




A second scenari o from th e field 
of medicine is p reoperative facial 
an alysis and postoperativ e qu anti
tative evalua tion . Pati ents ex pec ting 
surgery to improve th ei r facial pa
ralysis are preoperativ ely scanne d 
to construct a syn the tic facial 
model. In thi s model, syn the tic 
muscles are activated to simu late 
and improve th e pati ent's appear
an ce. After the surgery, th e sur
geon and the referring neurologist 
can examine any improvem ent by 
qu antitatively co mpa ring pre- and 
postoperative image seque nces o f 
th e patient making facial expres 
sion s. 

In many resea rch domain s, th e 
ability to share massive amo u nts o f 
empirical data is crucial to signifi
can t progress. One example is neu
roscience, where researche rs work 
only on a very small part of the big
ger problem of mapping the br ain 
and its functions . Published papers 
may contain only one or two images 
ofa 2,OOO-image dataset , which is in 
general ina ccessible to othe r re
searchers. Cu rre n tly, th ere is a na
tionwide effort to establish a centra l 
dat abase of neuroscien ce data [II], 
and a collaborative visua lization 
enviro nme nt cou ld be used to ac
cess such a database. 

In an other domain , eng inee rs a t 
di fferent locations collaborate on 
the design of a new product. Sta rt
ing with a geometric model o f last 
year's version , they int eractively 
modify and refine th e mod el 
through local changes to its sha pe, 
color, and texture. Alternatively, a 
manufactured object, suc h as a 
compe titor' s product or a clay 
mock-up, may be the starting point 
from which a computer-aid ed de
sign (CAD) model is automati cally 
created and subsequently modified . 
As in th e biomedical exa mples, the 
enginee rs can consult colleague s 
and collaboratively modify th e de
sign ove r th e com puter network. 

To su ppo rt such scenarios, we 
envision a scien tific visualization 
enviro nme nt incorporating video , 
sou nd, and user in terfaces th at 
understand spoken request s and 
ges tures . T his vision suggests a 

seamless enviro nme n t in which the 
user can consult a colleague, while 
the convers at ion and resp ective 
faces are tran smitted and d is
played . Furthermore, th e co mpute r 
is no longer passive, but an act ive 
participant understanding limited 
speech, responding with an expres
sive face and a syn thesized voice . 

T he sources of data in the pre
ced ing examples, namely CT scan
ne rs, tran smission electron micr o
scopes, and video came ras , are 
different and the different types of 
data require conside ra ble domain 
knowledge in th eir an alysis. Never
thel ess, there is a great deal of com
monality in th e techniques used to 
visu alize, quantify, and int eract 
with th e data and th e models. 
T hese common techniques range 
from data enhance me nt, feature 
ex trac tion , and reconstruction, to 
int eractive visualizati on, computa
tion , and simulation on the models. 

We are capitalizing on these simi
larities by bu ilding a com mon scien
tific visua lization enviro n ment 
which suppo rts such d iverse appli
ca tions as biom edi cal scien tific visu
alization and reverse enginee ring 
applications. We discuss three proj
ects we are pu rsuing toward our 
goa l o f such an enviro nme nt: (l) 
int eractive modeling and visualiza
tion of medical and biolog ical data, 
(2) th ree-dimensional shape acqui
sition , modeling, manipulation, and 
culmina ting in three-dimensional 
faxes, (3) teleconferencing with 
person abl e com puters. These proj
ects are demonstrat ed at the SIG
GRAPH'92 Showcase . 

Interactive Modeling and 
Visualization of Medical and 
Biological Data 
Interactive modeling and visualiza
tion of medi cal and biological data 
in a collabora tive environme nt has 
th e potential for im pro ving patient 
care and reducing medical costs. 
Visualizat ion enviro nme nts for 
th ese dom ain s must add ress all 
stages of data ana lysis, including 
registration, seg me nta tion, three
dimen sion al recon stru ction, re n
dering, ana lysis, and simulation. 

We d iscuss some fundamental 
methods in eac h area and demon
stra te examples fr om neuroscience , 
embryology , radi ology, and surgi
cal planning. T he co mpo ne nts of 
the visua lization enviro nme nt are 
implem ented in a collabora tive en
viro nme nt, suggesting that biom ed
ical imagin g, medi cal di agnosis, and 
su rg ical planning will soo n be feasi
ble over high- sp eed networks, al
lowing electronic intra- and int er
hospital collabo ra tion among physi
cians and research er s. 

Registration 
Registration refers to th e alignment 
of data from th e same or different 
mod alities, or senso rs , suc h as th e 
alignme nt of slices of neural tissue , 
or th e alignme nt of MR and CT 
dat a. We use two registrati on tech 
niques: int eractive registration with 
a d igital blink com pa ra tor , and au
tom ati c registration th rough mini
mizati on. T he fir st , the di gital blink 
com pa ra to r, is a manual technique 
using visua l motion for th e align
ment of images. Holding one image 
sta tionary , th e user tran slat es and 
rotates th e other image while th e 
sta tio nary and movi ng images are 
alte rnately sho wn on a gra phics 
screen. The images are aligne d 
when the su m of th e visual motion 
is minimized [5]. The blink com
parator is used to register sections 
of a neuronal dendrite from tran s
mission elec tro n micr oscopy, as well 
as pre- and postcontrast midsaggi
tal MR head scans . 

T he automatic method atte m pts 
to min imize the di fferen ce between 
the two images to be registered . 
One image is kept sta tiona ry and 
th e other is ro ta ted and tran slated, 
in a syste ma tic manne r, with re
spec t to the sta tionary image. T he 
transformation param et ers which 
yield th e minimum difference be
tween the images also yield the op
timum align me nt. T his regist rat ion 
technique is used to registe r serial 
sections of an embryo fro m light 
microscopy. 

Segmentation and Reconstruction 
Segmentation refers to the process 
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of extracting meaningfu l regions 
from images or volumes . We em 
ploy a user- assisted segmentation 
method, snakes, or interactive de
formable conto urs, which is a 
model-based image feature locali
zation and trackin g technique [5,7]. 
Although cons iste n t with manual 
tr acing methods, sna kes are consid
erab ly faster and more pow erful. 
The user qui ckly traces a contour 
which ap proxima tes th e desired 
boundary, th en sta rt s a d ynamic 
simulation that en ab les th e contour 
to locate and con fo rm to th e true 
boundary. Where necessary, the 
user may guide th e conto ur using a 
mouse to apply simulated forces. 
With some guidance, sna kes exploit 
the coherence between adj oin ing 
images to qui ck ly extract a se
quence of regions. Sn akes are used 
to extract a neuronal dendrite from 
transmission electron micrographs 
(Figu re I), and an embryo heart 
and its substructures from light 
micrographs, and to track lung and 
liver vessels in spira l CT scans . 
After extracting all th e region s of 
an object, we stack th em to form 
three-dimensional volumetric mod
els of a neuronal dendrite (Figure 
2a), an embryo heart, and th e heart 
and liver vessels . 

Rendering 
The three-dimensional volume 
data is rendered using a novel par
allel volume ra y-tracing algorithm . 
T his ra y-tracing algorithm differs 
from previous methods by ho lding 
the data stationary whil e accumu
lating the opacity along th e rays in 
parallel. The three-dimensional 
volumetric models can be interac
tively rotated, cut open (Figure 2b) , 
and viewed transparently. The 
three-dimensional shapes . of th e 
models are di splayed , using both 
shading and motion parallax. Em
ph asis is placed on data fide lity, or 
loss-less rendering [4], using accu 
rate interpolation filters [3]. 

Simulation 
In a different application, we simu
late facial tissue d ynamics for su r
ge ry planning. Two iso-valued sur-
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faces of th e facial skeletal bon e and 
epidermal skin tissu e are extrac ted 
from CT data usin g th e marching 
cubes algorithm [10] (Figure 3). 
These geometric sur faces provide a 
foundation for a d iscrete layered 
spring latt ice tissu e model [21] . 
Three layers are co nstruc ted for 
the numerical simulation : th e skele
tal bone , th e muscle, and th e e pi
dermis. One end of each synthe tic 
muscle attaches to the mu scle layer 
and the other end attaches rigidly 
to bone. When a muscle is articu
lated, it deforms the latt ice, which 
causes forc es to propagate outward 
until an equilibrium is establishe d . 
T he simulation is implemented on 
a massively parallel com puter to 
achieve a rapid response. 

Three-Dimensional Shape 
Acquisition, MOdeling, and 
Manipulation 
Three-dimensional modeling is re
quired in applications such as com
puter-aided design and manufac
turing (CAD/CAM), architectural 
design, and computer animat ion . 
Traditionally, three-dimensional 
model ent ry involves a laborious 
manual process based on two
dimensional input devices such as 
tablets. The recent advent of inter
active three-dimensional input 
techniques [12] and automatic 
sha pe acquisition using special
purpose three-dimensional active 
rangefinders [6] could alleviate 
som e of these problems. However, 
these ap pro aches rely on expensive 
special-purpose input devices that 
may not be available to th e general 
public. 

In thi s section we describe an al
ternative shape acquisition tech
niqu e based on regular video im
ages, which we ex pe ct to become . 
widely applicable as video technol
ogy becomes embedded in worksta
tion s. In our system, the object to be 
scanned rot ates on a turntable in 
front of an ord ina ry , stationary 
vide o came ra (Figure 4a ), We have 
developed two algor ithms to recon
struct th e object fr om the resulting 
image seque nce : sha pe from sil
houettes, and sha pe from image 

flow , On acquIrIng th e object's 
sha pe, we can int eract ively modify 
it using a var iety of three-dimen
sional manipulation techniques. 

Three-Dimensional Shape from 
Silhouettes 
Our first algor ithm for shape ac
qui sition constructs a bounding vol
um e for th e obj ect from th e se
qu en ce of silhouettes [15]-the 
bin ary classific ation of images into 
object and background (Figure 4b). 
The three-dimensional intersection 
of these silhouettes defines a 
bounding volume within which the 
object must lie. We represent thi s 
volume usin g an octree [13] (Figure 
4c). For eac h silhouette , the octree 
cubes are projected into the image 
plan e and classified as either who lly 
or partially inside or outside the 
object. After one com plete revolu 
tion at a given resolution, cubes 
which cannot be unambiguously 
classified are subd ivide d into eight 
subcubes, and th e process is re
peated [15]. Once the complete 
sha pe of the object has been recon
struc ted , we associate each octree 
cube with a set of pixels in the input 
images, producing a "texture
mapped" three -dimensional object. 
The com plete procedure can be 
performed in a few minutes on a 
workstation , in time proportional to 
the desir ed resolution. 

Three-Dimensional Shape from 
Image Flow 
Our seco nd algorithm com pu tes 
the optic flow (two-dimen sion al 
motion) at each pixel to estimate 
th e three-dimen sion al locati on of 
points on th e su r face of the object 
[16]. T he optic flow is com puted 
from successive pairs of images by 
minimizing a co rrela tion measure 
at ea ch pixel. T h is produces both a 
dense estima te of the local motion 
(Figure 5b), and a con fidence mea
su re which depends on the amount 
of variation in th e local texture in 
the image (Figure 5c). Flow mea
surem ents are conver ted into 
three-dimensional points on the 
surface using the known turntable 
motion (Figure 5d). These three
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dimensional positions are then re
fined by merging them with new 
measurements from successive im
ages using a statistical framework 
[16]. The final model is a collection 
of points on the object's surface 
tagged with colors and intensities 
derived fro m the set of images. 
Since the computation of flow and 
the merging points are computa
tionally intensive, we have imple
mented these algori thms on a mas
sively parallel pro cessor. 

Three-Dimensional Surface 
Interpolation and Manipulation 
Becau se th e flow-based reconstr uc
tion algori th m only produces esti
mates at locat ion s with sufficien t 
texture, there may be gaps in the 
surface. To solve this problem, we 
have developed a flexib le surface 
modeling tec hnique based on in te r
acting pa r ticles [17]. O ur method 
interpolates across gaps in the sur
face by placing particles at the ini
tial surface measurements and then 
adding new particles automatically. 
The surface is automatically 
smoothed, based on specially tai
lored interaction potentials. Each 
particle is then colored with an ap 
propriate intensity derived from 
the ini tial image sequence, produc
ing a texture-mapped surface 
model of the object. To refine or 
res hape the object, we can use tra
dition al techniques such as global 
or local free-form deformations 
[2,14], as well as our part icle-based 
surface modeler. T his latter ap-

Figure 1. Cell segmentation using a 
deformable contour al dendritic profile 
bl segmented cell 

Figure 2. This reconstructed dendrite 
was built using an earlier version of 
our system which was Implement ed on 
a Silicon Graphics 4D1220GTX. voxei
View '· was used for volume rendering. 

Figure S. al tso-valus surface of bone 
bl iso-vatue surface of skin t issue 

Figure 4. Shape reconstruction from 
Image silhouettes: alone of the or igi 
nal Images, bJ a tnresnotded silhouette 
Image and cl an octree representation 
of the Internal model 

proach is capable of extending or onstrate at the SIGGRAPH'92 
topologically altering surfaces by Showcase is a three-dimensional fax 
cutting or merging particle sheets with collaborative design revision . 
[17]. By three-dimensional fax, we mean 

the abil ity to transmit to a remote 
Applications site the full three-d imensional de
T he primary application we dem- scr iption of a real object. O nce the 
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th ree-d imensional object model has 
been en te red, it ca n be int eractively 
modified or refined at each site , 
both thro ug h local cha ng es to its 
sha pe, and through manipulation 
of th e texture map (pa in ting) . T he 
object could also be re pro duce d in 
three-d imensions usin g NC mill ing 
or ste reolithogra phy. 

T hese techniques also have a p
plicat ions in reverse enginee ring 
(de riving CA D descriptions from 
manufactured objects), in th e crea
tion of virtual reality enviro nme nts, 
and in th e creation of object mod els 
for compute r gra phics anima tion. 
We ex pec t the add ition of sim ple 
automatic shape acquisition capa 
bilit ies, as well as th e wide r ava il
ability o f netw orked di splay and 
manipulation capa bilities, to greatly 
enha nce th e usefulness and power 
of ex isting three-dimensional mod 
eling syste ms. 

Teleconferencing with 
Personable computers 
The face is a powerful medium of 
communication, and human s are 
highl y tuned to co mpre he nd subtle 
and complex facial signa ls. An ar
ticulate syn the tic face suggests 
novel scena r ios for presenting in
formation. By add ing such a face to 
synt he tic speech , we can increase 
the bandwidth and the ex press ive
ness of th e spoken word. If th e syn
th etic speech/face ge ne ra to r were 
combined with a system th at per
forms basic facial ana lysis of the 
user, tracks th e focus, decod es 
emo tional state s fr om facial ex pres
sion, and ana lyzes th e user's speech, 
we would tr an sform the com puter 
fro m an inert box int o a personable 
computer. 

H ow do es thi s tech nolo gy fit in to 
a collabo ra tive scient ific visu aliza
tion enviro nme nt? Perhap s, it could 

Figure 5. Shape reconstruction from 
image flow: a) one of the original input 
images, bl local flow estimates (blue to 
the right, red to the left), c) certainty 
in flow estimates (red is highest cer
tainty), and d) final 3D point cloud 
computed from all views . 
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be th e fron t en d of an ex pe rt sys
tem for empirical dat a ana lysis. A 
synthe tic character could present 
some technical knowledge an d, on 
being as ked a qu estion, ex plain how 
a pie ce of inform ation was derived 
fro m the ex isting dat a. T he advan
tage of th e syn the tic cha rac ter over 
a textual int erface will, we co njec
ture , be similar to the advantage of 
int eracting with a person ra the r 
than reading ex plana tions to un
derstand a technical problem . 

Within the bounds of tod ay's 
techno logy we can dem onstrat e tel
eco nfere ncing of today and of th e 
future . Use rs can talk not only to 
people but also to a re mo te com
puter answering simple qu estions. 
The com puter will have a person
able cha rac te r with ex pressive faces 
sync hronized with synt hetic speech . 

Modeling Three-Dimensional 
Facial Structure 
T h ree-d ime ns iona l face data cap
tured fro m high- sp eed active scan
ners can be used to mod el facial 
structu re [6,19]. T hese dat asets are 
mapped onto a discrete deform able 
mesh with a known topology, ena
blin g the use of a standard art icula
tion model , and also red uc ing th e 
size of th e data. This d eform able 
mesh beh aves as an elastic mask, 
with some parts fixed on key areas 
of the face (e.g., eyes), and others 
fr ee to move ove r the fac ial struc
ture. O nce th e mesh esta blishes an 
equilibrium, it is fr ozen and used as 
the fou nda tion for a rticulation 
(Figure 6). 

Articulation and Control 
We have developed tech niques for 
articul ating facial geo me tr ies 
through the use of syn the tic muscle 
actua tors [20] . T h is approach , aug 
mented by facial tissue models , 
yields rea listic facial ex pressions 
[21]. Two primary muscle types are 
used in the facial model: linear 
mu scles which pull in an ang ular 
direction, and sphincter muscles 
which squeeze, like the drawing 
together of a str ing bag. Only th e 
most significa nt facial muscles a re 
used . T hese muscles ca n ope ra te in 

isolati on or as sma ll function al 
groups to ge ne ra te facial ex pres
sions and articulate th e mouth for 
speech. Facial ex pressions such as 
happiness, sad ness, ang er, fear, di s
gus t, and su r prise are acco mp lishe d 
by groupe d m uscle activities (Fig
ure 7). 

Speech Synchronization 
T he fac ial model is synchronized to 
an au tomated speech synthes izer 
[8]. T he synt hesizer converts regu
lar text into a phonetic tran scr ip
tion annota ted with timing, int ona
tion , and stress in formation as well 
as aud ible sound . T he ph on etic 
transcrip tion is coo rd inated with 
the muscle ac tivation of th e lips, 
res ulting in a syn the tic cha racte r 
th at appea rs to speak. 

Demonstrations 
We demonstrate two scenarios at 
th e SIG GRAPH'92 Show case . First, 
video teleconferen cing of tod ay, 
using color images of real peopl e 
in terac ting and talk ing while thei r 
mutual images are displayed in live 
video windows. Second, teleconfer
encing of tom orrow , using synthe ti
cally ge ne rated facial images. T he 
user is able to com municate with a 
rem ot e personable comp uter and 
obtai n responses to a limited set o f 
qu estions . 

Hardware and Software 
T he primary platform for the dem
onstra tions is th e DECmmp 12000, 
a massively parallel processor, with 
severa l DECstations networked 
over FDDI. T he bid irec tiona l 
person-to-p erson video teleconfer
encing uses an ex per ime nta l video 
JPEG com press ion/decom pression 
board wh ich provides real-time 
com press ion/decomp res sion . of 
video int o the DECstati on's main 
memory, as well as aud io ca pa bility 
using DECaudio. The video ap
proach is unusual in th at video is 
tr eated as a no rmal dat a type by 
usin g unex tended X se rve rs for dis 
play rather tha n back-d oor paths 
into th e fr am e buffers, as has ge n
erally been th e case with "video in a 
window" in th e past. For our int er
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active visu alizati on and modeling, 
we use a version of AVS [18] run 
nin g on top of sha re d X [ I], ex
tended with sp ecial-purpose mod
ules for registration, seg me nta tion, 
mod el build ing, and rendering. 

Future Research 
Based on the dem onstration s de
scribed and othe r expe riences fro m 
our research , we have identified a 
number of basic capabilities which 
must be added to current scientific 
visu alization environments to make 
them more applicab le to a wide 
range of data analysis problems 
(Also see [4,9]): 
• Three-dimension al mod e ling 
and visua lization environments 
mu st su ppo rt a wide ran ge of rep
resentations. For exa m ple, in th e 
three-dimensional object recon
struc tion syste m, both octrees and 
distributed sur face representations 
based on particles have bee n used , 
and additiona l representat ions 
based on more trad itional esc 
primitives and NU RBS cou ld be 
adde d . In th e medical ap plications, 
two-dimen sional images, two
d imen sion al and three-dimension al 
conto ur and sur face models, and 
three-dimensional volume tr ic re p
resentations are all important. 
• A large number of data presenta
tion modalities must be available, 
including images, height field s, 
contou rs, surfaces with texture 
mapping, a nd volumes. The data 
presentation should n ot be deter
min ed by th e int ernal d ata repre
sen ta tion. For exam ple, while an 
image is usu ally displayed as a gray 
level or color image , it could also be 
di splayed as a height field or as an 
alTay of numbers. Similarly, a vol
um e can either be ray-traced or di s
played as a seque nce of images 
using visual moti on to co nvey th e 
intern al sha pe . 

Figure 6. Face lattice template on 
t he range map 

Figure 7. Facial expressions created 
by muscle arti culati on 
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• The scien tific visua lization envi
ronment sho uld su ppo rt concur 
rent analysis of multipl e dataset s 
fro m th e same or different mod ali 
ties an d fro m th e same or di fferent 
subjects. T he user sho uld be able to 
visually correla te parts o f th ese 
datasets in man y d ifferen t ways, 
through ove rlays o r pointing in 
multiple windows. 
• The rapid display and three
dimen sional manipulat ion of dat a 
facilitat es th e use of motion paral
lax to discern three-dimen sion al 
sha pe . Accurat e, or loss-less, ren
dering is also important, as is the 
qu antificati on of any loss of accu 
racy in the data due to rendering. 
• The modeling and ' visualizati on 
syste m sho uld include auto ma tic 
and semiautomatic image and data 
recon struction techniqu es. We ex
pect suc h capa bilities, which do not 
exist in most curren t visual izat ion 
syste ms, to play an increasingly 
important ro le. Existing registra 
tion and segm entat ion techniques 
do not per form well on broad 
classes of data , A wide vari ety of 
special-pur pose registration and 
seg me nta tion techniques must be 
developed a nd in tegra ted into the 
environme nt, while research into 
more generally a pplicable tech
niques must co nt inue . Similarl y, the 
recovery of three-dimen sion al 
sha pe and color distributions is be
coming possible under controlled 
cond itions, and provides a power
fu l tool both for model acquisit ion 
and for more ge ne ra l image analy
sis. The solution of th e ge ne ra l 
problems of sha pe recove ry and 
seg me nta tion is difficu lt, however, 
and is th e focus of much research in 
compute r vision . 

Fina lly, man y probl em s in scien
tific visua lization are complex and 
require the coo peration of man y 
d ifferent ex perts. In the future, 
th ese will include com puters as ac
tive collaborators. A collabo rat ive 
modeling and visua lization envi
ronment would facilita te th is task, 
p rovided th at we ca n exte nd int er
action paradi gm s fo r complex data 
ana lysis to multiple collabora ting 
users , 

Whil e man y of these com po ne nt s 
invo lve ope n research qu estions, we 
bel ieve th at rapid pro gress is bein g 
mad e. Including a rich er set of ex
istin g ana lysis, mod elin g, and pre 
sen tat ion techniques sho u ld greatly 
en ha nce the power and usefulness 
of tod ay's modeling and visua liza
tion env iro nme nts. In the future , 
we expec t co ntinue d advances in 
th ese co mpone nts, as well as in 
creases in th e perfo rman ce of co m
puters and com mu nication net
works , resulting in a new 
ge ne ration of visualization enviro n
ments that will have a profound 
impact on collabo ra tive work. ~ 
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