Opacity-modulating Triangular Textures for Irregular SurfacesPenny RheingansDepartment of Computer ScienceUniversity of MississippiAbstractMany scientific and medical visualization techniquesproduce irregular surfaces whose shape and structure need tobe understood. Examples include tissue and tumorboundaries in medical imaging, molecular surfaces and forcethresholds in chemical and pharmaceutical applications, andisosurfaces in a wide range of 3D domains. The 3D shapeof such surfaces can be particularly difficult to interpretbecause of the unfamiliar, irregular shapes, the potentialconcavities and bulges, and the lack of parallel lines andright angles to provide perspective depth cues. Attempts todisplay multiple irregular surfaces by making some or allof them transparent further complicates the problem.Texture can provide valuable cues to aid in theinterpretation of irregular surfaces. Opacity-modulatingtextures offer a mechanism for the display of multiplesurfaces without the extreme loss of clarity of multipletransparent surfaces. This paper presents a method forcreating simple repeating textures and mapping them ontoirregular surfaces.1. IntroductionMany applications of visualization require the display ofirregularly shaped surfaces. Understanding terrainundulations, cloud shapes, molecular surfaces, or tissuemasses requires the interpretation of surfaces with irregular,and often unfamiliar, shapes. Display of the 3D statisticalsurface defined by scalar values in a 2D domain, commonlycalled a mountain plot, can involve similar irregularsurfaces. Additionally, visualization operations often createadditional irregular surfaces for interpretation. Isosurfacegeneration is the most common of these, defining theboundaries of 3D regions in a wide variety of applications.Isosurfaces are used to delineate 3D regions where certainconditions hold, such as places where air pollutant levelsexceed legislated limits, tissue density deviates from normalvalues, toxin levels in river sediment are unacceptably high,or air flow creates high pressure values. In such situations,observers use these isosurfaces to judge whether additionalpollution restrictions should be imposed, a biopsy shouldbe performed to investigate a suspected tumor, the riverbottom should be dredged to remove contaminated sediment,or the building should be redesigned to improve air flow.Such critical decision-making depends on accurateinterpretation of isosurface shapes.

Author�s address: Department of Computer Science,University of Mississippi, University, MS 38677. Email:rheingans@cs.olemiss.edu.Arbitrary surfaces are particularly hard to understand becausethey can lack many of the visual cues observers generallyuse to interpret three-dimensional shape. The lack ofparallel lines and right angles reduce the power ofperspective depth cues. Unfamiliar shapes limitinterpretation based on past experiences with similarshapes. Irregular surfaces can self-shadow and self-obscurethemselves in complex ways, reducing the effectiveness oflighting and obscuration cues. When surfaces are madetransparent, in order to show what lies behind or withinthem, their shape becomes even more difficult to perceiveaccurately.The application of texture to irregular surfaces can makethem easier to interpret by providing additional shape cues.Texture can help disambiguate obscuration cues byclarifying how different parts of the surface meet and hideone another. The effects of perspective, and from themadditional depth cues, are visible in the texture gradient.Specifically, the apparent scale of the projected texturedecreases as the surface recedes from the observer. Thetexture in distant patches appears to be compressed, a denserpattern with smaller features. These perspective effects arelikely to be more obvious on the texture than on the objectitself. This is because texture shape in one area can becompared to texture shape in another, with differencesindicating depth differences. Similar comparisons amonggeometric features of the object would not be asenlightening because object shape in different areas cannotnecessarily be expected to be similar. The texture gradientalso provides information about the orientation of surfacesegments, as textures undergo convergence on surfaces thatdrop away from the observer. More information aboutsurface perception from texture can be found in theperception literature [for instance, Gibson50, Cutting84,Todd87, Cumming93].Adding texture to transparent surfaces results in even greaterperceptual benefits, since perception of shape fromcompletely transparent surfaces is so difficult to begin with.For maximum benefit, the texture should combinetransparent parts which show what lies behind with opaqueparts which improve shape perception. I call such texturesopacity-modulating, since they specify variations in theopacity of the surface as well as, or instead of, the color.The visual features of such textures can be either directchanges in color and intensity or indirect changes that occurwhen the identity of the visible surface changes as a resultof changes in opacity.

2. Related WorkSchweitzer first proposed that artificial textures, those notnecessarily mimicking any realistic texture, could be usedto improve the perception of surface shape from renderedimages [Schweitzer83]. He generated screen space textureelements with feature density and shape determined by thesurface depth and orientation.Previous uses of transparent textures to improve shapeperception have included screen-space textures for automaticillustration [Dooley90], solid grid textures in medicalimaging [Levoy90], and solid equation textures formathematical visualization [Wejchert92]. Interrante[Interrante95] addressed the problem of accuratelycommunicating the shape of transparent skin surfaces byadding opaque ridge and valley lines reminiscent of artists�renderings. This technique works very well on familiarshapes with relatively sparse ridge and valley features, suchas the medical applications for which it was developed. Theunfamiliar shapes and multiple self-obscurations of arbitrarysurfaces limit the usefulness of ridge and valley lines.Reaction diffusion textures, such as those developed byTurk [Turk91], can be generated directly on a surface,guaranteeing that the texture will follow surface contours.Unfortunately, systems of reaction-diffusion equations aregenerally tricky to define and slow to compute. Althoughtexture values can be stored directly as vertex colors oncethey have been computed, making texture mapping solely apreprocessing step which does not impact view-timerendering speed, this forces texture repeats to be severaltimes the size of typical polygons if texture details are to bevisible.In molecular visualization, texture mapping hasincreasingly been used to accelerate the mapping frommolecular properties to surface characteristics[Teschner94]. In this property-based texture mapping,molecular properties at vertices are used to generate texturecoordinates, so surface texture follows the distribution ofproperty values across the surface. Duncan and Olson[Duncan95] describe location-based texture mapping forparametric molecular surfaces, characterized by a one-to-onecorrespondence between surface points and texture elements.In both sorts of molecular texture mapping, the objective isthe display of additional information, rather than theimprovement of surface shape perception. The texturesused are generally opaque.3. RequirementsWhat characteristics should a texture have in order to givestrong shape cues on irregular surfaces? Appropriatetextures are fine-grain repeating patterns which follow thesurface of the object. Small, regular textures provide visualfeatures without drawing undue attention to themselves.They must be able to be tiled without visible seams, sincesuch seams are artifacts of the polygonal decomposition orspecific texture mapping and might draw the observer�sattention without conveying any useful information aboutsurface shape. These stringent pattern requirementspractically preclude that suitable textures can simply bescanned in; they need to be generated algorithmically.Additionally, textures should be easy to generate and quickto render. Generally, this means that textures should beimage-based, a precomputed image stored in texturememory, rather than procedural, defined by a procedureevaluated during the shading calculations made at eachpixel. This allows applications to exploit the texture-mapping hardware available on common graphicsworkstations. Rendering speed is particularly important,since interactive viewing of complex three-dimensionalshapes is a source of strong shape cues. Kinetic deptheffect occurs when an object is rotated or translated to revealpreviously obscured portions. The manner in which thesurface appears from, and disappears to, behind the surfacereveals much about the 3D structure underlying the 2Dprojection. Conversely, head-motion parallax results whenthe observer�s virtual position in the environment changes,revealing different parts of the object. This position can becontrolled in a variety of ways, but the strongest effectsoccur when head position is tracked to automatically controlview position [vanDamme94].Mapping a two-dimensional surface texture onto anarbitrary surface in 3D poses a problem. Arbitrary surfacesare not developable; that is, they cannot be laid out flatwithout distortion. By way of example, a cylinder isdevelopable; a sphere is not. The difficulty lies inassigning texture coordinates to vertices in a way thataccurately represents the surface geometry. A commonmethod of mapping a texture onto a surface is to project thetexture orthogonally or cylindrically onto the surface. Themore the object is like a plane, or a cylinder, the better thisworks. Unfortunately, in these sorts of projections depthinformation (or the distance from the surface to the textureplane) is ignored. This distorts the texture in areas wherethe surface is not orthogonal to the direction of projection.Since we wish to use the apparent texture gradientdistortions from the viewing and perspectivetransformations to convey shape information, texturedistortions from the mapping process are clearlyundesirable.Alternatively, solid texture could be used to circumvent theproblems of 2D-to-3D texture mapping. The appropriatetexture value at each location on the object surface wouldsimply be the value at the corresponding location in the 3Dtexture map. The result can be thought of as an object ofthe specified shape carved out of a block of the materialdescribed by the 3D texture. Unfortunately, solid texturesdo not provide the desired shape cues since the texture doesnot follow the surface contours. While texture gradientchanges due to perspective will still be apparent, those dueto orientation will not. In order to provide the appropriateshape cues, we require a texture that is generated directly on