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Today: Processing volumetric data

Voxels: Representation of volumetric
density, used in medical imaging.

Architecture: The design of the voxel 
processor, a 256^3 real-time system.

Short Break

The Voxel Processor:  Marketed as a 
“Physician’s Real-Time Workstation”.
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Maps: Look at the surface of the Earth
Sometimes, the surface of an 

object is not the interesting part.
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Computed tomography (CT) medical imager data ...

storage structure enables line segments from any slice to be
retrieved from disk, so that slices and rows of voxels can be
accessed in the appropriate front-to-back sequence.
At display time, the line segments representing the object

are read from disk and accessed in front-to-back sequence.
The x-, y- and z-coordinates of the endpoints of these line
segments are integers from a finite set, so lookup tables can
be precomputed and used to assist the coordinate trans-
formations.22 The scanline onto which a given line segment
projects is then determined. If there are no unlit pixels
along this scanline, no further computation is performed.
Otherwise the dynamic screen is updated and new visible
pixels are computed and buffered for transmission to the
display device.
Some images produced with the FTB program using a

software implementation of the gradient shading algorithm
are given in Figures 10 and 11. These are full-resolution
images of the skull and spine shown in Figures 3 and 4,
respectively. The runtime of the FTB program depends
primarily on the complexity of the displayed image and is
less dependent on the object size.30 The images illustrated
took under two minutes to generate on the VAX 11/750.

Initial experience with clinical applications

Initial uses of the VPP have involved evaluations by
physicians in the fields of cranio-facial trauma and recon-
structive and corrective surgery, orthopedic diagnosis, and
surgical planning. Some applications that have begun to be
studied involve the eye and surrounding structures, the
temporo-mandibular joint, and surgical planning.

Eye and surrounding structures. Interactive visualization
of the orbit, optic nerve, and surrounding structures at full
resolution is already possible on the existing prototype. As
shown in Figure 12, bone, vitreous, lens, optic nerve, and
muscles can be clearly seen in 3D. In addition, instanta-
neous reslicing (multiplanar reconstruction) permits these
structures to be viewed at any angle and any depth.
Interactive thresholding can be used to display only the
eyeball and associated soft tissue, or only the bony structure
of the orbit. Using windowing, various types of soft tissue
can also be segmented effectively.

Temporo-mandibular joint. Dynamic visualization of
the temporo-mandibular joint (TMJ) is an area where the
capabilities of the Voxel Processor are ideal. In addition to
viewing the relationships of the bones in various positions
and in relation to the flesh of the ear (as shown in Figure
13), the Voxel Processor is able to demonstrate the
dynamics of the TMJ. For example, the existing prototype
could display up to eight frames of a moving jaw in rapid
sequence.

Surgical planning. In the general area of orthopedic
surgery, the interactive thresholding capabilities of the

Figure 10. Full-resolution skull image generated off line
using software. Images of complex objects can be gener-
ated using software techniques. This skull consists of
832,794 nonzero voxels. The 256 X 256 image shown
required 102 seconds on the VAX 11/750, including the
time for gradient shading that was used to provide addi-
tional realism.

Figure 11. Full-resolution spine Image generated off line
using software. The spine consists of 3,047,140 nonzero
voxels. The 256 X 256 image shown required 116 seconds
on the VAX 11/750, including gradient shading.

Figure 12. Structures of the eye. The use of interactive
segmentation permits obscuring structures like bone to
be removed, enabling the eyeball, orbital muscles, optic
nerve, and surrounding structures to be examined. In-
stantaneous reslicing (multiplanar reconstruction) permits
these structures to be viewed at any angle and at any
depth. Interactive thresholding can be used to display the
eyeball and associated soft tissue, the skin surface only,
or the bony structure of the orbit.

IEEE CG&A54

“Surface view” 
of the skull 
of a head 

trauma patient.

Massive nose 
damage.

To plan surgery, 
doctors need 
to look inside. 

Always wear your seat belt ... and shoulder restraint.
4Friday, April 25, 14



THE VOXEL PROCESSOR ARCHITECTURE 5 

FIG. 2. Four slices from a CT head study. 

computa t iona l  cost. For  simplicity therefore, we will henceforth assume that all 
voxels are cubes unless otherwise stated. 

Figure 2 shows four slices f rom a typical head study taken with a GE8800 CT 
scanner.  Highest  density areas (white) are bone  cartilage; medium density areas 
(gray) are soft tissue such as muscle, nerve, fat, or fluid; lowest density areas (dark) 
are air. The  first slice is approximately at the level of  the nose. Structures such as the 
cervical spine (bot tom) and nose (top) can be easily identified on this slice by the 
nonspecialist .  The X and Y resolution is 0.8 m m  and the original slice 

TABLE 1 
Medical Imaging Modalities which Yield 3-D Digital Information 

Physical Typical voxel Voxel 
Modality principles size (mm) density 

Computed Transmission 0.8 × 0.8 x 5 x-ray 
tomography of x-rays attenuation 

Magnetic Magnetic Proton 
resonance properties 1 X 1 x 10 density 
imaging of atomic T1, T 2 

nucleii 
Nuclear Decay of Radio- 

medicine radioisotopes 5 × 5 x 5 pharmaceutical 
concentration 

Change in 
acoustic 
impedance 

Diagnostic Reflection of 
ultrasound sound waves 3 x 3 x 5 

CT measures  
“density” of 

small volumes. 

White pixels 
are bone 

(most dense)

“Soft” brain 
tissues are in 

shades of gray.

Empty space 
is black.

CT “slices” through the head.

To begin: How does CT work?
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its location in space, and an integer called its density,
representing some object property at this location (x-ray
attenuation, radiopharmaceutical concentration, etc.).
The voxels can be converted to cubes by suitable inter-
polation, and we will henceforth assume that all voxels to
be displayed are cubical in shape. Such a dissection of
space into cubes is called a cuberille.3,17,18

Previous methods for direct display
of voxel-based objects

Display methods that do not extract or fit surfaces to
the data but rather process all the voxels in the scene at
display time have been developed largely as a result of the
work of Meagher on octree encoding. 15,16 The use of oc-
trees for object representation apparently was suggested
first by Hunter; 19 in some respects, octrees can be con-
sidered to be a special case of the tree structures devised
for hidden-surface removal by Schumacker20 and later
extended by Fuchs et al. 21 Octrees and related approaches
have been reviewed by Srihari.22 The basic idea is that the
voxels making an object are represented by a hierarchical
8-ary tree structure, which achieves data compression
through spatial coherence. An advantage of octree en-
coding is that simple operations (union, intersection, and
difference of objects; translation, rotation, and scaling;
interference detection and hidden-surface removal) can be
accomplished by accessing each node of the tree once at
most. Furthermore these operations require only simple
arithmetic such as integer additions, shifts, and com-
parisons. Another useful feature of the octree approach is
the ability to trade off computation time against preci-
sion: A coarse image can be generated very quickly with
the high-frequency details emerging later as more process-
ing is carried out.

Hidden-surface removal can be accomplished by read-
ing out the cubes that correspond to nodes of the octree in
a recursive back-to-front sequence (Figure 2). This prop-
erty, which derives from the 3-D array from which the oc-
tree is built, is referred to as "spatial pre-sortedness." 18
Changing the observer's viewpoint corresponds to simply
visiting the nodes of the tree in a different sequence; no
modification of the octree is required. Front-to-back
readout is also possible and is more efficient in the average
case: Once a region of the screen has been painted, nodes
projecting on it can be ignored. 16 On the other hand,
building an octree requires more steps than simply prepar-
ing an array of voxels for display, and, on a conventional
computer, traversing a tree incurs more overhead than se-
quentially accessing the elements of an array.
A front-to-back algorithm was proposed by Strat as a

means of realistically depicting mountains and other
geographical features on flight simulators.23 Strat's
algorithm addresses a special case of the 3-D problem,
since each input (x,y) point has a unique z (height)

associated with it. A front-to-back octree display algo-
rithm was given by Meagher. 16 Simplified front-to-back
display methods have been used by Vannier et al. and Gib-
son for display of medical objects. 24'25 Their methods are
less general than ours in that only certain viewing direc-
tions are permitted. Similarly restrictive octree display
algorithms have been given by Doctor and Torborg.26 An
alternative slice-by-slice front-to-back approach has been
given by Farrell et al. 27 Their method differs from others
in that the data are rotated and new slices are constructed
before display. Methods of ray-tracing voxels have been

Figure 1. Typical CT slices. A x = A y = pixel size; A Z =
slice thickness.

Figure 2. Recursive back-to-front voxel readout. Note that
01234567, 02134567, and 03216547 are some possible oc-
tant readout sequences for the object orientation shown.
The object in this example could be represented by an oc-
tree of depth 2: Voxels are labeled with two digits, the first
identifying the octant, the second identifying the voxel
within the octant. The voxels can be read out in several
recursive back-to-front sequences including 00, 01, 02,
03... .07,10,11, 12... .74, 75, 76, 77.

January 1985 53

2-D slices of Voxels (volume elements)
(1) Slice off 
thin sheets 
of the skull.
(2) Chop 
slices into 
2-d arrays
of cubes.
(3) Weigh 
each cube.
(4) Create 
3-D weight
matrix:  
d[x][y][z]. d[x][y][z]? Density: weight per unit volume

Conceptually ...
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DETECTORS

X-RAY TUBE

The patient is exposed to a fan-shaped x-ray beam and 
the projected image is detected on a thin, semi-circular 
digital x-ray detector.

In practice ...X-ray source and  
detector array 
are mounted on 
opposite sides 

of a rotating hoop.
A motorized table 
moves the patient 
through the hoop.

Algorithms convert 
raw sensor data 

into a voxel array.

X-ray absorption 
correlates with 
material density.
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A CT machine ...

Technician safety is crucial:
the stray X-rays a 
technician receives over a 
career increases his or her 
cancer risk significantly.
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The raw data ...

Processed to create densities ...
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Figure I - 3-D Object Space Representation 

Other possible data structures have been 
investigated including octrees [13] and 
unsorted lists of voxels. Neither of these has 
proven suitable for this class of applications. 
Significant additional overhead is imposed by the 
generation of these data structures from input 
data. In addition, the need for grayscale 
information increases the complexity and decreases 
the efficiency of coding techniques such as 
octrees. 

Display Processor Organization 

The basic hardware realization of the DISPLAY 
algorithm consists of five components as 
illustrated by the block diagram in Figure 2: 
This may be classified as a hierarchical 
SIMD/Pipeline architecture. 

Briefly, the processing strategy consists of 
the following. The processing elements (PEs) 
compute the 2-D subimages from each 64-subcube 
(64x64x64 voxels) of the overall 256-cube input 
object. Each PE contains a double buffer, each 

~ T 

8i 

64 8 
ProcesstnB Intermediate 

w/Buf fers  

1 
(~ltput 

Processor 

F f B u r e  2 - Overal I D]sptay SYstem Ar¢~,;terture 

half of which is sufficient to hold the largest 
image that can be created from its associated 
64x64x64 cube. 

The reconstructed image consists of two 
components. The first of these is the density of 
each active point in the object - those which have 
not been removed through thresholdlng, for 
example. Although the depth or Z coordinate (the 
distance from the point to the front end of object 
space) is not required for the time ordered hidden 
surface removal, it is buffered for use by the 
shading postprocessor. 

Each of the eight intermediate processors 
merges the 2-D sublmages generated by its set of 8 
PEs into the appropriate position in the eight 
intermediate double buffers following priority 
rules determined by the sequence control table 
(see below). Finally, the contents of the 
intermediate buffers are merged into the double 
512x512 frame buffer, following the same priority 
rules. The two halves of the double frame buffer 
are filled alternately - one is computed while the 
other is displayed. Postprocessing consists of a 
global tone scale lookup table, shading algorithm 
implementation, and final brightness and/or 
pseudo-color lookup table. 

A high speed interface permits communications 
with a host computer system for the purpose of 
image loading and readback. The host will also be 
responsible for archiving and retrieving 
appropriate data files, and converting formats to 
the internal object representation, as well as for 
more extensive analysis and other processing of 
the raw object data. 

The system controller is responsible for 
coordinating the activities of the 64 PEs, the 8 
IPs, and the OP by generating the sequence control 
tables for each desired object orientation. The 
control table required for the display of a single 
object includes X, Y, and Z position offsets for 
each of the subcubes making up object space. This 
information is used to recurslvely compute the 
absolute offsets for every point in the output 
image as well as the order of processing of voxels 
for the hidden surface removal algorithm. 

40 

After processing ...

A 3-D matrix of 
cubes, in object 
space (X,Y,Z).

8-bit density 
value stored

for each cube 
(0 = “air”).

256^3 = 16 MB
= 10 inch cube 

(for 1mm voxels)

0.125 mm voxels? 
8 GB

Interesting to computer architects 
because n^3 grows so quickly!
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Real-time interaction for surgical planning ...

storage structure enables line segments from any slice to be
retrieved from disk, so that slices and rows of voxels can be
accessed in the appropriate front-to-back sequence.
At display time, the line segments representing the object

are read from disk and accessed in front-to-back sequence.
The x-, y- and z-coordinates of the endpoints of these line
segments are integers from a finite set, so lookup tables can
be precomputed and used to assist the coordinate trans-
formations.22 The scanline onto which a given line segment
projects is then determined. If there are no unlit pixels
along this scanline, no further computation is performed.
Otherwise the dynamic screen is updated and new visible
pixels are computed and buffered for transmission to the
display device.
Some images produced with the FTB program using a

software implementation of the gradient shading algorithm
are given in Figures 10 and 11. These are full-resolution
images of the skull and spine shown in Figures 3 and 4,
respectively. The runtime of the FTB program depends
primarily on the complexity of the displayed image and is
less dependent on the object size.30 The images illustrated
took under two minutes to generate on the VAX 11/750.

Initial experience with clinical applications

Initial uses of the VPP have involved evaluations by
physicians in the fields of cranio-facial trauma and recon-
structive and corrective surgery, orthopedic diagnosis, and
surgical planning. Some applications that have begun to be
studied involve the eye and surrounding structures, the
temporo-mandibular joint, and surgical planning.

Eye and surrounding structures. Interactive visualization
of the orbit, optic nerve, and surrounding structures at full
resolution is already possible on the existing prototype. As
shown in Figure 12, bone, vitreous, lens, optic nerve, and
muscles can be clearly seen in 3D. In addition, instanta-
neous reslicing (multiplanar reconstruction) permits these
structures to be viewed at any angle and any depth.
Interactive thresholding can be used to display only the
eyeball and associated soft tissue, or only the bony structure
of the orbit. Using windowing, various types of soft tissue
can also be segmented effectively.

Temporo-mandibular joint. Dynamic visualization of
the temporo-mandibular joint (TMJ) is an area where the
capabilities of the Voxel Processor are ideal. In addition to
viewing the relationships of the bones in various positions
and in relation to the flesh of the ear (as shown in Figure
13), the Voxel Processor is able to demonstrate the
dynamics of the TMJ. For example, the existing prototype
could display up to eight frames of a moving jaw in rapid
sequence.

Surgical planning. In the general area of orthopedic
surgery, the interactive thresholding capabilities of the

Figure 10. Full-resolution skull image generated off line
using software. Images of complex objects can be gener-
ated using software techniques. This skull consists of
832,794 nonzero voxels. The 256 X 256 image shown
required 102 seconds on the VAX 11/750, including the
time for gradient shading that was used to provide addi-
tional realism.

Figure 11. Full-resolution spine Image generated off line
using software. The spine consists of 3,047,140 nonzero
voxels. The 256 X 256 image shown required 116 seconds
on the VAX 11/750, including gradient shading.

Figure 12. Structures of the eye. The use of interactive
segmentation permits obscuring structures like bone to
be removed, enabling the eyeball, orbital muscles, optic
nerve, and surrounding structures to be examined. In-
stantaneous reslicing (multiplanar reconstruction) permits
these structures to be viewed at any angle and at any
depth. Interactive thresholding can be used to display the
eyeball and associated soft tissue, the skin surface only,
or the bony structure of the orbit.

IEEE CG&A54

For some 
applications, 
rendering a 

standard static 
view is 

sufficient ...

But for planning 
surgery, 

physicians want 
real-time 

interaction.
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The VPP (shown in Figure 2) consists physically of
seven custom-built wirewrap boards using MSI STTL
technology predominantly; one commercially available Q-
bus-compatible 256K-byte memory module; and a separate
video D/A board. The custom boards consist of an object
memory controller and host interface; identical x, y, and z
arithmetic pipelines; arithmetic pipeline controller; image
frame-buffer controller; and image frame-buffer memory.
The VPP is housed in a standard nine-slot backplane and
interfaced to the host, currently a VAX 11/750 running
UNIX 4.2 BSD, via a DRI 1-C parallel port.

The Voxel Processor Prototype has the following basic
capabilities:

* 2V2D shaded graphics output with hidden-surface
removal

* arbitrary rotation and scaling
* table-driven distance-only shading
* programmable tone-scale mapping and thresholding
* image space slice plane
* dynamic display of up to eight frames of object data
* two separate 64-cube memory banks, each with four

bits of density per voxel

* 16 frames/ second image update rate
* flicker-free frame-buffer output

An additional feature (implemented on the host with
software) is the "electronic scalpel" capability. Using a light
pen or digitizing tablet, the user can edit the voxel database
directly, indicating parts to be removed down to a specified
cutting depth.

Figure 3 shows a sequence of views of a skull in various
orientations. Figure 4 shows four views of a spine with slice
planes successively introduced to expose the internal struc-
ture, particularly of the spinal canal. The resolution in
these images is limited because the CT data were averaged
before downloading to the VPP.

Figure 5 illustrates the use of interactive thresholding to
segment raw data into bone and soft tissue. This study was
performed on full-resolution data, with each voxel a cube
having sides measuring approximately 0.8mm. One slice
from the original CT data-a clinical study following
trauma to the head of a live patient (shown in greater detail
later in the article, in Figure 14)-is included for reference.
The box corresponds to the front face of the cube in the
upper left image. The extracted volume includes the cervical
spine at the junction with the base of the skull.

Figure 2. Voxel Processor Prototype (VPP). This simplified implementation of
one PE and its associated support logic includes a 256KB 0-bus memory
module that stores a 64-cube 3D object; a shading/tone scale LUT for general
gray-scale mapping, distance shading, and image space slice plane compu-
tation; x, y, and z pipeline boards that implement the coordinate transform
unit, and a double frame buffer for flicker-free image display. The host
interface links the VPPto the VAX-11/750 via a DR11-C parallel port.

48

Figure 3. Interactive rotation. The VPP
has the ability to display a 3D object
at any desired orientation. These
images were saved from the display
during an interactive session. This CT
data set was displayed at quarter
resolution on the VPP.

Figure 4. Interactive slice planes. The
ability to slice open an object is im-
portant for locating internal abnor-
malities or removing obscuring struc-
tures. In this CT study the spinal
canal is progressively exposed.

IEEE CG&A

Trackball rotation of a 256^3 skull at 30 frames/sec
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A general framework for real-time
manipulation-of 3D objects-----
from-medical data sets--promises\ ^-
physicians a powerful new tool. ^^

workstation
wvith ,Real-Time
Performance~-_
Samuel M. Goldwasser, R. Anthony Rleynolds,-
Ted -Bapty, David Baraff, John -Summ~ers,(~
David A. Talton, and E-d Walsh
University of Pennsylvania

Miodern medical imaging systems based on Com-
puted Tomography (CT), Magnetic Resonance Imaging
(MRI), Positron Emission Tomography (PET), or Ultra-
sound generate large quantities of three-dimensional in-
formation, typically in the form of a series of two-
dimensional slices representing cross sections of the body
or head. If these 2D slices are stacked, a 3D representation
is obtained that contains a wealth of information useful to
the physician or medical researcher.

There are many potential applications for the display of
3D medical objects, including medical research and clinical
diagnosis,'3 surgical planning,4'5 and radiation therapy.'
Previous work in this area is largely based on software
techniques,7' and the use of high-speed hardware has only
recently been addressed.8'9 Software-based systems are

quite slow, requiring minutes or hours to render typical
medical objects.'0 Traditional computer graphics ap-
proaches, even those using hardware assist and powerful
algorithms,"' cannot convey at real-time rates the detailed
information contained in medical data sets. The fastest

IEEE CG&A0272-1716/85/1200-0044$01.00 & 1985 IEEE

Future medical imaging workstations will incorporate
two fundamental capabilities now lacking in most con-
temporary systems-inherent interaction in three
dimensions and true real-time performance. The Voxel
Processor architecture represents a design framework
for real-time systems with interactive display and
manipulation capability for 3D data obtained from CT,
MRI, PET, and ultrasound scanners. Capabilities that
are implemented include arbitrary real-time rotation of
shaded binary or gray-scale 3D objects, interactive
segmentation based on tissue density, instantaneous
reslicing of the original data, and the display of
dynamically changing objects.

This article reports on the hardware realization of a
small-scale prototype of the Voxel Processor, together
with its integration into a complete physician's work-
station with interactive software. Major applications for
this system include medical research, clinical diagnosis,
surgical planning, and radiation therapy simulations.

44

We describe this computer, that manipulated large 
voxel databases in their native form, @ 30 frames/sec.

1980s 
academic 
research 

project that 
became a 
company 

that shipped 
products that 
were used in 

hospitals 
through the 

2000s ...
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THE VOXEL PROCESSOR ARCHITECTURE 17 

FIG. 7. Simulation of full scale Voxel Processor: Spine dataset. 

512 × 512 double frame buffer, following the same priority rules. Postprocessing 
consists of a global tone scale lookup table, area fill, shading, and final brightness 
and /o r  pseudo-color lookup table. Figures 6 and 7 illustrate the types of images 
produced by a simulation of a full scale Voxel Processor system. These images were 
generated directly from CT data, interpolated to obtain cubical voxels. The data for 
Fig. 6 are from a high resolution CT head study of a live patient. (Four slices from 
this study were shown in Fig. 2). This image clearly shows the major skull fracture 
and isolated bone fragments still present in the wound. Figure 7 shows high 
resolution CT data from a portion of the spine of a live patient acquired using 
similar techniques. 

The individual components of the Voxel Processor architecture will now be 
discussed in further detail. 

4.1. Host 
The host is responsible for archiving and loading appropriate object files, and also 

updates the contents of the Sequence Control Tables to generate new views. The 
host has access to the 512 × 512 frame-buffer for image archiving and loading. 

4.2. Object Access Unit 
A high speed interface, the OAU, permits communications with the host com- 

puter system. The OAU permits high speed object data analysis and editing by the 
host, although these functions could eventually be implemented in dedicated hard- 
ware. With suitable memory management hardware, the OAU facilities direct 

For some 
applications, 
rendering a 

standard static 
view is 

sufficient ...

But for planning 
surgery, 

physicians want 
real-time 

interaction.

Human spine dataset
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THE VOXEL PROCESSOR ARCHITECTURE 23 

The VPP consists physically of seven DEC-style wirewrap boards utilizing pre- 
dominantly MSI STTL technology, one Q-Bus compatible 256K-byte memory 
module, and a separate video D / A  board. These boards include X', Y', and Z' 
position arithmetic pipelines, arithmetic pipeline control, image frame buffer con- 
troller, and image frame buffer memory. The system is housed in a standard 9-slot 
backplane and interfaced to the host (currently a VAX-11/750 running UNIX 4.2 
BSD) via a DRl l -C parallel port. 

2. Capabilities of the Voxel Processor Prototype 
The Voxel Processor Prototype has the following basic capabilities: 

1. 2~-D shaded graphics output with hidden surface removal. 
2. 4 bits of stored density data per voxel. 
3. 2 selectable memory banks. 
4. 16 frame/sec image update rate. 
5. Arbitrary rotation and scaling. 
6. Programmable tone scale mapping and thresholding. 
7. Table driven distance shading. 
8. Image space slice plane. 
9. Dynamic display of up to 8 frames of object data. 

10. Flicker-free frame buffer output. 

FIG. 11. (a) VPP rotational sequence. (b) VPP slice planes. 

Slicing through a human spine @ 30 frames/second 
using a “virtual knife” (graphics tablet)

Figure 7. Three views of a human spine and one of a human skull: User outlines material to be removed with a trackball
(a); unobscured view with unwanted material removed (b); part of the same spine cut open with object space clipping
plane to reveal internal structure (c); and a skull of another patient (d).

In a typical setting, the bounding box could be 256 x
256 x 256, and each application of Equation 1 requires
nine multiplications. This would have resulted in
9x224 = 1.51 x 108 multiplications instead of the 9x
256 = 2304 required by our use of look-up tables. A fur-
ther saving is achieved by computing the sums t12 YI +
t13ZI, t22 YI + t23 zI and t32 yI + t33 ZI just once for
each row of a slice.

56

The BTF program produces a depth-shaded image,
which is somewhat lacking in fine detail. This image is
used as input to our gradient-shading method, which uses
both the distance from the light source and the object sur-
face orientation to compute the intensity to be assigned to
each pixel. 30 We used gradient shading to produce the im-
ages shown in Figure 7.

Before our BTF program can be applied, the slice data

IEEE CG&A

Figure 7. Three views of a human spine and one of a human skull: User outlines material to be removed with a trackball
(a); unobscured view with unwanted material removed (b); part of the same spine cut open with object space clipping
plane to reveal internal structure (c); and a skull of another patient (d).

In a typical setting, the bounding box could be 256 x
256 x 256, and each application of Equation 1 requires
nine multiplications. This would have resulted in
9x224 = 1.51 x 108 multiplications instead of the 9x
256 = 2304 required by our use of look-up tables. A fur-
ther saving is achieved by computing the sums t12 YI +
t13ZI, t22 YI + t23 zI and t32 yI + t33 ZI just once for
each row of a slice.

56

The BTF program produces a depth-shaded image,
which is somewhat lacking in fine detail. This image is
used as input to our gradient-shading method, which uses
both the distance from the light source and the object sur-
face orientation to compute the intensity to be assigned to
each pixel. 30 We used gradient shading to produce the im-
ages shown in Figure 7.

Before our BTF program can be applied, the slice data

IEEE CG&A
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24 GOLDWASSER AND REYNOLDS 

FIG. 12. VPP interactive thresholding. 

Figure 11(a) shows a sequence of views of a skull in various orientaions. This 
205 × 233 × 144 CT dataset was resampled (by simple averaging) to fit within the 
64-cube object space. Each view was generated using a trackbaU to rotate the skull 
interactively. When a desired orientation was achieved, the resulting image was 
saved to a separate Adage RDS-3000 frame buffer to create the composite photo- 
graphs in Figs. 11 and 12. 

Figure l l (b)  shows three views of a resampled spine with slice planes successively 
introduced exposing the internal structure, particularly the spinal canal. Such 
slicing, specified by the trackball, demonstrates one of the fundamental advantages 
of volume rendering approaches which retain data for the internal structure rather 
than just the surface. 

Figure 12 illustrates the use of interactive thresholding to segment raw data into 
bone and tissue. First a segment of the raw dataset (the area of the nose from a live 
patient) was extracted using interactive facilities developed for a 3-D physician's 
workstation [41] and loaded into the VPP. The subvolume is made up of 64 × 64 × 
64 voxels and is approximately 6 cm on a side. Interactive controls specifying 
window and level (similar to those on conventional CT consoles) were then used to 
isolate soft tissue plus bone (left) or bone only (right). Information from the window 
and level controls is interpreted by the host and used to program the segmentation 
lookup tables in the VPP. 

Interactive 
thresholding 

to segment the 
bone from the 

flesh of a 
broken nose.

Specify the 
gray-scale ranges 
to show or hide 
with trackball,  

@ 30 frames/sec.
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The VPP has been operating reliably for more than one
year and has been enthusiastically received by physicians,
surgeons, and medical researchers. While the 64-cube
object space of the current implementation imposes some
limitations, two points should be emphasized.

1. The Voxel Processor Prototype operates in true real
time, independently of the object complexity (up to
the limit of its memory capacity). Furthermore, it
requires very little preprocessing of the data prior to
display.

2. The Voxel Processor architecture is fully expandable
with current IC and VLSI technology to a reconfigur-
able 256-cube with 16 or more bits of density.
Features of such a full-scale system would include an
update rate of 20 to 30 frames per second and all of
the dynamic and interactive capabilities described
above.

Current efforts are being directed at the implementation
of a 128-cube Voxel Processor as an intermediate goal
toward the development of a full-scale 256-cube system.

Software environment and interactive control

As outlined above, a class of computer architectures for
the real-time display and manipulation of 3D objects has
been developed, and a small-scale prototype has been
constructed to demonstrate the feasibility of the approach.

Figure 5. Interactive segmentation. The VPP
can be used to segment data interactively
into different tissue types based on gray-
scale thresholding. This study was per-
formed on a full-resolution CT data set, one
2D slice of which is shown in the lower
right-hand corner. The black box corre-
sponds to the front face of the cube in the
upper left image. The extracted volume
includes the cervical spine at the junction
with the base of the skull. Separate images
illustrate the segmentation of this data into
bone and soft tissue.

Now, with a means for real-time image generation already
in place, the Voxel Processor software environment is
being expanded to implement a comprehensive physician's
workstation, and interactive control strategies are being
developed.

The 3D display workstation. As illustrated in Figure 6,
the workstation consists of four components: a host com-
puter (VAX), the 3D Voxel Display Processor (VDP), the
2D frame buffer (FB), and the interactive control panel
(ICP). The host computer provides overall control of the
display workstation. Currently this is a VAX 11/750, but a
MicroVax, LSI-I 1, or similar minicomputer or microcom-
puter would also be appropriate. The host is used for data
retrieval and preprocessing, software generation of full-
scale 2'2D images, and storage of 3D data sets.
The current VAX configuration includes a 456M-byte

disk, a nine-track magnetic tape, and an Adage frame
buffer (RDS3000). The VDP is downloaded and controlled
via a parallel interface (DRII-C) and produces RS 170-
compatible video output at the display workstation console.
The Adage frame buffer is currently used to display 2D
slices for interactive extraction of a 3D region of interest,
and to view software-generated 21/2D images.
The display workstation consists of a disused General

Electric CT Independent Display Console (IDC) that has
been supplemented with a Digital Equipment Corporation
GIGI terminal, extra video monitors, a graphics tablet, a
trackball, and other input devices. These are described

Figure 6. The 3D physician's workstation. The four components consist
of a host computer (VAX), the 3D Voxel Display Processor (VDP), the 2D
Adage frame buffer (FB), and the interactive control panel (ICP). The
VAX handles overall control of the display workstation and is used for
data retrieval and preprocessing, generation of full-scale 21/2D images
using software, and storage of 3D data sets.The VDP is downloaded and
controlled by the VAX and generates video output at the ICP. The FB is
currently used to display 2D slices for interactive extraction of a 3D
region of interest as well as to view software-generated 21/2D images.
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Tiny bones in the middle ear.
In some babies, 
these bones are 
malformed and 
don’t transfer 

acoustic energy 
to cochlear.

Microsurgery 
can fix the 

problem before 
the baby is ready 
to learn to talk.
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Interactive 
thresholding 
to segment 
the bones 

of the 
middle ear.

Voxel Processor should be useful not only in determining a
general course of action but also in planning the most
effective surgical approach. Intervening structures can
readily be seen in 3D. Figure 14 illustrates display of an
actual cranio-facial injury study. Bone, cartilage, and soft
tissue can be interactively segmented, providing a graphical
view of the various structures not possible with conven-
tional X-rays or 2D CT scans. Views I and 2 show the
central portion of the skull extracted at half resolution
after interactively segmenting out everything but bone. The
area of the nose was then extracted at full resolution for
closer examination. In the last image all nonzero voxels are
displayed, showing the overall appearance of the surface of
the skin. Immediate applications would include the clinical
diagnosis of conditions resulting from arthritis, knee in-
juries, and spinal disorders.

Figure 13. Structures of the ear. This full-resolution data-
set was obtained from a CT study and illustrates the
ability to orient and segment the 3D object for close
examination. If dynamic data for the tempora-mandibular
joint (TMJ) were available, the joint could be shown in
actual motion and yet still be viewed from any angle.

Figure 14. Study of cranio-facial trauma. Bone, cartilage,
and soft tissue can be selectively displayed, providing a
detailed overview of the various structures not possible
with conventional radiographs or 2D CT slices. Views 1
and 2 show the central portion of the skull extracted at
half resolution after thresholding out everything but bone.
The area of the nose was then extracted at full resolution
for closer examination. In the last image all nonzero
voxels are displayed, showing the overall appearance of
the surface of the skin.

Summary and conclusions

The general framework for the implementation of high-
speed image display systems that would permit the real-
time manipulation of 3D objects obtained from medical
data sets has been developed. A key feature of the Voxel
Processor architecture is support for fully interactive
manipulation of 3D medical objects, including rotation,
translation, scaling, slice planes, and thresholding. A pro-
totype of the Voxel Processor, the VPP, has been imple-
mented and integrated into a comprehensive physician's
workstation capable of both 2D and 3D display and real-
time interaction. The VPP has been applied to initial
clinical studies of a variety of anatomical structures.-
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 A frame buffer for a normal 2-D display ...
PCIe Bus Port

Goal: Virtual 
knife cuts seen 
on screen with 

the 1 / frame-rate 
latency of  

33 milliseconds. 

Improved turbo will surely be appreciated. More aggressive turbo bins plus the ability to turbo up
above TDP limits for short periods of time will help make PCs feel more responsive even when doing
relatively benign tasks. Things like launching applications, loading web pages or just opening new
window stand to benefit.

The architecture sounds a lot like Intel simply did Nehalem/Westmere better. Over time you come up
with newer, better ways to do things and that’s ultimately what Sandy Bridge looks like - a better,
more efficient way to do what Conroe, Nehalem and Westmere did before it.

The more dramatic changes happened outside of the cores. GPU performance is clearly an important
Sandy Bridge feature as we’ve already shown. I can’t help but be curious about how far Intel could
take its SNB graphics subsystem if it simply scaled up the number of EUs. The media processing
engine, particularly with the video transcode support is very exciting. Assuming image quality is
maintained and there’s good software support at launch, this could very well be Sandy Bridge’s killer
feature. The ability to transcode at over 10x real time on everything from a desktop to a notebook is
just awesome. With good software support, SNB’s video transcode engine could effectively stop
consumer GPU based video encoding in its tracks. The improved video decode engine is also a
welcome addition to the Sandy Bridge architecture.

Connecting it all together we have Sandy Bridge’s ring bus. Generally microprocessor designs don’t
undergo such a radical changes unless the design will be used for a while to come. The ring bus
sounds very scalable and should support growth in core count, L3 cache and GPU performance. This
may end up being the base architecture that takes us from multi-core to many core.

Mobile Sandy Bridge is significantly faster than Arrandale/Clarksfield

Sandy Bridge will ship in Q1 2011 for both notebooks and desktops and from what we’ve heard,
pricing will be very compelling. If you're interested in a sneak peak of Sandy Bridge's performance,
take a look at our preview here.

300 MB/s easy 
to sustain.

12 MB 
Frame Buffer

Double 
Buffering:

CPU 
writes 
A frame
in one 
buffer. 

A

DVI Formatter D/A

Control Logic

12 MB 
Frame Buffer

Display Out

Control 
logic sends 
B frame 
out of 
other 
buffer to 
display.

B
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FIG. 3. Desired capabilities for a real-time display system. 

limiting the voxels to be displayed to those whose density falls within a certain 
range. For example, he can choose to view bone, soft tissue, or air. Used in 
conjunction with the spatial window and the light pen described below, this permits 
the rapid isolation of specific organs for further study. 

(3) Rotation of the volume of interest. A 3-D trackball, joystick or other 
interactive control permits the orientation of the scene to be changed at will so that 
viewing can be from any direction. This feature is essential for proper diagnosis and 
is a powerful aid to 3-D perception. 

(4) Translation and scaling of the displayed object. Suitable controls allow the 
user to "zoom in" on any region of the scene for closer examination. 

(5) Direct editing of the scene. A light-pen or graphics tablet allows the user to 
interact directly with the voxel database, removing unwanted parts of objects which 
obscure others, or sectioning organs to reveal internal structure. 

(6) Special interactive facilities. These are used to simulate surgical proce- 
dures or support radiation therapy planning sessions. For example, part of an object 
may be sectioned off and moved to another location, to simulate reconstructive 
surgery; or radiation beams may be positioned in three dimensions, to simulate 
complex treatment plans. 

Most, if not all, of these operations should be accomplished at real-time rates to 
provide adequate feedback to the user. For example, selection of spatial and density 
windows, and surgical interaction, should be performed in real-time because they 
allow the user to determine experimentally which parts of the object to examine 
further. Rapid rotation of the scene is needed because of depth-cues provided by 
motion parallax. However, the technology involved should be moderately priced, to 
encourage widespread acceptance by the medical community. 

2. Software Techniques for 2~-D Display 
In this section we review some software methods which might be used to 

implement the scenario described above, although these would not approach real- 

Voxel data, 
 X, Y, Z space.

Screen image  
X’, Y’ Z’ space

The transforms to 
create the view.

30 times a second, read all 256^3 voxels from DRAM.  
Do all “compute” on the way to the 2-D frame buffer.
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The user specifies rotation, scaling, and object 
distance from screen with track ball ... 

14 GOLDWASSER AND REYNOLDS 

Using matrix notation, rotation about the X' axis of image space by angle a is 
expressed by 

R x , =  
o o ] 

c o s a  - s i n a  . 
0 sin a cos a 

Similarly, rotation about the Y'-axis by angle fl is expressed by 

R y, 
cosl3 0 s in l3]  

0 1 0 . 
-sinfl 0 cosfl  

and rotation about the Z'  axis by angle gamma is expressed by 

R Z, 

[cos  sin  
sin 7 cos 7 • 
o 0 

Let the eight comers of a cube in object space be represented by 

C 1 = [ - K 1 ,  - K  2, -g3 ] ,  
C 2 = [ - K t ,  - K  2, +K3], 
C 3 = I - K 1 ,  +K2,  -K3].  

etc., where K,. are scale-factors. Let L 0 be the constant vector 

L o = [L1, L2, L3]. 

The quantities to be loaded into SCT2 are obtained by applying the rotation 
matrices to the cube comers and adding the vector L0: 

C ~  = R z ,  . R r • R x ,  . C k At" L 0, 1 < k < 8. 

The purpose of the scale-factors K i is primarily to obtain the appropriate number of 
bits of precision, and the purpose of the offsets L i is to ensure that the SCT entries 
are nonnegative. However, the L i can also be used to carry out translations in image 
space, and the K i can be used to scale or stretch the object transformation. We can 
also scale the object after transformation: effectively, a 3 × 3 tensor can be applied 
to the rotation matrices to carry out anamorphic scaling in either object or image 
space. 

One additional operation is required: the transformed cube comers must be 
sorted in order of decreasing Z'  coordinate, to ensure that voxels furthest from the 
observer are read out first. This sorting operation results in a permutation of the 
indices 0 through 7; these permuted indices are the values to be downloaded to 
SCT1, whereas the transformed cube comers (sorted by Z') are the values to be 
downloaded to SCT2. 

SCT2 determines the transformed X', Y', Z '  coordinates of the centers of the 
largest octets (subcubes) of object space. The transformed centers of all other 

The specification (R{X,’Y’,Z’} and L0) appears in 
the object-to-screen matrix equation:

Ck: The position of a voxel in the object (X, Y, Z)

C’k: The pixel to light up (X’, Y’) and the distance of 
the voxel from the screen (Z’, used for shading).

However, a voxel should not light its pixel if 
another voxel that lights its pixel 

is closer to the screen ...
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its location in space, and an integer called its density,
representing some object property at this location (x-ray
attenuation, radiopharmaceutical concentration, etc.).
The voxels can be converted to cubes by suitable inter-
polation, and we will henceforth assume that all voxels to
be displayed are cubical in shape. Such a dissection of
space into cubes is called a cuberille.3,17,18

Previous methods for direct display
of voxel-based objects

Display methods that do not extract or fit surfaces to
the data but rather process all the voxels in the scene at
display time have been developed largely as a result of the
work of Meagher on octree encoding. 15,16 The use of oc-
trees for object representation apparently was suggested
first by Hunter; 19 in some respects, octrees can be con-
sidered to be a special case of the tree structures devised
for hidden-surface removal by Schumacker20 and later
extended by Fuchs et al. 21 Octrees and related approaches
have been reviewed by Srihari.22 The basic idea is that the
voxels making an object are represented by a hierarchical
8-ary tree structure, which achieves data compression
through spatial coherence. An advantage of octree en-
coding is that simple operations (union, intersection, and
difference of objects; translation, rotation, and scaling;
interference detection and hidden-surface removal) can be
accomplished by accessing each node of the tree once at
most. Furthermore these operations require only simple
arithmetic such as integer additions, shifts, and com-
parisons. Another useful feature of the octree approach is
the ability to trade off computation time against preci-
sion: A coarse image can be generated very quickly with
the high-frequency details emerging later as more process-
ing is carried out.

Hidden-surface removal can be accomplished by read-
ing out the cubes that correspond to nodes of the octree in
a recursive back-to-front sequence (Figure 2). This prop-
erty, which derives from the 3-D array from which the oc-
tree is built, is referred to as "spatial pre-sortedness." 18
Changing the observer's viewpoint corresponds to simply
visiting the nodes of the tree in a different sequence; no
modification of the octree is required. Front-to-back
readout is also possible and is more efficient in the average
case: Once a region of the screen has been painted, nodes
projecting on it can be ignored. 16 On the other hand,
building an octree requires more steps than simply prepar-
ing an array of voxels for display, and, on a conventional
computer, traversing a tree incurs more overhead than se-
quentially accessing the elements of an array.
A front-to-back algorithm was proposed by Strat as a

means of realistically depicting mountains and other
geographical features on flight simulators.23 Strat's
algorithm addresses a special case of the 3-D problem,
since each input (x,y) point has a unique z (height)

associated with it. A front-to-back octree display algo-
rithm was given by Meagher. 16 Simplified front-to-back
display methods have been used by Vannier et al. and Gib-
son for display of medical objects. 24'25 Their methods are
less general than ours in that only certain viewing direc-
tions are permitted. Similarly restrictive octree display
algorithms have been given by Doctor and Torborg.26 An
alternative slice-by-slice front-to-back approach has been
given by Farrell et al. 27 Their method differs from others
in that the data are rotated and new slices are constructed
before display. Methods of ray-tracing voxels have been

Figure 1. Typical CT slices. A x = A y = pixel size; A Z =
slice thickness.

Figure 2. Recursive back-to-front voxel readout. Note that
01234567, 02134567, and 03216547 are some possible oc-
tant readout sequences for the object orientation shown.
The object in this example could be represented by an oc-
tree of depth 2: Voxels are labeled with two digits, the first
identifying the octant, the second identifying the voxel
within the octant. The voxels can be read out in several
recursive back-to-front sequences including 00, 01, 02,
03... .07,10,11, 12... .74, 75, 76, 77.
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Solving this “hidden surface” problem (2-D case)
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proposed by Gordon and implemented by Tuy and
Tuy. 28,29

The back-to-front display method

The BTF algorithm for three-dimensional arrays, first
proposed by Gordon, is based on traversing the slices,
rows, and columns of the array in order of decreasing
distance to the observer. For purposes of exposition, a
2-D analog of the problem is presented, using a binary

Figure 3. Back-to-front voxel readout in two dimensions.
For the purpose of illustration, assume the origin is at the
corner farthest from the observer. The voxels are tra-
versed in order of increasing values of x and y; either x or y
may be chosen as the faster running index.

Figure 4. Slice-by-slice back-to-front voxel readout. Slices
are read out starting with the slice farthest from the
observer. Within each slice, voxels are read out staring
with the corner farthest from the observer. The voxels are
labeled with three digits, identifying the x, y, and z coor-
dinates in object space. For the object orientation shown,
the voxels can be read out in several slice-by-slice back-to-
front sequences including 000, 100, 200 010, 110,
210 .. 133,233,333.

picture. Assume that in Figure 3 the voxels A,B,C,D are
full and are to be projected onto the screen; all other vox-
els are empty. Assume the x,y axes are arranged as in the
diagram, so that the origin is farthest from the observer.
The voxels should be traversed in order of increasing
values ofx andy; either x or y may be chosen as the fastest
changing index. Thus, the sequences A,B,C,D (x changes
fastest) or C,A,D,B (y changes fastest) will both result in
a correct rendition of the scene. The reason for this is that
if (part of) a voxel with coordinates (x,y) is obscured by
(part of) a voxel with coordinates (x',y'), then x c x'
andy c y' so that by projecting (x,y) before (x',y'), the
correct image is obtained.
The correctness of the three-dimensional method is

now obvious (Figure 4). Assuming the origin is farthest
from the observer, then it is necessary to simply traverse
the voxels in the 3-D array in order of increasing x, y, and
z. If the origin is not the farthest corner from the observ-
er, some of x,y,z should be increasing and some should be
decreasing. However, the choice of which index changes
fastest can be arbitrary. This fact can be used to advan-
tage in the case of data that are stored slice by slice, mak-
ing it possible to read one slice (or portion of a slice) at a
time from disk storage into main memory for processing.
Once a slice is read in, the voxels in it are projected in the
appropriate increasing or decreasing sequence of x and y
values. Note that the order in which voxels are projected
on the screen is not in strictly decreasing distance, so our
algorithm is not an example of the well-known "painter's
algorithm. "
The following conventions are useful in the description

of the BTF algorithm. We refer to the coordinate system
in which the voxels of the object are defined as object
space and the coordinate system in which they are dis-
played as image space (Figure 5). Object space coordi-
nates are specified by integers, and object space and image
space are related by affine transformations, the products
of rotations, translations, and dilations (scaling). We use
orthographic projections, since these preserve distances
and other important geometrical information for direct
measurement. For implementational efficiency we usually
threshold the data on the basis of density; that is, we ob-

Figure 5. Object space (x, y, z) and image space (x ',y ',z ').
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proposed by Gordon and implemented by Tuy and
Tuy. 28,29

The back-to-front display method

The BTF algorithm for three-dimensional arrays, first
proposed by Gordon, is based on traversing the slices,
rows, and columns of the array in order of decreasing
distance to the observer. For purposes of exposition, a
2-D analog of the problem is presented, using a binary

Figure 3. Back-to-front voxel readout in two dimensions.
For the purpose of illustration, assume the origin is at the
corner farthest from the observer. The voxels are tra-
versed in order of increasing values of x and y; either x or y
may be chosen as the faster running index.

Figure 4. Slice-by-slice back-to-front voxel readout. Slices
are read out starting with the slice farthest from the
observer. Within each slice, voxels are read out staring
with the corner farthest from the observer. The voxels are
labeled with three digits, identifying the x, y, and z coor-
dinates in object space. For the object orientation shown,
the voxels can be read out in several slice-by-slice back-to-
front sequences including 000, 100, 200 010, 110,
210 .. 133,233,333.

picture. Assume that in Figure 3 the voxels A,B,C,D are
full and are to be projected onto the screen; all other vox-
els are empty. Assume the x,y axes are arranged as in the
diagram, so that the origin is farthest from the observer.
The voxels should be traversed in order of increasing
values ofx andy; either x or y may be chosen as the fastest
changing index. Thus, the sequences A,B,C,D (x changes
fastest) or C,A,D,B (y changes fastest) will both result in
a correct rendition of the scene. The reason for this is that
if (part of) a voxel with coordinates (x,y) is obscured by
(part of) a voxel with coordinates (x',y'), then x c x'
andy c y' so that by projecting (x,y) before (x',y'), the
correct image is obtained.
The correctness of the three-dimensional method is

now obvious (Figure 4). Assuming the origin is farthest
from the observer, then it is necessary to simply traverse
the voxels in the 3-D array in order of increasing x, y, and
z. If the origin is not the farthest corner from the observ-
er, some of x,y,z should be increasing and some should be
decreasing. However, the choice of which index changes
fastest can be arbitrary. This fact can be used to advan-
tage in the case of data that are stored slice by slice, mak-
ing it possible to read one slice (or portion of a slice) at a
time from disk storage into main memory for processing.
Once a slice is read in, the voxels in it are projected in the
appropriate increasing or decreasing sequence of x and y
values. Note that the order in which voxels are projected
on the screen is not in strictly decreasing distance, so our
algorithm is not an example of the well-known "painter's
algorithm. "
The following conventions are useful in the description

of the BTF algorithm. We refer to the coordinate system
in which the voxels of the object are defined as object
space and the coordinate system in which they are dis-
played as image space (Figure 5). Object space coordi-
nates are specified by integers, and object space and image
space are related by affine transformations, the products
of rotations, translations, and dilations (scaling). We use
orthographic projections, since these preserve distances
and other important geometrical information for direct
measurement. For implementational efficiency we usually
threshold the data on the basis of density; that is, we ob-

Figure 5. Object space (x, y, z) and image space (x ',y ',z ').
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And works for sub-cubes --> parallel hardware
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Figure 5 - Recursive Decomposition and Position Computation 

Merge Processors and Buffers 

Each of the images produced by the display 
processing elements consists of a two dimensional 
array of 112xi12 points (in a 16384 word - 128x128 
point memory - I:I scale factor) corresponding to 
the largest possible 2-D projectlon of the 
64-subcube. These 64 images must eventually be 
merged into the output 512x512 frame buffer. This 
is accomplished in two steps. First the 64 images 
are combined 8-fold into the 256x256 point 
intermediate buffers, and then these are combined 
again 8-fold into the final output buffer. The 
first step is performed in parallel by the eight 
intermediate processors. Each of these merging 
processes requires the computation of position 
offsets as described for the individual PEs, 
above. Double buffers permit the merging and 
readout operitions to be taking place 
concurrently. As described above, the same SCT 
determines both the order of computation within a 
PE and the order of combining for the merge 
operations. 

The final buffer stores the output image and 
Z depth values for use by the shading hardware. 
The major function of this memory is to permit 
scan conversion to standard video format for 
display on a monochrome or color raster scan TV 
monitor. This memory is directly accessible by 
the host for image readback and display of 
auxiliary text or other information. 

Sequence Control Table (SCT) 

The SCT contains 8 entries sorted in the 
required time-order defining the X, Y, and Z 
offsets of the centers of the 8 largest subcubes 
with respect to the center of object space. 
Offsets for successively smaller subcubes are 
determined by shifting the table entries by an 
appropriate amount (between 0 and 7 places to the 

right) since the sizes of all subcubes are related 
by powers of two. 

In addition to 3-D rotation, many other 
interactive capabilities can be implemented 
through modifications of the entries in the 
sequence control table and simple additions to the 
display processor hardware. It is these added 
capabilities that the Object Display Architecture 
takes advantage of in a structured way. General 
anamorphlc scaling is accomplished by simply 
multiplying the X, Y, and Z values stored in the 
table by the appropriate scaling factors with 
suitable interpolation of the input density data. 
Translation in 3-space is easily supported by 
adding X, Y, and Z offsets to the addresses of the 
output image buffer. 

Display of Multiple Independent Objects 

The display of up to 64 independently 
configurable objects can be achieved by loading 
object specific SCTs into each of the individual 
PEs or selected groups of PEs and modifying the 
implementation of the merge algorithms. This 
would permit complete control for objects within 
their own subcubes. These "sub-object spaces" 
could include any 3-D rectangular region 
comprising multiples of the basic 64-cube. Other 
display parameters can be associated with the 
individual PEs including a translation offset and 
the tone scale mapping to be used for the input 
data. However, motion outside of the original 
rectangular solid region would not be possible 
with the existing architecture. The Generalized 
Object Display Processor Architecture or GODPA 
provides increased merge capabilities to reduce 
the severity of this limitation. 

To extend the concepts of the Segment Display 
Processor to 3-D we associate an Object Descriptor 
Block with each distinct object to be displayed. 
The ODB contains all of the parameters describing 
attributes unique to each object. These entries 
include: 

* Position X,Y,Z - within input object space. 
* Orientation X,Y,Z - viewpoint control. 
* Size X,Y,Z - of bounding rectangular solid. 
* Scale Factor X,Y,Z - object-image display. 
* Slice Plane Specifier - for interior views. 
* Memory Address - bank and offset in memory. 
* Tone Scale - lookup Table Specifier. 
* Format - specifies Bits/Voxel, Partitioning. 
* Merge Control - for overlap and transparency. 
* Object Linkage - hierarchical control. 

Figure 6 is a depiction of the functions of the 
control parameters which are contained in the 
Object Descriptor Block. 

Position permits rapid translation of each 
object independently in any direction within input 
object space or output image space. Position is 
computed on the basis of individual voxels. 
Clipping or wraparound can be selected for objects 
which exceed the output screen dimensions. The 
Position parameter controls the X,Y,Z offset added 
to the output location of the image. 
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Largest sub-cubes can be read out in parallel to create 
“mini-screen images” which are merged in priority order.
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Shading (1) Distance of voxel to screen “shades” pixel.

proposed by Gordon and implemented by Tuy and
Tuy. 28,29

The back-to-front display method

The BTF algorithm for three-dimensional arrays, first
proposed by Gordon, is based on traversing the slices,
rows, and columns of the array in order of decreasing
distance to the observer. For purposes of exposition, a
2-D analog of the problem is presented, using a binary

Figure 3. Back-to-front voxel readout in two dimensions.
For the purpose of illustration, assume the origin is at the
corner farthest from the observer. The voxels are tra-
versed in order of increasing values of x and y; either x or y
may be chosen as the faster running index.

Figure 4. Slice-by-slice back-to-front voxel readout. Slices
are read out starting with the slice farthest from the
observer. Within each slice, voxels are read out staring
with the corner farthest from the observer. The voxels are
labeled with three digits, identifying the x, y, and z coor-
dinates in object space. For the object orientation shown,
the voxels can be read out in several slice-by-slice back-to-
front sequences including 000, 100, 200 010, 110,
210 .. 133,233,333.

picture. Assume that in Figure 3 the voxels A,B,C,D are
full and are to be projected onto the screen; all other vox-
els are empty. Assume the x,y axes are arranged as in the
diagram, so that the origin is farthest from the observer.
The voxels should be traversed in order of increasing
values ofx andy; either x or y may be chosen as the fastest
changing index. Thus, the sequences A,B,C,D (x changes
fastest) or C,A,D,B (y changes fastest) will both result in
a correct rendition of the scene. The reason for this is that
if (part of) a voxel with coordinates (x,y) is obscured by
(part of) a voxel with coordinates (x',y'), then x c x'
andy c y' so that by projecting (x,y) before (x',y'), the
correct image is obtained.
The correctness of the three-dimensional method is

now obvious (Figure 4). Assuming the origin is farthest
from the observer, then it is necessary to simply traverse
the voxels in the 3-D array in order of increasing x, y, and
z. If the origin is not the farthest corner from the observ-
er, some of x,y,z should be increasing and some should be
decreasing. However, the choice of which index changes
fastest can be arbitrary. This fact can be used to advan-
tage in the case of data that are stored slice by slice, mak-
ing it possible to read one slice (or portion of a slice) at a
time from disk storage into main memory for processing.
Once a slice is read in, the voxels in it are projected in the
appropriate increasing or decreasing sequence of x and y
values. Note that the order in which voxels are projected
on the screen is not in strictly decreasing distance, so our
algorithm is not an example of the well-known "painter's
algorithm. "
The following conventions are useful in the description

of the BTF algorithm. We refer to the coordinate system
in which the voxels of the object are defined as object
space and the coordinate system in which they are dis-
played as image space (Figure 5). Object space coordi-
nates are specified by integers, and object space and image
space are related by affine transformations, the products
of rotations, translations, and dilations (scaling). We use
orthographic projections, since these preserve distances
and other important geometrical information for direct
measurement. For implementational efficiency we usually
threshold the data on the basis of density; that is, we ob-

Figure 5. Object space (x, y, z) and image space (x ',y ',z ').

IEEE CG&A

(2) Curvature near voxel also “shades” pixel.
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Shading (1) L derived from distance from screen. 
(2) Distances of neighboring voxels sets N.
(3) Darken pixel as a function of cos(θ)
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cos(θ) 
shading.

Simple 
shading.

33Friday, April 25, 14



UC Regents Spring 2014 © UCBCS 152 L24: Voxel Processing

Break

Play:
34Friday, April 25, 14



UC Regents Spring 2014 © UCBCS 152 L24: Voxel Processing

Voxel Processor Design

35Friday, April 25, 14



Top-level block diagrams
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THE VOXEL PROCESSOR ARCHITECTURE 15 

subcubes are computed by the Voxel Processor hardware, down to the level of 
individual voxels. All required coefficients are related to the SCT2 entries by a 
factor which is an integer power of 2. Offsets for successively smaller subcubes are 
determined by shifting the table entries by an appropriate amount (between 0 and 7 
places to the right) in the Voxel Processor pipeline. Adequate precision is main- 
tained in the table to achieve consistency of the offsets and prevent objectionable 
boundary errors from appearing in the final image. 

For manipulating a single large object, the SCTs for all PEs in the display system 
are identical. Furthermore, the arithmetic processing can be performed by a single 
pipeline unit and distributed throughout the system, accessing all the memory 
modules in lock step (SIMD mode). 

For multiple independent objects, display can be achieved by loading object 
specific SCTs into each PE (or selected groups of PEs) and modifying the implemen- 
tation of the merge algorithms. This permits complete control of each object within 
its own subcube. The "sub object spaces" can include any 3-D rectangular region 
comprising multiples of the basic 64-cube. Additional details on the support of 
multiple independent objects can be found in [37]. 

4. Display Processor Organization 
The Voxel Processor architecture consists of seven parts, as illustrated in Fig. 5. 

In parentheses are indicated the actual devices or sizes for a typical implementation. 

1. Host computer for object data acquisition, database management, and 
complex manipulation or analysis (1 MicroVax II). 

64 PE-Mems 8 IPs 

M 
E (3, 4) 
M 
O 
R 
Y 

1 0 P  

FIG. 5. Voxel Processor overall hardware organization. 

64 PE-Mems: Each renders a sub-cube into a mini-image

IPs and OP: 
priority 
merge of 

mini-images
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Figure I - 3-D Object Space Representation 

Other possible data structures have been 
investigated including octrees [13] and 
unsorted lists of voxels. Neither of these has 
proven suitable for this class of applications. 
Significant additional overhead is imposed by the 
generation of these data structures from input 
data. In addition, the need for grayscale 
information increases the complexity and decreases 
the efficiency of coding techniques such as 
octrees. 

Display Processor Organization 

The basic hardware realization of the DISPLAY 
algorithm consists of five components as 
illustrated by the block diagram in Figure 2: 
This may be classified as a hierarchical 
SIMD/Pipeline architecture. 

Briefly, the processing strategy consists of 
the following. The processing elements (PEs) 
compute the 2-D subimages from each 64-subcube 
(64x64x64 voxels) of the overall 256-cube input 
object. Each PE contains a double buffer, each 

~ T 

8i 

64 8 
ProcesstnB Intermediate 

w/Buf fers  

1 
(~ltput 

Processor 

F f B u r e  2 - Overal I D]sptay SYstem Ar¢~,;terture 

half of which is sufficient to hold the largest 
image that can be created from its associated 
64x64x64 cube. 

The reconstructed image consists of two 
components. The first of these is the density of 
each active point in the object - those which have 
not been removed through thresholdlng, for 
example. Although the depth or Z coordinate (the 
distance from the point to the front end of object 
space) is not required for the time ordered hidden 
surface removal, it is buffered for use by the 
shading postprocessor. 

Each of the eight intermediate processors 
merges the 2-D sublmages generated by its set of 8 
PEs into the appropriate position in the eight 
intermediate double buffers following priority 
rules determined by the sequence control table 
(see below). Finally, the contents of the 
intermediate buffers are merged into the double 
512x512 frame buffer, following the same priority 
rules. The two halves of the double frame buffer 
are filled alternately - one is computed while the 
other is displayed. Postprocessing consists of a 
global tone scale lookup table, shading algorithm 
implementation, and final brightness and/or 
pseudo-color lookup table. 

A high speed interface permits communications 
with a host computer system for the purpose of 
image loading and readback. The host will also be 
responsible for archiving and retrieving 
appropriate data files, and converting formats to 
the internal object representation, as well as for 
more extensive analysis and other processing of 
the raw object data. 

The system controller is responsible for 
coordinating the activities of the 64 PEs, the 8 
IPs, and the OP by generating the sequence control 
tables for each desired object orientation. The 
control table required for the display of a single 
object includes X, Y, and Z position offsets for 
each of the subcubes making up object space. This 
information is used to recurslvely compute the 
absolute offsets for every point in the output 
image as well as the order of processing of voxels 
for the hidden surface removal algorithm. 
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64 PE-Mems: Location of processors on 256-cube
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FIG. 8. Processing element and 64-cube memory organization. 

/X 

I 
B U S 

V 

Clock 
O:fset ~ ~ 1 ~  [ ~  ~ ~ ) 1 ~  ~ 1 ~  ~ 

" Position "U ,~,2U ,~12 u ~12 u ~,2 0 ,~12 u ,~12 u to 
,~b~ U 0 0 U ~utter 

F, 
Clock m{> 18 Bit Counter 

Isc ,-,I 6 3 g3 ~ 8~ ~:~ ~ ,  
Subcube 64 32 16 8 4 2 

Address to O~ect Memory Access Unit 

FIG. 9. Arithmetic pipelines for X, Y, Z position computations. Object Memory (voxel) addresses are 
generated from SCT1; Image Memory (pixel) addresses are generated from SCT2. All the object memory 
address lines are shown, but only the X arithmetic pipeline is shown. The Y and Z pipelines are identical 
to X. 

PE-Mem design ...
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FIG. 9. Arithmetic pipelines for X, Y, Z position computations. Object Memory (voxel) addresses are 
generated from SCT1; Image Memory (pixel) addresses are generated from SCT2. All the object memory 
address lines are shown, but only the X arithmetic pipeline is shown. The Y and Z pipelines are identical 
to X. 

Back-to-front cube indexing. (X’, Y’, Z’) calculation.

40Friday, April 25, 14



The task of generating the visible surface 
for each object is no more difficult for multiple 
objects than for a single object. However, merge 
processing for GODPA is substantially more 
involved since the hidden surface removal using 
only time sequencing can no longer be used. True 
Z-buffer algorithms must be employed in parallel 
at each stage if the real-time constraints are to 
be met. The approach we take is to raster scan 
the entire output image space (512x512) at each 
stage (PE, IP, and OP) and essentially 'ask" each 
buffer to provide pixel data if it has a 
contribution to make to that pixel. The 8:1 
Z-buffer merge can be accomplished with a 
pipelined comparator multiplexer tree as shown in 
Figure 9. This replaces the intermediate busses 
previously used. 

Buffer D 

Ftcjure 9 - Pipeline Z-Buffer Ik~rqe Nodule (Externll Cont.! ~ t  Shown) 

For the Intermediate and Output buffers, a 
full output screen memory (262 K points x 2) can 
be provided and is cost effective. However, we 
assume a much smaller capacity for each of the 64 
PE buffers. For this merge, a small 2-D 
associative (content addressable) memory in 
conjunction with the MP for each PE will enable 
the active image regions to be flagged 
efficiently. Since there is no overlap in image 
data at this point, the associative memory will 
recognize when an active image segment on the 
basis of readout scan position and identify the 
corresponding starting location of each of the 
image segments in the buffer. Thus, as the entire 
512x512 output image is scanned, active data will 
be read from the buffer memory exactly as though 
it had a full 512x512 capacity. 

The 8 second stage merge operations are 
performed in an identical fashion but utilize full 
512x512 double intermediate buffers for storage of 
data and Z value. Figure I0 illustrates the data 
flow for the second stage merge as well as the 
output processing to be provided. All Z-buffer 
merging in GODPA is to ba accomplished with the 
pipeline tree approach. With all of the merge 
operations fully synchronized, the 8 intermediate 
buffers could be eliminated. However, they could 
provide added flexibility for the cases where more 
sophisticated image generation or merging is to be 
implemented. 
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Assuming a basic computation step time of ]00 
ns, the throughput of the overall system exceeds 
the required 30 frames/second. However, because 
of the pipeline latency, a response to a change in 
orientation will require a total of three frame 
times to become visible. Assuming output to a 
standard NTSC compatible video monitor, the 30 
frame per second throughput rate can be exploited 
by synchronizing image generation with video 
scanning and switching buffers during vertical 
retrace whenever a new frame has been completely 
loaded. 

Postproeessing 

Two types of postprocessing are to be 
implemented in real time: tone scale lookup 
tables for the video intensity and other display 
parameters, and some form of shading to enhance 
the appearance and realism of the image. Tone 
scale transformation hardware will permit the 
entire class of point type image processing 
functions which are traditionally used with image 
processing systems to be implemented on the output 
image in real time. Examples of these operations 
include contrast enhancement, interactive 
thresholding, and pseudo-color processing. 

Shading of the output image is essential to 
provide depth cues and other visual information 
about object structure. In distance-only shading, 
the intensity of a point of the image is 
determined by the distance of the corresponding 
point of the object from the light source. This 
is simple to compute and gives pleasing results. 
Other shading models take direction into account 
by computing the inner product of the normal to 
the surface with a unit vector along the light ray 
reaching thus providing curvature information and 
thus require more sophisticated processing 
structures. 

A new technique called Gradient Shading 
appears to be promising for the display of medical 
objects [14]. Gradient shading utilizes local 
curvature computed from the final image in 
conjunction with depth information to implement 
the shading operation. This approach is 
attractive because of its relative computational 
simplicity and the capability to be implemented 
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Priority merging of 8 PE mini-images ...
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18 GOLDWASSER AND REYNOLDS 

computer accesses to restricted regions of object space, such as X, Y, or Z planes, or 
variable size cubical areas. 

4.3. Object Memory System 
To store and display any set of objects within a 256-cube object space requires 

16M bytes of high speed RAM (assuming 8 bit quantization for each point). While 
this may seem to be an extremely large amount of high speed memory, it should be 
recognized that the steep decline in MOS memory prices is expected to continue for 
some time. Even at current prices, the cost of the overall display device (which is 
dominated by the cost of this memory) should be relatively small compared to the 
cost of a complete medical imaging system such as a CT scanner. 

Since the object space is divided into 64 equal subcubes, each PE requires 256K 
bytes of associated memory. To keep the individual processors busy, we assume a 
memory bandwidth of 100 nsec/read access. With 256K MOS dynamic RAMs 
which have static column access capability, this can be accomplished using only 
eight devices for each 64-cube. Such DRAMs require only one full access time to 
load their internal register with an entire row (512 bits). Subsequently, any bit in the 
entire row can be randomly accessed rapidly. Conveniently, one "bit-hyperplane" 
(one bit per cube for an entire 8-cube) can be stored in each row. Some additional 
logic would be needed to meet the DRAM refresh requirements and the host would 
be locked out from accesses to the object memory while image generation is in 
progress. 

The ideal "Object DRAM" (ODRAM) would contain an independent internal 
randomly-accessible buffer register for an entire row, analogous to a Video DRAM 
which has an independent internal shift register (with its own clock, data, and load 
signals) which can be loaded in parallel from an entire row of the internal memory 
array. Such devices are well matched to raster display refresh applications. The 
ODRAM would require minimal internal logic and only 4 extra pins compared to a 
conventional 256K DRAM. Like the Video DRAM, it would reduce the refresh 
load on the object memory system to a fraction of one percent of the available 
memory bandwidth allowing the host free access to object data even while the Voxel 
Processor display update is running. 

4.4. Processing Elements 
Each PE in its most general form consists of a pipelined arithmetic processor, 

input density lookup table, its own copy of the Sequence Control Tables, and a dual 
128 × 128 image and Z'-depth memory. For a system not supporting multiple 
object display, separate SCTs and pipelines are not needed and this information can 
be broadcast from a central controller. Figure 8 illustrates the overall organization 
of the PE and its associated 64-subcube object memory module. 

The density lookup table is high speed 256-byte RAM which is used to preprocess 
the voxels retrieved from memory for various purposes including selective masking, 
thresholding, or image enhancement based on density value. The ability to manipu- 
late the contents of this LUT ha real-time is an important mechanism which 
provides a great deal of operator feedback for interactive segmentation. 

The arithmetic processor is responsible for computing X', Y', Z' offsets for each 
pixel of the image, based upon the position of the corresponding input voxel. This 
can be accomplished with no multiplies, divides, or other time consuming arithmetic 

Memory ...
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22 GOLDWASSER AND REYNOLDS 

source. The time required for gradient shading depends only on the image size and 
is independent of object complexity. 

5. Computation Pipeline Timing 
Using the architecture outlined above, we can calculate the expected performance 

and throughput of the system. We assume that the processing speed is 100 
nsec/primitive calculation: reasonable for discrete TTL or high performance VLSI 
technology. 

1. The time required by each PE to generate a subimage from the 64-subcube is 
256K × 100 ns or approximately 25.6 msec. 

2. The time required to merge groups of 8 subimages into a 256 × 256 
intermediate buffer is 8 × 12321 × 100 nsec or approximately 10 msec. 

3. The time required to merge 8 intermediate buffers into the output buffer is 
8 × 49284 × 100 nsec or 39.4 msec. 

Thus, the limiting time is the last, corresponding to a frame update rate of 
1000/39.4 or approximately 25 frames/second. Note that because of the pipeline 
latency, however, a response to a change in orientation will require a total of three 
frame times to become visible. 

Assuming output to a standard NTSC compatible video monitor (30 frames/sec- 
ond, 60 fields/sec, 2:1 interlaced), the full 25 frame/sec throughput can be 
exploited by switching buffers whenever a new frame has been completely loaded. 
Alternatively, a dual port memory system can be used for the output buffer. 
However, visible image changes (breaks) may occur for fast changing objects during 
the frame display. An effective update rate of 20 frames/sec can be easily achieved 
by displaying each frame 13 times, corresponding to 3 video fields using 2:1 
interlaced scanning. 

PART IV: VOXEL PROCESSOR IMPLEMENTATION 

A simplified prototype has been developed to prove the feasibility of the Voxel 
Processor approach. The prototype has been constructed with MSI TTL devices. 
The use of VLSI would permit a full-scale system to be realized economically with a 
minimal number of components. This section outlines the capabilities of the Voxel 
Processor Prototype and explains the interactive facilities. 

1. Hardware Configuration of the Voxel Processor Prototype 
The Voxel Processor Prototype (VPP) is a discrete implementation of a single 

64-cube module using commercially available digital logic. It has essentially all of 
the capabilities of the full scale system but at reduced resolution. A major objective 
in constructing this device was to study the consequences of interaction with the 
system in real time. While a software simulation was developed to verify basic 
principles, the hardware was essential to observe the dynamic effects which are 
difficult or impossible to simulate effectively. An unforeseen benefit of the working 
prototype has been the use of the VPP for applications in areas unrelated to medical 
imaging. For example, the VPP has been used to visualize the reconstruction of 3-D 
representations of solid objects derived through machine perception techniques, and 
to view 3-D spatial mechanisms for mechanical design. 

Timing ... 3 frames of latency, due to pipelining.
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What happened to this product?

Company was bought by a medical imaging 
scanner company (Picker) who incorporated 
it into the product line through the 2000s.  
Picker was acquired by Philips.

256-cubes became possible to do in real time,
and the interest in larger cubes (which would 
still require custom hardware) was insufficient.

I believe there is still an opportunity to build 
machines of this nature, if one finds real-time 
applications for very large voxel datasets.
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On Thursday

The last “regular” lecture ...

Have fun in section !

or, perhaps a different topic.
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