our process is semi-automatic: the light direction is globally adjusted to be aligned with dark slopes of the terrain, on average (Sections 7.1 and 7.2). We expose control parameters for users to tweak the length of shadows. They can also control the clustering process by choosing a maximum number of light directions k.

We create a scale-space to extend our method to multiple scales (Section 7.3). We offer the same control over the adjustment at each scale. Selecting the detail scales to be enhanced is left to the user. Finally, the user can control the opacity of shadows at a given scale d using α d .

Throughout this chapter we used a DEM of the Chamonix area (the central mount is Mont Blanc) but our approach applies to arbitrary mountainous terrain. In Figure 7.17 we apply our algorithm to a DEM of Alpe d'Huez.

Limitations and Future Work

We now have a way to compute cast shadow buffers at interactive rates using appropriate light directions at different scales. We empirically verified that these multi-scale shadows help us to recover shape and depth of terrain details by contrasting otherwise monotonous shadow areas.

No adjustment

Multi-scale Shadows However, we feel that more than two scales can be distracting, especially in the background (see Figure 7.17). High frequency details are packed together in the background because of the perspective and are difficult to understand. This is a well-known problem in cartographic research and video games that we could address as a future work using a depth-aware generalization technique.

Our method causes a non-negligible overhead when rendering a scene. Our implementation works in image-space at interactive rates for wide panoramas (∼1440p). As always with image-space approaches, rendering time is highly dependent on the resolution of the final image. Instead, we could separate our algorithm in two passes. We could compute the rotations applied to l at each point p as a pre-process, and then apply changes caused by user-parameters when compositing shadows with the rendering. Also, some operations could be factorized (especially the successive rotations), saving precious computation power.

Other open problems remain. Here is an unordered list:

• Is the perception of shape and spatial layout actually improved using our approach? How to measure the enhancement? Contrary to Local Light Alignment (Chapter 6), we have not yet designed an objective mean of measuring the enhancement;

• Although we have not conducted any, psychophysical user-studies would greatly benefit this research, e.g., to measure perceived depth with and without our adjustments;

• When moving the light, our adjustment may output a different number of light directions, depending on the clustering. This makes our technique not temporally coherent. A naive solution is to keep the number of light constant after the first proper computation of our adjustment;

• How many scales are suitable to depict a terrain? Could the number of necessary scales be automatically deduced? Should it be kept as an artistic choice?

• Details of the terrain from the Laplacian pyramid undergo deformations. We addressed the problem in Sections 7.3.1 and 7.3.2. How to measure the deformations? That would be beneficial to focus on correcting those that negatively impact the final result;

• Blending the shadow buffers is not trivial and our solution rather naive. How could the blending be improved?

• We are curious to use our set of adjusted light directions in physically-based engines such as Blender;

• Having shadow buffers accessible separately, artistic editing tools in image space would prove to be an interesting avenue of future work. We are particularly interested in the abstraction of shadows [START_REF] Decoro | Stylized Shadows[END_REF] and their stylization;

• User-control is a key aspect of Expressive Rendering. Our method has numerous parameters that may be cumbersome to fine-tune. Our work would benefit from expertise in Human-Machine Interfaces, and from use-case studies to identify meaningful interactions with shadows.

Finally, we specifically designed our multi-scale approach for the depiction of cast shadows in panorama maps. In the future, although our implementation heavily relies on specifics of terrain representation (i.e., height field and terrain generalization), we would like to extend our method for arbitrary scenes and objects.

Conclusion

In this chapter, we presented our ongoing research work on the multi-scale depiction of terrain features by the means of their cast shadows. We aim at solving masking effects that occur with low elevation light directions.

To that end, we introduced a technique to compute multiple scales shadow buffers for the rendering of panorama maps. Using multiple varying light directions to compute cast shadows reintroduces information about the shape of terrain features and their spatial arrangement in the scene.

We adjust the original light direction at different scales, based on a clustering of the terrain geometry at each scale. We compute shadow buffers using several light directions per scale, in a way that mimics the process of panorama maps artists. The proper light directions depend on the input light direction and the terrain geometry. We ensure cast shadows to fall close to the end of slopes, preventing over-shadowing and masking, and to be globally aligned with their casters, reducing the distortion of shadows. This work being still at an exploratory stage, we identify several axes of future works. We are mostly concerned with the perceptual motivations behind our experiments. We believe that taking visual perception into account is crucial when doing graphics, and that perceptual metrics and studies would strengthen our experiments.

Part IV Applications and Future Works

Chapter 8

Applications of our Expressive Lighting Algorithms

In this chapter, we present a gallery of 2D and 3D maps that we produced with the expressive lighting tools presented in this thesis.

We first apply Local Light Alignment (LLA, Chapter 6) to relief shaded 2D maps, and show that it effectively enhances terrain shape depiction (Section 8.1). We show the advantages of LLA compared with state of the art methods.

Then, in Section 8.2, we present 3D panorama maps rendered with both LLA and our Multi-Scale Cast Shadows Adjustment from Chapter 7. We combine shading, shadowing, and add colors that mimic the style of Pierre Novat.

Application to Analytical Shading

In cartography, analytical shading denotes "the computer-based process of generating a shaded relief from a digital elevation model (DEM)"1 . Many models have been used to produce relief shading, and most of them consider only a diffuse component.

In this section, we compare LLA with grayscale results of Lambertian shading, aspect-based shading [START_REF] Moellering | A New Digital Slope-Aspect Display Process[END_REF], and neural relief shading [START_REF] Jenny | Cartographic Relief Shading with Neural Networks[END_REF].

Comparison with Lambertian and Aspect-Based Shading

Lambertian shading and aspect-based shading are both classic ways to depict terrain relief. These models are massively used in cartographic works. Aspect-based shading computes an intensity based on the angle between the light direction and the terrain normal, both projected onto the horizontal plane (the so-called "compass" direction). In the following experiment, we wish to apply LLA to both models and compare the results. We use the DEM for reproducible evaluation of terrain representation, proposed by Kennelly et al. [START_REF] Kennelly | Elevation models for reproducible evaluation of terrain representation[END_REF].

Lambertian

Lambertian with LLA for all scales Lambertian with LLA for fine scales Lambertian with LLA for coarse scales As demonstrated in Chapter 6, LLA enhances shape depiction of arbitrary objects. We therefore expect our algorithm to also enhance the depiction of terrain relief in the particular use-case of analytical shading. Usually, generalization techniques are used to filter distracting details of terrains. A strength of LLA is that, depending on the terrain scale, the user can choose the size of landforms to enhance (bottom row). To achieve results comparable with a generalized terrain, the user can choose to emphasize large scales only (bottom right). Note that small details do not disappear in this case, they simply do not stand out as much as coarse features. In that sense, aspect-based shading is comparable to Exaggerated Shading [START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF]. Both methods project the light onto the horizontal plane. Because the light is considered to be at a grazing angle, it efficiently enhances surface details and landforms that lie on that plane. Because only the azimuthal angle is considered, aspect-based shading fails to enhance ridges that are aligned with the light direction. Note for instance how ridges oriented in the North-Southern direction of the Wizard Island are less contrasted than the West-Eastern ones. Note also that details facing away from the light are completely black, causing masking effects.

The vertical exaggeration of aspect-based shading has a strong effect on how we perceive the shape of the terrain. If you compare Lambertian and aspect-based version of the Wizard Island (Figure 8.2, top), the terrain appears rounder. While this exaggerated convexity might be a desired effect, we rather consider it more of a side-effect of the enhancement. LLA applied to Lambertian shading (bottom left) does not impair the shape in that way, while retaining the ability to enhance terrain features.

When combined with aspect shading, our enhancement is less visible. That is again because the aspect-based model projects our locally aligned light onto the horizontal plane to compute the shading intensity, losing some of the benefits of LLA. Still, the azimuth correction induced by LLA manages to enhance some features, e.g., the small riddles on the top left of the crater. Figure 8.3 presents the same comparison on the Churfirsten DEM, with LLA emphasizing coarse features of the terrain. We also apply aerial perspective following the model by [START_REF] Jenny | Aerial perspective for shaded relief[END_REF].

Overall, Local Light Alignment produces convincing results when applied to relief shading, even when combined with simple shading models such as Lambertian shading.

While the cost of using LLA is more important than aspect-based shading, it still achieves real-time rendering times on modern architectures. Among its advantages, the fine controls over the enhancement provided to the users is probably the main one. It also ensures a coherent and accurate shape depiction over the terrain, which can be desirable depending on the application.

Comparison with Neural Relief Shading

Here, we compare LLA-enhanced Lambertian results with the recent Relief Shading with Neural Networks technique by Jenny et al. [START_REF] Jenny | Cartographic Relief Shading with Neural Networks[END_REF]. The neural-based shading also displays aerial perspective using the Aerial Perspective Shaded Relief method [START_REF] Jenny | Aerial perspective for shaded relief[END_REF]. We implemented it as well for the sake of a fair comparison.

The neural shading achieves local adjustments of the illumination direction and generalization. To compare our light adjustment with the authors' results as closely as possible we applied a generalization technique to the DEM [START_REF] Jenny | Terrain Generalization with Multi-scale Pyramids Constrained by Curvature[END_REF]. The aerial perspective model parameters were tuned to visually resembles those of the neural shading but since they are unknown to us, they could not be exactly matched. For all these reasons and because this thesis focuses on lighting, the comparison should be solely limited to the local shading intensity.

Note how light and dark patterns are similarly distributed across the terrain (see Figure 8.4). Still, we feel that the neural version appears more consistent; maybe because of its smoother generalization. Also, it captures the aesthetic style of manual shaded reliefs, on which it was trained, whereas our enhancement does not change the original look and feel of the Lambertian shading. in snow, regardless of their elevation. In low elevation areas, we mix the tree and rock colors based on the slope, considering that trees cannot grow on steep areas.

The intensity I controls the lightness of the final color in HSL space. We can control separately the hue and saturation of the colors depicting snow, rocks, and trees.

The sky color is a gradient between two colors, chosen to be close to the corresponding panorama by Novat. For clouds, we use a procedural model made of two layers of Perlin noise. The panorama of Espace Killy by Novat depicts the mountainous landscape of Val d'Isère and Tignes. It is a complex area for which Novat had to apply drastic deformations to the terrain topology. The analysis of these deformations is in Appendix A.4. To perform a more rigorous comparison with the painting, we manually applied deformations to the DEM, in the form of rigid transformations (swirl, scaling) and height exaggerations. We also interpolated two different cylindrical cameras for the foreground and background in an attempt to reproduce the varying viewpoint characteristic of panorama maps.

Gallery

The conjunction of both our methods allows to better interpret the terrain relief, without impairing the plausibility of the lighting setting. We can see that the placement of cast shadows and the distribution of bright and dark shading patterns are very similar to Novat's. This validates that our digital methods offer artists a control over lighting that is close to what Novat achieves in his paintings. To conclude, we find that we filled part of the literature gap towards the rendering of stylized panorama maps, at least regarding lighting. Chapter 9

Final Thoughts and Future Works

The main goal for artists-digital or not-is often to convey a message or an emotion as clearly as possible, which requires the scene to be legible. In this thesis, we have presented why and how lighting can be used to enhance the depiction of physical properties. We observe from insightful artworks (Chapter 2) that artists long knew about the crucial role of lighting in the human perception of shape and depth. This statement also applies to panorama makers. Like many artists before him, the panoramist Pierre Novat understood the representative power of lighting, and used it to enhance relief depiction in his paintings. As they connect fine arts and cartography, panorama maps are of particular interest to us. We presented a first contribution, the stylistic study of Novat's winter panoramas (Chapter 3). While we did not limit our analysis to lighting, we showed how Novat was varying the light direction across a single panorama. Our work was accepted for publication in the Cartographic Perspectives journal [START_REF] Mestres | A Stylistic Study of the Hand-Painted Winter Panorama Maps of Pierre Novat[END_REF].

We reviewed the relevant research works in computer graphics, cartography, and visual perception, about shape depiction from shading (Chapter 4) and cast shadows editing (Chapter 5). We particularly emphasized the close links between research that produces synthetic images (both computer graphics and cartography), the visual arts, and vision science.

From our comprehensive analysis of Novat's style and the previous research work, we designed methods to control the shading and cast shadows in 3D scenes, as to enhance our perception of shape and depth. In Chapter 6, we introduced our second contribution, Local Light Alignment. Our approach enables shape depiction enhancements at multiple scales, using arbitrary materials. We showed how aligning the light with a properly chosen guiding vector ensures a proper depiction of shape features. This guiding vector depends on the shading component to be enhanced. Our technique is not constrained to the sole rendering of terrains. We demonstrated its efficiency on various objects, using diffuse, specular and transmissive materials. We also provide a congruence score that measures how well depicted the shape is, by comparing shading and shape flows. Our work was published in the Computer Graphics Forum journal as part of Eurographics 2021 [START_REF] Mestres | Local Light Alignment for Multi-Scale Shape Depiction[END_REF].

Focusing then on cast shadows, we designed a method to control their placement in order to prevent masking effects (Chapter 7). Our approach automatically adjusts the azimuth and elevation of the light with respect to the terrain geometry. As opposed to Local Light Alignment, this adjustment is global, based on the average orientation of the terrain. To mimic the varying sun direction in panoramas, we propose to partition the terrain surface to compute a set of principal light directions that we use in turn to compute cast shadows. Our adjustment fits in a multi-scale pipeline, allowing for the depiction of the shape and spatial arrangement of finer terrain details. This part of the thesis is an ongoing research work that has not yet been published.

Finally, we showed the effectiveness of Local Light Alignment as an analytical relief shading method. We also applied our lighting control algorithms to the rendering of panorama maps (Chapter 8).

Future Works

The contributions we presented in this dissertation highlight the intricacies between several research communities: art history, cartography, visual perception, and computer science. On a general note, we think that fostering collaborations between diverse and often segmented research fields, can only be beneficial.

A crucial avenue of future work resides in writing perceptually-driven algorithms. This is particularly true in the case of expressive rendering. Expressive synthetic images involve several parties. Artist and viewers are at both ends of the communication channel; in between, computer graphics researchers are responsible for inventing methods that interface with both artists and viewers. Therefore, as much as visual perception, user interfaces are an important factor to consider.

Future works for our approaches tackling expressive lighting are detailed in their respective chapters, but perceptual user-studies are again among the most important. Also, finding robust perceptual metrics would be interesting to validate our models. Objective quantities, such as saliency, entropy, or the congruence score we propose in Section 6.5.2, have been explored, but they do not take into account parameters that relate to artistic style, e.g., exaggeration, abstraction, or the primitives used.

On a more practical note, while Local Light Alignment is general enough to work with environment maps and global illumination rendering pipelines, we focused only on directional lighting. Extending our work to area lights or complex many-lights settings appears to be non-trivial, and would be necessary for entertainment applications in which scenes are getting more and more complex.

The above remarks are also valid for our multi-scale shadows enhancement. In addition, although our method for shadow depiction appears generalizable, it is currently applicable to terrains only. Extending it to general models is also an interesting short-term future work that we would like to investigate. Before leveraging this, we would first have to ensure that the gains for our visual perception are significant. Indeed, we only performed empirical observations of the images produced by our algorithm, and they would need to be confirmed objectively. About panorama maps, our examination of lighting effects, terrain deformation, and surface texture, was a necessary first step for an in-depth understanding of the panoramas by Atelier Novat. Hopefully, this study will help to safeguard parts of Novat's knowledge and give contemporary artists insights about panoramic maps designed in the style of Novat.

Because many ski areas are rapidly evolving into "four seasons" mountain resorts, they have new demands, which the traditional techniques used by panoramists cannot meet. Computer assisted solutions for the creation of panoramic maps are therefore gaining more attention. Rendering systems are now used to generate mountain panoramas that are then digitally retouched by artists to fulfill the clients' desiderata. Automatic results of a quality equivalent to a hand-painted map are not within reach yet, and much work remains to be done to provide artists with tools to express their styles. This should prove to be an exciting avenue of future work in both the computer graphics and cartographic communities. The perpetuation of panoramists' know-how is at stake. three years. By 1975, it became a full time occupation, with a panorama painted every six months. He finally abandoned his professional identity of decorator-until then all panoramas were signed "Pierre Novat décorateur"-but he never fancied himself as an artist.

Novat painted more than 300 panoramas over the course of his career. His artworks were widely used as promotional materials such as piste maps, site plans, and brochures. Their aesthetic quality made them the preferred marketing tool for resorts, while also being better at depicting relief than 2D maps for skiers. The art of Pierre Novat accompanied the rise of modern alpine skiing in the 1970s and the 1980s and durably impacted the representation of the French Alps and Pyrénées in the collective imagination. Remaining faithful to the topography while meeting the client's requirements leaves little room for the artist to express their creativity. Their degrees of freedom mainly reside in the colors chosen, and in areas of the panorama that are of lesser importance to the client. When moving away from the main focus of the panorama, the resort, we can feel these constraints loosening. For instance, see background and sides of Figures 3.1 and A.3 (top) that are less precise, but vivid nonetheless.

A.2 Designing and Painting a Panorama

Even though these economic and geographic constraints partly governed Novat's work, he did develop a unique style that is now iconic of the French Alps in people's minds, and is still praised for the beauty of his landscapes as well as the precision and readability of the maps.

A.2.2 Crafting the Panorama

Novat et al. [START_REF] Novat | Plans des pistes: Les Domaines Skiables de France Dessinés par Pierre Novat[END_REF] describe Pierre Novat's creation process. It starts with a careful observation of a topographic map on which a main viewpoint is chosen. Then, aerial photographs are taken by the painter or sent by the ski resort. Nowadays, in addition to maps, Arthur also uses satellite imagery. These photographs are stitched together to create a panoramic view of the scene. Then, a grayscale sketch is drawn (see Figure A.4) on tracing paper sheets, with all the lighting effects already present. Some parts of the sketch are then cut out so that they can be repositioned freely, but they are rarely redrawn. All parts are adjusted into a final view that already includes all terrain details and surface texture elements (trees, rocks, roads, and buildings, see Section A.5).

At this stage, Novat would often say that the panorama was already finished and that adding colors to it was a mere formality. Before working on the final painting, the pencil drawing is shown to the client. After approval, masks are created to protect some areas from the airbrush spraying (Novat's favorite tool) and to preserve sharp contours for shadows. Finally, after having traced the main elements of the penciled panorama on the canvas with colored pencils, paint is applied directly onto the canvas. The entire process takes anywhere from a few weeks to four months to complete, depending on the depicted region, the constraints of the commission, and the available workforce.

Despite the similarities in their creative processes, and despite the many constraints imposed by the clients, panoramists still achieve different styles. In the next sections we will focus on the characteristic style of Novat.

A.3 On the Shades of Blue

What usually strikes viewers at first sight in the winter panoramas of Atelier Novat is the dominance of blue. Regardless of the color palette, a blue ash gouache (Linel number 52, not produced anymore) is always used as a base and mixed across the panorama in numerous shades. Grand Massif and Espace Killy (Figures 3.1 and A.3, respectively) demonstrate this clearly.

In Figure A.5, we extracted color palettes from several panoramas using a median-cut algorithm [START_REF] Heckbert | Color Image Quantization for Frame Buffer Display[END_REF]. Each displays 25 colors, where each color is the average of an equal number of pixels in the panorama, therefore it contains the 25 most representative colors of a panorama. It clearly illustrates the dominance of blue in Novat's work, a key characteristic that makes his panoramas instantly recognizable from others. Other panoramists, though having their own styles, do not rely as much on one color in their works. We argue that the blue color has thus become an inherent part of Novat's visual identity: his signature.

Aside from being an artistic choice, the use of blue in winter panoramas is logical. Shadows cast onto snow are indeed blue under a clear sky, because of the scattering of ambient light. In Novat's paintings, shades of blue provide cues about the relief of the terrain, mimicking complex lighting phenomena such as shading, shadows, and inter-reflections (indirect light on a surface), drawing the viewer's attention to specific areas of the terrain. Novat changed both the lightness and the hue of this blue to achieve his goal. These changes are implicitly guided by the laws of physics. He added more blue and lowered the contrast by lightening colors to depict atmospheric perspective in the background, conversely adding more red in the foreground. He modified his blues by adding a hint of yellow to depict color bleeding induced by trees, and to give a turquoise hue to glaciers. These color adjustments required a solid knowledge of the mountain and a careful observation of the landscape.

Another explanation for the variations in the shades of blue is the use by Novat of different media in a single painting. He mainly used watercolor pencils and gouache sprayed with an airbrush or directly applied with paintbrushes. According to Novat et al. [START_REF] Novat | Plans des pistes: Les Domaines Skiables de France Dessinés par Pierre Novat[END_REF], Pierre Novat painted entire regions, including details, rather than working on the whole panorama one layer at a time. For this reason, and because using an airbrush involves a drying time of about five minutes per coat, Novat kept switching between media and colors. As a result, the shade of blue used for a given feature is never exactly the same across the panorama.

Pencils were used to support the shapes of shadows and the slopes hinted by the trees and the edges of rocks, giving strength and contrast to the painting. To smooth the result, Novat used his airbrush to spray paint or water onto these harsh lines, blending them and the underlying blue together ( 

A.4 Plausible Deformation of the Topography

As stated in Section 3.3, the style of Pierre Novat is often described as realistic. However, Novat does not always paint areas faithfully. He locally deforms the topography to reveal or hide features of the terrain. Nevertheless, the result must remain plausible-more than simply recognizable, deformations must go unnoticed.

Novat's panoramas make it easier for an uninitiated audience to understand the mountain terrain. It is represented from the skiers' point of view as they approach the slopes. More space is dedicated to areas that are of particular interest to them. Entire mountains are rotated or moved apart, to reveal in one painting all ski areas. Novat deforms the shape of the mountain while considering skier traffic, accessibility, number of pistes in the area, and their difficulty ratings. Because features of the terrain are often represented from their most well-known viewpoints or from the viewpoint one has when skiing, both the visitors as well as locals still recognize the landscape. According to Arthur Novat, they sometimes do not notice these deformations. Pierre Novat interpolated seamlessly between several viewpoints, as if different cameras captured the landscape. He sometimes filled the gaps using his sole imagination, leading to what his son calls "panoramic cubism." The representation of the mountain conveyed by one panorama remains plausible, leading to Novat's style being mistakenly described as realistic.

Deformations are also necessary because the depicted region rarely fits within the field of view of an undistorted panorama. The angle of view can be huge and irregular. In the panorama, the main viewpoint is above Chevril Lake (1). Note that the angle of view (blue arrows) is about 180°(from A to H, through 1). This allows Novat to place the valley between Val d'Isère (3) and "Pointe de la Galise" (A) on the same map as Tignes (4). Although the two valleys are almost aligned on the map, they are opposed on the panorama. The angle of view is also wider For instance, Berann exaggerated heights, projected the terrain onto a cylinder and used a quasi-orthographic view, leading to frontal majestic backgrounds typical of his style [START_REF] Patterson | A View From On High: Heinrich Berann's Panoramas and Landscape Visualization Techniques for the U.S. National Park Service[END_REF]. On the other hand, Novat used a multi-perspective (graphical) projection, and varied the positions and heights of the viewpoints. Although the final look is different, the goal remains the same.

The complex nature of the mountain topography, especially in the Alps, makes these mandatory deformations difficult. We would argue that deforming the terrain is the main difficulty when creating a panorama. Novat excelled in this field for a variety of reasons, the influences of which are difficult to assess. His extensive knowledge of the regions represented, especially the French Alps, his ability to interpret topographic maps as 3D landscapes, and his skiing and skydiving experience, most certainly played a major role.

A.5 Surface Texture

We have presented the terrain deformation and use of lighting effects elements that are at the heart of Pierre Novat's style. However, these elements alone would lead to a very bland representation of the scene. Novat populated his panoramas with elements painted on top of the terrain surface: trees, rocks, roads, and buildings. They texture the mountain and serve an aesthetic as well as an informative purpose.

Trees

Some mountainous areas are covered with trees, so Novat decreased the tree coverage density to avoid losing terrain information in his paintings (Figure A.10). His treatment of trees differed substantially from that of other artists. For example, James Niehues is known for painting each tree individually (Figure A.11). Conversely, Novat used color pencils to depict trees. They were pencilled directly onto the snow, hatched to form bands of trees. A few trees are enough to represent a grove, add more of them and you have a forest. Their colors depend on their species: deep greens, almost black, for the spruces and firs; light browns and yellows for larches dusted with the first snow of the season. Larches are conifers, as are firs, but they lose their needles during fall, enabling light rays to pass through their branches. As a result, they are only lightly sketched over the snow in sunny areas ( Trees are exempted from perspective projection-they are depicted as if viewed from an orthographic camera. As a result, their height becomes strongly exaggerated in the background. They are always drawn vertically and distributed along the slope. The alignment of the trees thus become a visual cue giving precious implicit information about the relief of the terrain beneath them.

Rocks

Rocks are mainly visible when the slope is steep or when they protrude from the ground. In Novat's panoramas, they are depicted on important landmarks that must be recognized as faithful to reality. For example, note how the characteristic horizontal and vertical cracks in the rocks are reproduced in Novat's depiction of Aiguille du Goûter seen in They are also a practical way to implicitly inform skiers about the danger of the terrain. In difficult areas, rocks that are invisible because of snow are shown in the painting, to act as warnings. For easy ski trails, the terrain is often smoothed and rocks omitted so that beginners do not hesitate to ski there.

Regarding color, rocks were painted in very different shades from one panorama to the next. Although influenced by the complex geology of the Alps and the different types of rocks, the color depends also on the hour of the day chosen to represent the scene. As mentioned in Section A.2, prior to the creation of a panorama, photographs were taken by flying over the area. These shots were taken in the morning or evening when the sun was very low. As a result, rocks exhibit vivid colors such as warm browns, yellows, and reds. See Figure A.14 for an example on the Espace Killy panorama. The colors used for rocks in the painting are very similar to those seen in the modern photograph. Note how the snow is kept white, increasing contrast even more, as opposed to the photograph, in which it is yellow. 

Roads

Roads on Novat's panoramas are not applied as a layer on top of the panorama after the painting is finished, as it is the case with the labels. While this might work well for a 2D map, for a panorama, roads need to be part of the painting itself. In Novat's style, they are slightly lowered with respect to the surface of the terrain, as if snowbanks were framing them. To achieve this 3D look they were outlined with white paint on one side, particularly noticeable in shadowed areas, and with a dark blue stroke on the other (see Figure A.15). Roads inform the viewer that different places in the panoramas are connected. They are enlarged to be clearly understood, but their shapes are also sometimes abstracted. Depicting only some of the roads has an impact on routes chosen by visitors. It helps to guide them towards spots considered of interest for the resort, while keeping them away from residential areas and competing villages.

Buildings

Like roads, chalets and buildings are 3D elements that have been integrated into the painting, not just layered above it. They cast shadows and are always represented with snow on their roofs.

Where roads are always exaggerated in size and sometimes abstracted, buildings are surprisingly accurate. Figure A.16 compares Aussois on the 1993 panorama with a photograph taken in 2011. The village has undergone change, but some buildings can still be clearly identified. Indeed, characteristic buildings (e.g., city halls, churches) needed to be recognizable, as well as the ones visible from the road when driving, as they can be useful landmarks for visitors.

Often, Novat's commissions were updates to include newly constructed buildings and facilities in existing panoramas. Clients regularly requested that their homes appear on new and updated panoramas, which required painting with enough precision to depict a small chalet. 
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 11 Figure 1.1 Conveying informative and emotional messages using images. Adapted from the course on Expressive Rendering by Bénard et al. [Bén+10]. Credits, from left to right and top to bottom: James Stuart (1762), Dimitra Tzanos, Nolan Mestres (2022), Yannis Behrakis, Steve Swayne (1978).
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 13 Figure 1.3 Shading and cast shadows on a sphere. Nolan Mestres, 2022.
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 14 Figure 1.4 Examples of shape depiction in artworks. Left: Close-up of La Scapigliata, Leonardo da Vinci, c. 1506-1508, 24.7 × 21 cm. Right: Illustration by Tom Jones, founder of the Association of Medical Illustration.
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 15 Figure 1.5 Light and shadows as the main compositional tools to depict the nocturnal atmosphere of the Yoshiwara district. This artwork was probably produced after 1845, for ukiyo-e artists were banned from depicting entertainment scenes by the Tenpō Reforms between 1842 and 1845. Yoshiwara Kōshisakinozu (Night scene in Yoshiwara), Katsushika Ōi, before 1860, 26.3 × 39.8 cm.
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 16 Figure 1.6 An iconic hand-painted panorama of Mégève, characteristic of Novat's style. Mégève, Pierre Novat, 1986.
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 21 Figure 2.1 Compositional chiaroscuro used to guide the viewer's eye and depict shapes. Close-up of The Calling of Saint Matthew, Caravaggio, 1599-1600, 322 × 340 cm.

Figure 2 . 2

 22 Figure 2.2 The shading of the skeleton helps to understand its complex topology. It also contrasts greatly with other characters that are rendered flat. Takiyasha the Witch and the Skeleton Spectre (sōma no furudairi), Utagawa Kuniyoshi, c. 1844., 71 × 35 cm.

Figure 2 . 3

 23 Figure 2.3 Warm-to-cool shading used to depict and exaggerate surface orientation. Head and Hand, Oswaldo Guayasamin, 1979.

Figure 2 . 4

 24 Figure 2.4 Exaggerating contrast using warm-to-cool tones. Characters are shaded using warm-to-cool tones, whereas the vault in the background is shaded accurately, increasing contrast. Pentecost, Folio 79 of Les Très Riches Heures du duc de Berry (The Very Rich Hours of the Duke of Berry), Jean Colombe, 1485-1486.

Figure 2 . 5

 25 Figure 2.5 Interpretation of the myth of the origin of painting. El Cuadro de las Sombras (The Shadow Painting), Bartolomé Esteban Murillo, c. 1660, 169 × 115 cm

Figure 2 . 6

 26 Figure 2.6 Shadows used as narrative tools. They inform the viewer about the presence of characters outside their visual field and greatly contribute to the atmosphere of the scene.

Figure 2 . 7

 27 Figure 2.7 Comparison between the shadow of the lamppost case in Magritte's The Empire of Light and a photo-realistic rendering.Although the shadow is correct in the rendering, it seems to be projected by the lamppost rod instead of the lamppost case. Also note the depth illusion that Magritte creates by casting the shadow on the tree foliage and the wall at the same time.

Figure 2 . 8

 28 Figure 2.8 Shadows in our edited version are incorrect but still succeed in conveying depth information. Annunciation to the Shepherds, Taddeo Gaddi, c. 1330.

Chapter 3 A

 3 Stylistic Study of Lighting in the Panorama Maps of Pierre Novat

Figure 3 . 1

 31 Figure 3.1 Grand Massif, Pierre Novat, 1986, 108 cm × 74 cm.

Figure 3 . 2

 32 Figure 3.2 Illustration of a "panorama" in Robert Fulton's French patent (1799).

Figure 3 . 3

 33 Figure 3.3 Lighting terminology as defined by Mamassian et al. [MKK98b]. Left: A rendering of a diffuse sphere. Right: The terminology applied to a close-up of Grandes Rousses, Arthur & Pierre Novat 2011. Note that penumbra does not occur with strong directional lights, e.g., the sun, hence its absence in Novat's panoramas.

Figure 3 . 4

 34 Figure 3.4 The direction of light varies locally across the panorama. Arrows point towards the light source (i.e., the sun). Arrows with the same color (and label) point in the same direction. Note that small variations also occur at smaller scales. In a single feature, e.g., the foreground hill on the right, different lighting directions are used. Close-up of Grandes Rousses, Arthur & Pierre Novat 2011.

Figure 3 . 5

 35 Figure 3.5 Novat used fine-scale cast shadows inside attached shadows of larger features. They improve the contrast of already shadowed areas, thus revealing masked terrain features. Close-ups of (left) Espace Killy, Pierre Novat, 1983 and (right) Courchevel, Pierre Novat, 1984.

Figure 3 . 6

 36 Figure 3.6 Novat ended the cast shadow just above the road to avoid masking it. The shape of the shadow therefore follows the road layout, highlighting it. Close-up of Mégève, Pierre Novat, 1986.

Figure 3 . 7

 37 Figure 3.7 Examples of indirect illumination from inter-reflections in Novat's work. Arrows represent light rays. Inter-reflections are caused by the light bouncing off slopes facing the light, thus brightening opposing slopes. Close-ups of (left) Puy Saint-Vincent, Pierre Novat, 1992, and (right) Val d'Allos, Pierre Novat, 1987.

Figure 3 . 8

 38 Figure 3.8 Novat's treatment of inter-reflections (left) is more subtle than Berann's (right). The blue of the shadowed snow is lightened, creating a soft gradient whereas Berann used complementary shades, creating a stark contrast. Close-ups of Val d'Isère, Berann (with alterations by Novat) 1962.

Figure 4 . 1

 41 Figure 4.1 Hand-painted panoramas of Pierre Novat and modern digital versions by Kaliblue for the resorts of Valmorel and Réallon.

Figure 4 . 2

 42 Figure 4.2 Hand-painted and digital panoramas of the Yellowstone National Park. Bottom row: closeups of the corresponding panoramas. Note that Brown and Samavati's system works in real-time and achieves temporal coherence [BS17].

Figure 4 . 3 A

 43 Figure 4.3 A photograph stylized with different style exemplars using the method of Futschik et al. [Fut+21].

Figure 4 . 4

 44 Figure 4.4 Line-based rendering methods. The Hellenistic lamps (left) are figures from Demarcating Curves [KST08], while the landscape and the armadillo are from their respective papers.

Figure 4 . 5

 45 Figure 4.5 Shading models for technical and cartoon illustrations. Bottom row: results from X-Toon [BTM06]. 2D toon maps (a, c) for a metallic effect (b) and aerial perspective (d) respectively.

Figure 4 . 6

 46 Figure 4.6 Expressive rendering with Gooch shading. Left: Planck's head rendered with Gooch shading.We demonstrate that the shading model can be easily tweaked to achieve stylized result in a crude imitation of the painting by Guayasamin (right).

Figure 4 . 7

 47 Figure 4.7 Examples of accessibility methods to approximate global illumination. An accessibility map (or ambient occlusion map) is computed and composited with the original shaded scene. Miller [Mil94] focuses on enhancing concavities while Pharr and Green [PG04] also brightens surfaces accessible from the light source.

Figure 4 . 8

 48 Figure 4.8 Top: Details of the shape are revealed using Normal Enhancement [CST05]. Bottom: The same principle is applied to the radiance field in the scene, enabling the enhancement for arbitrary materials [Rit+08].

Figure 4 . 9

 49 Figure 4.9 Radiance Scaling [Ver+10; Ver+11] used to enhance shape depiction with arbitrary materials in a global illumination context. Note how secondary light bounces are also enhanced.

Figure 4 .

 4 Figure 4.10 Comparison between lighting design techniques. Light Collages [LHV06] uses a custom illumination model that does not allow for the use of arbitrary materials. Zhang and Ma [ZM13] and Léon et al. [Léo+14] work in the context of global illumination. The former analyze the normal distribution in the scene to place lights; the latter solve an optimization problem.

Figure 4 .

 4 Figure 4.11 Light Warping[START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF] enhances curvature information for a better shape depiction. This is particularly visible on curved surfaces such as the ear, right shoulder, and hair of the model. Note that in some cases the enhancement depends on the light environment: the crease at the base of the neck, above the left shoulder, appears less legible.

Figure 4 .

 4 Figure 4.12 Top: The GIS tool by Veronesi and Hurni [VH15] better depicts terrain features. Details are reintroduced in the otherwise dark areas (D). However, depiction problems arise (A, B, C). See the text body for a discussion. Bottom: hand-shaded relief by Eduard Imhof and Heinz Leuzinger, 1963, and a rendering by Marston and Jenny [MJ15] that combines Diffusion Curves [Orz+08] and analytical relief shading.

  1 http://shadedreliefarchive.com/Graubuenden_SW.html Original[START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF] Half-Lambertian Our implementation

Figure 4 .

 4 Figure 4.13 Exaggerated Shading allows for a better shape and detail depiction at multiple scales.For instance on the right example, the overall shape of the face and limbs is enhanced as well as the garment small folds. The left pair is extracted from the paper while the right pair is a rendering from our implementation of Exaggerated Shading.

  Figure 4.14 is an example from [FTA04] demonstrating this property.

Figure 4 .

 4 Figure 4.14 Compressions of the reflected environment are correlated to luminance gradients on diffuse objects. Figure from [FTA04].

  Paul Cézanne, Riaux Valley near l'Estaque (Vallée de Riaux près de l'Estaque), 1879-1882

Figure 5 . 1

 51 Figure 5.1 Impressionist colored shadows. Impressionism is renowned for exaggerating lighting effects, including cast shadows (here by an increase of the sky contribution).

Figure 5 . 2

 52 Figure 5.2 Direct edition of lighting using spotlights. BendyLights are non-linear spotlights, which yield otherwise impossible lighting results.

Figure 5 . 3 ,

 53 bottom row), e.g.,

Figure 5 . 3

 53 Figure 5.3 Path-Space Manipulation[START_REF] Schmidt | Path-Space Manipulation of Physically-Based Light Transport[END_REF] can retarget light paths that contribute to a given lighting effect, e.g., to enlarge the caustic (b). It can also link light paths to proxy objects, e.g., a rotated proxy of the statue is used to cast the shadow (c). While RayPortals[START_REF] Subileau | RayPortals: a light transport editing framework[END_REF] can also achieve retargeting (e), it also enables teleporting lighting effects, preserving their original illuminance profile (f).

Figure 5 . 4 Figure 5 . 5

 5455 Figure 5.4 Indirect methods to control the position of shadows.Barzel [Bar97] changes the shadow map origin per object. In this figure, the shadow of the torus is moved onto the cylinder, and is therefore not coherent with the light placement. Pellacini et al.[START_REF] Pellacini | A User Interface for Interactive Cinematic Shadow Design[END_REF] enable drag and drop operations on shadows. Dragging a shadow interactively changes the position of the light source (or the position of the object projecting it, depending on the selected interaction mode).

Figure 5 . 6

 56 Figure 5.6 Shadows are moved on the surface as if an "elastic virtual cloth" was sliding on it [Rit+10]. Inset figures are the original scenes, red dots are the origin of the drag-and-drop operations and the green dots their arrival.

Figure 5 . 7

 57 Figure 5.7 Colored shadows are common in impressionism and an important feature for shadow design. Obert et al. [OPP10] enable the editing of both the color and the shape of shadows in digital scenes.

Figure 5 . 8

 58 Figure 5.8 Storytelling using the shape of cast shadows. Top: Methods to edit the shape of shadows in rendered images. Bottom: In Grandville's caricature, the shadows reveal information about the alleged nature of the people in the scene [Gué11].

Figure 5 . 9

 59 Figure 5.9 Manipulation of cast shadows in image space. DeCoro et al. [DeC+07] apply filters to an image space visibility buffer in order to stylize shadows.

Figure 5 .

 5 Figure 5.10 Shadow layers store the energy loss caused by occluders, allowing users to edit shadows at the compositing stage.

Figure 5 .Figure 5

 55 Figure 5.11 Cast shadows as a depth cue. Although the size of the cube is constant, smoothing and applying an offset to the shadow is enough to give the impression that the square is floating higher above the ground plane. Adapted from the experiment by Kersten et al.[START_REF] Kersten | Illusory motion from shadows[END_REF].

Figure 5 .

 5 Figure 5.13 Outlining a shadow impairs its labeling. Top: The outline prevents our visual system to label the region as a cast shadow. Bottom: In the painting, we succeed in perceiving the dark patch under the character as a cast shadow [CC19]. The Painter on His Way to Work, Vincent Van Gogh, 1888.

Figure 6 . 2

 62 Figure 6.2 Concept of Local Light Alignment. 3D isometric views of a ridge and a corner wall. When the ridge is lit from above (a), or the wall frontally (b), by a strong directional light, both sides have the same shading, thus making the shape difficult to understand. For the shading to exhibit contrast, we change the vertical and horizontal directions of light at each point p of the surface, so that the light faces the normal vector (pink) on one side of the feature (c, d) and is perpendicular to the normal (green) on the other (e, f). It ensures having bright and dark sides, resulting in a better perceived shape.

Figure 6 . 3

 63 Figure 6.3 Local space L = (x, y, z) used for the computation of θ at point p. The up vector z defines the orientation of the surface at a coarser scale. x is the (renormalized) projection of the normal n on the base plane, and y = x × z. R (a,θ ) denotes the resulting rotation.

Figure 6 . 5

 65 Figure 6.5 Renderings using different γ values, with λ = λ 1 • λ 2 and σ = 1. γ is used to smooth or sharpen the transitions in shading intensity. A high value of gamma results in quick transitions between bright and dark sides of the features, while a small value produces wider transition regions.

  Figure6.6 Illustration of our multi-scale enhancement using S = 3 scales, applied on two points p and q of a surface. Normals n 3 of the last scale are used to deduce the local frame L 2 , only represented by the z-axis (in blue) for clarity: z 2 = n 3 , and similarly, z 1 = n 2 . The direction of light is then rotated towards the guiding vectors at each successive scale. l 3 becomes l 2 which in turn becomes l 1 . The choice of guiding vectors depends on the sign of the scalar product between l i+1 and n i when projected onto the plane defined by z i (Section 6.2). This is easily seen here by testing if these vectors are on the same side with respect to the z-axis. At scale 2 for instance, l 3 and n 2 are on the same side at point q or on different sides at point p with respect to z 2 , making the surface appear brighter on the right and darker on the left. The same approach is applied at scale 1 to reveal the finest features.

Figure 6 . 7

 67 Figure 6.7 Enhancements at arbitrary detail scales (all scales are displayed in Appendix B.2). Each row but the last is a detail scale, from the coarsest (5) to the finest (1). Each column shows a different value of σ . The coarsest scales enhance the overall shape while finer scales enhance smaller details of the model. Bottom: model without enhancement (left) and a fine-tuned enhanced version where S = 6 with σ i = {0.5, 0.3, 0.1, 0.2, 0.2}.

Figure 6 . 8

 68 Figure 6.8 Specular (a, b) and transmitted (c, d) multi-scale enhancements using respectively the reflected and transmitted view vectors as guides, with S = 5. The left pair of images displays the specular (resp. transmitted) term only; on the right pair we reintroduced the diffuse term (resp. specular term and background). Our method modifies the shape of highlights and intensity of refractions in such a way that details are revealed at the corresponding scale. Parameters used are σ i = {0.4, 0.2, 0, 0.3} (a), σ i = {0.4, 0.2, 0.2, 0.3} (b), σ i = {0.7, 0.3, 0.25, 0.6} (c, d).

Figure 6 . 9 Figure 6 .

 696 Figure 6.9 Diffuse enhancements of a Thracian votive relief (top) and a human skull model (bottom) using S = 7. Tuning properly σ i (shown below each column title), one can easily choose which features to depict.

Figure 6 .

 6 Figure 6.11 Results gallery. The two last scenes are rendered in a global illumination context using a transmissive model [Wal+07] for that last example.

Figure 6 .

 6 Figure 6.12 Renderings and congruence scores obtained without (left) and with (right) our approach. Each row corresponds to a different lighting direction, numbered as in the inset figure of Section 6.5. For each score image the average congruence score s is displayed in the top left corner. The colormap used to represent the per pixel score is shown at the bottom.

Figure 6 .Figure 6 .

 66 Figure 6.13 Average congruence scores of previous techniques and our enhancement on the model shown in Figure 6.14, with 21 different lighting directions (x-axis). A Lambertian shading is used for all the techniques except Exaggerated Shading that relies on its own modified half-Lambertian shading function. The correspondings renderings can be seen in Appendix B, Figures B.12 and B.13.

Figure 7 . 1

 71 Figure 7.1 Shadows in two-tone images can convey shape and depth information, and at the same time hinder our perception. Left: The cast shadow outlines the ukulele, revealing its shape. Shadows are particularly effective at conveying shape in faces. Note how the left ear and lips are clearly depicted. Still, the left part of the face is mostly masked. The Mooney figure is adapted from a picture by ©Vanessa Madec Photographies.

  Figure 7.2 displays an example of masking caused by cast shadows (left), and the result of our proposed solution (right).

Figure 7 . 2

 72 Figure 7.2 While informative, shadows are at the same time source of masking. Left: Shadows impair our perception of the shape and spatial layout. Right: Our approach automatically adjusts the position of cast shadows and allows for artistic control over their length.

Figure 7 . 3

 73 Figure7.3 Orthonormal basis of the terrain and the spherical coordinate system used to for our directional lights. z is the terrain up-vector, θ is the light azimuthal angle and φ its elevation.

Figure 7 . 4

 74 Figure 7.4 A low elevation φ causes distracting and masking shadows. As the sun sets, shadows become longer. Eventually, the shadow will mask the peak on the left. Chamrousse ski resort, France.

Figure 7 . 5

 75 Figure 7.5 Decoupling shading and cast shadows using two different light directions l and l ′ . Doing so allows to retain a high contrast without masking the relief. Values for light gray (1), dark gray (< 1), and black (0) slopes, are the Lambert cosine term.

Figure 7 . 6

 76 Figure 7.6 Solving masking issues. t produces shorter shadows than l.

Figure 7 . 7

 77 Figure 7.7 Top row: High elevation l produces short shadows that do not need to be adjusted (left).Using l ′ = t in these cases yields shadows that are too short (right). Bottom row: Using l ′ = R ( t×l, γ) t smoothly interpolates between l and t, solving the issue (left). The bottom right figure displays the weight applied to t l. As soon as φ decreases, we use the adjusted direction t.

1 Figure 7 . 8

 178 Figure 7.8 Effect of user-controlled sigma on shadow length. Negative (respectively positive) values produce shorter (respectively longer) shadows.

Figure 7 . 9

 79 Figure 7.9 Casting shadows with a single light direction leads to incorrectly depicted shapes (a). With an illumination from the right, the vertical bar is well depicted while the horizontal bar is not (b).Conversely, an illumination from the top produces a pleasing shadow for the horizontal bar but not the vertical one (c). Using several light directions may solve the issue (d).

A

  Figure 7.13 Computing a level of the Laplacian pyramid. f is a point of the terrain at fine scale, c a point at coarse scale, n c the normal at c, z the terrain up-vector, and d the approximate distance from f to the coarse surface. Neither the height difference nor d preserves exactly the details geometry, but d is closer and cheap to compute.

Figure 7 .

 7 Figure 7.14 Correcting the light direction for terrain details. Left: Computing detail cast shadows with l would lead to overly extended shadows. Right: We correct l to obtain l d such that l n f = l d n d . This is done using l d = R (θ ,n f ×n d ) l, with θ = n f , n d .

  Figure 7.16 illustrates our blending process with α 0 = 1 and α d = 0.5, ∀ d ∈ [1, D -1]. We end up with a

Figure 7 .

 7 Figure 7.16 Blending shadow buffers together. Example for D = 4 detail scales. α d allows us to control which scales should be casting shadows.

Figure 7 .

 7 Figure 7.17 Multiple scales cast shadows. Left: No adjustment at all. Right: We use D = 3 scales, α 1 = 0.5, α 2 = 0.5.

Figure 8 . 1

 81 Figure 8.1 Lambertian renderings with and without Local Light Alignment, at different scales. Wizard Island, Crater Lake, Oregon, USA [Ken+20a].

Figure 8 .

 8 Figure 8.1 displays comparisons between Lambertian shading versions of the Wizard Island (Crater Lake, Oregon, USA), with and without LLA. The standard Lambertian version appears washed out (top left). Even with a properly chosen light direction, details on the dark slope of the crater are difficult to perceive. LLA successfully depicts details at all scales (top right).

Figure 8 .

 8 Figure 8.2 presents the aspect-based version of the same terrain. Contrary to generalization methods, e.g., [JJH11; Jen21], aspect-based shading does not remove small details of the terrain, but rather enhances variations in the vertical direction.

Figure 8 . 2

 82 Figure 8.2 Comparison between aspect-based shading and Lambertian shading, with and without Local Light Alignment. Wizard Island, Crater Lake, Oregon, USA [Ken+20a].

Figure 8 . 4

 84 Figure 8.4 Using Local Light Alignment, one can achieve similar results than with Neural Relief Shading regarding the distribution of light and dark areas. Wasatch Range, Utah, USA [JP20a].

Figure 8 . 5

 85 Figure 8.5 Our model combines shading and shadowing and enables their separate control. We mimic the intensity of Novat's painting by tuning ω g and ω s .

Figure 8 .

 8 Figure 8.6 displays renderings of the Chamonix area, with and without our enhancements.Figure 8.7 compares our digital version with Novat's 1992 panorama of the same area. Note the similarities between the shapes and placements of cast shadows. We present the same comparison for Alpe d'Huez in Figures 8.8 and 8.9, and for Val d'Isère-Tignes (Espace Killy) in Figures 8.10 and 8.11.

Figure 8 .

 8 Figure 8.6 displays renderings of the Chamonix area, with and without our enhancements.Figure 8.7 compares our digital version with Novat's 1992 panorama of the same area. Note the similarities between the shapes and placements of cast shadows. We present the same comparison for Alpe d'Huez in Figures 8.8 and 8.9, and for Val d'Isère-Tignes (Espace Killy) in Figures 8.10 and 8.11.

Figure 8 . 6

 86 Figure 8.6 Digital panoramas of Chamonix with and without our enhancements.

Figure A. 2

 2 Figure A.2 Left of the dashed line is the original panorama map for Val d'Isère ski resort by Heinrich Berann. Right of the dashed line is the part added by Pierre Novat in 1962 to display Tignes and its surroundings. Novat also made some alterations to the left part directly on the original to support the creation of new tracks leading to Le Fornet. Novat's children still have the left panel but knowing exactly what is from Novat's hand proves difficult, if not impossible. This resort is now well-known as Espace Killy. See Figure A.3 for the 1984 version of the panorama.

  Since the 1960s, Atelier Novat has produced most of the French mountain panoramas. This painstaking work was done by hand, first by Pierre Novat alone, then with, and finally by, his children Arthur and Frédérique.A.2.1 Commissioned ArtworksPanoramas are most of the time commissioned by corporate ski resorts, which introduces an economic dimension that influences the work of Pierre Novat. That is why the topographical reality sometimes gives way to a so-called economic reality. Clients would sometimes ask Novat to hide the valley of a competing resort, to exaggerate the size of the ski areas, to represent on the same map two diametrically opposed valleys (e.g. Val d'Isère and Tignes, FigureA.3), etc. They have highly specific requests not only because of their own mental representations of the mountain and their vision of what the panorama should depict, but also because of their artistic tastes and even for practical reasons (the safety of skiers, accessibility of the trails to snow groomers, location of the lifts, etc.). An example is the deletion of the background on the panorama of Espace Killy between the 1983 and 1984 versions (Figure A.3). The goal was to focus attention on the resort itself, rather than depicting it as part of the broader alpine landscape. The whole panorama was also re-colorized after the client asked for warmer tones.

Figure A. 3

 3 Figure A.3 Top: Background portion of Pierre Novat's 1983 panorama of Espace Killy. Bottom: 1984 version of the panorama, one of the most emblematic by Novat. Note how the focus has moved with respect to the 1962 version (Figure A.2). Chevril Lake (1) is now at the center and Val d'Isère (3) on the left. The labeled landmarks (A-H, 1-6) are referred to later in the article and in Figure A.8.

Figure A. 4

 4 Figure A.4 Left: Close-up of a pencil sketch made for Espace Killy 1983 (Figure A.7, c). Right: The same area of the resulting panorama converted to grayscale. The sketch already depicts the finest details of the terrain, shading, shadowing, and surface texture.

Figure A. 5

 5 Figure A.5 Color palettes extracted from the panorama maps displayed in Figure A.7. Note how an important part of Novat's palettes (a-i) is dedicated to snow and its blue shades, whereas Köller (j) and Berann (k-o) make use of more heterogeneous palettes. Note that Grandes Rousses 2011 (i) is a posthumous rework by Novat's son. Blues used in the rework are warmer (with a higher red component), hence the unusual purple tones.

  Figure A.6), again impacting its hue. Client wishes are also a factor. For instance, clients asked for warmer colors in the 1984 panorama of Espace Killy (Figure A.7, d) than those used for the 1983 version (Figure A.7, c). In 1989 this change was reverted to the 1983 tones.

Figure A. 6

 6 Figure A.6 Color pencils are used to support shadows (left), bases of trees (middle), and rocks (right). Close-ups of Grandes Rousses, Arthur & Pierre Novat 2011.

  Figure A.8 is a 2D map of the Espace Killy area (see Figure A.3 for the panorama by Novat).

Figure A. 8

 8 Figure A.8 2D map of the area depicted in the Espace Killy panorama (Figure A.3) with important landmarks captioned. The red arrow (N) indicates north. Note the wide angle of view used, allowing Novat to place the valley between Val d'Isère (3) and "Pointe de la Galise" (A) on the same map as Tignes (4). The angle of view chosen is wider on the left than on the right of the panorama, yet the deformation appears natural. The ridge F-G is rotated through around 60°about F, so that it faces the viewer. Still, Novat depicted the left sides of each peak, as if viewed from the Grande Motte lift (6).

  Figure A.12, a). Trees were depicted by more than just flat color pencil strokes onto the canvas. Their colors blend with the surroundings (Figure A.12, b) and they catch light and shadows (Figure A.12, c).

Figure A. 10

 10 Figure A.10 Top: Close-up of Grand Massif, Pierre Novat, 1986. Bottom: Satellite view of the same area. Note how Novat diminished the tree coverage density in his painting; as a result, the terrain remains visible.

Figure A. 11 Figure

 11 Figure A.11 James Niehues painting trees one by one. Figure adapted from the interview by Kelly [Kel21]. See how Niehues's trees differ from Novat's in Figure A.6, middle, and Figure A.12.

  Figure A.13.

Figure A. 13

 13 Figure A.13 Aiguille du Goûter. Left: Photograph (© Antonio Giani). Right: Close-up of Chamonix, Pierre Novat 1992. Note how the depiction is accurate on the painting, with cracks in the rocks clearly visible.

Figure A. 14

 14 Figure A.14 Left: Photograph of rocks above Val d'Isère village at sunset from a webcam in the resort (© Val d'Isère Tourisme). Right: Close-up of Espace Killy, Pierre Novat 1984. The shades of brown and yellow are reproduced directly from the preliminary photographs taken by Novat.

Figure A. 15

 15 Figure A.15 A road. Note how its path is highlighted using shadows and touches of white. Close-up of Mégève, Pierre Novat 1986.

Figure A. 16

 16 Figure A.16 Top: The village of Aussois in 2011 (©Florian Pépellin CC-BY-SA 3.0). Bottom: Its 1993 painted version by Novat. The church and some houses are still recognizable today.

Figure B. 2

 2 Figure B.2 More detailed version of Figure 6.7. Enhancements at arbitrary detail scales. Each column shows a different value of σ . The coarsest scale enhances the overall shape while finer scales enhance smaller details of the model.

Figure B. 3 Figure B. 4 Figure B. 5 Figure B. 6 Figure B. 7 Figure B. 8 Figure B. 9 Figure

 3456789 Figure B.3 Average congruence scores (Section 6.5.2) obtained on various models using previous work techniques and LLA. Renderings and scores are shown in Figures B.4 to B.27.The first and third rows present the scores obtained using a diffuse model, while the second and fourth rows display the specular results on the same models. Our enhancement better aligns shape and shading flows. It also increases magnitudes of the flows, leading to an overall better score. It solves most masking effects while keeping a coherent appearance with respect to the shading without enhancement. Note that Exaggerated Shading[START_REF] Rusinkiewicz | Exaggerated Shading for Depicting Shape and Detail[END_REF] obtains sometimes a better score; this is mainly due to its use of a half-Lambertian shading model that solves all masking effects, at the cost of an impaired material appearance and a global direction of light that becomes difficult to understand. For specular scenarios we compared against Light Warping[START_REF] Vergne | Light Warping for Enhanced Surface Depiction[END_REF] and Radiance Scaling[START_REF] Vergne | Improving Shape Depiction under Arbitrary Rendering[END_REF] only, as Exaggerated Shading uses a custom half-Lambertian shading model.

Figure B. 11 FigureFigure B. 13 FigureFigure B. 15 FigureFigure B. 17 FigureFigure B. 19 FigureFigure B. 21 Figure

 111315171921 Figure B.11 Old man, Cook-Torrance 2/2. Each row corresponds to a different direction of light as numbered in the paper (from 1 to 21).

Figure B. 23 FigureFigure B. 25 FigureFigure B. 27

 232527 Figure B.23 Human skull, Cook-Torrance 2/2. Each row corresponds to a different direction of light as numbered in the paper (from 1 to 21).
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Panorama Maps

In this section, we aim at reproducing panorama maps in the style of Pierre Novat, using our algorithms to control lighting. Our goal is not to model complex mediums such as paint or color pencils, but merely to imitate the color palettes used by Pierre Novat for the sake of the comparison.

We introduce a custom Lambertian model to combine our shading and shadowing enhancements (Section 8.2.1). Then, we use the surface elevation and its orientation to control the surface color (Section 8.2.2). Finally, we present our scenes inspired from Novat's original panoramas in Section 8.2.3.

Shading Model

In the following results (Section 8.2.3), the final intensity at the terrain surface is

It is computed as a remapped Lambertian shading model G with LLA applied, weighted by our adjusted shadow buffer S, whose intensity is also remapped, at any given point p of the surface:

where ⌊n • l ′ ⌋ is the Lambert cosine term clamped to [0, 1], using the light l ′ produced with LLA, ω g ∈ [0, 1] controls its mapping in [ω g , 1], B ⋆ (p) ∈ [0, 1] is the value of our multi-scale shadow buffer at p (Section 7.3.3), and ω s ∈ [0, 1] controls the strength of shadows. 

Color Map

We aim at reproducing the look and feel of panorama maps in the style of Novat. A crucial element of his panoramas are the color palettes he uses (see Appendix A.3). To mimic them, we create a color map based on the elevation of the terrain and its slope. We use three colors for the terrain, depicting snow, rocks, and trees.

High elevation points are considered to be covered in snow, unless the slope is too steep, in which case we display a color for rocks. Flat areas (n z ≈ 1) are also considered to be covered The head of the Courchevel resort (called Saint-Bon at the time) contacted him in 1964 to paint his first complete panorama. For the next decade, he painted about one panorama every Color, Terrain Deformation, and Surface Texture in the Style of Novat on the left part: a wider area is compressed into an equal portion of the panorama. This would have been impossible using a regular perspective view (green dashed arrow) instead. Figure A.9 displays the view one can enjoy from Col de Fresse ( 5) when looking at Grande Motte (F) and Grande Casse (G). Both Val d'Isère (3) and Tignes (4) have been equipped to reach this col (pass), turning it into a central junction for the resort. This view is then familiar to users of Espace Killy. It also strongly resembles what skiers experience when going up to the Grande Motte's summit using the Grande Motte chairlift (6). These reasons motivated Novat to locally change the viewpoint. To achieve this, he performed several different rotations. First, the whole ridge was rotated about F through around 60°, thus facing the main viewpoint of the panorama (1). Then, each peak was individually rotated about its vertical axis to present its most recognizable profile.

Nevertheless, deforming the topography and rotating mountains are not characteristics of Novat's style alone: other panoramists have similar approaches, e.g., the Teton Range in Berann's Yellowstone panorama [Pat00, p. 14], although Novat may make more extensive use of these techniques. Deforming the terrain allows the artist to depict terrain features that would otherwise be invisible, in such a way that viewers can more easily recognize the relief. As soon as λ = λ 1 •λ 2 deviates from zero, we rotate the light. In practice a value of γ = 3 (red, continuous) is a good compromise between a qualitative shape depiction enhancement and no visible discontinuities.