Radiance Scaling for Versatile Surface Enhancement
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: Our novel Radiance Scaling technique enhances the depiction of surface shape under arbitrary illumination, with various materials, and in a wide range of rendering settings. In the left pair of images, we illustrate how surface features are enhanced mainly through enhancement of the specular shading term. Whereas on the right pair of images, we show the efficiency of our method on an approximation of a refractive material. Observe how various surface details are enhanced in both cases: around the eyes, inside the ear, and on the nose.

Introduction

The depiction of object shape has been a subject of increased interest in the Computer Graphics community since the work [START_REF] Saito | Comprehensible Ren-532 dering of 3-D Shapes[END_REF]. Inspired by their pioneering approach, many rendering techniques have focused on finding an appropriate set of lines to depict object shape. In contrast to line-based approaches, other techniques depict object shape through shading. Maybe the most widely used of these is Ambient Occlusion [START_REF] Pharr | GPU Gems[END_REF], which measures the occlusion of nearby geometry. Both types of techniques make drastic choices for the type of material, illumination and style used to depict an object: line-based approaches often ignore material and illumination and depict mainly sharp surface features, whereas occlusion-based techniques convey deep cavities for diffuse objects under ambient illumination. mination. However, this is not performed indiscriminately at every surface point and for the outgoing radiance only, but in a curvaturedependent manner and for each incoming light direction as in Light Warping. The main tool to achieve this enhancement is a novel scaling function presented in Section 4. In addition, Radiance Scaling takes material characteristics into account, which not only allows users to control accurately the enhancement per material component, but also makes the method easy to adapt to different rendering scenarios as shown in Section 5. Comparisons with related techniques and directions for future work are given in Section 6.

Previous work

Most of the work done for the depiction of shape in Computer Graphics concerns line-based rendering techniques. Since the seminal work of [START_REF] Saito | Comprehensible Ren-532 dering of 3-D Shapes[END_REF], many novel methods (e.g., [Nienhaus and Döllner 2004;[START_REF] Ohtake | Ridge-514 valley lines on meshes via implicit surface fitting[END_REF][START_REF] Decarlo | Suggestive Contours for Conveying Shape[END_REF][START_REF] Judd | Apparent Ridges for Line Drawing[END_REF][START_REF] Lee | 504 Line drawings via abstracted shading[END_REF][START_REF] Goodwin | Isophote distance: a shading approach to artistic stroke thickness[END_REF][START_REF] Kolomenkin | Demarcating Curves for Shape Illustration[END_REF][START_REF] Zhang | Laplacian 550 Lines for Real Time Shape Illustration[END_REF]) have been proposed.

Most of these techniques focus on depicting shape features directly, and thus make relatively little use of material or illumination information, with the notable exception of [START_REF] Lee | 504 Line drawings via abstracted shading[END_REF].

A number of shading-based approaches have also shown interesting abilities for shape depiction. The most widely used of these techniques is Ambient Occlusion [START_REF] Pharr | GPU Gems[END_REF], which measures the occlusion of nearby geometry. The method rather tends to depict deep cavities, whereas shallow (yet salient) surface details are often missed or even smoothed out. Moreover, enhancement only occurs implicitly (there is no direct control over the shading features to depict), and the method is limited to diffuse materials and ambient lighting. It is also related to Accessibility shading techniques (e.g., [START_REF] Miller | Efficient Algorithms for Local and Global 507 Accessibility Shading[END_REF]]), which conveys information about concavities of a 3D object. Ritshel et al. [2008] addresses limitations on the type of material or illumination. It consists in applying the Cornsweet Illusion effect to outgoing radiance on an object surface. The approach provides interesting enhancement not only with diffuse materials, but also with glossy objects, shadows and textures. However, the method is applied indiscriminately to all these effects, and thus enhances surface features only implicitly, when radiance happens to be correlated with surface shape. Moreover, it produces artifacts when applied to glossy objects: material appearance is then strongly altered and objects tend to look sharper than they really are. Hence, the method is likely to create noticeable artifacts when applied to highly reflective or refractive materials as well.

The recent 3D Unsharp Masking technique of

In this paper, we rather seek a technique that enhances object shape explicitly, with intuitive controls for the user. Previous methods [START_REF] Kindlmann | Curvature-Based Transfer Functions for Direct Volume Rendering: Methods and Applications[END_REF][START_REF] Cignoni | A simple Normal Enhancement technique for Interactive Nonphotorealistic Renderings[END_REF][START_REF] Rusinkiewicz | Ex-529 aggerated Shading for Depicting Shape and Detail[END_REF][START_REF] Vergne | 542 Apparent relief: a shape descriptor for stylized shading[END_REF]Vergne et al. 2009] differ in the geometric features they enhance and on the constraints they put on materials, illumination or style. For instance, Exaggerated Shading [START_REF] Rusinkiewicz | Ex-529 aggerated Shading for Depicting Shape and Detail[END_REF]] makes use of normals at multiple scales to define surface relief and relies on a Half-Lambertian to depict relief at grazing angles. The most recent and general of these techniques is Light Warping [Vergne et al. 2009]. It makes use of a view-centered curvature tensor to define surface features, which are then enhanced by locally stretching or compressing reflected light patterns around the view direction. Although this technique puts no constraint on the choice of material or illumination, its effectiveness decreases with lighting environments that do not exhibit natural statistics. It also requires a dense sampling of illumination, and is thus not adapted to simplified lighting such as found in video games, or to the use of precomputed radiance methods. Moreover, highly reflective or refractive materials produce complex warped 130 patterns that tend to make rendering less legible. The key observation of this paper is that explicitly correlating re- 

L ′ (p → e) = Z Ω ρ(e, ℓ ℓ ℓ)(n • ℓ ℓ ℓ) σ(p, e, ℓ ℓ ℓ) L(p ← ℓ ℓ ℓ) dℓ ℓ ℓ (1)
where L ′ is the enhanced radiance, p is a surface point, e is the di-149 rection toward the eye, n is the surface normal at p, Ω is the hemi-150 sphere of directions around n, ℓ ℓ ℓ is a light direction, ρ is the material 151 BRDF, σ is a scaling function and L is the incoming radiance.
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The scaling function is a short notation for σα,γ(κ(p), δ(e, ℓ ℓ ℓ)). 

σα,γ(κ, δ) = αγe κ + δ(1 -α(1 + γe κ )) (α + δ(γe κ -α(1 + γe κ ))) (2) 
where α ∈ (0, 1) controls the location of the scaling-invariant point The exact same reflectance mapping functions could be used with more complex precomputed radiance transfer methods.

Perfectly diffuse materials

For diffuse materials, Ambient Occlusion [START_REF] Pharr | GPU Gems[END_REF] and Prefiltered Environment Maps [START_REF] Kautz | Unified Approach to Prefiltered Environment Maps[END_REF]] are among the most widely used techniques to precompute radiance data. We show in the following a similar approximation used in conjunction with Radiance Scaling. The BRDF is first considered constant diffuse: ρ(e, ℓ ℓ ℓ) = ρ d . We then consider only direct illumination from an environment map: L(p ← ℓ ℓ ℓ) = V (ℓ ℓ ℓ)Lenv(ℓ ℓ ℓ) where V ∈ {0, 1} is a visibility term and Lenv is the environment map.

Equation 3 then becomes:

L ′ (p → e) = σ(p, e) ρ d Z Ω (n • ℓ ℓ ℓ) V (ℓ ℓ ℓ) Lenv(ℓ ℓ ℓ) dℓ ℓ ℓ
We then approximate the enhanced radiance with

L ′ (p → e) ≃ σ(p, e) ρ d A(p) L(n)
with A(p) the ambient occlusion stored at each vertex, and L an irradiance average stored in a prefiltered environment map:

A(p) = R Ω (n • ℓ ℓ ℓ)V (ℓ ℓ ℓ)dℓ ℓ ℓ , L(n) = R Ω Lenv(ℓ ℓ ℓ)dℓ ℓ ℓ
For perfectly diffuse materials, we use the reflectance mapping The video also shows results when the method is applied to an object with a mirror-like material.

Discussion

We first compare Radiance Scaling with previous methods in Section 6.1, with a focus on Light Warping [Vergne et al. 2009] since it relies on the same surface features. We then discuss limitations and avenues for future work in Section 6.2.

Comparisons with previous work

Our approach is designed to depict local surface features, and is difficult to compare with approaches such as Accessibility Shading that consider more of the surrounding geometry. Accessibility Shading characterizes how easily a surface may be touched by a spherical probe, and thus tends to depict more volumetric features.

However, for surfaces where small-scale relief dominates largescale variations (such as carved stones or roughly textured statues), the spherical probe acts as a curvature measure. In this case, Accessibility Shading becomes similar to Mean Curvature Shading, which is a special case of Radiance Scaling as seen in Figure 4-b.

A technique related to Accessibility Shading is Ambient Occlusion: indeed, measuring occlusion from visible geometry around a surface point is another way of probing a surface. Ambient Occlusion is more efficient at depicting proximity relations between objects (such as contacts), and deep cavities. However, as seen in Figure 6 patterns humans are able to make use for perceiving shape is obvi-442 ously much more diverse than simple alternations of bright and dark 443 colors in convexities and concavities [START_REF] Koenderink | The visual neurosciences[END_REF]]. And 444 these patterns are likely to be dependent on the main illumination 445 direction(e.g., [START_REF] Ho | How direction of illumination affects visually perceived surface roughness[END_REF][START_REF] Caniard | Distortion in 3D shape estimation with changes in illumination[END_REF]O'Shea 446 et al. 2008]), material characteristics (e.g., [START_REF] Adelson | On seeing stuff: the perception of materials by humans and machines[END_REF]Vangorp 447 et al. 2007]), motion (e.g., [START_REF] Pont | Computer Analysis of Images and Patterns[END_REF][START_REF] Adato | Toward a theory of shape from specular flow[END_REF]), and 448 silhouette shape (e.g., [START_REF] Fleming | Specular reflections and the perception of shape[END_REF]). Characterizing such 449
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  More versatile shape enhancement techniques are required to ac-34 commodate the needs of modern Computer Graphics applications. 35 They should work with realistic as well as stylized rendering to 36 adapt to the look-and-feel of a particular movie or video game pro-37 duction. A wide variety of materials should be taken into account, 38 such as diffuse, glossy and transparent materials, with specific con-39 trols for each material component. A satisfying method should 40 work for various illumination settings ranging from complex illumi-41 nation for movie production, to simple or even precomputed illumi-42 nation for video games. On top of these requirements, enhancement 43 methods should be fast enough to be incorporated in interactive ap-44 plications or to provide instant feedback for previewing.
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  flected lighting variations to surface feature variations leads to an 134 improved depiction of object shape. For example, consider a high-135 light reflected off a glossy object; by increasing reflected light in-136 tensity in convex regions and decreasing it in concave ones, the 137 highlight looks as if it is attracted toward convexities and repelled 138 from concavities (see Figure 1-left). Such an adjustment improves 139 the distinction between concave and convex surface features, and 140 does not only take surface features into account, but also material 141 characteristics. Indeed, reflected light intensity has an altogether 142 different distribution across the surface depending on whether the 143 material is glossy or diffuse for instance. 144 The main idea of Radiance Scaling is thus to adjust reflected light 145 intensity per incoming light direction in a way that depends on both 146 surface curvature and material characteristics. Formally, we rewrite 147 the reflected radiance equation as follows:
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  The curvature mapping function κ(p) : R 3 → [-1, 1] computes 154 normalized curvature values, where -1 corresponds to maximum 155 concavities, 0 to planar regions and 1 to maximum convexities. We 156 call δ(e, ℓ ℓ ℓ) : Ω 2 → [0, 1] the reflectance mapping function. It 157 computes normalized values, where 0 corresponds to minimum re-158 flected intensity, and 1 to maximum reflected intensity. Intuitivelly, 159 it helps identify the light direction that contributes the most to re-160 flected light intensity. 161 We describe the formula for the scaling function and the choice 162 of curvature mapping function in Section 4. We then show how 163 Radiance Scaling is easily adapted to various BRDF and illumina-164 tion scenarios by a proper choice of reflectance mapping function in Equation 1 is a function of two variables: a nor-168 malized curvature and a normalized reflectance. Both variables are 169 themselves functions, but for clarity of notation, we use κ and δ in 170 the following. We require the scaling function to be monotonic, so 171 that no new shading extremum is created after scaling. Another re-172 quirement is that for planar surface regions, the function must have 173 no influence on reflected lighting. The following function fulfills 174 these requirements (see Figure 2):
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  of σ and γ ∈ [0, ∞) is the scaling magnitude. The scaling-invariant 177 point is a handy parameter to control how variations in shading de-178 pict surface feature variations. For convex features, reflected light-179 ing intensities above α are brightened and those below α are dark-180 ened. For concave features, the opposite effect is obtained. This is 181 illustrated in Figure 3.
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Figure 2 :

 2 Figure 2: Two plots of a set of scaling functions with different scaling-invariant points (left: α = 0.2; right:α = 0.8), and using increasing curvatures κ = {-1,-1/2, 0, 1/2,1 }.

Figure 3 :Figure 4 264

 34 Figure 3: The effect of scaling parameters. Left: no scaling (γ = 0). Middle: scaling with a low scaling-invariant point (α = 0.2): convexities are mostly brightened. Right: scaling with a high scaling-invariant point (α = 0.8): convexities are brightened in the direction of the light source, but darkened away from it.

Figure 4 :Figure 5 Figure 5 :

 455 Figure 4: Radiance Scaling in simple lighting scenarios: (a) Each lobe of Phong's shading model is scaled independently to reveal shape features such as details in the hair. (b) Radiance Scaling is equivalent to Mean Curvature Shading when applied to an ambient lobe (we combine it with diffuse shading in this Figure). (c) Surface features are also convincingly enhanced with Cartoon Shading, as with this little girl character (e.g., observe the right leg and foot, the ear, the bunches, or the region around the nose). (d) Radiance Scaling is efficient even with sub-Lambertian materials, as in this example of a moon modeled by a sphere and a detailed normal map.
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 66 Figure 6-a shows the warping of prefiltered environment maps us-340

Figure 1 -

 1 Figure 1-right shows how Radiance Scaling enhances surface features with a simple approximation of a purely refractive material.

Figure 7 :

 7 Figure 7: This plot gives the performances obtained with the scene shown in Figure 5 without enhancement, and with both Radiance Scaling and Light Warping. The 3D model is composed of 1, 652, 528 polygons. While the time for rendering a single frame increases linearly with the number of light samples in all cases, our novel method is linearly faster than Light Warping.

Figure 8 :

 8 Comparison with Light Warping. Top row: Light warping image. Bottom row: Radiance Scaling. (a-b) Both methods show similar enhancement abilities when used with a diffuse material and a natural illumination environment: convexities exhibit brighter colors, and concavities darker colors in most cases. For some orientation of the viewpoint relative to the environment, Light Warping may reverse this effect though (concavities are brighter, convexities darker) while Radiance Scaling does not. (c-d) The methods are most different with shiny objects, shown with two illumination orientations as well. Light Warping, as seen in Figure 7. However, the two methods are not qualitatively equivalent, as shown in Figure 8. For dif-414 fuse materials and with natural illumination, the two methods pro-415 duce similar results: concavities are depicted with darker colors, 416 and convexities with brighter colors. However, for some orien-417 tations of the viewpoint relative to the environment illumination, 418 Light Warping may reverse this effect, since rays are attracted to-419 ward or away from the camera regardless of light source locations. 420 Radiance Scaling does not reverse tone in this manner. The main 421 difference between the two techniques appears with shiny materi-422 als. In this case, the effect of enhancement on illumination is more 423 clearly visible: Light Warping modulates lighting frequency, while 424 Radiance Scaling modulates lighting intensity, as is best seen in the 425 supplementary video.
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 2 Directions for future work 427 We have shown that the adjustment of reflected light intensities, 428 a process we call Radiance Scaling, provides a versatile approach 429 to the enhancement of surface shape through shading. However, 430 when the enhancement magnitude is pushed to extreme values, our 431 method alters material appearance. This is because variations in 432 shape tend to dominate variations due to shading. An exciting av-433 enue of future work would be to characterize perceptual cues to 434 material appearance and preserve them through enhancement. 435 Although Radiance Scaling produces convincing enhancement in 436 many rendering scenarios, there is still room for alternative en-437 hancement techniques. Indeed, our approach makes two assump-438 tions that could be dropped in future work: 1) concave and convex 439 features have inverse effects on scaling; and 2) enhancement is ob-440 tained by local differential operators. The class of reflected lighting
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