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Figure 1: A reference anatomy (left) is automatically transferred to arbitrary humanoid characters. This is achieved by combining interpolated skin correspondences with anatomical rules.

Introduction

22

A high level of anatomical precision is necessary in many Com-23 puter Graphics applications, from visualizing the internal anatomy 24 for education purposes, to anatomical simulation for feature films, characters with very different shapes while exploiting anatomical knowledge to get a plausible result;

• the use of a texture, specifying non-uniform distribution of fat under the skin of a character, and a robust method to erode the internal volume accordingly;

• a user-friendly tool for editing the fat distribution texture, if needed, on a per bone basis.

We exploit prior knowledge about human anatomy, e.g., we require that bone shapes and sizes remain as close as possible to human, by restricting the deformation modes and enforcing symmetry during registration.

The journey towards realistic Computer Graphics humans starts with modeling. To our knowledge, this work is the first attempt to address the challenging goal of semi-automatic anatomy authoring. While many limitations and open questions remain, we hope that our method opens the door to inexpensive anatomy authoring tools and helps to promote and democratize applications leveraging anatomically-based simulation and visualization.

Related work

Skeleton-based models have been used in computer graphics to control the motion of the human body or its interaction with objects using joint torques, see e.g. [START_REF] Faloutsos | Composable controllers for physics-based character ani-475 mation[END_REF][START_REF] Pollard | Physically based 542 grasping control from example[END_REF] for full body, and [START_REF] Pollard | Physically based 542 grasping control from example[END_REF]Kry and Pai 2006] for the hand. [Baran and Popović 2007] presented a method for automatic rigging of character skins without internal anatomy, except for automatically inferred animation skeleton.

Musculoskeletal models have been proposed to animate muscle deformations [Wilhelms and Van Gelder 1997;Scheepers et al. 1997;[START_REF] Aubel | Interactive modeling of 455 the human musculature[END_REF], to perform facial animation [Waters 1987;Sifakis et al. 2005], to study or improve the control [Lee and Terzopoulos 2006;Wei et al. 2010;Wang et al. 2012], or to increase the quality of the flesh and skin deformations [Lee et al. 2009]. Beyond bones and muscles, [Sueda et al. 2008] demonstrated an impressive model including detailed bones, joints, skin, and tendons.

The deformations of the skin due to the tendon actuators dramatically improve the resulting quality. The windpipe is visible in an increasing number of feature animation characters, and the veins increase the realism of the skin.

While encouraging results have been demonstrated for transferring deformations from one model to another [Sumner and Popović 2004], little has been done in terms of volumetric geometry transfer across shapes. A lot of effort has been dedicated to solving the registration problem: the computation of correspondences between objects, mainly between surface meshes or images. Registration is a fundamental problem in computer science, especially in computer graphics [Kaick et al. 2011]. Most registration methods alternate between two steps: A) the estimation of sparse correspondences, optimizing the extrinsic (e.g., closest points [START_REF] Besl | A method for registration of 3-d 464 shapes[END_REF]) or intrinsic (e.g., [START_REF] Bronstein | Nu-471 merical Geometry of Non-Rigid Shapes[END_REF]) similarity; and B) correspondence completion and regularization to achieve plausible dense displacement fields. To improve the robustness of the registration with respect to object poses (i.e., rigid transforms, isometry, etc.), different isometry invariant parameterizations have been proposed such as spectral embedding [Mateus et al. 2008], conformal mapping [START_REF] Lipman | Möbius voting for 519 surface correspondence[END_REF],

or functional maps [Ovsjanikov et al. 2012]. On the other hand, robustness to topological noise and to partial data can be achieved from extrinsic correspondences (i.e. established in Cartesian space) [Li et al. 2008;[START_REF] Huang | Non-rigid registration under isometric deformations[END_REF]. For regularization, a displacement model is often associated: ranging from rigid, affine, to asrigid-as-possible deformation fields, possibly with extra constraints such as articulations [START_REF] Gilles | 479 Creating and animating subject-specific anatomi-480 cal models[END_REF]. Our method can be seen as be reliable due to skin curvature and imperfections in the input data.

228

We therefore rely on discrete data, exploiting voxel neighborhoods.

229

We compute a forest of shortest paths from the skin voxels to the 

Bone registration

Bones directly deformed using the method presented in Section 7 may become non-realistically stretched or bent, as illustrated in 9 Results

323

We have successfully applied our framework to both realistic and 363

Our methods provides significant improvements over a shape 364 matching method like [START_REF] Gilles | 479 Creating and animating subject-specific anatomi-480 cal models[END_REF], which is based on dif-365 ferent premises. They assume noisy MRI input and therefore em-366 ploy approximate volumetric shape matching, while our method as-367 sumes exact correspondence between the input and the target sur-368 faces, i.e., the deformation field has to interpolate rather than ap-369 proximate the boundary. To make [START_REF] Gilles | 479 Creating and animating subject-specific anatomi-480 cal models[END_REF] as interpolant 370 as possible, we need to make the shape matching stiffness and clus-371 ter size small enough, thereby slowing down the convergence and 372 requiring a sufficiently dense mesh. A comparison is shown in 

Conclusion

To address the high costs associated with anatomy authoring, we have presented the first method for quickly creating a plausible anatomy for any target character. For realistic humanoid models, we transfer both the internal anatomical structures from a reference model, as well as the fat thickness information extracted and retargeted from MRI data. Our method is thus purely automatic. For cartoony characters, we offer a user friendly editing tool enabling the user to tune the fat tissues of the target character. Transferring the internal bones, viscera and muscles is then automatic.

We have shown that direct Laplace interpolation, perhaps sufficient to generate simple effects such as muscle bulging, leads to objectionable artifacts when used to transfer the full anatomy. Our specific pipeline ensures that basic anatomical rules are preserved.

In future work, we would like to take advantage of more anatomical knowledge to constrain the interpolations. We believe that our method could also help the processing of body scans by computing a first guess to the segmentation process, and complementing the final result with thin structures, invisible in the volumetric image, as shown by our validation example (Fig. 9). Proceedings of the Symposium on Geometry Processing, SGP
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 2 Figure 2: Anatomy transfer pipeline.
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 3 Fig. 3 shows the pipeline of our fat editor. The editor first loads 253

Fig. 2

 2 Fig. 2.d . The difference of shape between real or plausible characters and the reference anatomy is due to a different size as well as a different amount of soft tissue around them. Changes of character size mainly scales up or down the bones, while the changes of soft tissue do not modify the bones. We thus restrict each bone transformation to an affine transformation, using the initial interpolated bone as an attractor to a plausible location inside the body. Moreover, the symmetry of the trunk is enforced by deforming it using transformations centered in the sagittal plane. We did not impose symmetry constraints for pairs of corresponding bones to allow the input of non-symmetric target characters, such as the David model in our examples. The constrained minimization is performed by attaching all the voxels of the reference bone to a common affine frame and attracting them to their interpolated position using linear springs. We have not noticed any visible artifacts due to the possible shearing modes introduced by the affine transformations. We use an implicit solver to ensure stability [Baraff and Witkin 1998].Organ intersections do not occur when the interpolation is foldoverfree, which is the case in all our examples: during the semi-rigid bone registration, the offsets between the interpolated bones and the registered bones mostly occur in the off-axis directions, so we have not encountered any intersection. If necessary, this issue could be addressed using standard collision handling routines.

Fig. 4

 4 Fig. 4 illustrates the benefits of bone registration compared to simple interpolation. Notice the bent bones in the legs, the oddly inflated bones in the arms of the interpolated skeleton, as well as the broken symmetry of the rib cage are fixed by the affine registration.Moreover, the shape of the skull is influenced by the hair during the interpolation. This deformation is also filtered out by the affine transformation.

Figure 4 :

 4 Figure 4: The benefits of bone registration. Left: after interpolation only. Right: after affine registration.

  324 cartoon characters, as can be seen in Fig. 1. Cartoon characters 325 were not intended as a primary motivation for anatomically-based 326 modeling, but they are a challenging stress test for the system, 327 showing how far from the input model we can go.328 A nice feature of our method is that what we actually compute a 329 deformation field, which can be used to transfer arbitrarily com-330 plex internal geometry. Once this computation is achieved, we are 331 able to transfer a complete anatomy including bones, muscles, lig-332 aments, viscera, blood vessels, nerves etc. very quickly. Our fat 333 editor allows an artist to tailor a distribution for a specific target 334 character, as shown in Fig. 5. Other examples of anatomy transfer

Figure 5 :

 5 Figure 5: Transfer to a fat character. Left: without erosion. Right: a preliminary erosion accounts for the fat and results in a more plausible muscular system.
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Figure 6 :

 6 Figure 6: Brutus blood vessels and nerves.

Figure 7 :

 7 Figure 7: Popeye and Olive.

Figure 8 :

 8 Figure 8: Top: Werewolf muscularity, skeleton, and internal organs. Bottom: Comparison between werewolf lower limb and real wolf lower limb.

Fig. 10 .3Figure 10 :

 1010 Fig. 10. In the result of [Gilles et al. 2010] the internal tissue inter-374

Figure 9 :

 9 Figure 9: Transfer to an MRI image of a man laying on his back. Top: reconstruction of internal organs and skeleton within one slide of MRI Data. Center: reconstruction of muscular system. Bottom: comparison with the data. The green lines highlight our reconstructed surface, the beige lines correspond to the eroded volume, while the red line is muscle reconstruction, white and gray lines are bones and connectives tissues, the purple represents the lungs and the bright green represents the small intestine.
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