
Abstract
We describe a multidisciplinary effort for creating interactive 3D graphical
modules for visualizing optical phenomena. These modules are designed for
use in an upper-level undergraduate physics course. The modules are devel-
oped in Open Inventor, which allows them to run under both Unix and Win-
dows. The work is signiÞcant in that it applies contemporary interactive 3D
visualization techniques to instructional courseware, which represents a
considerable advance compared to the current state of the practice.

1. Intr oduction
Optics developed as a scientiÞc Þeld primarily through the experi-
ments of Isaac Newton (who considered light as particles) and
Christiaan Huygens (who considered light as waves) in the late sev-
enteenth century. The theoretical basis of classical optics was devel-
oped in the nineteenth century by Thomas Young, Augustin
Fresnel, and James Clerk Maxwell. More recently, the invention of
the laser has promoted research in optics since the 1960Õs. Fiber
optics and quantum optics also drive optics research in the 1990Õs.
Improving understanding of optics is consequently a signiÞcant
educational goal.

Each year at colleges and universities nationwide, some 10,000 stu-
dents take a course on optics, typically through a department of
physics. The method of instruction has changed very little in the
past 40 years, and many of the textbook illustrations have remained
essentially the same over this time. In particular, the illustrations
rely heavily on line drawings and 2D graphs. Certain key concepts
in the study of optics possess fundamentally 3D aspects, which are
typically demonstrated in a classroom laboratory. The lab equip-
ment may include light sources, apertures, lenses, and polarizing
Þlters. The 2-dimensional diagrams in a textbook may illustrate
invisible but important features of light (such as the electric Þeld
vector at a given point as a function of time), whereas the laboratory
reveals 3-dimensional visible features of light (like focus and inter-
ference that vary according to position).

There are several existing computer-assisted instructional modules
designed to support the teaching of optics by visualizing optical
phenomena. These systems are primarily 2D and use line drawings
similar to the ones found in traditional textbooks [JENKINS] [LIP-
SON]. Some of these software systems are semi-interactive: a stu-
dent types in different values for various parameters, and the system
recalculates the display in response. Because these systems are
designed for low-end personal computers without hardware accel-
eration for 3D graphics, interactive 3D visualization has not yet
been a signiÞcant design-objective for such instructional software.

2. The Optics Pr oject
The Optics Project serves to amplify lessons learned in class by
providing interactive demonstrations both inside and outside of
class. This section gives an overview of the project and describes
the workings of four of the modules.
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2.1 Overview of TOP
In 1994, work Þrst began on The Optics Project (TOP) at Missis-
sippi State University. This multidisciplinary effort has involved
students and faculty from three Departments (Physics and Astron-
omy, Computer Science, and Electrical and Computer Engineer-
ing), constructing stand-alone modules to complement a standard
undergraduate course in optics. The Þrst software modules were
implemented using OpenGL; OpenInventor has now become our
graphics library of choice for developing new modules and updat-
ing old ones.

Each module is designed to be (1) interactive, (2) dynamic when-
ever animation is appropriate, and (3) three-dimensional. We identi-
Þed eight fundamental topics that would lend themselves to
interactive 3D visualization. These are summarized below.

1 Wave Simulation - Circular waves and linear (parallel wave-
fronts) in a ripple tank.

2 Reßection and Refraction - Vectorial treatment of monochro-
matic plane waves incident upon a planar interface. Total inter-
nal reßection, critical angle, BrewsterÕs angle.

3 Geometrical Optics - Systems of thin lenses. Stops apertures
and pupils. Optical instruments.

4 Polarization - Different kinds of polarization, action of polar-
ization elements.

OpenInventor

Open Inventor (OI) is an API developed by SGI in 1991.
It is an object-oriented 3D graphics toolkit built on top of
OpenGL. OI provides an object abstraction of 3D geo-
metric primitives and a directed acyclic graph (DAG)
called scene graph. The scene graph serves as an object
database. The objects stored in the database can be wired
together using connections to propagate changes of state
from one object to another. OI has engines that provide
behavior in the scene graph, like recalculating shape or
color, by evaluating inputs from connections with other
objects.

Sensors generate interrupts based on changes in time,
changes in another object or changes in the scene graph.
OI is a powerful tool for building intuitive 3D interfaces
by using its generic event model and its implementation
of the Brown University 3D widgets [CONNER]. OI also
provides a self-contained Þle format that describes both
geometry and behavior. OI is cross-platform compatible;
it has been ported to other platforms including Windows,
HP-UX, Solaris, AIX.



5 Interfer ence - Two slits, N slits, Michelson interferometer,
and thin ®lm interference.

6 Fraunhofer Diffraction  - Single slit, multiple slit, diffraction
grating, circular aperture, Rayleigh resolution criterion.

7 Fresnel Diffraction - Single slit, transition to Fraunhofer, cir-
cular aperture, double slit.

8 Coherence - Temporal and spatial coherence.

The modules allow a student to visualize effects that either (1) can-
not easily be made visible or (2) cannot be controlled very well in a
physical laboratory experiment. As an example of an important but
invisible feature of optics, consider the dynamic evolution of the
electric ®eld vector as it reßects off a surface or transmits through a
medium. The vector can easily be made visible in a graphics system
by drawing an arrow. As an example of an important parameter to
control in a laboratory exercise, consider the effect of changing the
angle of incidence of a beam of light on the reßected beam's inten-
sity. The student adjusts a mirror to the proper angle, re-aligns the
beam, and then locks down the mirror mount. Fifteen seconds may
elapse during the change of this single parameter (one physicist
said that such tedium Òturned me into a theoretical physicist instead
of an experimental oneÓ). By comparison, selecting a 3D widget to
adjust the angle in a graphical version of the exercise is almost
instantaneous.

2.2 Geometrical Optics
Module 3, ÒGeometrical Optics,Ó simulates the behavior of light
passing through optical elements such as stops and lenses. A user
can interactively vary the placement and the focal point of each
lens. Points on a 3D object serve as sources of rays which are traced
through the optical elements. Each of the point source emits a num-
ber of rays (e.g. 100) at random angles, forming a cone-shaped dis-
tribution that covers the area of the ®rst optical element.

A ray is discarded if it misses the optical elements or the hole of a
stop. The rays are accumulated as translucent dots on the observa-
tion screen (using additive blending). These overlap to produce an
image that blurs out of focus when the screen is moved from the
focal plane. Figure 1 shows the module in use. On the left end of
the optical workbench lies a 3D object, in this case a teapot repre-
sented by its vertices. Each vertex is imaged by tracing rays through
the optical elements and onto the observation screen. The user can
interactively drag the 3D object around, can slide the lenses and
apertures and screen along the workbench, can adjust the size of the
apertures and lenses, and can also interactively modify the shape
(and hence the focal lengths) of the lenses. The module demon-
strates vividly that the vertices are not all in focus simultaneously,
and that the depth of ®eld can be increased by stopping down the
near aperture (at the expense of image brightness on the observation
screen).

2.3 Fresnel Diffraction
Module 7, ÒFresnel Diffraction,Ó is used to visualize the behavior of
light that passes through a small aperture. Figure 2 shows a sample
image produced by the module. Fresnel diffraction occurs when a
beam of light passes through an aperture, exhibiting patterns of
varying intensity when it illuminates an observation screen on the
other side. Augustin Fresnel, a French scientist who in 1818 pro-
posed that such diffraction should occur as a consequence of the

wave nature of light. Fresnel's theory was criticized by Poisson
because it implied that a bright spot should appear behind an
opaque obstruction. Though counter-intuitive, this is precisely what
does occur, as was demonstrated conclusively by a simple experi-
ment and dubbed ÒPoisson's spot.Ó

The beam's behavior far beyond the aperture is called Fraunhofer
diffraction; the behavior near to the aperture is called Fresnel dif-
fraction. Monochromatic light that passes through a small circular
aperture creates concentric bright and dark rings on a ßat plane
placed slightly beyond the aperture. Monochromatic light passing
through a thin rectangular slit produces a series of bright and dark
bands. In the case of a vertical slit, the light's intensityI(x, y, l , w)
is a scalar function of the distancey from the slit, the spanwise dis-
tancex, the wavelengthl , and the widthw of the slit.

While a user interactively varies the parameters, the module recal-
culates and displays the surface ofI(x, y, l , w) de®ned implicitly by
l = constant andw = constant and parametrically by distancesx
andy: a surface in (x, y, I) space. We display the aperture as a 3D
object; a 3D widget allows the user to modify the width-parameter
directly (with immediate visual feedback). Another 3D widget con-
trols the wavelength of the monochromatic light source; the color of
the intensity function provides visual feedback (Figure 1).

By combining the Fresnel and Fraunhofer zones in a single view,
this module displays a wide range of diffraction patterns. A recent
article in theAmerican Journal of Physics shows the intensity in
this same range for a planar slice through the center of a circular slit
[FORBES]; we have found no similar illustration in any textbook,
however.

2.4 Rayleigh Resolution Criterion
Module 6, ÒFraunhofer Diffraction,Ó includes a sub-module illus-
trating the Rayleigh resolution criterion. Lord Rayleigh (born John
Strutt) is known for his study of sound in the late 1800's, for
explaining how atmospheric scattering makes the sky blue, and for
discovering argon. Rayleigh also studied various optical phenom-
ena and was concerned with determining the resolving power of
lenses.

In the Rayleigh resolution module, light from two monochromatic
point sources (separated by an angleq and each having the same
wavelengthl ) is incident upon a lens of focal length f and diameter
D. This is analogous to light from two stars passing through the
objective lens of a telescope. The resulting intensity pattern is
observed on a screen which is located at the focal plane of the lens.
Each point source delivers a diffracted image to the screen, and the
intensities of the individual images add at positions where the pat-
terns overlap.

For some values of the four parameters,q, l , f and D, it is easy to
discern that there are two point sources are being imaged instead of
one (Figure 3a). However, in some cases the resulting intensity pat-
tern looks like it was created by one source (Figure 3b). In the
former case it is said that the two sources are resolved, whereas in
the second case they are not. Lord Rayleigh produced a mathemati-
cal criterion that allows one to predict whether or not the two
sources can be resolved. It is interesting to note that increasing the
diameter D of the objective lens of a telescope improves its resolu-
tion, as well as its ability to gather light.



2.5 Michelson Interf erometer
Module 5, ªInterference,º includes a sub-module illustrating the
Michelson interferometer. Albert Michelson, a Polish scientist who
later became a professor of physics in the United States, devoted
signi®cant effort to measuring the speed of light. He constructed a
device that could accurately measure minuscule changes in distance
by producing interference patterns on an observation screen. His
experiment with Edward Morley in 1887 using this interferometer
indicated that the Earth was not in motion with respect to any
medium, which suggested that there was no such medium at all.
The startling consequence was that the speed of light is constant, a
®nding that Albert Einstein's theory of relativity later explained.

In the Michelson interferometer module, light from a monochro-
matic point source enters the interferometer. It hits a beamsplitter
®rst, and as a result two identical waves, each having half the
amplitude of the incident one, travel the two arms of the interferom-
eter. Eventually two waves, one from each leg of the interferometer,
each with an amplitude of one-fourth the incident wave, arrive at
the observation screen and interfere with each other.

The intensity pattern produced on the screen is very sensitive the
positions and tilt angles of the mirrors at the far end of each leg of
the interferometer. In our module, the mirror on the left is thetrans-
lation mirror: it is always normal to the ray traveling along the opti-
cal axis of the interferometer, but can be translated back and forth
so that the light which travels in this arm can be made to travel a
different path length than the other beam does. Since the wave-
length of light is so small, a small path length difference, call it d,
can change the observed intensity pattern dramatically. It was this
sensitivity which allowed Michelson and Morley to state with con-
®dence theirnull result for the speed of light traveling at different
speeds in reference frames traveling at different velocities. The mir-
ror on the right is thetilt  mirror. It does not translate back and forth,
it rotates about its vertical axis by an anglef . The observation
screen can be moved toward or away from the interferometer, and it
can be made larger or smaller.

In Figure 4a the wavelength is in the light blue region of the spec-
trum, f  is zero and d is nonzero. In Figure 4b the wavelength is in
the red region of the spectrum,f  is nonzero, d has been changed,
and the observation screen has been moved towards the interferom-
eter a little bit.

2.6 Implementation and P erformance
OpenInventor allows us to separate the underlying structural ele-
ments of a scene from the behavioral elements of the scene. The
structural elementsÐ the geometryÐ are contained in an Inventor-
formatted text ®le. The behavioral elements are contained in shared
binary objects. OpenInventor provides a mechanism for dynamic
simpli®cation of geometry. When draggers are moved, the height
®eld is repeatedly recalculated by an engine (which is a time-con-
suming operation). To preserve a steady frame rate, we reduce the
geometric complexity of the mesh whenever a dragger is moved so
that a coarser mesh is recalculated and displayed. We also take
advantage of OpenInventor's ability to vary the geometric complex-
ity of a dragger according to its distance from the viewpoint.

For example, in the Fresnel diffraction module the light's intensity
is evaluated on ann´ n grid and displayed as a height function. The
intensity on the observation screen is evaluated on a 2́n grid. On
an SGI Indigo2 High Impact system with an R4400 250Mhz pro-
cessor, we can maintain interactivity up ton = 100, which is suf®-
cient to resolve the main features of the intensity surface. TOP
achieves similar performance on an Intergraph TDZ-400
(2xPentium Pro 150Mhz) workstation with a GLZ5-GT graphics

sub-system, running Windows NT 4.0 and an Open Inventor port
available from Template Graphics Software (TGS).

There is an OpenInventor plug-in for Netscape bundled with SGI's
version of Netscape. TOP runs in a frame of a browser which
allows users to execute the modules in a familiar environment
accompanied by help/tutorial web pages that provide immediate
on-line help.

3 Conc lusions and Future W ork
The modules of The Optics Project (TOP) provide a user with a 3D
visualization of optical phenomena, especially those phenomena
that are dif®cult to see or to control in a physical experiment.
Although 3D visualization has found wide application in research-
and-development organizations, most educational software contin-
ues to rely on 2D illustrations or 3D line-drawings. TOP exploits
the multi-platform availability of OpenInventor to investigate the
effect of applying more current graphics and visualization tech-
niques to modernize courseware in a particular subdiscipline of
physics. This is the ®rst serious attempt that we are aware of to
build a suite of educational tools using interactive 3D visualization
for an undergraduate course in optics.

In the spring of 1997, TOP was used for the ®rst time in an actual
optics class (Physics 4513/6513 at Mississippi State University).
Students made comments such as the following.

Student1: Polarization was one of the concepts which
seemed most unclear during my high school physics and
even during my college physics sequence. I feel that I
would still have had to invest more time trying to envision
circular polarization and even linear polarization, had I
not been able to watch an animated model.... After seeing
more abstract concepts being animated I can easily envi-
sion them.

Student2: [TOP] is also ideal because of the animation
and the ability to look from different directions. Most
book diagrams are from the same points of view and can
only be static.

To date, seven other colleges and universities have agreed to exam-
ine TOP for use in their junior/senior-level optics courses as well.
We have also made arrangements to include an image from TOP in
future editions of an undergraduate optics textbooks. The ®rst
alpha-test site is the physics department at the University of North
Carolina at Chapel Hill which is integrating TOP into the spring-
1998 optics course.

Within the physics community there is a lively debate about the role
of computer simulations in the classroom. On the one hand, com-
puter-aided instruction takes much of the drudgery out of the opera-
tion of physical devices in a lab. But on the other hand, there is
concern that students may no longer be learning the proper profes-
sional lab techniques if they become familiar with simulation at the
expense of experimentation. Would future physicists be less capa-
ble as a result of spending too little time directly experiencing phys-
ics? We expect that continued observation of (and feedback from)
students will clarify the appropriate use of this visualization tool
both in and out of the classroom.
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