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Abstract

This paper is a suey d volume graphicslt includes an introduction toolumetric data and toolume
modeling techniques, such agxelization, t&ture mapping, amorphous phenomena, block operations,
constructve olid modeling, and @ume sculpting.A comparison between sade graphics andlume
graphics is gien, along with a consideration oblme graphics aéntages and weaknessd$e paper
concludes with a discussion on special-purpaderwe rendering hardave.

1. Introduction

Volume data are 3D entities that mayéanformation inside them, might not consist of agds and
edges, or might be tomluminous to be represented geometricallplume visualization is a method of
extracting meaningful information fromolumetric data using interaeti gaphics and imaging, and it is
concerned with @lume data representation, modeling, manipulation, and rendering [36, 41, 42].
Volume data are obtained by sampling, simulation, or modeling technigoeexample, a sequence of

2D slices obtained from Magnetic Resonance Imaging (MRI) or Computeddraply (CT) is 3D
reconstructed into aolume model and visualized for diagnostic purposes or for planning of treatment
or sugery The same technology is often used with industrial CT for non-destuiopection of
composite materials or mechanical par&imilarly, confocal microscopes produce data which is
visualized to study the morphology of biological structursmary computational fields, such as in
computational fluid dynamics, the results of simulation typically running on a supercomputer are often
visualized as ®lume data for analysis anénfication. Recentlymary traditional geometric computer
graphics applications, such as CAD and simulatiove legploited the adantages of @lume techniques
calledvolume gaphicsfor modeling, manipulation, and visualization.

Volume graphics [38], which is an emerg subfield of computer graphics, is concerned with the
synthesis, modeling, manipulation, and renderingadfimetric geometric objects, stored in @ume

buffer of voxels. Unlike wlume visualization which focuses primarily on sampled and computed
datasets, elume graphics is concerned primarily with modeled geometric scenes and commonly with
those that are represented in gutar \olume luffer. As an goproach, elume graphics has the potential

to greatly adance the field of 3D graphics byf@fing a comprehens dternatve t traditional surhce
graphics.

We egn in Section 2 with an introduction t@lmetric data.In the folloving sections we describe the
volumetric approach to seral common wlume graphics modeling techniques.e Weescribe the
generation of object primites by voxelization (Section 3), fundamentals of 3D discrete topology
(Section 4), binary axelization (Section 5), 3D antialiasing and mudtiied \oxelization (Section 6),
texture and photo mapping and solickitering (Section 7), modeling of amorphous phenomena (Section
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8), modeling by block operations and constretolid modeling (Section 9), andolume sculpting
(Section 10). Then, wlume graphics is contrasted with swé graphics (Section 11), and the
corresponding adntages (Section 12) and disadtages (Section 13) are discusskdSection 14 we
describe special-purposelume rendering hardave.

2. Volumetric Data

Volumetric data is typically a s& of samplesX, vy, z, v), representing thealuev of some property of

the data, at a 3D locatiorx,(y, z). If the \alue is simply a 0 or 1, with aalue of 0 indicating
background and aalue of 1 indicating the object, then the data is referred to as binary data. The data
may instead be muMalued, with the wlue representing some measurable property of the data,
including, for éample, colordensity heat or pressure. Thalev may even be a \ector representing,

for example, \elocity at each location.

In general, samples may be ¢akat purely random locations in spacet in most cases the s8tis
isotropic containingsamples taén at rgularly spaced inteals along three orthogonales When the
spacing between samples along each axis is a constanthdyre may be three fifent spacing
constants for the three eéx then se$ is anisotropic.Since the set of samples is defined ongales
grid, a 3D array (called alsmlume loffer, cubic frame luffer, 3D raste)) is typically used to store the
values, with the element location indicating position of the sample on thekpidhis reason, the s&
will be referred to as the array dadluesS(x, y, z), which is defined only at grid locationélternatively,
either rectilinear curvilinear (structured), or unstructured grids, are emgdo(e.g., [71]). In a
rectilinear grid the cells are axis-alignedytbgrid spacings along the exare arbitraryWhen such a
grid has been non-linearly transformed while preserving the grid topadheggrid becomesurvilinear.
Usually the rectilinear grid defining the logicalganization is calledcomputational spaceand the
curvilinear grid is callecphysical space Otherwise the grid is callednstructued or irregular. An
unstructured or irngular wlume data is a collection of cells whose conwégtihas to be specified
explicitly. These cells can be of an arbitrary shape such as tetrahedtageti&, or prisms.

The arrayS only defines thealue of some measured property of the data at discrete locations in space.
A function f (x, y, z) may be definedwer R® in order to describe thealue at ap continuous location.

The functionf(x,y, 2) = S(x, Y, 2) if (X,Y,2) is a gid location, otherwisef (X, y, z) approximates the
sample alue at a locationxy, z) by applying some interpolation function t8. There are man
possible interpolation functions.The simplest interpolation function is kmo as zeo-order
interpolation which is actually just a nearest-neighbor functidthe \alue at ap location inR® is

simply the walue of the closest sample to that locationithwthis interpolation method there is aji@n

of constant &lue around each sample3$n Since the samples i8 are rgularly spaced, eachgien is

of uniform size and shapé&.he ragyion of constantalue that surrounds each sample isvkmas avoxel

with each wxel being a rectangular cuboidvirag six faces, twele alges, and eight corners.

Higherorder interpolation functions can also be used to ddfiixey, z) between sample pointOne
common interpolation function is a piedee function knwn asfirst-order interpolation or trilinear
interpolation With this interpolation function, thealue is assumed tcasy linearly along directions
parallel to one of the major ex. Letthe pointP lie at location Kp, Yy, Zp) within the regular
hexahedron, knan as acell, defined by sampleé throughH. For simplicity, let the distance between
samples in all three directions be 1, with samplat (0,0, 0) with a value ofv,, and sampleH at
(1, 1, D)with a value ofvy. The aluevp, according to trilinear interpolation, is then:
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Vp =Va (1= Xp)(A-yp)(1—=2p) + Ve (L= Xp)(1-Yp) Zp + 1)
Ve Xp (1-yp)(1-2p) + Ve Xp (1-yp) Zp +
Ve (1-X%p) Yp (1=2p) + Vg (1=Xp) Yp Zp +

Vp Xp Yp (1=2p) +Vy Xp ¥Yp Zp
In general,A is at some locationx, Ya, Za), andH is at Xy yn,zy). Inthis casex, in Equation 1

Xp = X
would be replaced béxp—xA))’ with similar substitutions made for, andz,,.
H ™ XA

Over the years mantechniques hze been deeloped to visualize 3D dataSince methods for
displaying geometric primites were already well-established, most of the early methodsvin
approximating a suace contained within the data using geometric priastj4, 47]. When wlumetric

data are visualized using a sagé rendering technique, a dimension of information is essentially lost.
In response to this,olume rendering technigues wereveleped that attempt to capture the entire 3D
data in a single 2D image [12, 36, 45, 62, 79, 8&jlume rendering comrey nmore information than
surface rendering images,ithat the cost of increased algorithm comjtie and consequently increased
rendering times.To improve interactvity in volume rendering, manoptimization methods as well as
several special-purposeoclume rendering machinesvgaleen deeloped (see Section 14).

The 3D raster representation seems to be more natural for empirical imagery than for geometric objects,
due to its ability to represent interiors and digital sampEsnetheless, the admtages of this
representation are also attracting traditionalasa@fbased applications that deal with the modeling and

Figure 1: A volume-sampled plane within aolametric cloud wer volumetric model of terrain en-
hanced with photo mapping of satellite images.
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rendering of synthetic scenes made out of geometric modliéls.geometric model igoxelized (3D
scan-corerted)into a set of @xels that ‘best” approximate the modelEach of theseoxels is then
stored in the elume hffer together with the axel pre-computed vig-independent attrites. The
voxelized model can be either binary (see [5, 30-32] and Section Bjuong sampled (see [72, 82] and
Section 6) which generates alias-free densitelization of the modelSome suice-based application
examples are the rendering of fractals [53pér textures [54], fur [28], gses [15], and other comple
models [69] including terrain models for flight simulators (see Figures 1 and 2) [6, 38, 8 nd@7].
CAD models (see Figure 3Furthermore, in manapplications iwolving sampled data, such as medial
imaging, the data need to be visualized along with synthetic objects that may maitdideain digital
form, such as scalpels, prosthetiocvides, injection needles, radiation beams, and isodosacssrf
These geometric objects can hexelized and intermied with the sampled gan in the oxel huffer
[35].

3. Voxdlization

An indispensable stage irolume graphics is the synthesis aixel-represented objects from their
geometric representationThis stage, which is callegoxelization is mncerned with caorerting
geometric objects from their continuous geometric representation into a sekaié that ‘best’
approximates the continuous objeéts this process mimics the scan-eension process that pikizes
(rasterizes) 2D geometric objects, it is also referred tdDascan-cowmersion In 2D rasterization the
pixels are directly drain onto the screen to be visualized and filtering is applied to reduce the aliasing
artifacts. Havever, the voxelization process does not render thaels tut merely generates a database

of the discrete digitization of the continuous object.

Figure 2: A volumetric model of terrain enhanced with photo mapping of satellite images.uiltie b
ings are syntheticoxel models raised on top of the terrain. Tloaelized terrain has been mapped with
aerial photos during theoxelization stage.
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Figure 3: Volume-sampled bolt and nut generated by a sequence of CSG operationsagonhk
cylindrical, and helix primities, reflected on aolume-sampled mirror

Intuitively, one would assume that a propesxelization simply “selects’ all voxels which are met (if
only partially) by the object bodyAlthough this approach could be sadbry in some cases, the
objects it generates are commonly too coarse and include oxels than are necessafpr example,
when a 2D cum is rasterized into a connected sequence dcflpjxhe discrete cuevdoes not ‘cover”
the entire continuous cuwy lut is connected, concisely and successfidlggarating’ both “sides’ of
the cunre [7].

One practical meaning of separation is apparent whemxelized scene is rendered by casting discrete
rays from the image plane to the scefibe penetration of the backgrounoxels (which simulate the
discrete ray tneersal) through theaxelized surfice causes the appearance of a hole in the final image of
the rendered suate. Anothettype of error might occur when a 3D flooding algorithm is epgydo
either to fill an object or to measure itelume, surfice area, or other properties. In this case the
nonseparability of the sa€e causes a leakage of the flood through the discredeesurf

Unfortunately the extension of the 2D definition of separation to the third dimension exel surfices
is not straightfonard, since wxelized surdces cannot be defined as an ordered sequencaead$ and
a woxel on the sudce does not ka a pecific number of adjacent sade wxels. Furthermorethere
are important topological issues, such as the separation of both sides ata,suhfich cannot be well-
defined by emplging 2D terminology The theory that deals with these topological issues is calbed
discrete topolgy. We ketch belav some basic hotions and informal definitions used in this field.

4. Fundamentals of 3D Discrete Topology

The 3D discrete space is a set of gné grid points in 3D Euclidean space defined by their Cartesian
coordinates X, y, z). A voxel is the unit cubic @lume centered at the igt@l grid point. The oxel



Volume Graphics -6- Arie Kaufman

vaue is mapped onto {0,1}: theoxels assignedl’’ are called the'black” voxels representing opaque
objects, and those assignéd“are the ‘white” voxels representing the transparent background.
Section 6 we describe non-binary approaches whereotted value is mapped onto the intahf0,1]
representing either partial waage, \ariable densities, or graded opacities. Due to igeladynamic
range of alues, this approach supports 3D antialiasing and thus supports higher quality rendering.

Two voxels are26-adjacentf they share either aertex, an edge, or aate (see Figure 4). Exy voxel
has 26 such adjacenbxels: eight share aevtex (corner) with the centeroxel, twele share an edge,
and six share aate. Accordinglyface-sharing exels are defined &-adjacent and edge-sharing and
face-sharing oxels are defined ak3-adjacent The prefixN is used to define the adjacgnelation,
whereN =6, 18,0r 26. A sequence of @xels haing the samealue (e.g.,'black”) is called anN-path

if all consecutie mirs areN-adjacent. Aset of wxelsW is N-connectedf there is anN-path between
evay pair of voxels inW (see Figure 4) An N-connected componeista maximalN-connected set.

Given a D discrete 8-connected black cervthere are sequences of 8-connected whitelgix
(8-component) that pass from one side of the black component to its other side without intersecting it.
This phenomenon is a discrete disagreement with the continuous case where thereais afo w
penetrating a closed cuwithout intersecting it.To avoid such a scenario, it has been thevention

to define “opposite’ types of conneatity for the white and black set$.Opposite’types in 2D space

are 4 and 8, while in 3D space 6‘apposite’ to 26 or to 18.

Assume that aoxel space, denoted (%, includes one subset dblack” voxels S. If - Sis not N-
connected, that ig, — S consists of at least twvhite N-connected components, th8iis said to beN-
sepaating in . Loosely speaking, in 2D, an 8-connected black path thatedi the white pigls into
two groups is 4-separating and a 4-connected black path thdéslithe white pigls into tw groups is
8-separating. Therare no analogous results in 3D space.

Let W be anN-separating suaice. Avoxel p OW is said to be amN-simple voxelf W - p is still N-
separating. ArlN-separating suaice is calledN-minimalif it does not contain anN-simple oxel. A
cover of a continuous suate is a set ofoxels such thatwery point of the continuous sade lies in a
voxel of the caver. A cover is said to be aninimal coverif none of its subsets is also avep The coer
property is essential in applications that emp$pace subdision for fast ray tracing [18].The
subspaces (xels) which contain objects Y& o be identified along the traced rajote that a ceer is

6-Connected 26-Connected
18-Connected

Figure 4: 6-, 18-, and 26-connected paths
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not necessarily separating, while on the other hand, as mentionegl ialooay include simple axels.
In fact, &en a minimal cover is not necessarilyN-minimal for ary N [7].

5. Binary Voxelization

An early technique for the digitization of solid@svspatial enumeration which emysdopoint or cell
classification methods in either ahaustve fashion or by recurgé subdiision [44]. However,
subdvision techniques for model decomposition into rectangular subspaces are computationally
expensve and thus inappropriate for medium or high resolution grittsstead, objects should be
directly voxelized, preferably generating a@ftseparatingN-minimal, and cweering set, whereN is
application dependent. Th@xelization algorithms should folo the same paradigm as the 2D scan-
corversion algorithms; the should be incremental, accurate, use simple arithmetic (preferabgeinte
only), and hae a omplexity that is not more than linear with the number a%els generated.

The literature of 3D scan-ceersion is relatrely small. Danielsson [11] and Mokrzycki [49] deloped
independently similar 3D cuevdgorithms where the cuevis defined by the intersection of eamplicit
surfaces. ‘dxelization algorithms ha been degeloped for 3D lines [8], 3D circles, and arnety of
surfaces and solids, including polygons, polyhedra, and quadric objectsHBi@jent algorithms hee
been deeloped for wxelizing polygons using an irgerbased decision mechanism embedded within a
scan-line filling algorithm [31] or with an incremental pre-filtered algorithm [10], for parametriegurv
surfaces, and slumes using an ingerbased fonard diferencing technique [32], and for quadric
objects such asytlinders, spheres, and cones usingeaving” algorithms by which a discrete
circle/line sweeps along a discrete circle/line [B]gure 2 consists of aaviety of objects (polygons,
boxes, glinders) oxelized using these methodEhese pioneering attempts shouldvrime followed by
enhanced axelization algorithms that, in addition to being@ént and accurate, will also adhere to the
topological requirements of separationy@age, and minimality

6. 3D Antialiasing and Multivalueded Voxelization

The previous section discussed binargxelization, which generates topologically and geometrically
consistent models,ub exhibits object space aliasinglThese algorithms la wed a straightforard
method of sampling in space, callpdint sampling In point sampling, the continuous object is
evduated at the axel centerand the walue of 0 or 1 is assigned to thexel. Becausef this binary
classification of the axels, the resolution of the 3D raster ultimately determines the precision of the
discrete model.Imprecise modeling results in jagged swds, knawn asobject space aliasingsee
Figure 2). In this section, we first present a 3D object-space antialiasing techniigperforms
antialiasing once, on a 3D wiendependent representation, as part of the modeling stdgkke
antialiasing of 2D scan-ceated graphics, where the main focus is on generating aesthetically pleasing
displays, the emphasis in antialiased 3@xelization is on producing alias-free 3D models that are
stored in the vie-independent@lume luffer for various wlume graphics manipulations, includingtb

not limited to the generation of aesthetically pleasing displays (see Figure 1).

To reduce object space aliasingg@ume samplingechnique has beenwdoped [82], which estimates

the density contrilition of the geometric objects to thexels. Thedensity of a vxel is attenuated by a
filter weight function which is proportional to the distance between the center obxakand the
geometric primitve. To improve performance, precomputed lookup tables of densities for a predefined
set of geometric primites can be used to select the densijue of each axel. For each wxel visited
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by the binary wxelization algorithm, the distance to the predefined prmis used as an indeinto a
lookup table of densities.

Since wxelized geometric objects are represented @snwe rasters of densityales, thg can
essentially be treated as sampled or simulatddme datasets, such as 3D medical imaging datasets,
and one of manvolume rendering techniques for image generation can be watbldneprimary
advantage of this approach is thatlwme rendering or alumetric global illumination carries the
smoothness of theolume-sampled objects from object spager dnto its 2D projection in image space
[84]. Hence,the silhouette of the objects, reflections, and slvadare smooth.In addition, CSG
operations between twvolume-sampled geometric models are accomplished atotked level after
voxelization, thereby reducing the original problem weflaating a CSG tree of such operationsvddo

a fuzzy Boolean operation between pairs of non-binaxels [83] (see Section 9)Volume-sampled
models are also suitable for intermixing with sampled or simulated datasets, sincarthee treated
uniformly as one common data representatibarthermore, elume-sampled models lend themsslv
to alias-free multi-resolution hierarglsonstruction [83].

Further study of filteredoxelization has been conducted by Sramek and Kaufman [72,Th].basic
idea has been that iroxelization filter design one needs to consider the visualization techniques used
(i.e., data interpolation and normal estimatiofihey showed that a combination of first order filters on
voxelization and visualization, with proper parameters, results in rendered images gligfibfeeerror

in estimating object swate position and normal directioMore specificallyif a trilinear interpolation

is used for reconstruction of the continuoatume, with subsequent sade detection by thresholding
and normal gradient calculation by centraffatiénces, best results are obtained if the density of the
voxelized object near its swate is linear along the sade normal direction (e.g., [27, 73])his linear
profile results from comlution of the object with a 1D box filter applied along a direction
perpendicular to the sae, called oriented box filter [72Furthermore, a Gaussian sagé density
profile combined with tricubic interpolation and Gabor di#ive reconstruction outperforms the linear
density profile, bt for a sharp increase in the computation time.

A C++ library for filtered wxelization of objects, vxt, has beenvdeped [75]. It provides the user
with an etensible set of easy-to-use tools and routines for alias-fredization of analytically defined
monochromatic and color object3hus, resulting elumetric data represent a suitable input for both
software and hardare wlume rendering systemslLhe library preides for oxelization of primitve
objects; hawvever, when supplemented by a suitable parserepresents a basis fooxelization of
complex models defined inarious graphics formats.

7. Texture Mapping

One type of object comptéy involves objects that are enhanced witktuee mapping, photo mapping,
ervironment mapping, or solidxtauring. Texture mapping is commonly implemented during the last
stage of the rendering pipeline, and its comipfeis proportional to the object compity. In volume
graphics, hwever, texture mapping is performed during thexelization stage, and thextere color is
stored in eachoxel in the wlume huffer.

In photo mapping six orthogonal photographs of the real object are projected back orixetlzeds
object. Oncehis mapping is applied, it is stored with thexels themseles during the axelization
stage, and therefore does nogm@dele the rendering performancéexture and photo mapping are also
viewpoint independent attrites implying that once thexteire is stored as part of thexel value,
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texture mapping need not be repeatdthis important feature isxploited, for &ample, by wxel-based
flight simulators (see Figures 1 and 2) and in CAD systems (see Figure 3).

A central feature of eumetric representation is that, udilaurface representation, it is capable of
representing inner structures of objects, which can lealed and xplored with appropriate
manipulation and rendering techniquekhis capability is essential for theporation of sampled or
computed objectsSynthetic objects are also dily to be solid rather than holo One method for
modeling \arious solid types is solidxtiring, in which a function or a 3D map models the color of the
objects in 3D (see Figure 3During the wxelization phase eachoxel belonging to the objects is
assigned aalue by the teturing function or the 3D mapThis \value is then stored as part of thexel
information. Aguin, since this alue is viev independent, it does notuati be recomputed for very
change in the rendering parameters.

8. Amorphous Phenomena

While translucent objects can be represented byaseirmethods, these methods cannbtieftly
support the modeling and rendering of amorphous phenomena (e.g., clouds, fire) #mblare
volumetric in nature and lack prtangible surices. A common modeling and rendering approach is
based on aalumetric function that, for gninput point in 3D, calculates some object features such as
density reflectivity, or color (see Figure 1)These functions can then be rendered by ray casting, which
casts a ray from each pixinto the function domain. Along the passage of theatagonstant interals

the function is ealuated to yield a sample. All samples along each ray are combined to forméhe pix
color. Some eamples for the use of this or similar techniques are the rendering of fractals [22],
hypertextures [54], fur [28], andases [15].

The process of functionvauation at each sample point in 3D has to be repeated for each image
generated. In contrast, thelumetric approach ales the pre-computation of these functions at each
grid point of the wlume luffer. The resulting wlumetric dataset can then be rendered from multiple
viewpoints without recomputing the modeling function. As in othelume graphics techniques,
accuray is traded for speed, due to the resolution linhitstead of accurately computing the function at
each sample point, some type of interpolation from the precomputedagirasvis emplped.

9. Block Operationsand Constructive Solid Modeling

The presortedness of thelume hffer naturally lends itself to grouping operations that can be
exploited in \arious vays. For example, by generating multi-resolutiorolume hierarch that can
support time critical and space criticallwme graphics applications can be better supporfée. basic
idea is similar to that of el-of-detail surfce rendering which has recently proliferated [16, 25, 61, 65,
78], in which the perceptual importance of segiobject in the scene determines its appropriatelle
of-detail representationOne simple approach is the 3D "mip-map" approach [46, 63], wiverg e
level of the hierarch is formed by &eraging seeral voxels from the preéious level. A better approach

is based on sampling thepig which an object is modeled with a sequence of alias-fopkene luffers

at different resolutions using th@me-sampled axelization approach [23]To accomplish this, high
frequencies thatxeeed the Nyquist frequenof the correspondingalume huffer are filtered out by
applying an ideal l-pass filter $inc) with infinite support. In practice, the ideal filter is approximated
by filters with finite support.Low sampling resolution of theolume huffer corresponds to awaer
Nyquist frequeny, and therefore requires aviepass filter with wider support for good approximation.
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As one mees Wp the hierarclg, low-pass filters with wider and wider support are appli€dmpared to
the level-of-detail hierarcly in surface graphics, the multi-resolutionlume luffers are easy to generate
and to spatially correspond neighboringels, and are also free of object space aliasigrthermore,
arbitrary resolutions can be generated, and errors caused by a non-ideal filter do neatt@rapag
accumulate from kel to levd. Dependingon the required speed and accyyac\ariety of lov-pass
filters (zero ordercubic, Gaussian) can be applied.

An intrinsic characteristic of theolume luffer is that adjacent objects in the scene are also represented
by neighboring memory cells. Therefore, rasters lend theeséivarious meaningful grouping-based
operations, such aitblt in 2D, or voxblt in 3D [37]. These include transfer ofolume luffer
rectangular blocks (cuboids) while supportingxel-by-voxel operations between source and
destination blocks.Block operations add aaviety of modeling capabilities which aid in the task of
image synthesis and form the basis for ttieieht implementation of a 3Drbom managet; which is

the tension of winda management to the third dimension.

Since the wlume luffer lends itself to Boolean operations that can be performed omedlw-voxel
basis during the oxelization stage, it is adwtageous to use CSG as the modeling paradigm.
Subtraction, union, and intersection operations betweernvdxelized objects are accomplished at the
voxel levd, thereby reducing the original problem efleiating a CSG tree during rendering timewvtio

to a 1D Boolean operation between pairsadels during a preprocessing stage.

For two point-sampled binary objects the Boolean operations of CS@®xtlt are trivially defined.
However, the Boolean operations applied mwme-sampled models are analogous to those of fuzzy set
theory (cf. [13]). The wolume-sampled model is a density functit(x) over R3, whered is 1 inside the
object, 0 outside the object, anc& @ < 1 within the "soft" rgjion of the filtered sudaice. Somef the
common operations, intersection, complemenfedéhce, and union, betweenawbjects A and B are
defined as follws:

dan s(X) =min (da(x), dg(x)) (16)
da(x) =1-da(x) 17)
da-g(x) =min (da(x), 1 - dg(x)) (18)
da[d s(X) = max (da(x), dg(x)) (19)

The only lav of set theory that is no longer true is thecleided-middle e (i.e., AN A# ¢ and
A [] A#Universd. Theuse of the min and max functions causes discontinuity atgienreshere the
soft regions of the tw dbjects meet, since the densiglie at each location in thegien is determined
solely by one of the twoverlapping objects.

Comple geometric models can be generated by performing the CSG operations in Equations 16-19
between wlume-sampled primies. \blume-sampled models can also function as matiemes [12]

for various matting operations, such as performing wa#ya and meging multiple wlumes into a

single wlume using the union operatiotdowever, in order to preser mntinuity on the cutsaay
boundaries between the material and the empty space, one should use arvaltetnati Boolean
operators based on algebraic sum and algebraic product [13, 20] :

dan 8(X) = da(x) de(x) (20)
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da(x) =1-da(x) (21)
da-g(X) = da(x) — da(x) da(x) (22)
daJs(X) =da(x) + dg(x) = da(x) dg(x) (23)

Unlike the min and max operators, algebraic sum and product operators resilf il z A, which is
undesirable. Aconsequence, foxample, is that during modeling via sweeping, the resulting model is
sensitve to the sampling rate of the swept path [83].

Once a CSG model has been constructedomelvrepresentation, it is rendered in the sanag ary
other wlume luffer is. This maks, for &ample, wlumetric ray tracing of construeé lid models
straightforvard [70] (see Figure 3).

10. Volume Sculpting

Surface-based sculpting has been studiddrsvely (e.g., [9, 66]), while slume sculpting has been
recently introduced for clay orax-like sulptures [17] and for comprehewsicetailed sculpting [85].
The latter approach is a free-form interaethodeling technique based on the metaphor of sculpting
and painting a oxel-based solid material, such as a block of marble oodw Thereare two
motivations for this approachFirst, modeling topologically compteand highly-detailed objects are
still difficult in most CAD systems.Second, sculpting has sko to be useful in ®umetric
applications. Br example, scientists and péicians often need toxplore the inner structures of their
simulated or sampled datasets by gradually xémgomaterial.

Real-time human interaction could be agbtkin this approach, since the actions of sculpting (e.g.,
carving, swing) and painting are localized in thelwme luffer, a localized rendering can be emy¢al

to reproject only those piks that are &kcted. Carvings the process of taking a preisting volume-
sampled tool to chip or chisel the object bit by [8ince both the object and tool are represented as
independent ®ume luffers, the process of sculptingvatves positioning the tool with respect to the
object and performing a Boolean subtraction between tlievblumes. Saing is the process of
removing a whole chunk of material at once, mucte lk @rpenter saing off a portion of a wod
piece. Unlile carving, saving requires generating thelume-sampled tool on-the-flysing a user
interface. D prevent object space aliasing and to aghitteractve eed, 3D splatting is empled.

11. Surface Graphicsvs. Volume Graphics

Contemporary 3D graphics has been elyiplp an object-based approach at tRpemise of maintaining
and manipulating a display list of geometric objects ampenerating the frameulfer after eery
change in the scene or wilmg parametersThis approach, termesurface gaphics is supported by
powerful geometry engines whichvV&flourished in the past decade, making atefgraphics the state-
of-the-art in 3D graphics.

Surface graphics strikingly resemblescior graphics that praled in the sixties and senties, and
employed ector draving devices. Like vector graphics, suste graphics represents the scene as a set of
geometric primitves kept in a display list.In surface graphics, these primigs ae transformed,
mapped to screen coordinates, andvexdad by scan-comrsion algorithms into a discrete set of gl

Any change to the scene, vilg parameters, or shading parameters requires the image generation
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system to repeat this procedsike vector graphics that did not support painting the interior of 2D
objects, sudce graphics generates merely theazig$ of 3D objects and does not support the rendering
of their interior

Instead of a list of geometric objects maintained byaserfgraphics, alume graphics empjs a 3D

volume huffer as a medium for the representation and manipulation of 3D sc&n8B scene is
discretized earlier in the image generation sequence, and the resulting 3D discrete form is used as a
database of the scene for manipulation and rendering purposes, whitdtirdefouples discretization

from rendering.Furthermore, all objects are a@nted into one uniform meta-object — thexel. Each

voxel is @aomic and represents the information about at most one object that resides axd¢hat v

Volume graphics dérs similar benefits to sate graphics, with seral adwantages that are due to the
decoupling, uniformity and atomicity features.The rendering phase is wpoint independent and
insensitve 0 scene compbety and object complaty. It supports Boolean and block operations and
constructve olid modeling. When 3D sampled or simulated data are used, such as that generated by
medical scanners (e.g., CMRI) or scientific simulations (e.g., CFD)plume graphic is suitable for

their representation too. It is capable of representing amorphous phenomena and both the interior and
exterior of 3D objects. These features ofolume graphics as compared with sigd graphics are
discussed in detail in Section 138everal weaknesses ofolume graphics are related to the discrete
nature of the representation, for instance, transformations and shading are performed in discrete space.
In addition, this approach requires substantial amounts of storage space and specialized processing.
These weaknesseme discussed in detail in Section 13.

Table 1 contrasts actor graphics with raster graphicA. primary appeal of raster graphics is that it
decouples image generation from screen refresh, thus making the refresh taskviederiséi scene

and object compidties. Inaddition, the raster representation lends itself to block operations, such as
bitblt and quadttreeRaster graphics is also suitable for displaying 2D sampled digital images, and thus

Table 1: Comparison between vectoragrhics and aster gaphics
and between surfaceaphics and volume gphics.

2D Vector Graphics| Raster Graphicg

Scene/object comptéy -
Block operations -
Sampled data -
Interior -
Memory and processing + -
Aliasing + -
Transformations + -
Objects + -

++[+|+

3D Surfice Graphics| Volume Graphicg
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provides the ideal aronment for mixing digital images with synthetic graphic. Ualiector graphics,

raster graphics puides the capability to present shaded amtluted suraces, as well as line dvangs.

These adantages, coupled with aaivces in hardare and the delopment of antialiasing methods,

have led raster graphics to superse@etor graphics as the primary technology for computer graphics.
The main weaknesses of raster graphics are the raemory and processingvper it requires for the

frame huffer, as well as the discrete nature of the imaddwese dificulties delayed the full acceptance

of raster graphics until the lateveaties when the technologyas able to pnade cheaper andater
memory and hardare to support the demands of the raster apprdaciaddition, the discrete nature of
rasters mags them less suitable for geometric operations such as transformations and accurate
measurements, and once discretized, the notion of objects is lost.

The same appeal that dethe e/olution of the computer graphicsond from vector graphics to raster
graphics, once the memory and processinggpdecame\ailable, is drving a \ariety of applications

from a suréce-based approach to alume-based approactNaturally this trend first appeared in
applications imolving sampled or computed 3D data, such as 3D medical imaging and scientific
visualization, in which the datasets are wmiwnetric form. These dierse empirical applications of
volume visualization still preide a major driing force for adances in @lume graphics.

The comparison in dble 1 between ector graphics and raster graphics strikingly resembles a
comparison between sade graphics andolume graphics.Actually Table 1 itself is also used to
contrast sudce graphics andlume graphics.

12. Volume Graphics Features

One of the most appealing attritbs of wlume graphics is its insensitly to the complgity of the

scene, since all objects vea keen pre-coverted into a finite size olume hffer. Although the
performance of the pre-processingxelization phase is influenced by the scene coxitglgs, 30-32],

rendering performance depends mainly on the constant resolution ajltimeeviuffer and not on the
number of objects in the scentnsensitvity to the scene compligy makes the wlumetric approach
especially attracte for scenes consisting of adgarnumber of objects.

In volume graphics, rendering is decoupled frammelization and all objects are first a@rted into one
meta object, theoxel, which maks the rendering process insensitb the complgity of the objects.
Thus, wlume graphics is particularly attraaifor objects that are hard to render usingventional
graphics systemsExamples of such objects include cedvsurices of high order and fractals which
require gpensve mmputation of an iterate function for each @lume unit [51]. Constructve lid
models are also hard to render bywamtional methods, Ut are straightforard to render inalumetric
representation (see balp

Anti-aliasing and teture mapping are commonly implemented during the last stage of thentional
rendering pipeline, and their compilly is proportional to object comptity. Solid texturing, which
emplgys a 3D te&ture image, has also a high conxitig proportional to object compidy. In volume
graphics, hwever, anti-aliasing, te&ture mapping, and solidxtiring are performed only once - during
the \oxelization stage - where the color is calculated and stored in eaeh Whetexture can also be
stored as a separatelumetric entity which is rendered together with tlidumetric object, as in the
VolVis software system foraume visualization [1].

The textured objects in Figure 1, 2 and 3vhaeen assignedx&ure during the oxelization stage by
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mapping eachaxel back to the correspondinglue on a teture map or solid.Once this mapping is
applied, it is stored with theoxels themselgs during the @xelization stage, which does notgdade the
rendering performance.ln addition, te&ture mapping and photo mapping are alsowpignt
independent attriltes, implying that once thextere is stored as part of thexel value, teture
mapping need not be repeated.

In anticipation of repeated access to thkimne uffer (such as in animation), all vipoint independent
attributes can be precomputed during thexelization stage, stored with thexel, and be readily
accessible for speeding up the renderifige oxelization algorithm can generate for each objesel/
its color, texture color normal vector (for visible wxels), antialiasing information [82], and information
concerning the visibility of the light sources from thakel. Actually, the vievpoint independent parts
of the illumination equation can also be precomputed and stored as part afe¢healue.

Once a vlume huffer with precomputed vie-independent attrildes is gailable, a rendering algorithm
such as a discrete ray tracing oraduwnetric ray tracing algorithm can be eggd. Eitheray tracing
approach is especially attraaifor comple surface scenes and construetlid models, as well as 3D
sampled or computed datasets (seevield-igure3 shows an &ample of objects that were ray traced
in discrete wxel space.In spite of the compidty of these scenes,olumetric ray tracing time as
approximately the same as for much simpler scenes and significastiy than traditional space-
subdvision ray tracing methodsMoreover, in ite of the discrete nature of thelyme hffer
representation, images indistinguishable from the ones produced bgntonal surhce-based ray
tracing can be generated by enyinhg, accurate ray tracing, auxiliary object information, or screen
supersampling techniques.

Sampled datasets, such as in 3D medical imaging (see Figuauhevmicroscop and geologyand
simulated datasets, such as in computational fluid dynamics, cheraigtrynaterials simulation are
often reconstructed from the acquired sampled or simulated points ingularrgrid of wxels and
stored in a wlume luffer. Such datasets pvade for the majority of applications using thelwmetric
approach. Unlike aurface graphics,olume graphics naturally and directly supports the representation,
manipulation, and rendering of such datasets, as well agdimg the wlume hluffer medium for
intermixing sampled or simulated datasets with geometric objects [35], as can be seen in Higure 5.
compatibility between the sampled/computed data andakadized geometric object, the object can be
volume sampled [82] with the samaytimot necessarily the same, density frequeascthe acquired or
simulated datasetdn volume sampling the continuous obiject is filtered during thelization stage
generating alias-free 3D density prim@g. \blume graphics also naturally supports the rendering of
translucent slumetric datasets (see Figures 1 and 5).

A central feature of elumetric representation is that umilaurface representation it is capable of
representing inner structures of objects, which can fealed and xplored with the appropriate
volumetric manipulation and rendering techniquéatural objects as well as synthetic objects are
likely to be solid rather than hollo The inner structure is easilxmored using wlume graphics and
cannot be supported by sack graphics (see Figure SYloreover, while translucent objects can be
represented by sarfe methods, these methods cannfitiefitly support the translucent rendering of
volumetric objects, or the modeling and rendering of amorphous phenomena (e.g., clouds, fag, smok
that are wlumetric in nature and do not contairyaangible surfices (see Figure 1) [15, 28, 54].

An intrinsic characteristic of rasters is that adjacent objects in the scene are also represented by
neighboring wxels. Therefore, rasters lend themsslvto various meaningful block-based operations
which can be performed during thexelization stage.For example, the 3D counterpart of tiéblt
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Figure 5: Intermixing of asume-sampled cone with an MRI head using a union operation.

operations, termedoxblt (voxel block-transfer), can support transfer of cuboidateV blocks with a
variety of voxel-by-voxel operations between source and destination blocks [[3¥§ property is gry
useful forvoxblt and CSG. Once a CSG model has been constructedoielvrepresentation, it is
rendered lik ay oher wlume lffer. This males rendering of construeé lid models
straightforvard.

The spatial presortedness of thelwme luffer voxels lends itself to other types of grouping or
aggradion of neighboring gxels. For example, the terrain image skio in Figure 2 vas generated by

the \oxel-based Hughes Aircraft Cdlight simulator [87]. It simulates a flight wer voxel-represented

terrain enhanced with satellite or aerial photo mapping with additional synthetic raised objects, such as
buildings, trees, ghicles, aircraft, clouds and thedik Sincethe information belw the terrain suece is
invisible, terrain wxels can be actually represented as tall cuboitihding from sea el to the terrain

height. Theraised and madng objects, haever, haveto be represented in a more eemtional \oxel-

based form.

Similarly, voxels can be agggeted into supewoxels in a gramid-like hierarcty. For example, in a
voxel-based flight simulatorthe best resolution can be used foretaélkand landing. As the aircraft
ascends, feer and fever details need to be processed and visualized, anglea tesolution stices.
Furthermore, en in the same vie@, parts of the terrain close to the obsanare rendered at high
resolution which deceasesmards the horizon. A hierarchicablume luffer can be prepared in awe
or on-the-fly by subsampling overaging the appropriate size neighborhoodsmkls (see also [23]).

13. Weaknesses of Volume Graphics
A typical wlume luffer occupies a lge amount of memoryFor example, for a medium resolution of

512, two hytes per wxel, the wlume hiffer consists of 256M bytes. Mever, snce computer
memories are significantly decreasing in price and increasing in their compactness and speedesuch lar
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memaries are becoming commonpladdis agument echoes a similar discussion when raster graphics
emeged as a technology in the midseeties. Wth the rapid progress in memory price and
compactness, it is safe to predict that, as in the case of raster graphics, memory will soon cease to be a
stumbling block for wlume graphics.

The «tremely lage throughput that has to be handled requires a special architecture and processing
attention (see Section 14 and [36] Chapter @lume enginesanalogous to the currentlyalable
geometry (polygon) engines, are eging. Becausef the presortedness of thelwme uffer and the

fact that only a simple single type of object has to be handiddime engines are conceptually simpler

to implement than current geometry engines (see Sectionvidme engines will materialize in the

near future, with capabilities to synthesize, load, store, manipulate, and rehoheetvic scenes in real

time (e.g., 30 frames/sec), configured as accelerators or co-systedssing geometry engines.

Unlike surface graphics, inolume graphics the 3D scene is represented in discrete fbinm.is the
source of mayof the problems of axel-based graphics, which are similar to those of 2D rasters [14].
The finite resolution of the raster poses a limit on the acgwfasbome operations, such aslyme and
area measurements, that are basedaeal vounting.

Since the discrete data is sampled during renderingwardsolution wlume yields high aliasing
artifacts. Thisbecomes especially apparent when zooming in on the 3D.rééien nare rendering
algorithms are used, holes may appear "betweergls. Neertheless, this can be aliated in vays
similar to those adopted by 2D raster graphics, such as gngpleither reconstruction techniques, a
higherresolution wlume huffer, or volume sampling.

Manipulation and transformation of the discretdume are difcult to achi@e without deyrading the
image quality or losing some informatiorRotation of rasters by angles other than 9Qrekes is
especially problematic since a sequence of consecutiations will distort the imageAgain, these
can be alleiated in ways similar to the 2D raster techniques.

Once an object has beemxelized, the wxels comprising the discrete object do not retaig an
geometric information garding the geometric definition of the objedthus, it is adantageous, when
exact measurements are required (e.g., distance, area), toyecopl@ntional modeling where the
geometric definition of the object isallable. Avoxel-based object is only a discrete approximation of
the original continuous object where thelume huffer resolution determines the precision of such
measurements. Cthe other hand, seral measurement types are more easily computedxel gpace
(e.g., mass propertgdjaceng detection, and @ume computation).

The lack of geometric information in thexel may inflict other diiculties, such as swate normal
computation. Invoxel-based models, a discrete shading method is commonly geapto estimate the
normal from a contd of voxels. A \ariety of image-based and object-based methods for normal
estimation from wlumetric data has beenwiged (see [90], [36, Chapter 4]) and som&ehbeen
discussed ah@® Most methods are based on fitting some type of aacairprimitve o a gnall
neighborhood of exels.

A partial intgration between swuate and @lume graphics is conagble as part of an object-based
approach in which an auxiliary object table, consisting of the geometric definition and globatesttrib
of each object, is maintained in addition to tldume luffer. Each voxel consists of an indeto the
object table. This alles exact calculation of normalxact measurements, and intersectienification
for discrete ray tracing [89]The auxiliary geometric information might be useful also forawelizing
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the scene in case of a change in the scene itself.

14. Special-Purpose Volume Rendering Hardware

The high computational cost of directolume rendering mas it dificult for sequential
implementations and general-purpose computers tweddlie tageted leel of performance. This
situation is aggrated by the continuing trend wards higher and higher resolution datasetst F
example, to render a dataset of 192-bit woxels at 30 frames per second requires 2 GBytes of
storage, a memory transfer rate of 60 GBytes per second and approximately 300 billion instructions per
second, assuming only 10 instructions paxel per projection.To address this challenge, researchers
have tied to achige interactve dsplay rates on supercomputers and nvalsiparallel architectures
[50, 64, 67, 68, 80, 91]However, most algorithms requireery little repeated computation on each
voxel and data mweement actually accounts for a significant portion of theral performance
overhead. ©days commercial supercomputer memory systems do ned, hr@r will they in the near
future, adequate latem@nd memory bandwidth for f€iently transferring the required & amounts

of data. Furthermore, supercomputers seldom contain frarfferd and, due to their high cost, are
frequently shared by mgmsers.

The same way as the special requirements of traditional computer graphics lead to high-performance
graphics engines,olume visualization naturally lends itself to special-purpademe renderers that
separate real-time image generation from general-purpose processing. T fallostand-alone
visualization ewmironments that help scientists to interegdii view their data on a single user
workstation, either augmented by a@lwme rendering accelerator or connected to a dedicated
visualization serer. Furthermore, a @lume rendering engine imgeated in a graphics arkstation is a
natural &tension of raster based systems into 8lime visualization.

Several researchers kia poposed special-purposelume rendering architectures [36, Chapter 6] [19,
26, 34, 48, 52, 76, 77, 88]. Most recent research has focused on accelerators for ray-casfitay of re
datasets. Ray-castingfefs room for algorithmic imprements while still allaing for high image
guality. Recent architectures [24] includeDGUE, VIRIM, and Cube.

VOGUE [43], a modular add-on acceleratisr estimated to achie 25 frames per second for 756
datasets. & each piel a ray is defined by the host computer and sent to the accel&éredfOGUE
module autonomously processes the completecomgisting of genly spaced resampling locations, and
returns the final pid color of that ray to the host. \&eal VOGUE modules can be combined to yield
higher performance implementationsorFexample, to achie 20 projections per second of 512
datasets requires 64 boards and a 5.2 GB per second ring-connected cudic netw

VIRIM [21] is a flexible and programmable ray-casting engine. The hargwonsists of tovseparate

units, the first being responsible for 3D resampling of thlerae using lookup tables to implement
different interpolation schemes. The second unit performs the ray-casting through the resampled dataset
according to user programmable lighting andmitigy parameters. The underlying ray-casting model
allows for arbitrary parallel and perspeeti pojections and shads. An eisting hardvare
implementation for the visualization of 25@56x 128 datasets at 10 frames per second requires 16
processing boards.

The Cube project aims at the realization of high-performamdeme rendering systems for der
datasets and pioneeredveral hardvare architectures. Cube-1, a first generation harelyprototype,
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was based on a specially interlel memory oganization [33], which has also been used in all
subsequent generations of the Cube architecture. This intageaf then® voxel enables conflict-free
access to anray parallel to a main axis of voxels. A fully operational printed circuit board (PCB)
implementation of Cube-1 is capable of generating orthographic projection adta8ets from a finite
number of predetermined directions in real-tinube-2 vas a single-chip VLSI implementation of
this prototype [3].

To achieve hgher performance and to further reduce the critical memory access bottleneck, Cube-3
introduced seeral nev concepts [55-57].A high-speed global communication netk aligns and
distributes wxels from the memory to geral parallel processing units and a circular crosselihk
binary tree of wxel combination units composites all samples into the finadl ginlor Estimated
performance for arbitrary parallel and perspecfrojections is 30 frames per second for 5datasets.
Cube-4 [29, 58, 59] has only simple and local interconnections, theretynalltor easy scalability of
performance. Instead of processing wuidlial rays, Cube-4 manipulates a group of rays at a time. As a
result, the rendering pipeline is directly connected to the memagumulating compositors replace
the binary compositing tree. A pmikbus collects and aligns the pixoutput from the compositors.
Cube-4 is easily scalable tery high resolution of 102416-bit voxels and true real-time performance
implementations of 30 frames per second.

Enhancing the Cube-4 architecture, Mitsubishi Electric hasadeEM-Cube (Enhanced Memory
Cube-4). Asystem based on EM-Cube consists of a PCI card with fdume rendering chips, four
64Mbit SDRAMSs to hold the alume data, and four SRAMs to capture the rendered image Thi&.
primary innaation of EM-Cube is the block-skved memorywhere the slume memory is ganized

in subcubes (blocks) in such awthat all the @xels of a block are stored linearly in the same DRAM
page. EM-Cubéas been further geloped into a commercial product where@wme rendering chip,
called vg500, has been \éoped by Mitsubishi. It computes 500 million interpolated, Phong-
illuminated, composited samples per secofde vg500 is the heart of aMmePro PC card consisting
of one vg500 and configurable standard SDRAM memory architectlitesfirst generation vailable

in 1999, supports rendering of a rectangular data set up to 256x256x256 &felst in real-time 30
frames/sec [60].

SimultaneouslyJapan Radio Co. has enhanced Cube-4 andajeed a special-purpose architecture U-
Cube. U-Cubés specifically designed for real-timelume rendering of 3D ultrasound data.

The choice of whether one adopts a general-purpose or a special-purpose solutioméorgndering
depends upon the circumstances. If maximuwxilfikty is required, general-purpose appears to be the
best vay to proceed. Heever, an important feature of graphics accelerators is that #he integrated

into a much lager ewvironment where softare can shape the form of input and output data, thereby
providing the additional fbebility that is needed. A goodkample is the relationship between the needs
of corventional computer graphics and special-purpose graphics AerdiNobody wuld dispute the
necessity for polygon graphics acceleration despite itfob limitations. The samegrment can be
made for special-purposeme rendering architectures.

15. Conclusions

The important concepts and computational methodslaine graphics he been presentedAlthough
volumetric representations and visualization techniques seem more natural for sampled or computed
data sets, their admtages are also attracting traditional geometric-based applicafldns. trend
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implies an gpanding role for glume visualization, and it has thus the potential Yolutionize the field

of computer graphics, by prioing an alternatie o surface graphics, calleciume graphicsWe have
introduced recent trends imlame visualization that brought about the egeace of vlume graphics.

Volume graphics has admtages wer surface graphics by being wvigoint independent, insensi

scene and object comglty, and lending itself to the realization of block operations, CSG modeling,
and hierarchical representatiolt.is suitable for the representation of sampled or simulated datasets and
their intermixing with geometric objects, and it supports the visualization of internal struclimes.
problems associated with th@lvme hffer representation, such as memory size, processing time,
aliasing, and lack of geometric representation, echo problems encountered when raster graphics
emepged as an alterna@ technology to gctor graphics and can be alted in similar vays.

The progress saf in wlume graphics, in computer harake, and memory systems, coupled with the
desire to reeal the inner structures ofolumetric objects, suggests thatlwme visualization and
volume graphics may delop into major trends in computer graphicdust as raster graphics in the
se/enties supersededeutor graphics for visualizing safes, wlume graphics has the potential to
supersede swte graphics for handling and visualizingumes as well as for modeling and rendering
synthetic scenes composed of augs.

Acknowledgments

Special thanks are due to Lisa Sobierajski, Rigkal Roni Yagel, Day Cohen, Sid Vdng, hosong
He, Hanspeter Pfisteand LichanHong who contribited to this paperco-authored with me related
papers [2, 38-40], and helped with tdVis software. {/dVis can be obtained by sending email to:
volvis@cs.sugshedu.) Thiswork has been supported by the National Sciermen&ation under grant
MIP-9527694 and a grant from thefioé of Naval Research NO0014971040Zhe MRI head data in
Figure 5 is courtesy of Siemens Medical Systems, Inc., Iselin,Aglre 2 is courtesy of Hughes
Aircraft Compary, Long Beach, CA.This image has beeroxelized using uxelization algorithms, a
voxel-based modeleend a photo-mapper deoped at Stoy Brook Visualization Lab

16. References

1. Avila, R., Sobierajski, L. and Kaufman, AToéwads a Comprehens \blume \Msualization
System’, Visualization '92 PoceedingsOctober 1992, 13-20.

2. Avila, R., He, T, Hong, L., Kaufman, A., PfisteH., Silva, C., Sobierajski, L. and &g, S.,
“VolVis: A Diversified Wlume Msualization Syster)’ Visualization '94 Poceedings
Washington, DC, October 1994, 31-38.

3. BakalashR., Kaufman, A., Bcheco, R. and Pfisteld., “An Extended lume \sualization
System for Arbitrary Brallel Projectioni;, Proceedings of the 1992 Egraphics VWrkshop on
Graphics Hadware, Cambridge, UK, September 1992.

4. Cline,H. E., Lorensen, WE., Ludke, S., Craford, C. R. and &eter B. C., “Two Algorithms for
the Three-Dimensional Reconstruction ofhffograms; Medical Physicsl5, 3 (May/June 1988),
320-327.

5. CohenD. and Kaufman, A.;Scan Conersion Algorithms for Linear and Quadratic ObjeGtisi
Volume Vsualization A. Kaufman, (ed.), IEEE Computer Society Press, Los Alamitos, CA, 1991,
280-301.

6. Cohen,D. and Sha&d, A., ‘Photo-Realistic Imaging of Digital éfrain’, Computer Gaphics
Forum, 12, 3 (September 1993), 363-374.



Volume Graphics -20- Arie Kaufman

7. Cohen-Or D. and Kaufman, A., ‘Fundamentals of Suste \bxelization’, CVGIP: Graphics
Models and Imge Rocessing56, 6 (November 1995), 453-461.

8. Cohen-Or D. and Kaufman, A., ‘3D Line Voxelization and Conneefity Control”, IEEE
Computer Gaphics & Applications1997.

9. Coquillart, S., ‘Extended Free-6rm Deformation: A Sculpturing obl for 3D Geometric
Modeling”, Computer Gaphics 24, 4 (August 1990), 187-196.

10. Dachille,F. and Kaufman, A., ‘Incremental Tiangle \bxelization’, submitted for publication,
1999.

11. DanielssonP. E, “Incremental Cure Generatiori, IEEE Tansactions on ComputgrC-19,
(1970), 783-793.

12. Drebin,R. A., Carpenter.. and Hanrahan,.P“Volume Rendering’ Computer Gaphics (Poc.
SIGGRAPH)22, 4 (August 1988), 65-74.

13. Dubois,D. and Prade, HFuzzy Sets and Systems: Theory and Applicatidoademic Press,
1980.

14. EastmanC. M., “Vector \ersus Raster: A Functional Comarison of \lirey Technologies,
IEEE Computer Gaphics & Applicationsl0, 5 (September 1990), 68-80.

15. EbertD. S. and Brent, R. E.,'/Rendering and Animation of Gaseous Phenomena by Combining
Fast \Wlume and Scanline Adffer Techniques, Computer Gaphics 24, 4 (August 1990),
357-366.

16. Eck,M., DeRose, T Duchamp, T Hoppe, H., Lounsbery. and Stuetzle, W “Multiresolution
Analysis of Arbitrary Meshes’ SIGGRAPH'95 Confence PoceedingsAugust 1995, 173-182.

17. Galyean]. A. and Hughes, J..F"Sculpting: An Interactie \blumetric Medeling €chnique,
Computer Gaphics 25, 4 (July 1991), 267-274.

18. GlassnerA. S., “Space Subdision for Fast Ray Tacing’, IEEE Computer Gaphics and
Applications 4, 10 (October 1984), 15-22.

19. GoldvasserS. M., Reynolds, R. A., BaptyT., Baraf, D., Summers, J.,alton, D. A. and \&Ish,
E., “Physicians Workstation with Real-ime Performancg’ IEEE Computer Gphics &
Applications 5, 12 (December 1985), 44-57.

20. Goodman,). R. and Sequin, C. H:Hypertree: A Multiprocessor Interconnectiompology’,
IEEE Transactions on ComputgrC-30, 12 (December 1981), 923-933.

21. GuentherT., Poliwoda, C., Reinhard, C., Hessdr, Maenner R., Meinzer H. and Baur H.,
“VIRIM: A Mssivealy Parallel Processor for Realfiie \Wblume Msualization in Medicing,
Proceedings of the 9th Eegraphics Hadware Wérkshop Oslo, Norway, September 1994,
103-108.

22. Hart,J. C., Sandin, D. J. and Ké&ufan, L. H., ‘Ray Tracing Deterministic 3-D Fractals’
Computer Gaphics 23, 3 (July 1989), 289-296.

23. He,T., Hong, L., Kaufman, A., &rshng, A. and WWang, S.,'Voxel-Based Object Simplification’
IEEE Vsualization '95 PoceedingsLos Alamitos, CA, October 1995, 296-303.

24. HesserJ, Maenner R., Knittel, G., StrasserW., Pfisteyr H. and Kaufman, A., ‘Three
Architectures for ¥lume Rendering’ Computer Gaphics ©rum 14, 3 (August 1995), 111-122.

25. Hoppe,H., DeRose, T Duchamp, T McDonald, J. and Stuetzle,.WMesh Optimization,
Computer Gaphics (SIGGRAPH '93 Breedings)27, (August 1993), 19-26.



Volume Graphics -21- Arie Kaufman

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

Jackl, D., “The Graphics RRCUM System: A 3D Memory Based Computer Architecture for
Processing and Display of Solid Mod&l€omputer Gaphics erum, 4, (1985), 21-32.

JonesM. W., “The Production of ¥lume Data from fiangular Meshes usingo¥elisation’,
Computer Gaphics lerum 14, 5 (December 1996), 311-318.

Kajiya,J. T and Kay T. L., “Rendering Fur with Three Dimensionakxures’, Computer
Graphics 23, 3 (July 1989), 271-280.

Kanus,U., Meissner M., StrasserW., Pfister H., Kaufman, A., Amerson, R., CarteR. J,
Culbertson, B., Kekes, Pand Snider G., “Implementations of Cube-4 on theffmac Custom
Computing Maching’ Computes & Graphics 21, 2 (1997), .

Kaufman,A. and Shimow, E., “3D Scan-Cowmersion Algorithms for dxel-Based Graphics’
Proc. ACM Workshop on Inteactive 3D Gaphics Chapel Hill, NC, October 1986, 45-76.

KaufmanA., “An Algorithm for 3D Scan-Carersion of Polygons’ Proc. EURDGRAPHICS'87
Amsterdam, Netherlands, August 1987, 197-208.

KaufmanA., “Efficient Algorithms for 3D Scan-Cweersion of Rairametric Cures, Suréces, and
Volumes’, Computer Gaphics 21, 4 (July 1987), 171-179.

Kaufman,A. and Bakalash, R./Memory and Processing Architecture for 3-[bxél-Based
Imagery’, IEEE Computer Gaphics & Applications 8, 6 (November 1988), 10-23.Also in
Japanesd\ikkei Computer Gaphics 3, 30, March 1989, pp. 148-160.

Kaufman,A. and Bakalash, R.,CUBE - An Architecture Based on a 3-DoXél Map’, in
Theoetical Foundations of Computer @phics and CADR. A. Earnshav, (ed.), Springeierlag,
1988, 689-701.

Kaufman,A., Yagel, R. and Cohen, D:]rntermixing Surbce and Wlume Rendering’ in 3D
Imaging in Medicine: Algorithms, Systems, Applicatiods H. Hoehne, H. Fuchs and S. M.
Pizer (eds.), June 1990, 217-227.

KaufmanA., Vdume \sualization IEEE Computer Society Pressitdrial, Los Alamitos, CA,
1991.

KaufmanA., “The voxblt Engine: A \bxel Frame Bufr Processor’ in Advances in Gaphics
Hardware lll, A. A. M. Kuijk, (ed.), SpringeNerlag, Berlin, 1992, 85-102.

KaufmanA., Cohen, D. and &gel, R., Volume Graphic§ IEEE Computer26, 7 (July 1993),
51-64. Alsoin Japanese\likkei Computer Gaiphics 1, No. 88, 148-155 & 2, No. 89, 130-137,
1994.

Kaufman,A., Yagel, R. and Cohen, D.Modeling in Wolume Graphic§ in Modeling in
Computer Gaphics B. Falcidieno and TL. Kunii, (eds.), SpringeYerlag, June 1993, 441-454.

KaufmanA. and Sobierajski, L.,Continuum \0lume Display’, in Computer Ysualization R. S.
Gallagher(ed.), CRC Press, Boca Raton, FL, 1994, 171-202.

KaufmanA., “Volume \isualization’, ACM Computing Surwes, 28, 1 (1996), 165-167.

KaufmanA., “Volume \sualization’, in Handbook of Computer Science and Engineerig
Tucker, (ed.), CRC Press, 1996.

Knittel, G. and StrasseW., “A Compact V¥lume Rendering AcceleratgrVolume \sualization
Symposium FrceedingsWashington, DC, October 1994, 67-74.

Lee,Y. T. and Requicha, A. A. G.,;Algorithms for Computing the aflume and Other Ingzal
Properties of Solids: I-Knen Methods and Open Issues; II-ArRily of Algorithms Based on
Representation Cesrsion and Cellular Approximation’ Communications of theGM, 25, 9



Volume Graphics -22- Arie Kaufman

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

(September 1982), 635-650.

Levoy, M., “Display of Surfices from Wlume Datd, Computer Gaphics and Applications3, 5
(May 1988), 29-37.

Levoy, M. and Whitaler, R., “Gaze-Directed ¥lume Renderingg’ Computer Gaphics (Poc.
1990 Symposium on Intative 3D Gaphics) 24, 2 (March 1990), 217-223.

LorensenW. E. and Cline, H. E.,'Marching Cubes: A High Resolution 3D Sacke Construction
Algorithm”, Computer Gaphics 21, 4 (July 1987), 163-170.

Meagher D. J., “Applying Solids Processing Methods to Medical PlanfhinBroceedings
NCGAS85, Dallas, TX, April 1985, 101-109.

Mokrzycki, W., “Algorithms of Discretization of Algebraic Spatial Casvon Homogeneous
Cubical Grids’, Computes & Graphics 12, 3/4 (1988), 477-487.

Molnar S.,, Eyles, J. and Poulton, J.PixelFlow: High-Speed Rendering Using Image
Composition”, Computer Gaphics 26, 2 (July 1992), 231-240.

Norton,V. A., “Generation and Rendering of Geometric Fractals in’3-©dmputer Gaphics
16, 3 (1982), 61-67.

OhashifT., Uchiki, T. and Tokoro, M., ‘A T hree-Dimensional Shaded Display Method fox&-
Based Representation’Proceedings EURBGRAPHICS '85 Nice, France, September 1985,
221-232.

OsborneR., PfisterH., Lauer H., McKenzie, N., Gibson, S., Hiatt, Veind Ohkami, H.,‘EM-
Cube: an Architecture for MoCost Real-ime \blume Rendering Proceedings of the
SIGGRAPH/Ewgraphics Hadware Workshop 1997, 131-138.

Perlin K. and Hofert, E. M., ‘Hypertexture”, Computer Gaphics 23, 3 (July 1989), 253-262.

Pfister H., Wessels, Fand Kaufman, A., ‘Sheared Interpolation and Gradient Estimation for
Real-Time \Wwlume Rendering’ 9th Eungraphics Vérkshop on Gaiphics Hadware Proceedings
Oslo, Norvay, September 1994.

PfisterH., Kaufman, A. and Chiueh,.,T'Cube-3: A Real-Tme Architecture for High-resolution
Volume Msualization’, Voume \sualization Symposium 8ceedingsWashington, DC, October
1994, 75-82.

Pfister H., Wessels, Fand Kaufman, A., ‘Sheared Interpolation and Gradient Estimation for
Real-Time \Wblume Rendering’ Computes & Graphics 19, 5 (September 1995), 667-677.

Pfister H., Kaufman, A. and \&ksels, E “Towads a Scalable Architecture for RealrnE
Volume Rendering’ 10th Euographics Vérkshop on Gaphics Hadware Proceedings
Maastricht, The Netherlands, August 1995.

Pfister H. and Kaufman, A., ‘Cube-4: A Scalable Architecture for Readhle \blume
Rendering, Vdume \sualization Symposium &teedings San Francisco, CA, October 1996,
47-54.,

PfisterH., Hardenbeagh, J., Knittel, J., LaugH. and SeilerL., “The VolumePro Real-me Ray-
Casting Systery Proceedings SIGGRAPH’98ugust 1999.

Rossignac,). and Borrel, P “Multi-Resolution 3D Approximations for Rendering Conwle
Scenes, in Modeling in Computer Gaphics B. Falcidieno and TL. Kunni, (eds.), Springer
Verlag, 1993, 455-465.

SabellaP, “A Rendering Algorithm for Vsualizing 3D Scalar Fields’ Computer Gaphics
(Proc. SIGGRAPH)22, 4 (August 1988), 160-165.



Volume Graphics -23- Arie Kaufman

63. Sakas(. and Hartig, J./'Interactive Msualization of Lage Scalar Wxel Fields’, Proceedings
Visualization '92 Boston, MA, October 1992, 29-36.

64. SchroderP and Stoll, G., ‘Data Rarallel \blume Rendering as Line Dwing”, Wakshop on
Volume \sualization Boston, MA, October 1992, 25-32.

65. SchroedeW. J, Zage, J. A. and Lorensen,.\lL., “Decimation of Tiangle Meshe§’ Computer
Graphics 26, 2 (July 26-31 1992), 65-70.

66. Sederbg;, T. W. and Rarry, S. R., “Free-Form Deformation of Solid Geometry Modé]s’
Computer Gaphics 20, 4 (August 1986), 151-160.

67. Siha, C. and Kaufman, A.,'Parallel Performance Measures fool¥me Ray Casting’
Visualization '94 PoceedingsWashington, DC, October 1994, 196-203.

68. Siha, C. T, Kaufman, A. and #1akos, C., ‘PVR: High-Performance ®ume Rendering’ IEEE
Computational Science & Engineerir) 4 (December 1996), 16-28.

69. Siyder, J. M. and Barr A. H., “Ray Tracing Complg Models Containing Suste Essellations,
Computer Gaphics 21, 4 (July 1987), 119-128.

70. SobierajskiL. and Kaufman, A.,"Volumetric Ray Tacing’, Volume \sualization Symposium
ProceedingsWashington, DC, October 1994, 11-18.

71. SperayD. and Kennon, S.,"Volume Probes: Interagg Data Exploration on Arbitrary Grids’
Computer Gaphics 24, 5 (November 1990), 5-12.

72. Sramek,M. and Kaufman, A., ‘Object \bxelization by Filtering, ACM/IEEE \blume
Visualization 98 Symposium &reedingsOctober 1998, 111-118.

73. SramekM., “Visualization of Wlumetric Data by Ray racing’, Proceedings Symposium on
Volume Vsualization Austria, 1998.

74. Sramek, M. and Kaufman, A., ‘Alias-free \oxelization of Geometric Objects’ IEEE
Transactions on igualization and Computer @phics 1999.

75. SramekM. and Kaufman, A.,'Vxt: a C++ Class Library for Objectoxelization’, International
Wakshop on Wlume Gaphics Swansea, UK, March 1999, 295-306.

76. StytzM. R., Frieder G. and FriederO., “Three-Dimensional Medical Imaging: Algorithms and
Computer Systems’ACM Computing Surwes, December 1991, 421-499.

77. StytzM. R. and FriederO., “Computer Systems for Three-Dimensional Diagnostic Imaging: An
Examination of the State of the ArtCritical Reviews in Biomedical Engineeringiugust 1991,
1-46.

78. Turk, G., ‘Re-Tiling Polygonal Sutdces’, Computer Gaphics 26, 2 (July 26-31 1992), 55-64.

79. UpsongC. and keeler M., “V-BUFFER: \Msible \blume Rendering’ Computer Gaphics (Poc.
SIGGRAPH) 1988, 59-64.

80. \kzina, G., Fletche® A. and Robertson, .., “Volume Rendering on the Ma@wPMP-1’,
Warkshop on ¥lume VNsualization Boston, MA, October 1992, 3-8.

81. Wan, M., Qu, H. and Kaufman, A.Virtual Flythrough oer a \oxel-Based €rrain’, IEEE
Virtual Reality Confeznce PoceedingsMarch 1999, 53-60.

82. Wang, S. and Kaufman, A./Volume Sampled d&kelization of Geometric Primites”,
Visualization '93 PoceedingsSan Jose, CA, October 1993, 78-84.

83. Wang, S. and Kaufman, A.Volume-Sampled 3D Modeling’' IEEE Computer Gaphics &
Applications 14, 5 (September 1994), 26-32.



Volume Graphics -24- ArieKaufman

84.

85.

86.

87.

88.

89.

90.

91.

Wang, S. and Kaufman, A/3D Antialiasing’, Technical Report 94.01.03, Computer Science,
SUNY Story Brook, January 1994.

Wang, S. and Kaufman, A:Volume Sculpting, ACM Symposium on Intactive 3D Gaphics
Montergy, CA, April 1995, 151-156.

Westover, L., “Footprint Ewaluation for Wlume Rendering’ Computer Gaphics (Poc.
SIGGRAPH)24, 4 (August 1990), 144-153.

Wright,J. and Hsieh, J.;A Voxel-Based, Brward Projection Algorithm for Rendering Sack
and \olumetric Datd, Proceedings Kualization '92 Boston, MA, October 1992, 340-348.

Yagel, R. and Kaufman, A..The Flipping Cube Architecture’Tech. Rep. 91.07.26, Computer
Science, SUNY at StgrBrook, July 1991.

Yagel, R., Cohen, D. and Kaufman, ADiscrete Ray Tacing’, IEEE Computer Gaphics &
Applications 12, 5 (September 1992), 19-28.

Yagel, R., Cohen, D. and Kaufman, ANdrmal Estimation in 3D Discrete SpageThe \sual
ComputerJdune 1992, 278-291.

Yoo, T S, Neumann, U., Fuchs, H., Piz&. M., Cullip, T., Rhoades, J. and Whiek R.,
“ Direct Msualization of Wlume Datd, IEEE Computer Gaphics & Applications12, 4 (July
1992), 63-71.



