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ABSTRACT needle-guided breast biopsy, and cardiology. As the
We present a method for producing real-time volume visualization target is inherently three dimensional, the user
visualizations of continuously captured, arbitrarily-oriented Would ideally like to see the data rendered as a volume rather
2D arrays of data. Our system constructs a 3Dthan as the series of 2D cross-sectional images provided by
representation “on-the-fly” from incoming 2D ultrasound MOSt uItrasoun.d machines. 3D ultrasound acquisition
slices. The slices are modeled as planar polygons withSyStems are being developed but are not yet commercially
translucent surface textures to take advantage of high&vailable. Even when they become available, they may not
performance polygon rendering on a Silicon Graphics be suitable for applications such as bregst biopsy because
RealityEngine2. Parallel, time-shifted BSP trees efficiently the€ apparatus may obstruct the physician’s access to the
maintain the continuously captured geometry data andPatient’s body. 2D acquisition systems will remain the

produce polygonal fragments in back-to-front order for standard for several years, so it is fruitful to investigate

transparent opacity-accumulation rendering. Although "éndering this class of sensor data.

demonstrated only with ultrasound echography, we expecioyr goal is to provide the physician a volume rendering of

that this technique can be applied to any imaging modalitytrasound data displayed in real time as she scans a patier
in which real-time visualization is desired as the sensoryith a hand-held 2D probe. Example images depicting

collecting 2D data moves along an arbitrary path. scanning of static and changing data, acquired by imaging a
human hand inside a water tank, are in Figures 1 and 2.
The system must address three problems: arbitrary position
and orientation of the data, continuous data input stream,
and real-time operation.

1 INTRODUCTION

Ultrasound echography is a popular imaging modality for
many medical applications including fetal examination,

Figure 1. Visualization of motionless human hand (left hand, Figure 2, Visualization of moving human hand. The sweep

palm up) scanned by the ultrasound probe (wireframe object).
The wireframe polygon below it approximates the slab imaged
by the probe. The volume containing the hand consists of over
100 planar, transtucent, textured polygons “emitted” during a
10-second sweep along a U-shaped path. The arbitrarily
positioned and oriented polygons are rendered in real time on a
high-performance graphics engine (see Plate 3 for a stercogram
of this image).

started at the wrist and scanned the closed fist; then the hand
opened and the probe scanned the fingertips. Polygon intensity
is progressively attenuated by age, thus the (older) fist is
displayed faintly while the recently-imaged outstretched fingers
are bright. This “3D radar” effect depicts decreasing confidence
about regions of space that have not been scanned recently by
the probe (see Plate 4 for a stereogram of this image).



First, the manual probe can be moved freely with six ultrasound visualization, and BSP trees. Of particular
degrees of freedom, so ultrasound slices are sampled witlhelevance is work in using textures and texture hardware
arbitrary position and orientation. Slices may intersect (seeaccelerators to render volumes and using polygonal
Figure 3), and the volume may be sampled with non- primitives to represent ultrasound slices.

uniform density due to variations in the speed of probe
movement across the target area and the physician’s choics 1 Vol Renderi
of where to scan. Amongst medical imaging modalities, =" ume kendering

only manually-scanned ultrasound exhibits this data- Yolume rendering methods, like rendering methods in
positioning difficulty. In CT and MRI, for example, the 9general, can be divided into two categoridsackward-
patient is moved mechanically along a well-defined path Mapping methods (e.g.., ray casting [Tuy 1984], where the
relative to the sensor, resulting in a fairly regular volume of image plane is mapped onto the data, fanaard-mapping

data comprised of parallel slices or slices that do notMmethods (e.g., splatting [Westover 1990]) where the data
intersect. geometry is mapped to screen space. Traditionally, both

types of methods require resampling data to a regular 3D
grid, or compiling adjacency information for irregular grids.
Moreover, to render with translucency (e.g., “Levoy

rendering” [Levoy 1988] or simple opacity accumulation),
/ ansducer the volume must be sampled in back-to-front or front-to-
back order for proper compositing.

transducer path

Modern computers are not powerful enough to resample
large datasets (256/0xels) at interactive rates (10 Hz or
\\ better) but many modern computers do have polygon-
rendering hardware that can draw hundreds of thousands ol
ultrasound textured polygons per second. Cullip and Neumann [Cullip
slices 1994] proposed a simple method for using the texture-
rendering capabilities of a Silicon Graphics Reality Engine
for volume rendering. Stein, Becker, and Max [Stein 1994]
Figure 3: Intersecting ultrasound slices. Lighter shading demonstrate how the volume rendering method of cell
indicates older slices. projection [Shirley 1990] can be implemented with
hardware-assisted texture mapping. Cabral, Cam, and Forar

The second problem is the real-time, continuous nature ofCabral 1994] provide some of the mathematical
the source data. Clearly, displaying all the data collected infoundations for generating volume-rendered images with
a scanning session would lead to non-interpretable imagedexture-mapping hardware.

The system must manage the “active set” of data by

maintaining a continually changing display list, adding new 2 2 yjtrasound Visualization Systems

slices and eliminating older ones. The system should alsorhune and Olstad [Thune 1991] presented a system for
(optionally) visually distinguish older and newer data, as the . . . .
capturing time-varying 3D ultrasound data using a

phy3|c_al volum_e may be chang_mg over time during the restricted-motion ultrasound probe and rendering images off-
scanning session. In computing the volume-rendered., :
. . line. Sakas and Walter [Sakas 1995] built a system for 3D
image, older data should be weighted less than newer data. . .

data, characterized by the use of a motion-controlled
The third issue: for augmented reality applications the ultrasound probe and superior volume reconstruction and
system must run in stereo, in real time, at a minimum of processing quality. This included space-filling interpolation
10 frames per second. The real-time constraint made ubetween ultrasound slices during volume reconstruction.
look beyond traditional computationally intense volume State, et. al. [State 1994] had lower volume reconstruction
visualization methods. quality but tracked a freely movable hand-held ultrasound
rTprobe and also captured tracking data for a head-mountec
video camera together with matching video images. The
data was used to generate (off-line) a “movie” in which the
reconstructed volume (a fetus) could be seen within the
pregnant patient from the moving observer’s point of view,
simulating what a powerful augmented-reality visualization
might look like.

5 PREVIOUS WORK Bajura, Fuchs, and_ Ohbuchi [Bajura.1992] introduced .the
. i ) ~concept of rendering ultrasound slices as polygon-like

In [State 1996] we described an augmented reality syste
that merges ultrasound rendering with live images of the
physical environment (Plate 5). The work reported here
enabled the 3D real-time volume rendering in that system,
but was described only briefly in the paper. It is presented
here in full detail.



system displayed intersecting, opaque slices via z-bufferingTechnologies Metrecom IND-01). The tracking

Ohbuchi, Chen, and Fuchs [Ohbuchi 1992] developed ainformation, combined with the probe calibration data,
system that incrementally resampled and rendered (via raygives the 3D position and orientation of each polygon
casting) ultrasound slice data. This work was improved torepresenting an ultrasound slice.

near-real-time frame rates (~1Hz) with a parallel ray caster, , . . . . .
. . . Using the various texturing modes of the RealityEngine2
on the Pixel-Planes 5 graphics multicomputer [State 1995]. . i .
we can duplicate traditional volume rendering modes such as

The present work can best be described as improving on the

results of [State 1995] by using new rendering algorithmsopaCIty accumulation or maximum Intensity prOJect|o.n.
. ; ! We have also begun applying well-known volume rendering
on a different hardware platform to achieve real-time frame

techniques to improve, for instance, brightness and opacity
rates (10-15 Hz). ramps (via the texture lookup tables provided by the
texturing system) in order to allow better discrimination of
2.3 BSP Trees the target in our visualization.

Objects defined with geometric primitives can be inserted Rendering of the entire volume is achieved by drawing the
into a binary spatial partitioning (BSP) tree. The tree canget of (possibly intersecting) slice polygons, one for each
subsequently be traversed to produce primitives in a low-to-|rrasound image in the active display list. For example,
high visibility ordering for any given viewpoint [Fuchs roper opacity-accumulation compositing requires that
1980]. BSP trees are best for maintaining static geometrynolygons must be non-intersecting and rendered in either

with a moving viewpoint; the tree can be built once and pack-to-front or front-to-back order. We have chosen a
traversed many times [Fuchs 1983]. One serious drawbaclgsp tree algorithm to compute this ordering.

in using BSP trees in an application with a changing data

set is that while adding new objects requires only inserting ) )

the new primitive(s) into the tree (an inexpensive 3-2 Managing Continuously Captured Data

operation), removing geometry may require rebuilding the with Dual BSP Trees

entire tree (discussed in greater detail in 3.2). [ChrysantholA BSP tree works well for a static data set viewed

1996] shows how the rebuilding can be avoided by repeatedly. Our goal, however, is real-time visualization of

recombining subtrees resulting from geometry removal (fora “time-space window” of data containing timemost

the display of dynamic shadows). recently captured slices from a continuous data stream.
This active set of data changes every frame. One new slice
arrives and one old slice expires at each time step. While

3 REAL TIME VOLUMES FROM addlng the new geometry requires Only inserting the new
ULTRASOUND SLICES primitive(s) into the tree, deleting a geometric primitive is
problematic.

Our work makes two contributions: First, it demonstrates
real-time volume rendering of arbitrarily oriented slices of Actually removing the geometry usually requires rebuilding
data using BSP trees and texturing on a standardfhe entire tree. Expired slices can be “virtually” removed —
commercial high-end graphics workstation; second, it flagged as “invisible” and not rendered during traversal —
presents a method of parallel BSP trees to manage &utsuch an operation doesn't reduce the number of nodes ir
dynamically changing “active set” of recent ultrasound data,the tree. The constantly growing number of nodes causes
suitable for the visualization of moving or changing greater fragmentation of newly-inserted geometry.
structures (Figure 2 and Plate 4). Eventually the tree becomes too cumbersome and must be
rebuilt without the expired nodes. On the other hand, BSP
trees are attractive for our application since most of the
geometry in one frame is still present in the next. Our
Ultrasound echography data is captured as a live, gray scalgxperience shows the minimum number of slices needed to
video image that represents a 2D “slice” of samples. Withmake a volume is about 10; hence at least 90% of the tree
hand-held probes, these slices have arbitrary position an@ontents can be retained between time steps.

orientation relative to each other. Slices frequently intersect. ) o

We looked to polygons and texture mapping, and thewe_ ba'la'nce the problem of deleting and rebunc.img. by
specialized commercial hardware for rendering them, for theMaintaining two parallel BSP trees, out of phase in time.

rendering speed needed in our augmented reality applicationCONsider that we want to render themost recent slices
every frame. When we start the system, we build a single

We model each ultrasound slice as a polygon with thetree and insert the first slices into it, one per frame. At
ultrasound video image applied to it as a texture. Theframen+1, we start a new tree and insert the meslices
precise polygon size, shape, and position relative to theinto both trees. At fram2n we have two trees: the older
ultrasound probe is predefined by a one-time Ca“brationtree contain®n slices and the younger contains The
procedure [State 94] We track the position and Orientationyounger tree now has enough slices to provide all the
of the probe with a highly accurate mechanical arm (Farohistory we desire, so we dispose of the older tree and start

3.1 Direct Rendering of Textured Slices



Figure 6a: Number of recursive insertions per frame for
single and dual tree systems with an active set of 50 slices.



maximum intensity projection, or intensity accumulation.
We can also interactively adjust lookup tables for intensity
and opacity as a function of incoming intensity of the
ultrasound image.

One of the stated goals of the project was to weight data by
age; older data are less certain because the physical volum:
may have changed since they were collected, hence they
should influence the resulting image less as they age. We
built our system with an exponential age-based attenuation.
Since the image is completely re-rendered from the slice
fragments during every frame, we are able to attenuate slice
image intensities and opacities as a rendering effect. A time
stamp for each slice polygon is computed as the slice is
“emitted.” The time stamps are propagated to the slice
fragments during BSP tree insertion. During tree traversal
for rendering, the time stamps are used to compute eact
3.4 Generalization to b Parallel BSP Trees fragment's age and attenuate the polygon's brightness
In our system we used dual BSP trees, but one couldaccordingly. The slice images themselves are not changec
generalize this to a system of b parallel BSP trees. With 2(Plate 2).

trees, the larger tree holds at mastslices and the smaller

tree holds at most (wherenis the number of slices to be 4 CONCLUSIONS AND FUTURE WORK

shown at any time). Each new slice must be inserted into

two trees. An old tree is thrown out and a new one created/V€ have presented a method and demonstrated a system fc

everyn frames. Figure 8 summarizes the characteristics of"crementally rendering 3D ultrasound data in real time.
b-parallel BSP trees. Polygonal slices are a recognizable, meaningful

representation of 3D structure and do not require
resampling. The resulting images are surprisingly good for

Figure 6b: Number of recursive insertions per frame for
single and dual tree systems with an active set of 100
slices.

Moving Window Something SO Simple.
of Displayed Slices
|¢m’|n|¢ N We uncovered several problems during the preliminary use
b-1

| of this system. Slice expiration is not a simple issue.
How many slices should be displayed? How should older
data be displayed relative to newer data? Our physician
Tree b: | | | | | colleague disagreed with some of the approaches we though
most sensible. Since we do not use space-filling

interpolation between ultrasound slices, the intensity and

3

3

N

| H
_‘_I
_‘_I

| H

TIME thus the useful visual content of the rendered image varies
Figure 7: Rendering from and maintaining a system of b greatly depending on whether slices are viewed mostly face-
parallel BSP trees. on or mostly edge-on. This is a fundamental problem of

the 2D primitives we render.

#trees 2 3 4 b Image quality remains a problem. Ultrasound images tend
max. size of | 2n 3n 4n bn to be fairly noisy, exhibiting problems such as speckle and

tree 2 3 b-1 reflection. There is much work in the literature on

tree added every n n n n improving the quality of ultrasound images via image
#frames Py 3 b processing techniques. For example, Watkin, et. al.

: [Watkin 19927?] explore filtering methods for both

inserts per 2 3 4 b : .

frame ultrasound imagery and probe tracking. Sakas and Walter

[Sakas 1995] demonstrate a multi-pass filtering technique
for removing many ultrasound artifacts. We have just
begun to add some of these techniques to our system but ar
constrained by the real-time requirement of our driving
application. Much work remains to be done in this area.

Figure 8: Characteristics of parallel BSP tree systems.

3.5 Rendering Issues

Since we are not computing a surface representation or

surface characteristics explicitly, we have a great degree oA CKNOWLEDGMENTS
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Plate i, Ultrasound scan of a smali plastic
bowling pin, rendered in “opacity
accumulation” mode. The wireframe
obiject at the far end is & representation

of the vltrasound probe.

Plate 2. Duriag sweeping,
progressive, age-dependent infensity

attennation of emitted polygons depicts §
decreasing confidence in ofder data. At the
time of this snapshot, the probe was moving
left-to-right; the polygons close to the probe
are the most recent and appear brightest.
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Plate 3. Stereogram of image in Figure 1 (see also caption for Figure 1).
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Plate 4. Stereogram of image in Figure 2 {see also caption for Figure 2).
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Plate 5. Stereogram of head-mounted display view from augmented reality system designed te assist o physician with ultrasoumnd-guided
needle biopsy of the breast. A cyst aspiration needle has been inserted into a training phantom and is visually aligned with its scanncd
tmage and the imaged lesian inside the red computer-generated opening within the breast.



