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ABSTRACT

The Kubota 3D i magi ng and graphics accel erator, which provides
advanced graphics for Digital's DEC 3000 AXP workstations, is the
first desktop systemto conbi ne three-dinmensional imaging and
graphi cs technol ogies, and thus to fully support vol une
renderi ng. The power of the Kubota parallel architecture enables
i nteractive volunme rendering. The capability for conbining vol une
rendering with geonetry-based rendering distinguishes the Kubota
system from nore specialized vol une rendering systens and
enhances its utility in nedical, seismc, and conputationa
science applications. To neet the nmmssive storage, processing,
and bandwi dth requirenments associated with vol une rendering, the
Kubota graphics architecture features a large off-screen frane
buffer nenory, the parallel processing power of up to 20 pixe
engi nes and 6 geonetric transform engi nes, and wi de,

hi gh- bandwi dt h data paths throughout.

| NTRODUCTI ON

The Kubota 3D i magi ng and graphics accel erator, which provides
advanced graphics for Digital's DEC 3000 AXP wor kst ati ons,
enabl es interactive volune rendering -- a capability that is

uni que among wor kstation-cl ass systens. This paper begins with a
di scussion of the rel ati ons between i magi ng, graphics, and vol une
renderi ng techni ques. Several sections then discuss the nature
and sources of volume data sets and the techni ques of vol une



renderi ng. The paper concludes with a description of how vol une
rendering is inplenmented on the Kubota accel erator

This paper is also intended as a tutorial on volume rendering for
readers who nmay not yet be familiar with its concepts and
term nol ogy. Followi ng the body of the paper, the Appendi x
reviews the basic ideas and term nol ogy of conputer graphics and
i mage processing, including digital inmges and geonetry-based
nodel s, that lead to the ideas of volune rendering. Readers may
wish to turn to the Appendi x before proceeding to the next

secti on.

GEOVETRY, PI XELS, AND VOXELS

Hi storically, conputer graphics and i mage processi ng have been
di stinct technol ogies, practiced by different people for

di fferent purposes. Graphics has found application in
conmput er - ai ded desi gn, engineering analysis, scientific data

vi sualization, comrercial film and video production. |nmage
processi ng has found application in renpote sensing for mlitary,
geophysi cal, and space science applications; nedical inmge

anal ysis; docunment storage and retrieval systens; and various
aspects of digital video.

There is a recent trend for these two approaches to conputer

i mgi ng to converge, and the Kubota 3D i nagi ng and graphics
accelerator is the forerunner of systens that enable the

combi nation of imgi ng and graphics technol ogi es. Users of either
of the technol ogies increasingly find uses for the other as well
One result of this synergismin the combi nation of conputer
graphi cs and i mage processing is the advent of volune

vi suali zati on and vol ume rendering nmethods, i.e., the production
of inmages based on voxels.

The idea of the voxel -based approach is a natural generalization
of the idea of pixels -- digital picture elenments; voxels sinply
add anot her dinmension. (See Figure 1 and Figure 2.) But
voxel - based nethods are slow to be adopted because their
performance requirenents are massive, in terns of processing
power, storage, and bandwi dth. The performance and capacity
requi renents of the voxel methods are indicative of the genera
fact that the size of the problemincreases in proportion to the
cube of the resolution. A two-dinensional (2-D) inage with n

pi xel s on a side has n2 pixels, whereas a three-di nensi ona

(3-D) volunme data set with n voxels on a side has n3® voxels. If
the typical mninmumuseful |inear resolution in an imging
application is 100, then a volunme data set will have at |east 100
times the data of a digital imge.

[Figure 1 (Two-di nensional Pixels) is not available in ASCl
format. ]

[Figure 2 (Three-di nensional Voxels) is not available in ASCl



format. ]

The Kubota accelerator is an inmagi ng and conputer graphics
system That is, it contains hardware and firmvare support both
for producing i mages from geonetry-based nodels and for

accel erating certain fundanental inmage processing functions. As a
graphics system the Kubota accel erator produces raster inages
from3-D geonetric nodels. It offers hardware support for the
graphi cs pipeline, including geonetry processing, lighting

conmput ation, shading interpol ations, depth buffering,
rasterization, and high-quality rendering features such as
antialiasing, texture mapping, and transparency. As an inmage
processi ng system the Kubota accel erator includes hardware
support for basic imge processing functions, such as pixel block
transfers, inmage zoonming and rotating, imge conpositing, and
filtering. Some of these |low1|evel inmage processing functions are
used in the graphics pipeline and for advanced features such as
antialiasing and texture mapping.

Vol unetric rendering nmethods share certain features with both
conmput er graphics and i magi ng. Common to vol une rendering and
graphics are the mathematical transformations of view ng and
projection, as well as the surface shadi ng nmet hods when the

vol une rendering nethod is isosurface rendering. Common to vol une
rendering and i nage processing are the resanpling and filtering
operations, which are even nore costly than in inmage processing
because of the additional dinension. It is not surprising that a
system that inplenments both i magi ng and graphics functionality is
al so anenabl e to vol unme rendering.

Li ke 3-D geonetry-based graphics techni ques, volunme rendering
techni ques help the user gain understanding of a 3-D world by
means of immges, that is, projections to the 2-D view ng pl ane.
As in geonetry-based graphics, one of the nobst effective nmeans of
hel pi ng the viewer understand a 3-D arrangenent through 2-D
imges is to provide interactive control over the view ng
paraneters, i.e., the 3-D position and orientation of the subject
relative to the viewer.

In volunme rendering, other visualization paranmeters beyond the
vi ewi ng paraneters need interactive control. For exanple, the
exploration of volume data is greatly facilitated by interactive
control of the position and orientation of section planes, of

i sosurface | evel paraneters, and of sanpling frequencies.

Therefore, volunme rendering nmethods are nost useful when they are
feasible in interactive time. Wen the viewer turns a dial, the
rendered i mage shoul d be updated wi thout noticeable delay. The
upper limt on the response tine inplied by the interactive
control requirenment and the lower lint on problemsize inplied
by the requirenments of usable resolution conbine to set extrene
performance thresholds for practical volunme rendering systens.
The Kubota 3D i magi ng and graphics accelerator is able to neet

t hese performance denmands because it has a | arge i mage nmenory,



power ful parallel processing elenents, and hi gh-speed data paths
t hat connect these conponents.

VOLUME DATA SETS

After briefly defining a volune data set, this section describes
three application areas that are sources of volune data sets.

Vol une Data Set Definition

A volune data set, also called volunetric data, is a
generalization to 3-D space of the concept of a digital inage. A
vol une data set contains sanple values associated with the points
of a regular grid in a 3-D space. Each el enment of a volunme data
set is called a voxel, anal ogous to a pixel, which represents an
el enent of a 2-D digital inmage. Just as we sonetines think of

pi xel s as small rectangular areas of an inmage, it nmakes sense to
think of voxels as small volune el enents of a 3-D space.

Vol ume Data Sets in Medical |maging

Because the real world has three spatial dinmensions, virtually
any application area that produces ordinary i mage data can al so
be a source of volune data sets. For exanple, in nedical conputed
t omogr aphy (CT) inmagi ng, when the 3-D structure of an organ is
being studied, it is conmon to take a series of CT exposures
through a set of parallel planar slices. These data slices
represent a sanpling of the underlying tissue (of sone
predeterm ned thickness) and can be stacked up to produce a

vol une data set. Magnetic resonance imaging (MRl), ultrasound

i magi ng, and the positron em ssion tonography (PET) and

si ngl e- phot on em ssion conmput ed tonmography (SPECT) scan net hods
of nuclear nedicine all can sinmilarly produce volune data sets.

Vol unme Data Sets in Seismc Exploration

Anot her inportant application area that gives rise to massive

vol une data sets is seismic exploration for petroleum and mnera
resources. In seismc exploration, an acoustic energy source
(usually a dynanmite charge or a nechanical vibrator) radi ates

el astic waves into the earth fromthe surface. Receivers on the
surface detect acoustic energy reflected from geol ogic interfaces
within the earth. The data gathered at each receiver is a tine
series, giving the acoustic wave anplitude as a function of tine.
A single pulse fromthe source yields a tinme series of pulses at
each receiver. The anplitude of a reflected pul se carries

i nformati on about the nature of the rock |layers neeting at the
interface, and its arrival tinme is directly related to the
interface's depth in the earth. The receivers are generally

pl aced on a regular 2-D grid on the surface. There may be nore



than a thousand receivers involved in a single seisnic
experinment. There may be hundreds of strata in the vertica
direction that contribute pulses to the reflected signals, so the
time-sanpling resolution nmust also be nmeasured in the hundreds or
nore. Thus, the seismic data conprises a |large volune data set in
whi ch the val ue of each voxel is an acoustic anplitude, and the
voxel array has two horizontal spatial dinensions and one
vertical time dinmension. The tine dinmension is directly related
to depth in the earth. The relationship is not sinple, however,
because the acoustic wave velocity varies substantially from
stratumto stratum In fact, determnination of the depth-tine
relationship is one initial objective of the interpretation
activity.

The ultimte objective of the seismic interpreter is to |ocate
the regions nost likely to contain oil and gas deposits. These
deposits occur only in porous perneable rock that is conpletely
surrounded by inperneable rock. The strata are approxi mtely

hori zontal, but slight tilting fromthe horizontal (called dip)
and strata discontinuities caused by faults are extrenely

i mportant clues for locating the regions where petrol eum deposits
may be trapped.

Proper interpretation of seismic data is not transparent; it
requires trained specialists. Because the data for each seismc
study can be so nmssive, interpreters have always relied heavily
on graphical nmethods. For a long tinme, the conventional graphica
nmet hods have used | ong paper strip charts, each recordi ng perhaps
hundreds of parallel traces. Interactive workstations that use
2-D graphics and i magi ng net hods have begun to be adopted in the
seismc interpretation industry. The application of vol une
rendering methods is not yet w despread in seismc
interpretation, but the advent of the Kubota accelerator, with
its volume rendering capability, should stinmulate the devel opnent
of such applications.

Vol unme Data Sets in Conputational Science

Vol une data sets also arise naturally as conputer-synthesized
data in conputational science. Three-dinensional fields are
quantities that are attached to all the points in defined regions
of 3-D space and generally vary frompoint to point and in tine.
The | aws of physics that govern the evolution of 3-D physica
fields are nost conmonly expressed in terns of partia
differential equations. The sinulations of conputational physics,
such as conputational fluid dynamics, stress and thermal studies
i n engi neering, quantum physics, and cosnol ogy, all study 3-D
fields nunmerically by sanpling themon finite sets of sanple
points. In many nunerical nethods, the sanple points are arranged
in regular grids or can be mapped to regular grids; thus, the
field sanples give rise to volune data sets.

Because the objects of study are continuous, there is no linmt to



the desired resolution or to the desired size of the volunme data
set. In practice, the grid resolutions are linmted by the
comput i ng power of the machines used to performthe nunerica
solution, typically superconputers for nost 3-D problens. Wth
today's superconputers, a single 3-D field sinulation my use
mllions of sanple points.

Ol reservoir simulation -- the nodeling of the flow and
evol ution of the contents of subterranean oil deposits as the oi
is extracted through wells -- is another exanple of conputationa

simulation. It also nakes use of superconputers, and it presents
the sane kind of 3-D data visualization problenms as conputationa
basi c sci ence.

The conputational scientist is absolutely dependent on graphica
vi suali zati on nmethods to explore, conprehend, and present the
results of superconputer sinulations. For three- (and higher)

di mensi onal work, npst superconputer visualization has depended
on geonetry-based tools, using nodel ed i sosurfaces, streamlines,
and vector advection techniques. Now, with hardware readily

avail abl e that allows interactive volune visualization, the use
of volune rendering nethods as a nmeans of exploring the |arge
data sets of computational science will grow

VOLUME RENDERI NG

Al though it is easy to understand the sources and significance of
vol une data sets, it is not as easy to determ ne the best way to
use a raster imaging systemto help the user visualize the data.
After all, the real inmages displayed on the screen and projected
onto the retinas of the eyes of the viewer are ordinary 2-D

i mges, made of pixels. These images necessarily involve the | oss
of sone 3-D information. So one objective of volune visualization
t echni ques should be to give the user 2-D inmges that comrunicate
as nmuch of the 3-D information as possible. As nentioned earlier,
interactive control over view ng paranmeters is an excellent neans
of conveying the 3-D information through 2-D i mages. Moreover,
some vol ume rendering applications require interactive control of
ot her paraneters, such as section planes, isosurface |evels, or
sanmpling frequencies, in order to allow the user to explore the
vol ume data set.

Vol ume rendering refers to any of several techniques for meking
2-D inmages fromthe data in volune data sets, nore or |ess
directly fromthe voxel data, respecting the voxels' spatia
relationships in all three dinensions. We include in the
definition certain methods that namke use of rendering surfaces
deternmined directly by the voxel data, such as interpolated

i sosurfaces. Forenost, volunme rendering nethods nake i mages from
the volune data that depend on the fully 3-D distribution of data
and that are not necessarily limted to a fixed set of planar
sections. The idea of volunme rendering is to nake images in which
each pixel reflects the values of one or nore voxels conbined in



ways that respect their arrangenent in 3-D space, with arbitrary
choice of the viewing direction and with control over the
sanmpl i ng function.

We can think of an ordinary X-ray inmage as the result of an
anal og vol une rendering technique. The X-ray image is a result of
the X-ray opacity throughout the exposed volunme of the subject.
The image density at any point of the inage is determ ned by the
subject's X-ray opacity integrated along the X-ray that cones to
that i mage point fromthe source. Thus, the information about how
the opacity is distributed along the ray is lost. This |oss of
information is in part responsible for the difficulty of
interpreting X-ray images. The radiol ogi st can make use of
several different 3-D exposures of the subject acquired in
different directions to help understand the 3-D situation. A
predeterm ned sanpling of views, however, cannot conpare with
true interactive view adjustnment as an aid to 3-D conprehension
Mor eover, the radiol ogist has no ability to vary the sanpling
function; it will always be the integral of the X-ray opacity

al ong the rays.

O course, the ordinary X-ray inmge does not provide us with a
vol ume data set, but we can obtain volume data sets fromCT

i magi ng, as previously described. The follow ng volunme rendering
net hods enabl e the user to explore the X-ray opacity using
arbitrary view ng paraneters or different sanpling functions.

The nmet hods described here, in analogy with the X-ray as an
anal og volune renderer, all use famlies of parallel rays cast
into the volune, usually one ray for each pixel in the displayed
i mage. In general, the volunme data set is resanpled along the
rays. The methods differ in the choice of the function that
deternines pixel color according to the sanple values along a
ray.

W t hout volune rendering, the radiologist nust treat this CT

vol une data set as a sequence of independent inage slices. To get
a 3-D picture of the X-ray opacity function, the radi ol ogi st nust
mentally integrate the separate i mages, which are presented
either sequentially or in an array of images on a display
surface. The particular viewing direction for an acquired inmge
sequence nmay not be optimal with respect to the real-world 3-D
anatonmi cal structures under study. Volune rendering provides the
remedy -- an ability to vary the viewpoint arbitrarily.

The Magni tude of the Vol une Rendering Problem

Vol une data sets tend to be very large, and their sizes increase
rapidly as the resolution increases. The nunber of voxels in a
vol une data set increases in proportion to the cube of the |inear
resolution; for exanple, a 100 x 100 x 100 grid contains 1
mllion points. A typical nmedical CT volune data set has 512 x
512 x 64 (i.e., 2**24) sanple points, or nore than 16 mllion



voxel s.

The | arge amount of volunme data inplies a need for massive
processi ng requirenments. For instance, all volunme rendering
techni ques i nvolve resanpling the volunme data at at |east as many
points as there are pixels in the rendered i nage. Sone of the
current volume rendering nmethods require nultiple sanplings of
the volune data for each pixel. Mnimzing the aliasing effects
of resanpling requires interpolation of values from voxels near
the sanple point. Trilinear interpolation, the sinplest

i nterpol ati on schenme that accounts for the variation of the data
in all three dinensions, requires accessing eight voxels and
perform ng about 14 additions and 7 nultiplications for each

poi nt. For sanpling on a single plane section of the volune, the
nunber of sanple points is proportional to n2, where n is the
typical resolution of the resulting inage. But for the vol une
renderi ng nmethods that involve tracing through the volune, such
as several of the methods described in this section, the nunber
of sanple points is proportional to n3, where n is the average
resol ution of the volunme data set.

The conbi ned requirenents of (1) high resolution to achieve
useful results, (2) trilinear interpolation for antialiasing, and
(3) interactive response tinme inply that adequate processing
power for volume rendering nmust be nmeasured in hundreds of
mllions of arithnetic operations per second. These operations
are either floating-point operations or fixed-point operations
wi t h subvoxel precision.

Menory access bandwi dth and the bandwi dth of the other data
comuni cation paths in the systemare further potential limts to
vol une rendering. The volunme data size, the amount of processing
needed for each volunme-rendered frame, the interpolation

requi renment of nultiple accesses to each voxel for each frane,
and the interactive requirenment of nmultiple franes per second al
contribute to massive requirenents for data path bandw dth.

Kubota's architectural features address all these requirenents.
The |l arge off-screen frame buffer nmenory acconmodates the | arge
vol une data sets. The highly parallel processing elenents, up to
20 pi xel engines and 6 geonetric transform engi nes, neet the
demands for processing power. The Kubota accel erator has wi de
data pat hs and hi gh bandwi dth t hroughout. The pixel engi nes have
short access paths and hi gh aggregate nmenory bandwi dth to the
voxel storage and i mage display nmenories. Wth these
architectural features, Kubota offers a |level of hardware
acceleration for volunme rendering that is unique in the

wor kst ati on worl d.

Combi ni ng Vol ume Renderi ng and CGeonetry-based Rendering

Most applications that produce volume data sets from sanpling
nmeasurenents al so i nvolve objects that are defined geonetrically.



Such applications can frequently make good use of a facility for
produci ng i mages using both kinds of initial data together. The
nost fam |iar exanples come fromthe area of nmedical inmaging, but
ot her areas are al so potential sources.

In some cases, the goal is to use the volune data to derive a
geonetric description of a scanned object (such as the surface of
an anatom cal organ or tunor) fromthe nedical inmge data that
provi des a voxel representation. Such an activity benefits from
checking the derivation of the geonmetry by rendering it (using
ordi nary geonetry rendering nethods) onto an inmage that also
directly displays the original volume data by neans of vol une

vi sual i zati on nethods.

In other cases, the 3-D scene contains geonetric objects defined
i ndependently of the scanned data. In the sinplest case, the
geonetric objects my be reference frames or fiducials, in the
formof planes or wire-frame boxes. A nore conplex exanple is the
design of a prosthesis, such as an artificial hip joint. The
prosthesis nust be built and machined to an exact fit with the
patient's skeletal structure. The bone geonetry is determn ned by
CT scans and presented as voxel data. The prosthesis is designed
and manuf actured usi ng CAD/ CAM et hods, which are geonetry based.
The fit of the prosthetic device can be verified visually in a

di spl ay systemthat conbines the rendered geonetry data fromthe
CAD systemwith the voxel data fromthe nmedical scanning system

Ot her nedical imaging applications that benefit from m xi ng
geonetry-based i magery with voxel -based i magery include surgica
pl anni ng and radi ati on treatnment planning. Information on the

di stribution of bones, blood vessels, and organs cones to the
surgeon in the formof volunme data sets fromone of the 3-D

medi cal i magi ng nodes, whereas, X-ray beam geonetries, surgica

i nstruments, fracture planes, and incision lines are all future
obj ects or events that are usually described geonetrically at the
pl anning stage. (See Figure 5 in the follow ng section for an
exanple fromradi ati on treatnent planning.)

Anmong the other application areas that comnbi ne vol ume rendering
and geonetry-based rendering techni ques are seismc data anal ysis
and industrial inspection and testing. In seismc data anal ysis,
the imagi ng and volune data from sonic experinments coexists with
geogr aphi c/t opographic data or well-log data that can be

descri bed geonetrically. In industrial inspection and testing,

di splaying the test inmage data together with an i nage rendered
fromthe geonetry-based CAD nodel of a part may aid in inproving
the quality of the part.

As shown in the follow ng section, the Kubota accel erator

subsystem i s capabl e of supporting sinultaneous presentation and
nmer gi ng of vol une-rendered and geonetry-based i magery.

VOLUME RENDERI NG TECHNI QUES



This section describes the four volunme rendering nethods that
have been i npl enented on the Kubota accel erator hardware: (1)

mul ti pl anar reformatting, (2) isosurface rendering, (3) mexinmm
intensity projection, and (4) ray sum These nethods, which
constitute an inportant subset of the volunme rendering techni ques
currently in use, all enploy the technique of casting a bundle of
parallel rays into the volunme and then resanpling the volunme data
along the rays. Figure 3 illustrates the ray casting for a single
ray. The figure shows

o] A virtual view plane (or virtual screen), which appears
ruled into pixels as it will be mapped to the display
surface

o] The vol une data set, which is oriented arbitrarily (with
respect to the view plane) and ruled to indicate voxels

o] A single ray, which projects fromone of the pixels and
intersects the vol ume box

o] Sanpl e volune data points along the ray

[Figure 3 (Ray Casting for Volume Rendering) is not available in
ASClI | format.]

For clarity, Figure 3 shows the pixel and voxel resolutions and
the sanple point density much | ower than they are in actua
practice, which is typically an order of magnitude higher. Also,
al t hough each pixel in the view plane has an associated ray, the
figure illustrates only one ray of the parallel bundle.

The sanple points generally do not coincide with voxel positions,
so the sanple values nmust be estimated fromthe val ues of the
near by voxels. The sinplest sanpling nmethod uses the val ue of the
nearest voxel for each sanple point. To obtain better accuracy
and to avoid unwanted artifacts, however, the sanple val ue should
be obtained by interpolating fromnearby voxels. The

i nterpol ation nmust be at least linear (in terns of the al gebraic
degree) but should also respect all three spatial dinmensions. The
standard voxel sanpling nmethod uses trilinear interpolation,

whi ch conputes each sanple value as a blend of the eight voxels
at the corners of a cube that contains the sanple point.

The color (or gray level) used to display the pixel depends on
the vol une data val ues sanpled along the ray. The set of sanple
poi nts and how t he sanpl ed val ues determ ne the pixel color
define the volume rendering nethod. Each pixel in the inmage has
an associated ray for which the sanpling operation nust be
per f or med.

Mul ti pl anar Reformatting



One of the nost direct nmeans of giving the user views of volune
data is through multiplanar reformatting. This nethod consists of
di spl ayi ng the volume data on one or nore specified plane
sections through the volume that do not need to be perpendicul ar
to the viewing direction. As described previously, a bundle of
rays, with one ray for each pixel in the inmage and all rays
parallel to the viewing direction, is cast into the volume. Each
ray has sanple points where it intersects the specified section
pl anes. A sanple value determ nes the pixel color according to a
defined color map. When there are nultiple section planes, a
dept h buffer determ nes which section plane defines the col or of
each pi xel

Mul tiplanar reformatting is nost effective when the user has
interactive control over the section planes. Although sonme users
may want to be able to change both the position and the
orientation of the section plane, the interactive variation can
be better understood if only one paranmeter is varied, usually the
position of the section plane along a |ine perpendicular to it.

Mul ti pl anar reformatting can be conbi ned advant ageously with

i sosurface rendering and with geometry-based surface rendering.
Figure 4 displays an exanple of nultiplanar reformatting together
with isosurface rendering.

[Figure 4 (Isosurface Rendering with Miltiplanar Reformatting)
Thi s photograph is not available in ASCI| fornmat.]

| sosurface Rendering

For a scalar field in 3-D space, the set of points on which the
field value is a particular constant is called an isosurface or a
| evel surface. A traditional method of visualizing a scalar field
in 3-D space is to draw or display one or nore isosurfaces using
the rendering nethods of geometry-based graphics. A volune data
set represents a sanpling of a scalar field. This set can be used
to render the field s isosurfaces directly by a volune rendering
nmet hod that resanples along rays projected fromthe virtual view
pl ane.

The isosurface rendering nmethod can be particularly effective
when the object volume has sharp transitions where the field

val ue changes rapidly in a small region, such as the interface
bet ween soft tissue and bone in a CT data set. Choosing the |eve
val ue anywhere between the typical small opacity value of the
soft tissue and the typical |arge opacity value of the bone
produces an isosurface that is an accurate nodel of the actua
surface of the bone. Choosing the |evel value between the very

| ow opacity value of the air and the higher opacity value of the
skin produces an isosurface that corresponds to the surface of

t he skin.

Kubota's isosurface rendering techni que determ nes the visible



i sosurface by a depth buffer nmethod. For each pixel in the inmage,
the depth buffer records the estimted depth in the scene where
the ray through the pixel first crosses the isosurface |eve

val ue. Accurate determ nation of the threshold depth requires
sanpling each ray at many nore points than with rultipl anar
reformatting. (The nultiplanar reformatti ng nethod requires each
ray to be sanpled only at the relatively few points of
intersection with the specified section planes.) |sosurface
rendering is a truly 3-D sanpling conputation.

Once determ ned, the surface representation in the depth buffer
nmust be shaded for display. That is, colors nust be assigned to
all the pixels in a way that nmakes the surface topography evident
to the viewer. The Kubota inplenentation uses a sinple lighting
nodel for the surface reflectance, nanely, the standard nodel for
di ffuse reflection known as Lanbert's |aw. The controlling
paranmeter of the lighting conputation is the surface nornal
vector, which specifies the orientation in space of the surface
at a given point. The nornmal vector is sinply related to the
gradi ent of the depth function, which can be estimted
nunmerically by differencing the depth val ues of nei ghboring

pi xel s in both principal directions.

As a further aid to visualizing the shape of the isosurface in
3-D space, the nmethod can apply a depth-cueing interpolation to
the final pixel colors. For each pixel, the color determnined by
the shading is blended with a fixed depth-cue color (typically

t he background color), with the proportions of the blend
dependent on the depth of the surface point in the scene. This

i nterpol ation sinulates the general fact that nore distant

obj ects appear dimer and thus can add 3-Dintelligibility to the
i mage.

I sosurface rendering can be conmbined with nultiplanar
reformatting by using a depth buffer to control the merging of
the two i mages. An effective application of this capability to CT
or MR data is to use isosurface rendering to display the outer
surface (skin) and a nmoving section plane to display the interior
data. The intersection of the section plane with the skin surface
provi des a good reference frame for the section data. Figure 4
shows an exanple of such an inmage. Note that in this imge, the
pi xel val ue shown at each position conmes fromthe surface further
fromthe viewer, whereas the usual depth conparison used in
geonet ry-based renderi ng shows the pixel value fromthe nearer
surf ace.

Vol unetric isosurface rendering and nultiplanar reformatti ng can
al so be conmbined with geonetry-based rendering using the depth
buffer to merge the inage data. Figure 5 shows an exanpl e

rel evant to radiation treatment planning. The surface of the head
and the plane section are produced by vol ume rendering nethods
applied to a CT volune data set. The surface with several | obes
is a radiation dosage isosurface described geonetrically on the
basis of the source geonetry.



[Figure 5 (Volunetric Rendering Conbined with Geonetry-based
Renderi ng) This photograph is not available in ASCII format.]

Maxi mum I ntensity Projection

In maxi mumintensity projection, the color of each pixel is
assigned according to the nmaxi num of the voxel values found al ong
its ray. This type of volune rendering is nost useful in
generating angi ogranms (or projection maps of the human

vascul ature) from MRl data sets. Special MR acquisitions are
performed in which the signal fromflow ng blood (or fromthe
hydrogen nuclei in the flowing blood) is nore intense than that
fromthe surrounding tissue.

To | ocate the maxi num val ue, each ray nust be sanpled at nmany
points along its entire intersection with the voxel volume. Thus,
maxi mum i ntensity projection is also a truly 3-D resanpling
conputation that requires Kubota's parallel processing
capability. To be at |east as accurate as the original volune
data set, the sanpling frequency should be conparable to the
voxel resolution. If the sanpling frequency is much smaller
there is a risk of large error in identifying and estinmating the
maxi mum val ue. On the other hand, using a sanpling frequency that
is much higher than the voxel resolution considerably increases
the cost of the nethod and yields little benefit.

Ray Sum

In ray sum processing, rays are cast into a volune froma
user-specified orientation, and intensities are accunul ated from
i nterpol ated sanples along the ray. The projected i mage produced
by ray sumis the digital equivalent of an X-ray inmage generated
froma volunme of CT data. The ray sumtechnique pernits an

anal yst to generate an X-ray-like imge along an arbitrary
direction for which directly obtained X-rays cannot produce a

hi gh-quality imge. For instance, X-rays projected along a
direction parallel to the spinal colum of a human generally
produce i mages of limted diagnostic val ue because too much
matter is traversed between em ssion and absorption. CGenerating a
ray sum operation on a reduced CT volune that contains only the
tissue of interest results in a high-quality, clear inmge of the
ti ssue structure.

KUBOTA VOLUME RENDERI NG | MPLEMENTATI ON

The Kubota 3D i magi ng and graphi cs accel erator offers uni que
capabilities for hardware support of interactive volune

vi suali zation techniques in a general graphics workstation
context. It is the first systemon a desktop scale to provide
useful volune rendering in interactive tinme. Mreover, the Kubota



accel erator is unique anong specialized volume rendering systens
inits capability for conbining volune rendering and
geonetry-based rendering to produce i mages. (See the Denal

Techni cal Overview for nmore details on the rendering process and
the architecture of the Kubota 3D i magi ng and graphics

accel erator.)[1]

The power of the Kubota accel erator for volume rendering stens
from

o] A large off-screen frame buffer nmenory, which is used for
vol une data storage in volune rendering

o] The parallel processing power of the pixel engines (PEs)
and the transform engi nes (TEs)

o] Hi gh- bandwi dt h data paths throughout

In particular, the short, wi de data paths that connect the PEs to
the large local nenory on the frane buffer nodules (FBMs) are

i mportant in enabling the resanpling and interpolation of the
voxel values, which is the npst costly part of volunme rendering.

The vol une rendering inplementation on the Kubota accel erator
uses sone of the sane architectural elenments that support the

hi gh-quality geonetry rendering features. The resanpling and

i nterpol ation functionality is simlar to the support for 3-D
texture mapping. Sorme vol une rendering operations also use the
geonetry processing functionality of the TEs and the scanning and
incremental interpolation functionality of the linear eval uator
arrays on the TE nodul es. Several nethods use depth nmerging to
combi ne planar sections or to conbine volume rendering with
geonetry rendering. The inplenentation of these nmethods exploits
the depth-buffering and depth-conpare features of the FBMs and

t he PEs.

Menory Usage and Vol une Tiling

Vol unme rendering requires fast nenory to handl e the vol une data
set and the displayed imge. Al the nethods discussed in this
paper also require fast nmenmory for internediate results,
principally the projected subi mges conputed in the first stage
(described later in this section). The nmethods that use depth
nmerging also require a fast depth buffer. The volune data set
itself, the internediate results, and the depth buffer all use
the off-screen frane buffer menory (dynam ¢ random access nenory
[DRAM) in the FBM draw buffers. The displayed i nage, which is
the end result of the volunme rendering operations, resides in the
on-screen frame buffer menory (video random access nenory [ VRAM)
in the FBM di splay buffer, which is used to refresh the display.

The Kubota accel erator offers two draw buffer nmenory
configurations: 2M bytes (MB) per FBM and 4MB per FBM There can



be 5, 10, or 20 FBMs. Thus, the nenory avail able for vol une data,
intermedi ate results, and depth buffer can range from 10MB to
80MB. As a rule of thunb, about half this nmenory can be used for
the volunme data set, and half is needed for intermediate results
and depth buffer. Therefore, the |argest configuration has 40VB
of fast nmenory for volume data -- enough to store the volunme data
sets of a wide range of potential applications.

Of course, the volume data nmust be distributed anmong the FBMs.
To benefit fromthe Kubota architectural features, the volune
nmust be partitioned so that npost of the data flow in trilinear
interpolation is within FBMs rather than between them Trilinear
interpolation is a local 3-D operation, that is, its conputation
i nvol ves conbi ning data from each voxel with its neighbors in al
three di nensions. Therefore, the volune data nmust be partitioned
into approxi mately cubical, contiguous 3-D subvol unes.

The storage and accessing of the subvol unmes use the sane
nmechani snms as the 3-D texture-mapping capabilities. In the

t ext ure- mappi ng case, each FBM contains a copy of the sane
texture, which can have 64 x 64 x 64 four-byte texture el enents.
For volume rendering, however, each FBM contains a different
subvol ume of the volunme data set being rendered. Moreover, the
Kubota vol une rendering inplementation treats only singl e-channe
vol une data, which can have either 1 or 2 bytes per channel
Therefore, each 64 x 64 x 64 block of 4-byte texture el enents can
store four 64 x 64 x 64 bl ocks of single-precision volunme data or
two 64 x 64 x 64 bl ocks of doubl e-precision volume data. Thus, an
FBM wi th 4MB of DRAM can have ei ght 64 x 64 x 64 single-precision
bl ocks or four 64 x 64 x 64 doubl e-precision bl ocks.

VWhen the volune data set is snmaller than the nmaxi numthat the
configuration supports, the subvolunme bl ocks are snealler than
64 X 64 x 64 and renmmin geonetrically congruent and evenly
distributed anong the FBMs to nmaintain full parallelism

To preserve locality at the edges of the subvol unes, the

subvol unme bl ocks are not conpletely disjoint; adjacent bl ocks
overlap by one voxel slice. Because of the overlap and another
constraint related to the way FBMs are grouped by scan line, the
maxi mum si ze of the volume data that can be accommpdated is
slightly less than 4 x 643 bytes per FBM A maxi mal Kubot a

accel erator configuration, with 80MB of draw buffers, can
accomodat e singl e-precision volunme data sets up to 256 x 256 x
505 or 512 x 512 x 127 and doubl e-precision sets up to 256 x 256
x 253 or 512 x 512 x 64. O course, configurations with fewer
FBMs or snaller draw buffers accommodate proportionally smaller
maxi mum vol ume data set sizes. In a single interactive study
session, the volune data set needs to be downl oaded to the FBMs
and partitioned into subvol unes only once. The set nay be
rendered many tinmes under the control of an interactive user who
is varying view ng direction, sanpling frequency, rendering

nmet hod, and ot her paraneters.



Kubot a Vol une Rendering Stages

The fundanmental operation on which all the Kubota vol une
rendering operations are based is the resanpling and

i nterpol ation of the volume data on parallel projected rays, as
illustrated in Figure 3. In the Kubota inplenentation, the PEs
work in parallel, each on the sanple points within the subvol une
stored on its local FBM Thus, the unit for parallel processing
is the subvolunme. Several different sanple points of a single
ray, lying in different subvol unmes, nay be conputed

si mul t aneousl y.

Each PE produces a projected subi mage according to the vol une
rendering method in use, based on the PE' s |local subvolunme. This
subimage is also stored on the |local FBM Data packets from one
TE control the processing, but the great volune of data traffic
is all within FBMs.

For each conputed sanple point on a projection ray, the PE
updat es the correspondi ng pi xel of the subinmge in a way that
depends on the volume rendering nethod used. For isosurface
rendering, the subinage is a depth buffer, which is updated
subject to a depth conparison if the sanple val ue exceeds the
speci fied isosurface threshold value. For maxi mumintensity

proj ection, the subimge is a voxel -value buffer, which is
updat ed subject to a voxel -val ue compari son. For rmultiplanar
reformatting, the update al so consists of updating a voxel -val ue
buffer, subject to a depth compari son. For ray sum the subi mage
is an accumul ati on of voxel values nmultiplied by a constant.

The result of the parallel projection stage is a set of subinage
tiles in the FBM draw buffers, with each tile representing a part
of the projected i mage of the whole volume data set. O course,
the different inmage tiles represent overlapping portions of the

i mge in screen space and are not yet stored with correctly

i nterl eaved addresses. The next vol une rendering stage reconbines
the subimge tiles to formthe whole i mage and redistributes the
pi xel s correctly to the interl eaved addresses. The reconbi nation
stage invol ves reading back the tiled subimge data to the TE
nodul es, scan line by scan line, and then witing the data back
to the FBMs. The wite-back operation applies value conparison in
each renderi ng node.

Further processing stages are possible. The projected i mage
resolution that deternmi ned two di mensi ons of the sanpling
frequency in the projection stage may not correspond to the
desired screen i mage size. Thus, the next stage might be a 2-D
zoom operation to produce an inage of the desired size. This
stage is inplenented in TE nodul e code with input coming fromthe
stored i mage of the reconbinati on stage. The 2-D zoom can use
poi nt sanpling or bilinear interpolation, depending on the
sanpl i ng chosen for the projection stage.



The isosurface rendering nmethod requires a shadi ng stage that

i nvol ves anot her read-back cycle. This cycle conmputes the nornal
vectors by differencing the depth values and applies the

dept h-gradi ent shadi ng and the depth cueing interpolations. This
shadi ng stage uses the ordinary geonetry-based renderi ng support
provi ded by the TE nodul es.

Finally, a further image nmergi ng stage may be used to conbine the
rendered isosurface with an i mage produced by nul tipl anar
reformatting, using depth conparisons. To show a slice through a
vol une bounded by an isosurface, the depth conpari son nay show
the pixel fromthe deeper surface rather than fromthe nearer
surface, as is usually the case in geonetry-based rendering.

All stages subsequent to the projection stage involve 2-D
conmput ations and so represent a small anmount of conputationa
work relative to the massive conputation of the 3-D projection
st age.

Per f ormance and Speed/ Resol uti on Trade-offs

A neani ngful |ow1|evel volune rendering performance netric is
trilinear interpolations per second (TRIPS). Mst of the

conmput ational work in the expensive projection stage is for
performing trilinear interpolations. The neasured performance of
t he Kubota accelerator in this nmetric on 8-bit voxel data is
600, 000 TRIPS per PE. As expected, this metric scales linearly
with the nunmber of PEs, so a 20-FBM configuration can achieve 12
mllion TRIPS. The correspondi ng neasured performance on 16-bit
voxel data is 475,000 TRIPS per PE. A 20-FBM configuration can
achieve 9.5 mllion TRIPS.

Currently, there are no recogni zed benchmarks to use as

hi gh-1evel volune rendering performnce netrics. Practical tests
can be expressed in ternms of the size of the volune data sets
that can be rendered with good interactive frame rates. O
course, the rendering speed depends strongly on the rendering
paraneters that affect quality, particularly the 3-D sanpling
frequency.

The ability to interactively change the rendering paraneters
abets the interactive use. For exanple, a considerable amunt of
the interaction typically consists of rotating the volunme node
about one or nore axes (with respect to the view direction) and
then stopping in a particular position to carefully exanine the

i mage. An application can set the sanpling frequency to a coarser
value (e.g., 10 franes per second) while rotating to get snooth
nmotion with | ess accurate images, and then rerender the data with
a finer sanpling frequency to show a nore accurate inmage when the
user stops in the desired position.

Software Interface



The fundanmental firmwvare routines that inplenment the Kubota

vol une rendering capability are accessible through an application
programm ng i nterface. This interface permts users to perform
vol une rendering in a wi ndows environnent |ike the X W ndow
System The interface includes routines to nanage i nage nmenory
for volune rendering, to downl oad and mani pul ate vol unme data
sets, and to produce screen imges by the volume rendering

nmet hods di scussed in this paper -- all while efficiently
exploiting the parallel processing capabilities of the Kubota
accel erator.

APPENDI X:  CONCEPTUAL REVI EW

The application of conputing systens and conputational methods to
produce and mani pul ate i mages and pictures has historically

i nvolved two different kinds of data structures: geonetry-based
nodel s and digital inmges. The body of this paper concerns a
third kind of data structure, the volune data set, which has nore
recently becone inportant in imging applications. This Appendi x
seeks to clarify the natures of digital inages and geonetry-based
nodel s as a basis for the discussion of their roles in volunme
rendering. It reviews the principal concepts, data structures,
and operations of conputer graphics and i mage processing. The
reviewis intended for the interested reader who may not be wel
versed in the subject. It is also intended to clarify for al
readers the neanings of the ternms used in the paper

Pi xel s, Digital |nages, and | mage Processing

A digital imge is sinply a two-dinmensional (2-D) array of data
el enments that represent color values or gray values taken at a
set of sanple points laid out on a regular grid over a pl ane
area. The data elenents of a digital image are conmonly call ed

pi xel s, a contraction of "picture elenments." A digital image can
be obtained by scanning and sanpling a real imge, such as a

phot ograph, or by capturing and digitizing a real-time 2-D
signal, such as the output of a video canera. A digital image can
be di spl ayed on a raster output device. The raster device npst
commonly used in interactive work is a cathode-ray tube (CRT).
The CRT is refreshed by repeated scanning in a uniform pattern of
parallel scan lines (the raster), nodulated by the information in
a digital image contained in a frame buffer menory. Such a
display will be a nore-or-less faithful copy of the origina

i mmge dependi ng on the values of two paranmeters: the resolution
or sanpling frequency and the pixel depth, which is the precision
with which the pixel values are quantized in the digita
representation. In the context of a raster display, the pixels
are regarded as representing snmall rectangul ar areas of the

i mage, rather than as mathematical points without extent.

| mage processing involves the mani pul ati on of digital inmages



produced fromreal inmages, e.g., photographs and other scanned

i mage data. |nage processing applications may have severa

di fferent kinds of objectives. One set of objectives concerns

i mage enhancenent, i.e., producing inmages that are in sonme sense
better or nore useful than the images that come fromthe scanning
har dwar e

Sone i mage processing applications, which can be characterized as
i mmge understandi ng, have the objective of extracting fromthe

pi xel data higher-level information about what makes up the

i mge. The sinplest of these applications classify the pixels in
an i mage according to the pixel values. Mrre sophisticated i mage
under st andi ng applications can include detection and
classification of the objects, for exanple, in ternms of their
geonetry. The term conputer vision is also used for inage
under st andi ng applications that strive for automati c extraction
of high-level information fromdigital inages.

Geonet ry-based Model s and Conputer G aphics

Geonetry-based nodel s are data structures that incorporate
descriptions of objects and scenes in terns of geonetric
properties, e.g., shape, size, position, and orientation. The
term comput er graphics generally refers to the activity of

synt hesi zi ng pictures from geonetry-based nodel s. The process of
synthesi zing pictures fromnodels is called rendering.

The fundanmental elenments of the geonetry-based nodels (frequently
called primtives) are nmathematical abstractions -- typically

poi nts, lines, curves, polygons, and other surfaces. The graphics
application usually defines certain objects made fromprinitives
and assenbles the objects into scenes to be rendered. Usually,
the geometry-based nodel s used in graphics contain additiona

data that describes graphical attributes and physical properties
beyond the geonetry of the displayed objects. Exanples of these
attri butes and properties are surface col or, the placenent and
colors of light sources, and the paraneters that characterize how
materials interact with |ight.

Applications use geonetry-based nodel s for purposes beyond
produci ng graphics. Mdels are essential for analytical studies
of objects, such as determ nation of structural or thernal
properties, and for supporting automated manufacturing by
conmput er-control |l ed nmachi ne tools.

In earlier eras, instead of raster devices, conputer graphics
systens used so-called stroke or vector graphics output devices.
These devices were directly driven by geonetric descriptions of
pi ctures, rather than by digital inmges. The nost famliar vector
systenms were the pen plotter and the CRT display operated in a
calligraphic rather than a raster node. Such stroke devices were
driven by data structures called display |ists, which were the
forerunner of today's sophisticated three-dinmensional (3-D)



geonet ry- based nodel s.

Digital Imges and Geonetry-based Mdel s

We normally think of a digital imge as a data structure that is
of a |ower level than a geonetry-based nodel because the data
contains no explicit information about the geometry, the physica
nature, or the organization of the objects that may be pictured.
The data tells how the colors or gray values are distributed over
the plane of the inage but not how the color distribution my
have been produced by light reflected from objects. On the other
hand, the digital inage is a nore generally applicable data
structure than the geonetry-based nodel and therefore may be used
in applications that have no defined geonetric objects.

Hi storically, inmage processing and geonetry-based conputer
graphi cs have been distinct activities, perfornmed by different
peopl e using different software and specialized hardware for

di fferent purposes. Recently, however, beginning with the advent
of raster graphics systens, the distinction has beconme blurred as
each discipline adopts techni ques of the other

For exanple, high-quality conputer graphics uses inmage processing
techni ques in texture mappi ng, which conbines digital inmages of
textures with geonetric surface descriptions to produce nore
realistic-1ooking or nore interesting i mages of a surface. A good
exanpl e of texture mapping is the application of a scanned inmge
of a wood grain to a geonetrically described surface to produce a
pi cture of a wooden object. Because of its fine-scale detail
geonetric nmodeling of the wood grain is inpractical. Mre
general ly, one major problem of raster graphics is aliasing,
which is the appearance of unwanted artifacts due to the finite
sanpling frequency in the raster. Some techni ques now used in
raster graphics to aneliorate the effects of aliasing artifacts
are borrowed fromimnmage processing.

Conversely, the image understandi ng applications of inage
processing involve the derivation of geonetric nodel information
fromgiven images. In other inmaging application areas, one has
information at the level of a geometric nodel for the same system
that produced the imge data, and there is naturally an interest
in displaying the geonetric nodeling i nfornmation and the inmaging
information in a single display. Thus, for exanple, a renote
sensing application nmay want to combi ne earth images from
satellite-borne scanning devices with geographic map draw ngs,
whi ch are based on geonetrical descriptions of natural and
political boundaries.

Di mensi onality and Projection

The digital image is intrinsically 2-D because real inmges, even
before the sanpling that produces digital images, are all 2-D



That is, they have only two di nensi ons of extent, whether they
exi st on sheets of paper, on photographic film on workstation
screens, or on the retinas of our eyes. (True 3-D inmges exist in
the form of hol ograms, but these are not yet generally avail able
as conputer output devices, so we do not consider themfurther in
this paper.)

In sonme application areas, such as integrated-circuit design
many geonetry-based nodels may be strictly 2-D. But since the
world is 3-D, many engi neering and scientific application areas
today use 3-D geonetry-based nodels. In these nodels, the points,
lines, curves, and surfaces are all defined in a 3-D nodel space.
Al t hough lines and curves have one di nensi on of extent and
surfaces have two di nensions of extent, in a 3-D application
these figures all lie in an anbient 3-D space, not all contained
in any single plane in the nodel space.

Hence, all 3-D visualization techniques, whether based on
geonetric nmodel s or based on the volune data sets discussed in
this paper, use sone kind of projection mapping fromthe 3-D
nodel space to a 2-D view plane. The sinplest kind of view ng
projection, the one nost frequently used in engineering graphics
and in the volume rendering inplenmentations described in this
paper, is called orthographic projection. This projection is
along a famly of parallel lines to a plane that is perpendicul ar
to all of them (see Figure 3). The common direction of the famly
of parallel projection lines is called the view ng direction

The fact that the viewed i mages are 2-D poses a basic probl em of
3-D graphics: How do you convey to the viewer a sense of the 3-D
worl d by nmeans of viewing 2-D inages? An extrenely inportant
technique for solving this problemis to give the viewer
interactive control over the viewi ng projection. The ability to
change the viewpoint and viewing direction at will is a great aid
to understanding the 3-D situation fromthe projected 2-D i nmage,
whet her the imge is produced by rendering from 3-D geonetric
nodel s or by the volune rendering techni ques discussed in this
paper.

Vi sual i zation by Pixels and Voxel s

The power of raster systems to display digital inmages vastly

i ncreases when we recogni ze certain aspects of data

vi sualization. W can nmeke digital imges fromdata that are not
intrinsically visual or optical and that do not originate from
scanning real visible imges or fromrendering geonetrica
surfaces by using illunm nation and shadi ng nodels. W can displ ay
virtually any 2-D spatial distribution of data by sanpling it on
a regular 2-D grid and mappi ng the sanpl ed values to gray-scale
val ues or colors. By viewi ng the displayed i nage, a viewer can
gain insight into and understandi ng of the content of the 2-D
data distribution. The term pseudocolor is used frequently to
mean using colors to give visual representation to other kinds of



data that have no intrinsic significance as color. This approach
to data visualization provides a powerful tool for assimilating
and interpreting 2-D spatially distributed data, in nmuch the sane
way as geonetry-based graphics have for centuries provided a
power ful tool, graphing, for visualizing quantitative
relationships in all realnms of analytical science.

The nost familiar exanples of image renditions of data that are
not intrinsically inage data come from nmedical imaging. In
ordinary X-ray imging, real inmages are fornmed by exposing
photographic filmto X-radiati on passi ng through the subject.
However, the newer nedical imaging nodalities, such as CT
scanni ng, MRI, and ultrasound, and the techni ques of nucl ear
medi ci ne (PET and SPECT) use various kinds of instrumentation to
gat her nonvi sual data distributed over plane regions. These
procedures then use conputer processing to cast the data into the
formof digital imges that can be displayed in pseudocol or (or
pseudo gray scale) for viewing by the nedical practitioner or
researcher.

Many ot her exanpl es of data visualization by pixels abound. For
exanple, in satellite-borne rennte sensing of the Earth's
surface, scanners gather data in several different spectral bands
of electromagnetic radiation, both visible and nonvisible. The
user can gl ean the geophysical information by view ng pseudocol or
di spl ays of the scanned information, usually after processing the
information to classify surface regions according to criteria
that involve conbinations of several spectral values. O her
exanpl es cone fromthe display of 2-D data distributions nmeasured
in the laboratory, as in fluid dynamcs, or acquired in the
field, as in geol ogy.

Vol une data sets and voxels are natural generalizations of
digital inmages and pixels. They represent data sanpled on regul ar
grids but in three dinensions instead of two. The idea of vol une
vi suali zation or volune rendering extends to volunme data sets the
i dea of using inages to represent arbitrary 2-D data

di stributions. Because the final viewed i mages are necessarily
2-D, however, volune rendering is substantially nore conplicated
t han si npl e pseudocol or representation of 2-D data. Although

vol une rendering uses ideas simlar to those used in 2-D inage
processi ng, such as the nmethods of resanpling and interpol ation
it also requires techniques simlar to those used in rendering
3-D geonetric nmodels, such as geonetric transfornmati ons and

vi ewi ng projections. Thus, the Kubota 3D i magi ng and graphics
accel erator, which is designed to provide both image processing
and 3-D graphics, is especially well suited for volunme rendering
applications.
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