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History of the Marching
Cubes Algorithm
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Editor’s note:

The Marching Cubes paper by Bill Lorensen and Harvey Cline, “Marching
Cubes: A High Resolution 3D Surface Construction Algorithm,” was published
at SIGGRAPH 1987." According to Google Scholar, their paper has 15,667
citations (as of January 17, 2020), the most highly cited paper in computer
graphics. Sadly, while writing this article Bill Lorensen passed away on
December 12, 2019. Origins Department Editor Chris Johnson contributed
the text in italics.

EARLY HISTORY OF MARCHING drafted. I had a low lottery number (108) and
CUBES was sure to be drafted. The U.S. Army Maggs
B In 1968, I graduated from Rensselaer Poly- Research Center could get the deferment, so I
technic Institute (RPI) with a B.S. in Mathe- took that job as a Scientific Programmer, even
matics. I intended to get a Ph.D. in Math and though the salary was less than the IBM and
teach Mathematics. The Vietnam War changed GE offers.

that. I tried to find an employer who could get The threat of being drafted changed my
a job-related draft deferment. Both IBM and career and directed me to the nascent field of
GE Corporate Research (CRD) gave me reason- computer graphics. At my Army job, I had access
able offers but could not get me a deferment. to an EAI analog plotter. An IBM Reproducing

They did promise to hold my job if I was Punch Machine drove the plotter with a specially
wired board that interpreted X, y, pen code coor-

dinates, one coordinate per punched card. I
Digital Object Identifier 10.1109/MCG.2020.2971284 wrote programs to plot curves and 2-D models,
Date of current version 28 February 2020. punching one card per coordinate. The analog
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plotter tended to draw curved lines for long
straight lines. Soon I was able to purchase a
CalComp Incremental Plotter. The CalComp
drew lines in small increments in one of eight
directions. I was able to draw more complex
representations. Finally, I purchased a Lundy
Vector Refresh System, and my work moved to
three dimensions. I wrote my first 2-D contouring
program for the Lundy. The algorithm started
with a seed point and tracked that point as it
moved through the 2-D scalar field.

My work for the Army involved finite element
analysis pre- and postprocessing, developing
grid generators and contouring algorithms.
Graphics was just a means to an end. The finite
element and graphics expertise landed me a
job at GE Corporate Research and Development
in Niskayuna, NY, USA. GE hired me to work in
the computer service group that provided pro-
gramming to GE scientists. | hit the road running
with the Solid Mechanics Group and became
an active contributor to their finite element
research.

In 1984, Carl Crawford was working in GE’s
Medical Systems Business Group in Milwaukee.
Carl worked in the Applied Sciences Lab and was
a recognized expert in Computed Tomography
(CT) reconstruction. Carl was also part of a com-
pany task force that was looking for applications
for an exciting new GE product, the Graphicon.
The GE Graphicon was a high-performance ren-
dering engine created at GE’s Flight Simulator
Group. Each GE division was asked to look for
applications of this technology. Carl gave a semi-
nar in Building 37, at the downtown Schenectady
GE manufacturing facility. Several of the
research labs that did advance engineering work
were in Building 37.

The main research campus where I worked
was about 4 miles away.

Carl described the capabilities of the (not yet
built) Graphicon. He described his vision for
using this polygon engine for 3-D medical surface
display. The current GE 3-D medical product was
based on cuberilles and was optimized for imple-
mentation in the limited-memory Data General
computers (only 32k memory). GE licensed the
cuberille technology from the University of
Pennsylvania. Carl challenged the seminar
attendees to think about how they might replace
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the cuberille technology with polygon-based
technology.

Harvey Cline and I attended the seminar.
Harvey was in the Electronic Materials Lab, and
I was in Computer Systems and Services, part of
the central computer service group at CRD.
Harv and I had been doing some work on recon-
structing 3-D surfaces from interferograms. The
application was the reconstruction of micro-
scopic surfaces of electronic materials. The final
step of our reconstruction algorithm used
Movie.BYU’s Mosaic program to generate trian-
gles between adjacent contours. We had been
looking for medical applications and saw Carl’s
challenge as a way to get our foot into GE Medi-
cal Systems. Carl’s talk was in the morning, and
Harv and I returned to my office to brainstorm.
Rubick’s Cube was the rage at the time, and
Harv was analyzing the Cube problem using the
symmetry of cubical lattices. The accepted way
of generating surfaces from volume data was to
create 2-D contours on each slice and then try
to connect the contours with triangles. This is
exactly what Mosaic did. Whenever Harv and I
got together, it was an explosion of ideas. It is
difficult to say who originated or how we came
up with the idea. But somehow, we determined
that solving the problem one cube at a time
would remove a lot of the complexity. The
inside/outside concept of labeling of vertices
may have come from the Movie.BYU Mosaic
program. We quickly moved to the notion of
solving the volume-to-surface problem one cube
at a time. Harv and | started to solve the prob-
lem for each of the 256 cases. After just a few,
we realized the effort was fruitless. But, using
cube symmetry operations, we reduced the
number of unique cases to 14. Harv and I
worked out the triangulations for the basic
cases (see Figure 1). I started to write code to
permute the base cases into the 256 cases.

Then, I began coding the algorithm. The
algorithm was straightforward to implement. I
had something running the next day. The first
implementation read volumes in as ASCII files.
Harv put together a simple volume of a few sli-
ces, so | had some data to test the code. I used
the Movie.BYU display program to produce hid-
den line and shaded surface models. Movie.BYU
could only render up to 8192 polygons. The




10

Visual Computing: Origins

Figure 1. Marching Cubes case table.

original Marching Cubes implementation cre-
ated polygons, although I later switched to gen-
erating only triangles. Once the code was
debugged, we tried the code on some medical
data. We obtained a small CT dataset that
included a spine. We extracted a small region of
interest that isolated the spine. Since we were
restricted to rendering 8192 triangles, the data

had to be reasonably small. We were excited
about the results.

POST SIGGRAPH 1987

Soon after the paper was published, it
spawned new research in a number of important
areas in computer graphics and visualization
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(e.g., computer-aided geometric design,® polygon
simpliﬁcation,g’z 7 and volume rendering7).
Because generation of surfaces and structures
from images is important to many medical and
biological applications,>® Marching Cubes has
been used in a wide array of applications includ-
ing medical diagnosis, surgical planning, biomo-
lecular graphics, and the creation of biomedical
models for functional simulation. Similarly, under-
standing isosurfaces of three-dimensional scalar
fields is essential for computational science and
engineering applications such as computational
fluid dynamics, weather simulation, computa-
tional mechanics, and computational geoscien-
ces. Marching Cubes is also used in computer
games and virtual reality and most recently in a
deep neural network based method, DeepOrgan-
Net, to generate and visualize high-fidelity 3-D / 4-
D organ geometric models from a single-view
medical image in real time.*’

In 1998, Marching Cubes was recognized as
one of SIGGRAPH’s seminal papers in Computer
Graphics (Figure 3.3

DECIMATION OF TRIANGLE MESHES
AND MARCHING CUBES

Jon Zarge was a member of the Software
Technology Program (STP) at CRD. The STP
recruited high potential candidates with Bach-
elor’s degrees and offered them an opportunity
to get a Master’s degree at a local university
(usually Rensselaer Polytechnic Institute). While
they worked on their degrees at Company
expense, they rotated through two or three proj-
ects within CRD. Jon was assigned to our group
to work on a new medical imaging modality, bio-
magnetism. One of the challenging problems of
this project was to solve an inverse problem.
From measurements obtained on the scalp of
the patient, the inverse problem was to find the
source of the biomagnetic field. Most research-
ers used idealized, spherical models of the skull
and brain. The Biomag team set out to generate
patient specific models. Their first choice for
model generation was, of course, Marching
Cubes. Marching Cubes posed two problems.
First, the models generated by Marching Cubes
were huge in polygon count. Second, as we
found out, the models had topology problems.
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Figure 2. Early visualization using Marching Cubes. Harvey Cline
(Left), Bill Lorensen (Middle), Sieg Ludke (Right), November 1988.

Jon’s task was to generate models that could be
analyzed. As I recall, we did not actually have
the code to do the analysis.

Jon was being mentored by Will Schroeder
(see Figure 6). Will laid out a high-level approach
to solve the problem. The approach eliminated
single vertices according to some out of plane cri-
terion. Then, the neighborhood of the removed
vertex was retriangulated. Will had a strong back-
ground in polygonal model topology. Step one of
the process was to determine and encode the
topology of the triangular surface. Jon wrote
code to build a topological data structure to
enable the vertex remove, hole-fill approach. This
is when Jon brought the severity of the Marching
Cubes topology problem” to my attention. This

*MC can produce a topologically inconsistent isosurface that contains holes
caused by facetization ambiguity. Ambiguity analysis and disambiguation
methods have been considered extensively.19
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Figure 3. Bill Lorensen and Harvey Cline on the occasion of the
selection of Marching Cubes as one of SIGGRAPH’s seminal
papers in Computer Graphics.>
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had already been pointed out by Martin Durst’s
letter to the ACM SIGGRAPH Quarterly.* To be hon-
est, [ had tried to verify the extent of Durst’s dis-
covery but did not have the right tools. Jon’s
topology builder was just what [ needed. While he
worked on refining the initial decimation imple-
mentation, [ worked on fixing the hole problem in
Marching Cubes. The topology problem was eas-
ier to solve than | had anticipated. The root of the
problem was my early assumption that all of the
complementary cases, cases where inside/out-
side was reversed, were the same. Once I realized
that the complementary cases needed different
treatment, [ was able to resolve the ambiguity.
Fortunately, my early code to generate the cases
had separate inputs for the complementary
cases. | generated a new case table, tested some
generated models against Jon’s topology checker
and felt confident I had solved the problem.

Jon’s implementation was in Lisp. I recall that
he called the algorithm intelligent triangle decima-
tion. At the time, our group was using LYMB as its
development environment and delivery platform.
Like many large systems, LYMB had a bit of a
learning curve. The Biomag group needed a quick
implementation of a decimation algorithm and
Jon was not a LYMB expert. We decided to let
him work out the details of decimation outside of
the LYMB system. Will reimplemented Jon’s
stand-alone algorithm in LYMB. In the process of
defining the object-oriented design, Will was able
to generalize the decimation algorithm. Generali-
zation of algorithms is a common theme followed
by our group over the years.

[ was a bit on the sidelines of the decimation
algorithm development, concentrating on gener-
ating valid surfaces from Marching Cubes. I real-
ized though, that this was a SIGGRAPH quality
algorithm. I joined Will and Jon to start writing a
description of the algorithm. I searched the liter-
ature for surface reduction techniques. [ was sur-
prised to find that there was nothing published
on this topic. I also took on the task of generating
examples to illustrate the power of the algo-
rithm. Successful SIGGRAPH papers have two
major components: innovative algorithms and
compelling examples. I chose examples from
medical imaging, industrial inspection, and ter-
rain modeling.

SIGGRAPH 1992 was held in Chicago.
Although we could not find other published
work on polygon decimation, there were three
papers accepted that year that dealt with reduc-
ing polygon count. Hughes Hoppe from the Uni-
versity of Washington and Greg Turk from
Georgia Tech had the other two papers in the
session. Will gave the talk to a packed room. I
recall the talk was not in the main meeting room.
SIGGRAPH had parallel sessions.

The decimation algorithm had a large
impact on my career. The SIGRAPH paper” is
highly cited, but more than that, decimation
made Marching Cubes a practical algorithm. It
became a cornerstone of our model creation
pipeline.

Because isosurface extraction from 3-D volume
data is so pervasive and important, there has
been significant research in speeding up March-
ing Cubes and creating new isosurface

IEEE Computer Graphics and Applications



Marching Cubes: 19852005 — Marching Cubes: 19852005 P——

The Local Irish Pub | e —— The Local Irish Pub e
October 25, 2005 i October 25, 2005 ‘

2200-24:00 == 2200-24:00 & J

{ -l

Ca‘e 1= 00
000004
Marching Cubes: 1985-2005
The Local Irish Pub
October 25, 2005,

22:00-24:00 ™= .l
T

Marching Cubes: 1985-2005
The Local Irish Pub
October 25, 200

22:00-24:00 .

>
a‘ea.m

Figure 4. Admission tickets for the Marching Cubes Patent Wake held at The Local Irish Pub, Minneapolis,
MN, USA, on October 25, 2005.

algorithms.9’18’27 As a personal aside, in 1994, Cubes and finally settled on Sweeping Simplices. 2
Han-Wei Shen and I wrote a paper on isosurface  Needless to say, the name did not catch on. In
extraction for unstructured grids. We spent a signifi- 2006, Newman and Yi wrote a survey paper on the
cant amount of time trying to come up with a Marching Cubes algorithm.20 The paper’s aim
catchy name for the algorithm to mimic Marching was to survey the development of the algorithm

Figure 6. GE Research Visualization Team in 1992.
Counterclockwise: Cathy Chalek, Chris Volpe, Will
Figure 5. Bill Lorensen in 2019. Schroeder, Bill Lorensen, Boris Yamron.
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Figure 7. Bill Lorensen receiving the Best Software
Engineering Paper from the 5th International
Conference on Software Engineering in 1984.

and its computational properties, extensions, and
limitations (including the attempts to resolve its
limitations). A rich body of publications related to
Marching Cubes was included in that paper.

One day I received an envelope in the mail from
Bill. When preparing to move from New York to Cali-
fornia, Bill found the original reviews of the March-
ing Cubes paper and mailed them to me with a note
saying that he thought that I would find the reviews
interesting and especially a comment made by
reviewer number three who commented that he
thought the name Marching Cubes was “misleading
and unhelpful.” A copy of the original reviews of the
Marching Cubes paper is available here.?

Given Marching Cubes’ impact, especially in
medical imaging, Bill wondered why GE did not
aggressively leverage their patent on the Marching
Cubes algorithm, but they did not. In 2005, Bill
hosted a party to celebrate the expiration of the GE
patent. The tickets to the party were, not surprisingly,
from the Marching Cubes case table (see Figure 4).

According to Microsoft Academic, between
1987 and 1990, 100 papers cited the Marching
Cubes paper. This climbed to 472 citations in the
next five years and then to thousands over subse-
quent five-year intervals. In 2019 alone, there
were 337 new citations. Marching Cubes lives on
with large-scale parallel implementations via
VTK-m %! and Flying Edges,’® and discrete March-
ing Cubes for segmentation masks. The algorithm
is used in a variety of systems for performing visu-
alization, modeling, and meshing such as R,*
Unity,23 edge group analysis,24 and even weather

forecasting.”> Chances are many of us have
directly or indirectly been impacted by the March-
ing Cubes algorithm, and it is likely that it will
remain a staple of computing for the foreseeable
future. Until his death, Bill maintained a Marching
Cubes wiki.*® The website is now being main-
tained by Will Schroeder and includes a tribute
section to Bill.
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