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least minimal exposure to as user This book in also not intended as deauled reference

manual for advanced programmers
Instead it explains and demonstrates the concepts

in

volved in programming
with in enough detail to allow the rtadef to understand how to

write X-based apptications
without explaining every aspect of every widget Or lunction call

This book also does not ernpha.cice the particular user interface style promoted by Motif It

uses the Motif widget set as the basis for exploring the features of and the Toolkit

without any particular
focus rat the Motif behavior anti appearance guidelines

The infornsation iii this book is based on the 1.0 release of the Motif widget set and the

corresponding
Motif version of the Xi Ititrinsics Motif is currently based on the Xl lR3

version of the Window System Like most large software systems both and Motif are

evolving systems
and some details will necessarily change

wish time All examples ate

written in the progetinuning language
and the hook assumes at least basic knowledge of

that language
Window systems ate inherently gtaptiical in nature and it might

useful for

the reader to have some lamiliatity with basic raster graphics although no knowledge of

graphics algosithitis is needed
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AN INTRODUCTION TO
THE WINDOW SYSTEM

The Window System is an industry-standard aoftwnre system that silowa programmers to

develop portable graphical user interfaces One of the most important features of its

unique device-independent architecture allows programs to display windows containing

text and graphics cat any hardware that snppoTls the protocol without modifying recoin

piling or retinking the application This device independence along with Xs poSition as an

industxy standard allows X-based applications so function in heterogeneous environment

consisting of mainframes workssotton5 mid personal computern

seas developed at Massachuseos Institute of Technology MIT with
support

hoist

the Digital Equipasetu Corporation DEC The name as well as some initial design ideas

were derived from an earlier window
system

named developed at Stanford University

was designed at MITs Laboratory for Computer
Science far Project Athena so fulfill that

projects
need foe distributed hardware-independent user interface platform Early versions

of were used primarily within MIT and DEC but with the release of version tO many

manufaaucens expressed interest in as cotismetcial product The early versions of were

designed and implemented primarily by
Robert Sclteifler and Ron Newman from MEl and

Jim Gettys from DEC although many additional people cstntnboted to Version II Ver

nina II of the Window System it supported by costsortistm of hardware and software

vendors who have made consmitmem to as standard base for user interfaces actoas each

of their product linen The Consortium suppurta
arid controla the standard specification of

the Window System is available on most UNIX syateots Digitals VAXFVMS operating

Douglas Young
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Processing of Cross-Sectional Image Data for 
Reconstruction of Human Developmental Allatomy 
from IVIuseum Specimens 

MiChael D. Doyle, Cheong Ang, Rakesh Raju, -Gary Klein, --Betsey S. Williams, Thomas 
DeFanti, Ardeshir Goshtasby, ·"Robert Grzesczuk and ..... Adrianne Noe 

The University ofIDinois at Chicago, • Anio~ Oil Co., --Harvard Medical School, -·-the University of Chicago, 
and • ... the National Museum of'Health and Medicine, AFlP , , 

, . A project is described (The Visible Embryo Project) to develop software strategies for the 
creation of large-scale databases of 3-dimensiOnal image data on human developmental . 
anatomy. The issues discussed relate to the processing of serial-section image data for the 
purpose of reconstructing volumetric models of individual embryos from museum specimens. 
Attempts were made to fully automate the processes of image registration and artifact 
correction, in order to allow for the eventual unattended reconstruction of thousands of such 
embryos from such resources as the Carnegie Collection of Human Embryology. Tools were also 
developed to allow the real-time interactive visualization of the massive databases that this type 
of reconstruction project creates. The implementation of a 3-D model of a human embryo in a 
viewer-centric virtual reality environment is also described. 

Introduction open up their collections, in electronic form, to re­

. C· o~enital malformations have challen~d the 
humanistic and intel1ectual resources of mankind for 
. ages. Generations of scientists have labored to under­
stand their causes and effect their treatments. Despite 
this legacy, there are a variety of problems currently 
plaguing the. discipline of human embryology. AJ­
though many remarkable collections of human em­
bryological materials have been built up over the last 
century, the Dature of these materials dictates that 
they be housed in museums under tight lock and key. 
The wealth of knowledge represented by such archives 
is largely 8C1'.essible only through the publications of 
earlier researchers who studied various aspects of the 
collections. New methods for computer-based S.m­
mensional morphometric analysis are enabling devel­
opmental biologists to study the dynamics of human 
development in ways that were not posSlble until only 
a few years ago. The publications of early researchers 
in the field are of little value to these new quantitative 
biologists. Yet these researchers have been severely 
limited by a lack of free access to large populations of 
embryological specimens. New technologies in high 
performance computing and communications are be­
ginning to enable museums and research centers to 

FEBRUARY 1993 

searchers, educators and students throughout the na· 
tion without endangering the fragil~ specimens them· 
selves. The presently-descnbed research is part of an 
effort to develop the technologies necessary for such a 
"museum without walls" to take form. 

The Center for Human Developmental 
Anatomy 

For over a century, scholars have perceived a 
need for an internationally accessible center· for re­
search in human developmental anatomy. Consistent 
with its missions to support consultation, education, 
and research in medicine and related disciplines, the 
staff at the United States Armed Forces Institute of 
Pathology began in 1990 to develop such a center atits 
National Museum of Health and Medicine. Its long­
time experience in both conducting and supporting 
collections-based scientific research have allowed the 
staff and associates to id·entify prospectively the collec:­
tions that will serve critical medical and scientific 
needs. Beginning with the acqwsition of the world· 
renowned Carnegie Human Embryology Collection 
(O'Rahilly, 1987), the Institute continues to identify 
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and collect weU-docu:mented materials arid carefully 
houses them for perpetual availability to scholars. The 
Institute's mission is to preserve these and other mate­
rials relating to developmental anatomy in a careful, 
organized mimner, which will eventually include ex­
tensive, computer-based image archiving and the de­
velopment of large.;seale, remotely accessible, data­
base on the Center's collections. The Center relies on 
supported research agendas to activate these materi­
als and make them useful around the globe. ' 

1be Visible Embryo Project 

A multi-institutional, multidisciplinary re­
search project {the VISible Embryo Project) is being led 
by the Developmental Anatomy Center and the Bio­
medical Visualization Laboratory at the University of 
Dlinois at C1ucago to develop software strategies for 
the development of distributedbiostructural databases 
using current technologies for high-performance com­
puting and Ct)mmunications (HPCC), and to imple­
ment these tools in the creation of a large-scale digital 
archive of multidimensional data on normal and ab­
normal human development (Doyle, et a1., 1992) .. This 
project relates to BVL's long-term activity in the areas 
of health informatics, educational multimedia, and 
biomedical imaging science (Doyle, et al., 1990-92, 
Carlbom, et al, 1992). ' 

Serial-section reconstruction has long been a" 
tool used by morphologists, and especially embryolo­
gists, to study the three-dimensional structure of mi­
croscopic anatomy. The early workers typically hand 
traced the contours of microscopic sections projected 
through a camera lucida, cut out the contours from 

, pieces of cardboard ¢ a thickness corresponding to the 
scale of the reconstruction, and careful1y glued them 
together. in register. tofonn a model of the 3-D surface 
of the structure of interest (O'Rahilly,1987). 

Several workers have attempted to extend this 
approach into computer enVironments by tracing the 
contours of con'secutive sections on a digitizing tablet, 
and then using computer graphics to render the 3D 
surface described by the stacked contours (Pro­
thero,19B6, Wilkinson,1990). Two embryos from the 
Blechschmidt collection have been reconstructed in 
this manner and visua1i2ed using a polygonal surface­
based reconstructipn approach (personal communica­
tion Cornelius Rosse). In the mouse, Lawson of the 
Hubrecbt Laboratory, has attempted reconstruction 
from plastic histologic sections. These two approaches 
have in common the limitation that only the surface of 
the structure can be studied from a gi~en model If a 
reconstruction of the exterior of the heart were per-

10 
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formed, for example, entirely separate reconstructions 
would have to be performed in order to visualize the 
chambers, or the myocardial vascular patterns. 

Most of the early work in the Vuible Embryo 
projecthas involved using serial sectionrec:onatruction 
from microscope slides, however we extrac:ted volumet­
ric data from these specimens, rather tbanjust surface 
data. Sets of serial microscopic cross-sections through 
human embryos (prepared between the 18908 and 
19708) are being used B:S sample image data around 
which to design and implement various components of 
the system. These images are digitized and proc::essed 
to Create both 3D voxel dat.asets and polygonal models 
representing embryonic anatomy. Stand8rdtec~ques 
for 3D volume visualization could th~ be applied to 
these data (Carlbom 1992, Doyle 1989-92, Karssemei­
jer 1988. Leichtman 1990. Levoy 1990, Lorenson 1987, 
McClean 1991, Prothero 1986, Terzopoulos 1987, Udupa 
1990, Wilkinson 1990, Yuille 1986). Processing of 
these artifacts was required to correct for certain arti­
facts that were found in the original microscope see­
tions from routine histological techniques of tissue 
preparation. 

This processing :includes. as will be discussed 
below, registration of adjacent serial sections, special­
ized methods ofhistogram equalization to correct for 
staining irregularities, and various levels of conformal 
warping to correct for dimensional instabilifiy (stretch­
ing, etc.) in the embedding material. Predominantly­
automatic software tool~ have been developed by the 
UIC BVL team to accomplish these tasks, thereby 
enabling the future processing of huge numbers of 
images to create large-scale datasets describing human 
development through the first trimester. Remote­
access visualization and database tools are under de­
velopment to allow real-time interaction with these 
enonnous datasets by distributing certain computa­
tional tasks to super computers. 

Materials and Methods 

A human embryo specimen was acquired, on 
loan, from the collection of the Human Developmen­
tal Anatomy Center. This specimens comprised a set 
of serial transverse sections through a 7-week·old 
embryo. The sectioned specimen was in the form of 
paraffin embedded IOllm-thick sections stained with 
haemotoxylin and eosin and mounted on glass slides 
with coverslips. Figure 1 shows a stereo pair image 
of a human embryo of similar age. 

The microscopic sections through the embryo 
specimen were transi11uminated with a voltage-stabi 
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Figure 1: Stereo-pair image of a 7 to 8 week old human embryo from 
the Carnegie Collection of Human Embryology. 

Iized dichroic light soUrce. Video images were created 
with a Sony XC-77 CCD monochrome video camera 
through a Micro Nikkol' l05mm macro lens with exten­
sion tubes, and then digi~d with a Jovian Logic 
frame grabber at a spatial resolution of64Ox480 pixels 
with 256 gray levels. " 

Images were stored in the TIF format with 
LZW Oossless) compression on ,3.5" magneto-optical 

" disks. A totaJ of 1297 images were thereby obtained of 
the embryo, with each image corresponding to an " 
individual physical section through the embryo. The 
magnification of the imaging system was such that the 
digitized images were made up of S<P.l8re pixels with a 
side length of 9mm. " 

Image Processing 

The seriaJ cross-section images were first pro­
cessed in order to isolate the embryonic tissue from the 
surrounding area. This was accomplished through the 
use of the automatic ooge·tracingfeature ofImage Pro 
Plus from Media Cybernetics Corp. Image Pro Plus 
also allowed the X3 coordinates of the external contour 
of each embryo section to be saved to anASeII file. This 
proved to be very useful in the later stage of the project 
devoted to creating a surface-based polygonal model of 
the embryo exterior. 

Registration of Images 

Since the embryo specimen had been embed­
ded and sectioned in the 1930's, fiducial markers were 
not included in the embedment to assist in the com· 
puter reconstruction of the embryo. It was therefore 
necessary to process the image data in order to restore 

tope,logicaJ relationships between tissue elements, and 
to restore dimensional accUracy in the direction .,er­
pendicu1ar to the plane of section. We were therefore 
forced to "reverse engineer" proper image registration 
based solely upon intrinsic image features. This was 
accomplished through the creation of an algorithm by 
one of us (Klein) that used an "error minjmjzation 
technique he calls "iterative chasing." This technique 
attempts to find the "best" difference result between 
two adjacent images in a series, such that thefollowing 
value is minimized: 

R(x,y) = SS I r(x,y) - R(x,y) I xy 

where r(x,y) represents the first image (the reference 
image) and R(x,y) "represents the secOnd image (the 
mobile image) in a sequential pair. The program 
iteratively Perfonns transformations in terms of x and 
y translations and rotations of the mobile image, while 
holding the position of the reference image stationary. 
The assumption is made that the closer one gets to the 
optimal transformation, the lower will be the valueR. 
The 3-dimensional matrix of h (x translation), k <Y 
translation), and e (rotation), one dimension at a time. 
First, the best h transformation is found while k and q 
aTe kept at zero. Then the best k transformation is 
sought while h = h-best and 0=0. A third set ofuans­
formations are then done to find q while b = h·best and 
k;: k·best. This sequence is then repeated continuously 
until H(x,y) does not decrease any mOTe. We then use 
h·best, k·best and e-best as the coefficients oftr&nsfor­
mati on for the mobile image. The program then saves 
the transformed mobile image to disk, replaces the 
image in the reference buffeT with the mobile image, 
and then loads the next sequential serial-section image 
into the mobile image buffer. The registration proce-

FEBRUARY 1993 11 
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. dure then begiits &gain. This process is repeated 
automatically Wltil all of the images of sequential 
cross-sections are processed and saved to disk. . 

Once proper registration of adjacent images 
was restored to the embryo data, these data were' 
loaded into a 3 dimensional array representingvoxels 
where each voxel had the dimensions 9mm x 9ml'n (the 
pixel size) x 10 JllIl (the standard section thickness). 
Standard techniques for volume visualization could 
then be used to examine the dilta. 

Figure 2 shows a para-saggital section through 
the 3-D embryo dataset in the region of the thorax, at 
a plane perpendicular to the original plane of section­
ing. Two important cat,egories ofimage artifacts can be 
seen in this image, both a result of the original hi~ 
logical techniques used when the embTYo was sec­
tioned. First, although the heart (arrow) looks reason­
ably-well reconstructed, a closer examination shows a 
horizontal banding resulting from both staining ir­
regularities and dimensional instability (shrinkqe 
variations) among the set of serial cross sections. This 
can be seen throughout the sagittal image, but is 
especially evident in the area of the liver, which is 
immediately below the heart. There is a strong period­
icity to this effect which makes the image appear as if 
i~ was made up of a set of "slabs" which were found to 
correspond to roughly l2 cross·sections each in the 
original data. The source of the periodicity of this effect 
may be clearer when one considers the routine tech­
niques that were probably used by the 1930's era 
histology technician that prepared the original speci­
men. 

613 998 5283 TO 13128537036 . P.07 

It can be assumed that the embryo was first 
dehydrated with a graded alcohol series and then 
embedded in paraffin before sectioning began. The 
sectioning occurred on a guillotine-style microtome 
that made precise 10 mm-thick sections perpendicular 
to the long axis of the embryo. As the.sectiOns were cut, 
they formed n"bOOns that floated out ontO a "'boat'" filled 
with water. They were then li&d out of the water 
dired.ly onto a glass mieroscopeslide and placed on a 
slide-warmer to dry. Once a number of slides were . 
prepared in this way, they were probably then placed, 
end up, into a typical ~staining raclr' before being 
immersed in a series of solutions for staining of the. 
important structures. They were then probably left to 
dry .in the staining rack and then removed from the 
rack to be examined 01' stored. 

When we examined the positions of the sec­
tions on the microscope slides. we found that they were . 
placed on the glass in a rectangular grid with " to 5 . 
TOWS of 12 section ribbons. If these slides' had been 
dried in a vertical position after staining, then the 
sections at one end of a row would have dried faster 
than those at the other end of the row. The sections 
that dried faster may have shrunk at a different rate 
that those that spent more time being wet. In addition 
some rows of sections may have been exposed to stain 
for a longer time than others, and this would result in 
those rows staining darker than the others. Therefore, 
the handling of the specimens during histological pro­
cessing may account for the banding· artifacts in the 
original dataset. This is supported by the fact that the 
12-section thickness of the bands correlates with the 12 

Figure 2: Parasagittal section through the thorax region of Ute auto-registered data.. The 8rrow points toward 
the heart area. The liver can be seen below the heart. 
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sections per rowfound on the glass slides. 
Staining irregularities were corrected for by 

histogram. equalization. Optimal histograms were 
calculated for eve", 26th image among the 1300images 
from the embryo; 50 suCh histograms in aD. Histogram 
equalization curves were saved to disk for each of these 
optimal histograms. Each of the equalization curves 
wete then used for the correction of the ,following 26 

,images. Each of those images were processed so that 
their histogram matched the optimal histogram for 
that 26 image segment. This produced an image 
dataset. with minimized banding and enhanced eon­
trast, yet in a way that was sensitive to the topographi­
cal variations in image character throughout the em­
bryo. Dimensionalinstabilitywascorreetedforthrougb 
a the use of an algorithm (Goshtasby ,1986) that confor­
mally-warped the images based upon a pixel-to-pixel 
comparison between adjacent images, and that was 
"aware'" of the periodicity of the shrinkage artifact 
measured in the original data. 

It 'was found that additional artifacts were 
introduced into the data by the registration program 
itsel£ Due to the nature of the registration algorithm, 
it tended to "straighten out" any global curvatures or 
twists that existed in the original embryo. These 

, "global artifacts" were partially corrected by interac­
tively defining a "correction spline" in a direction par­
allel to the cranial-caudal axis of the body. The correc­
tion spline was then used as a guide fOT a smooth 
progression of:it and y translations that restored a 
natural-appearing curve to the embryo. 

613 998 5283 TO 13128531036 p, 08 

3-D Visualization Tools 

Software tools were developed to allow the 
interactive three-dimensional visualization of the em­
'bryo reconstruction in real time. Figure 3 shows the 
display of the application as it appeared at the SIG­
GRAPH '92 conference in Chicago (Doyle, et al., 1992). 
The left of the screen shows a surface-based model of 
the embryo's exterior. This model was built from data 
which was derived. through three-dimensional inter­
polation, . from the original embryo dataset. Two­
hundred volume slices of the embryo (stored as texture 
maps) can be interactively displayed at, this lowe,r 
resolution w1u1e the model is rotated freely in three 
dimensions. A cutting-plane can be seen to intersect 
the surface-based model. This cutting plane can be 
interactively controlled to intersect with the embryo 
model at any arbitrary angle and position. To the right 
of the screen, one can seea window that displays a high­
resolution image of the oblique seetion through the 
embryo as indicated by the interactive cutting plane. 
In order to maintain the quick response needed for 
etrective real-time interaction, the computational load 
of this application was distributed so that the interface 
panel, seen at the bottom of the screen, and the 3-D 
surface model were running on the CPU of the Silicon 
Graphics workstation. Computation of the high­
resolution oblique section image displayed in the right 
window took place on the Convex supercomputer. Both 
of these operations occurred simultaneously. commu­
nicating through a high-speed fiber optic network. 

Figure 3: Screen image of the 3-D visualization program demonstrated 
at SIGGRAPH '92. in Chicago. This application was rustnb­
uted between a Silicon Graphics Crimson VGX'!' workstation 
and a Convex supercomputer, 

FEBRUARY 1993 13 
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. Current efforts are being directed towards the 
development of a very portable tool for viewing arbi­
trary oblique slices through such data. This program 
allows interactive display of orthogonal and oblique 
slices through volumetric data without using any ma­
chine-specific functions. The application is written in 
pure ANSI-standard C and uses the X Window (Motif) 
too1kit~or its interface. It has already been successfully 
tested on workst&tionsfrom Silicon Graphics, Sun, and 
IBM. 

Virtual Reality 

The surface-based embryo-model described 
above was also implemented within a virtual reality 
environment,c:alled "The Cave," at the 1992 SIGGRAPH 
conference. The Cave was a 10' x 10' room made up of 
back-projection screens upon which were projected 
stere? views of three dimensional data that a viewer, 
weanng LCD stereo glasses and a S-D tracking device, 
could move around in as the system tracked his or her 
motion. One could walk. around the data and receive 
the ~nsation that one was actually -m"' the computer 
graphic environment. This system was also shown at 
the Supercomputing '92 conference and the 1992 meet­
ing of the Radiological Society of North America. 

Summary 

The work described here represents the verY' 
earliest stages of the Visible Embryo project. Its long 
term goals are simply to create a Comprehensive mul­
timedia database that documents and descn'bes both 

. normal and abnormal human morphological develop­
ment in multiple dimensions. This is in all respects a 
long term endeav9r. Yet even the earliest stages of 
progress towards this goal WIll be of importance to a 
variety of investigators, educators and students of 
embryology and many ancillary fields. Among the 
obvious areas that will benefit from this work are 
medical education, cell and developmental biology, 
biomedical informatics, biomedical imaging Science 
and high performance computing. Perhaps the most 
important benefit will be that it will form a model for 
similar projects in other fields ranBing from the life 
sciences to the humanities. . 
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Jury Instructions

One Executable application key part of the

invention is the ability of the browser to automatically invoke

some external program vis-a-vis the hypermedia document to

process the data object Generic examples of such programs are

image viewers word processors and spread sheets programs that

display and allow the user to interact with data Such

programs are referred to in the claims as an executable

application

have defined executable application as any computer

10 program code that is not the operating system or utility that

11 is launched to enable an end user to directly interact with

12 data

13

14

15

16

17

18

19

20

21

22

23

24

25
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The word external means external to web page

Executable application may be stand-alone program

component such as dynamic link library or multiple

components working together component may be used to

perform more than one function and may be used by more than

one program

Type information The invention parses hypermedia

document also known as web page and learns the location of

at least portion of some object This object has type

10 information associated with it and this type information is

11 utilized by the browser to identify and locate the executable

12 application In other words the browser connects the type

13 information to the executable application

14 Type information may include the name of an

15 application associated with the object which may convey

16 information to the browser for it to use in identifying and

17 locating the executable application

18 Third The phrase utilized by said browser to

19 identify and locate Utilized by said browser to identify and

20 locate means that the enumerated functions are performed by

21 the browser In other words the browser connects the type

22 information to identify and locate the executable

23 application Executing the application once it has been

24 identified and located is not part of this linking

25 The inventors contemplated the browsers use of some
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