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Abstract

We report on our research results on effective volume visualizationitpetsfor medical and anatomical data.
Our volume rendering approach employs GPU accelerated out-ofeimret rendering algorithms to fully support
high resolution, 16 bits, raw medical datasets as well as segmentatiogeban be presented on a special light
eld display based on projection technology. Human anatomical data appemoving viewers oating in the
light eld display space and can be interactively manipulated.

Categories and Subject Descript@iscording to ACM CCS) B.4.2 [Input/Output and Data Communications]: In-
put/Output Devices Image Display 1.3.3 [Computer Graphics]: Pictungge Generation 1.3.7 [Computer Graph-
ics]: Three-dimensional graphics and realism

1. Introduction coming from an actual three dimensional scene, look promis-
ing. In this paper, we report on our research results on effec-
Nowadays, medical acquisition devices, and especially medtjye volume visualization techniques for medical and anatom-
ical scanners, are able to produce a large amount of inforica| data, using advanced 3D displays and new interaction
mation in the form of high-resolution volumes, temporal se- paradigms¢a07. In previous work we have shown that light
guences, or functional images. This information is more- g|q displays can be used to display medical data and per-
and-more dif cult to analyze and visualize. In other words, form diagnostic tasks§FB 05,BFG 06,ABGP07BAGZ07,
we measure much more than we understand. In this conaG| 0g]. These results are extended by integrating recently
text, higher-level information, such as anatomical and func-jintroduced GMG] out-of-core accelerated direct rendering
tional models, is increasingly required to support diagno-g|gorithms to fully support high resolution, 16 bits, raw med-
sis and treatment. That's why the scientic community is jca| datasets as well as segmentation. The resulting new visu-
putting a lot of efforts to manage the proliferation of med- jization system can handle, at interactive speed, very large

ical data in order to have a comprehensive view of humangatasets, thus removing the dataset size limitations of the pre-
anatomy. For example, the 3D Anatomical Human networkyjous solution.

(EU Project FIXME) aims to develop realistic functional
three-dimensional models for the human musculoskeletal
system, with special emphasis on the lower limb. In order toz'
develop realistic and accurate functional models, 3D volumeSeveral approaches have been proposed to support a real 3D
visualization systems are needed to visualize medical datayisualization without classical single point of view or sin-
both in raw and segmented form. In particular, volume ren-gle user limitations of traditional stereo displays. A review
derers are important to compare segmented reconstructioren the subject can be found onD¢gd05. One way to vi-

with raw data coming from medical scanners. While high sualize volumetric data is to display 2D images on rapidly
quality volume rendering techniques exist, managing hugemoving surfacesfav05JMY 07,CNH 07]. Another tech-
datasets is still considered a challenge. Furthermore, it is difnology for volumetric visualization is the evolution of multi-
cult to use 2D screens and human interfaces to understandiew displays showing multiple 2D images in multiple zones
and manipulate 3D representations of the imaged volumes. T space (i.e. the method used for auto-stereoscopic dis-
overcome these limitations, high resolution multi-scopic vi- plays) [RRO5MPO04. The light eld display considered here
sualization displays, i.e., displays that are engineered to prouses the distributed image generation approach of projector-
duce a light eld that is perceived by naked eye observers adased multi-view technology, but removes some of its optical

Light eld display overview
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Figure 2: Light eld geometry. Left: horizontally, the screen
is sharply transmissive and maintains separation between
views. Right: vertically, the screen scatters widely so the pro-

Figure 1: Light eld display. The light eld display is com-  jected image can be viewed from essentially any height.
posed by an array of projectors densely arranged in an hor-

izontal array behind the screen, all of them projecting their

speci ¢ image onto the holographic screen to build up a light b_e known, which amounts at xing the viewer's height and
eld. distance from screen.

The projection of a poinP, on the screers for a given
limitations, since it offers a fully continuous transition among emitterE can be computed for thecoordinate by intersect-

views, currently only along the horizontal direction, thanks |r:g the ra_y orlgljn?tln% from tze eml't[)teE_ with th? sgree_nh

to the light shaping capabilities of a holographically recordedphane ae= ,O, an orht & coolr |.nate y |ntersggtlng(3||t .
screen. For more information on the technology, we refer thel e ray arrving to the virtua viewer eye pos_|t|0|_f1e "’_It co-
reader to BFA 05]. The system is composed by an array of ordinatesV (see gure2). I_n raster_lzatlon appllpatlons is
projectors densely arranged in an horizontal array behind th%hen.remapped. to normalized projected coprdmates by trans-
screen, all of them projecting their speci ¢ image onto the ormmg_to the image rectapgle and associating a depth (for
holographic screen to build up a light eld (see gutg The Z-buffering) based on the distance to the screen.

latter is the key element in this design, as it is the optical

element enabling selective directional transmission of light3. Volume rendering

beams. In the ho.rlzontal. parallax design, the prOJeqtors arsiven the display technology,
arranged in a horizontal linear array and the angular light dis
tribution pro le induced by the screen is strongly anisotropic.

Horizontally, the surface is sharply transmissive, to ma'ma'nwords, to create light beams propagating in speci ¢ direc-

a sub-degree separation between views. Vertically, the screef,g from the screen pixels, exactly corresponding to those
scatters widely so the projected image can be viewed fromy, ¢ \yoyid be emitted from physical objects at xed spatial

essentially any height. Since humans perceive depth using,cations, After a brief review of the techniques more strictly
horizontally-offset eyes and move their viewpoint more eas-iq|ate to our work, we describe our methods to drive the spa-

ily from side to side than up and down, the horizontal parallaxiia) jight eld display in order to get scalable interactive vol-
only approach is adequate for most applications and provideg s oy casting visualization of large human dataset. Many

signi cant speed-up. The display hardware here employedy,histicated techniques for real-time volume rendering have
is manufactured by Hologra ka and is capable of visualiz- oo, proposed in the past, taking advantage of CPU accel-

ing 7.4M beams/frame by composing optical module imagesyaiion techniques, GPU acceleration using texture mapping,
generated by 96 fast 320x240 LCD displays fed by FPGAin-, gyecial purpose hardware. We refer the reader to the re-

put processing units that decode an input DVI stream. The oot hook of Engel et al. for a recent surv&HK 06]. Fur-
screen 2D pixel size of the displayss = 1:25mm and the  ermore; the out-of-core organization of massive volumet-

angular accuracy is:8 . ric data into a volume octree is a classic problem. Previ-
The rst step to build a rendering pipeline on the display ous approaches proposed a multiresolution sampling of oc-
consists in determining where 3D points should be drawntree tile blocks according to view-dependent criteBAIS0]]
on a given projector to produce a perspective correct im-Other methods separately render blocks using volumetric ray-
age for the virtual viewer. In fact, the linear perspective is casting on the GPU and devise propagation methods to sort
not suf cient to determine how a 3D graphics application cells into layers for front-to-back rendering, therefore reduc-
should project points, because it ignores the transformatioring frame-buffer demand${QK05 KWAHOE]. The separate
performed by the holographic screen. Since the screen is seendering of blocks does not easily allow an implementa-
lective only in the horizontal direction, but scatters widely tion of optical models to render refracting global illumina-
in the vertical one, the displayed light eld's dimensional- tion effects. Our method, is based on a full-volume GPU
ity is reduced, and the application must decide how to dearay-casting approachKW03, RGW 03], with a fragment
with the missing degree of freedom. In order to provide ashader that performs the entire volume traversal in a single
full perspective effect, the vertical viewing angle must thus pass §SKE0J. Such an approach, made possible by mod-

it is necessary to design and
implement ef cient rendering techniques to represent vol-
umes as simpli ed light elds. We should be able, in other
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ern programmable GPUs, is more general, but, until very re-of octrees to reduce costly texture memory accesses by com-
cently, has been limited to moderate size volumes that t en-puting bounding boxes on-the-y. In addition, our algorithm
tirely into texture memory. We exploit GPU vertex shaders totakes advantage of occlusion queries to avoid loading oc-
render proxy geometry that activates a fragment shader peicluded data.

forming the actual ray-casting. Our factorization of the ray

computation operations is however different ®KE03, ~  ioments involved in the analysis of high quality and high

since our rendering pipeline cannot rely on the Interp()lat'onresolution anatomical data. Volume data are represented as 16

performed by the rasterizer to pass down combined 3D a.n%it scalars, and 32 bit gradients (8 bits for each direction com-

projected data from the vertex shader. The result is an in-

teractive real-time scalable volume visualization system ableponent, and 8 bits for the norm), and the rendering pipeline
. . . n sy . is at fully oating point precision. The gradients are precom-
to provide multiple freely moving naked-eye viewers the il-

usi ; ¢ virtual vol tric obiect i ¢ puted by employing high quality 5x5x5 Sobel ltering. The
usion ot presence of virtual volumetric objects oaling a system is also able to manage and render segmented datasets.
xed physical locations in the display workspace. Details can

. In that case, the precomputation of levels of detail is modi-
be found in AGI OS’ GMG]. The method foIIo_ws the tWO'_ ed to chose for each value the most popular label instead of
pass approach typical of contemporary m_ultl-prOJ_ector OIIS'the average. Moreover, at run-time, trilinear ltering is sub-
plays [BMYOS]' In the st one, for each prOJector VIew, t he stituted with nearest neighbors. Jittering of ray start position
scene is rendered off-screen to a frame buffer object using th% employed to reduce aliasing artifacts,
previously described light eld geometry model. In the sec-
ond one, small non-linear view and color distortions are cor-
rected by streaming the rst pass texture through a fragment. Implementation and results
shader that warps the geometry and modi es colors thank:
to per-pixel look up tables stored as precomputed textures. |
order to allow the volume rendering of very large datasets,

designed an adaptive technique based on the d i .
we designed an adaptive technique basea on fne decompo penGL, a set of Cg shaders that implement the basic ray-

tion of a volumetric data set into small cubical bricks, which i . d b f shader functi that imol

are then organized into an octree structure maintained out:?s kng_;ngln;a, anda r_]tl_Jm tercr)] sha erTl;nc |otns a |rtnpz-

of-core [GMG]. The octree contains the original data at the ment diferent compositing lechniques. The octree s store
in an out-of-core structure, based on Berkeley DB, and data

leaves, and a ltered representation of children at the inneri lossless| mor d with the LZO compression librar
nodes. Each node also stores the range of values, as well ag, osslessly compresse € compressio ary.

optionally, precomputed gradients. In order to ef ciently sup-  The DVI channel feeding the light eld display works
port runtime local operations based on neighboring voxelsat 1280x1024 at 75Hz. Each 1280x1024 frame collects 16
i.e. linear interpolation or gradient computations, we replicate320x240 projector images, plus a color-encoded header in the
neighboring samples inside the bricks. At runtime, a workingtop rows that encodes the ids of the projectors that have to
set of bricks is then generated and incrementally maintainede updated. A full 3D frame is created by sequentially gen-
on CPU and GPU memory by asynchronously fetching dateerating all the projector images into the frame buffer. The
from the out-of-core octree. The working set is created by angraphics application runs on an Athlon64 3300+ PC with
adaptive loader on the basis of the selected view and transa NVIDIA8800GTX graphics board working in twin-view
fer function. At each frame, a compact indexing structure,mode. One DVI output is used for control on a 2D monitor,
which spatially organizes the current working set into an oc-while the second one feeds the 3D display.

tree hierarchy, is encoded in a small texture. In this structure,

neighbor pointers directly link each leaf node of the octree

via its six faces to the corresponding adjacent node of that

face, or to the smallest node enclosing all adjacent nodes if

there are multiple ones. We create such a structure on-the-y

at each frame directly from the view-dependent octree, and

encode it into a 3D texture that acts as a spatial index. The

spatial index structure is exploited by an ef cient stackless

GPU ray-caster, which computes the volume rendering inte-

gral by enumerating non-empty bricks in front-to-back order,
:gaspc))té:gassatrr?gl:c%Srizfgti;oo?)gzli(t;ii?sggg,aacn:rtztimﬁlrgg digital camera of an interactive inspection of anatomical
old, updating both the frame-buffer and and depth-buffer. Our man datasets visualized on the light eld display with Di-

rect Volume Rendering plus Non Photo-realistic transparency

method rglles on the ability to rapidly traverse a octree Struc'effects. Left: Visible Male head dataset with 512x512x512
ture and is based on the stackless ray traversal method f

Yesolution. Right: 3D Anatomical Human | with
kd-trees HBS99 recently extended to GPUs for surface ren- Zezs(?x;;c;xlﬂg rtesiluti onato cal Human leg dataset wit
dering PGSSO0Y. Our method exploits the regular structure '

The system has been developed in order to ful ll all re-

e have implemented a prototype hardware and software
system based on the technologies discussed in this paper. The
oftware system consists of a framework written in C++ and

Figure 3: Visible Human visualization Direct capture with
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Figure 4: Interactive human muscolo/skeletal volume visualizatioBnapshots taken from direct interaction with the 3D
Anatomical Human leg dataset. Different transfer functions are employleigiitight various biological tissues.

It is obviously impossible to fully convey the impression and immediate, and depth information is easily lost when the
provided by our holographic environment on paper or video.user stops interacting.
As a simple illustration of our system's current status and ca-
!oabilities, we show some pigtures recorded live l_Jsing_a dig-5' Conclusions and Future Work
ital camera (see gure). Objects appear to moving view-
ers oating in the display space and can be manipulated byWVe reviewed our current work in volume visualization sys-
translating, rotating, and scaling them with a six degree oftems for human anatomical data. We employ scalable multi-
freedom tracker, as well as by modifying the transfer func-resolution volume ray casting approaches and drive light eld
tion. We considered different anatomical human datasets: Théisplay system. A rst conclusion than can be drawn from
Visible Human Male head, and the 3D Anatomical Hu- Our research is that high quality interactive and scalable vol-
man leg high resolution segmented dataseith resolution ~ umetric rendering of huge datasets on light eld displays
of 220x272x1270 at 16 hits. Our volume ray caster imple-is currently achievable even when using single GPU desk-
ments a number of composition strategies, that include Directop solution for the rendering task. Exploring this domain
Volume Rendering with a Phong illumination model, bound- through the design and implementation of highly interactive
ary enhancement and view-dependent transpareB@@1]. techniques that leverage the unique features of an interactive
Various transfer functions can be employed in order to high_multi-VieWer 3D environment is a challenging area for future
light different biological tissues (see gurd). The specu-  Work.

Iar_highligh@s CQ”’eCtly follow the recordiqg camera’s Vie_W' Acknowledgments. This work is partially supported by the Italian
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