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Abstract

We describe a multidisciplinaryfeft for creating interacte 3D graphical

2.1 Overview of TOP
In 1994, vork brst bgan on The Optics Project QP) at Missis-

modules for visualizing optical phenomena. These modules are designed Bippi State Uniersity This multidisciplinary ébrt has ivolved

use in an uppdevel undegraduate pysics course. The modules arevele
oped in Open Wentor which allavs them to run under both Unix andnA/
dows. The vork is signibcant in that it applies contemporary intevac3D
visualization techniques to instructional cowaee, which represents a
considerable adince compared to the current state of the practice.

students andatulty from three Departments (Riics and Astron-

omy, Computer Science, and Electrical and Computer Engineer-
ing), constructing stand-alone modules to complement a standard
undegraduate course in optics. The brst safevmodules were

implemented using OpenGL; Opewémtor has n@ become our

1. Intr oduction

ing old ones.

Optics deeloped as a scientibc beld primarily through tkged-

graphics library of choice for geloping nev modules and updat-

ments of Isaac Neton (who considered light as particles) and
Christiaan Huygens (who considered light @ses) in the late se
enteenth centuryThe theoretical basis of classical opticsweel-
oped in the nineteenth century by Thomasung, Augustin
Fresnel, and James Clerk Maxwell. More recerlig irvention of

the laser has promoted research in optics since the sL9606x
optics and quantum optics alsowdrioptics research in the 19800
Improving understanding of optics is consequently a signibcant
educational goal.

Each year at coliges and unersities nationwide, some 10,000 stu-
dents tak a course on optics, typically through a department of
physics. The method of instruction has changedy little in the
past 40 years, and maof the textbook illustrations hee remained
essentially the samever this time. In particularthe illustrations
rely heaily on line dravings and 2D graphs. Certaieykconcepts

in the study of optics possess fundamentally 3D aspects, which ar
typically demonstrated in a classroom laboratdiye lab equip-
ment may include light sources, apertures, lenses, and polarizin
blters. The alimensional diagrams in axtbook may illustrate
invisible kut important features of light (such as the electric beld
vector at a gien point as a function of time), whereas the laboratory
reveals 3dimensional visible features of light (#Kocus and inter-
ference thatary according to position).

There are seeral eisting computesssisted instructional modules

Openlinventor

Open lwventor (Ol) is an API deeloped by SGI in 1991.
It is an object-oriented 3D graphics toolkitilb on top of
OpenGL. Ol preides an object abstraction of 3D geo-
metric primitves and a directed ydic graph (DAG)
called scene graph. The scene grapheseas an object
database. The objects stored in the database can be w
together using connections to proptgchanges of state
from one object to anothe®l has engines that pide
behaior in the scene graph, Bkrecalculating shape or
color, by evaluating inputs from connections with othe
objects.

Sensors generate interrupts based on changes in tim

changes in another object or changes in the scene gr3
Ol is a paverful tool for huilding intuitive 3D interices
by using its genericvent model and its implementation
of the Bravn University 3D widgets [CONNER]. Ol also
provides a self-contained ble format that describes bo
geometry and beki@r. Ol is cross-platform compatible;
it has been ported to other platforms includinod@ws,
HP-UX, Solaris, AlX.
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designed to support the teaching of optics by visualizing optical
phenomena. These systems are primarily 2D and use liwindsa
similar to the ones found in traditionaktbooks [JENKINS] [LIP-
SON]. Some of these sofane systems are semi-interaetia stu-

dent types in dferent \alues for @rious parameters, and the systeminteractize 3D visualization. These are summarizedwelo

recalculates the display in response. Because these systems are

designed for lv-end personal computers without haeder accel-
eration for 3D graphics, interae#i 3D visualization has not yet
been a signibcant design-objeetfor such instructional softwe. 2

2. The Optics Pr oject

The Optics Project seeg to amplify lessons learned in class by3
providing interactve demonstrations both inside and outside of
class. This section ggs an wgervien of the project and describes
the workings of four of the modules. 4

Each module is designed to be (1) intekagt(2) dynamic when-
ever animation is appropriate, and (3) three-dimensionalidéhti-
bPed eight fundamental topics thatowid lend themsebs to

Wave Simulation - Circular waves and linear (parallel ave-

fronts) in a ripple tank.

ReRection and Refraction- Vectorial treatment of monochro-
matic plane waves incident upon a planar intece. Dtal inter-

nal reRection, critical angle, Eweteréangle.

Geometrical Optics- Systems of thin lenses. Stops apertures

and pupils. Optical instruments.

Polarization - Different kinds of polarization, action of polar-

ization elements.



5 Interference- Two slits, N slits, Michelson interferometer wave nature of light. Fresnel'theory vas criticized by Poisson
and thin ®Im interference. because it implied that a bright spot should appear behind an

. . . . . . . opaque obstruction. Though counietuitive, this is precisely what

6 Fragnhofgr Diffraction - Single §I|t, multlpl.e sllt,_dff_actlon does occyras vas demonstrated conclusly by a simple xperi-
grating, circular aperture, Rayleigh resolution criterion. ment and dubbed OPoissospo

7 Fresnel Diffraction - S'”‘%"e slit, transition to Fraunhofesir- The beans behaior far bgond the aperture is called Fraunhofer

cular aperture, double slit. diffraction; the behdor near to the aperture is called Fresnel dif-

8 Coherence- Temporal and spatial coherence. fraction. Monochromatic light that passes through a small circular
aperture creates concentric bright and dark rings on a Rat plane
placed slightly bgond the aperture. Monochromatic light passing
through a thin rectangular slit produces a series of bright and dark
bands. In the case of arntical slit, the lighs intensityl(x, y, | , w)
is a scalar function of the distangérom the slit, the spanwise dis-

nl;]ancex, the wavelengthl , and the widthw of the slit.

The modules allw a student to visualizefetts that either (1) can-
not easily be made visible or (2) cannot be controlig well in a
physical laboratory xperiment. As anxample of an importantub
invisible feature of optics, consider the dynamiolation of the
electric ®eld gctor as it reRects fod surfice or transmits through a
medium. The &ctor can easily be made visible in a graphics syste

by drawing an arrev. As an @ample of an important parameter to \while a user interaatély varies the parameters, the module recal-
control in a laboratory>ercise, consider thefett of changing the  cylates and displays the sané ofl(x, y, | , w) de®ned implicitly by
angle of incidence of a beam of light on the reected tseimtén- | = constant andv = constant and parametrically by distances
sity. The student adjusts a mirror to the proper angle, re-aligns thehdy: a surfice in &, y, 1) space. W display the aperture as a 3D
beam, and then locks wa the mirror mount. Fifteen seconds may object; a 3D widget allos the user to modify the width-parameter
elapse during the change of this single parameter (ogsicist  directly (with immediate visual feedback). Another 3D widget con-
said that such tedium Oturned me into a theoretigalqibt instead  trols the vavelength of the monochromatic light source; the color of

of an aperimentallone()). By comparison, selecting a 3D widget tghe intensity function prades visual feedback (Figure 1).
adjust the angle in a graphicatrsion of the xercise is almost

instantaneous. By combining the Fresnel and Fraunhofer zones in a single vie
this module displays a wide range offidittion patterns. A recent
2.2 Geometrical Optics article in theAmerican durnal of Physicshavs the intensity in

this same range for a planar slice through the center of a circular slit
%FORBES]; we hae found no similar illustration in grtextbook,
Bivever.

Module 3, OGeometrical Optidssimulates the baliar of light

passing through optical elements such as stops and lenses. A u

can interactiely vary the placement and the focal point of each

lens. Points on a 3D object seras sources of rays which are traced ; ; P

through the optical elements. Each of the point source emits a nur%l4 Ray'e"-?h ReSOIUtlon_Cr_'ter{OI_q _

ber of rays ¢g. 100) at random angles, forming a cone-shaped disModule 6, OFraunhofer Miéction© includes a sub-module illus-

tribution that ceers the area of the ®rst optical element. trating the Rayleigh resolution criterion. Lord Rayleigh (born John
o o ) Strutt) is knevn for his study of sound in the late 18§0for

A ray is discarded if it misses the optical elements or the hole of gplaining hav atmospheric scattering mekthe sk blue, and for

Stop. The rays are accumulated as translucent dots on thembserMisco/ering agon. Ray|e|gh also studiedarous 0ptica| phenom_

tion screen (using addig blending). Theseverlap to produce an ena and ws concerned with determining the resolvingveo of
image that blurs out of focus when the screen isesidrom the |enses.

focal plane. Figure 1 sk the module in use. On the left end of
the optical verkbench lies a 3D object, in this case a teapot repreln the Rayleigh resolution module, light fromawnonochromatic
sented by itsertices. Eachertex is imaged by tracing rays through point sources (separated by an argylend each hang the same

the optical elements and onto the obaion screen. The user can wavelengthl ) is incident upon a lens of focal length f and diameter
interactively drag the 3D object around, can slide the lenses an®. This is analogous to light from éwstars passing through the
apertures and screen along tharkibench, can adjust the size of the objectve lens of a telescope. The resulting intensity pattern is
apertures and lenses, and can also intesdgtimodify the shape obsered on a screen which is located at the focal plane of the lens.
(and hence the focal lengths) of the lenses. The module demoRach point source detrs a difracted image to the screen, and the
strates widly that the 'ertices are not all in focus simultaneoysly intensities of the indidual images add at positions where the pat-
and that the depth of ®eld can be increased by stoppmg the  terns werlap.

near aperture (at thegense of image brightness on the obston

screen). For some wlues of the four parameterg,| , f and D, it is easy to

discern that there are dwpoint sources are being imaged instead of
: . one (Figure 3a). Heever, in some cases the resulting intensity pat-
23 Fresngl Diffraction 3 tern looks lile it was created by one source (Figure 3b). In the
Module 7, OFresnel MifctionQ is used to visualize the beioa of former case it is said that thedvgources are res@d, whereas in
light that passes through a small aperture. Figure @shasample  the second case thare not. Lord Rayleigh produced a mathemati-
image produced by the module. Fresnefraiftion occurs when a cal criterion that allws one to predict whether or not theotw
beam of light passes through an apertuwhibéting patterns of  sources can be resel. It is interesting to note that increasing the
varying intensity when it illuminates an obsatien screen on the diameter D of the objest lens of a telescope impes its resolu-
other side. Augustin Fresnel, a French scientist who in 1818 praion, as well as its ability toagher light.
posed that such diiction should occur as a consequence of the



2.5 Michelson Interf erometer sub-system, running Wdows NT 4.0 and an Openwventor port

Module 5, 2Interferenc®,includes a sub-module illustrating the available from Bmplate Graphics Sofare (TGS).

Michelson interferometeAlbert Michelson, a Polish scientist Who There is an Open¥entor plug-in for Netscapauhdled with SG&
later became a professor OfypiCS in the United States,\dﬂed version of Netscape.GP runs in a frame of a hwser which
signi®cant ébrt to measuring the speed of light. He constructed &jlows users to yecute the modules in arhiliar ewvironment

device that could accurately measure minuscule changes in distangecompanied by help/tutorial web pages thatige immediate
by producing interference patterns on an otz screen. His  on-line help.

experiment with Edwrd Morley in 1887 using this interferometer

indicated that the Earthas not in motion with respect toyan

medium, which suggested that theraswno such medium at all.

The startling consequencewthat the speed of light is constant, a The modules of The Optics ProjectdP) pravide a user with a 3D

®nding that Albert Einsteis'theory of relatiity later explained. visualization of optical phenomena, especially those phenomena
) ] ] that are di®cult to see or to control in a ysical eperiment.

In the Michelson interferometer module, light from a monochro-although 3D visualization has found wide application in research-

matic pOint source enters the interferomeliehits a beamsplitter and_dgek)pment (manizationS, most educational sodirng contin-

®rst, and as a result awidentical veves, each hang half the  yes to rely on 2D illustrations or 3D line-diags. TOP eploits

amplitude of the incident one, el the tvo arms of the interferom-  the multi-platform wailability of Openlwventor to ivestigate the

eter Eventually two waves, one from eachdeof the interferometer  effect of applying more current graphics and visualization tech-

each with an amplitude of one-fourth the incidemt/ey arrve at  niques to modernize coursare in a particular subdiscipline of

the obseration screen and interfere with each ather physics. This is the ®rst serious attempt that we wareaof to

build a suite of educational tools using intenaet8D visualization

for an undegraduate course in optics.

3 Conclusions and Future W ork

The intensity pattern produced on the screereiy gensitie the
positions and tilt angles of the mirrors at the énd of each ¢eof

the interferometern our module, the mirror on the left is hans- | the spring of 1997, P was used for the ®rst time in an actual

lation mirror: it is alvays normal to the ray raling along the opti-  optics class (Rfsics 4513/6513 at Mississippi State #nsity).
cal axis of the interferometelut can be translated back and forth students made comments such as thevfirtig.

so that the light which txels in this arm can be made toveha

different path length than the other beam does. Since #e- w
length of light is so small, a small path lengtHeatiénce, call it d,
can change the obsexV intensity pattern dramaticallig was this
sensitvity which alloved Michelson and Morleto state with con-
®dence theinull result for the speed of light traling at diferent
speeds in reference framesseting at diferent \elocities. The mir-
ror on the right is th&lt mirror. It does not translate back and forth,
it rotates about itsartical axis by an anglé. The obseration
screen can be med tavard or avay from the interferometeand it
can be made lger or smaller

In Figure 4a the avelength is in the light blue géon of the spec-
trum, f is zero and d is nonzero. In Figure 4b trevelength is in
the red rgion of the spectrunf, is nonzero, d has been changed,

Studentl: Polarization as one of the concepts which
seemed most unclear during my high schogispts and
even during my collge plysics sequence. | feel that |
would still have had to imest more time trying to eision
circular polarization andven linear polarization, had |
not been able to aich an animated model.... After seeing
more abstract concepts being animated | can easily en
sion them.

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

and the obseation screen has been weaol tavards the interferom-

eter a little bit. To date, seen other collges and uwersities hae agreed toxam-

) ine TOP for use in their junior/senitevel optics courses as well.
2.6 Implementation and P erformance We hare also made arrangements to include an image fOm il
Openlventor allavs us to separate the underlying structural elefuture editions of an undgraduate optics xbooks. The ®rst
ments of a scene from the belmal elements of the scene. The alPha-test site is the phics department at the Wefsity of North
structural element®the geometry are contained in anventor ~ Carolina at Chapel Hill which is ingeating TOP into the spring-
formatted tet ®le. The behaoral elements are contained in shared 1998 optics course.

binary objects. Open¥entor prides a mechanism for dynamic \yiin the plysics community there is avtily debate about the role

of computer simulations in the classroom. On the one hand, com-
B’uteraided instruction tads much of the drudgery out of the opera-
tion of ptysical deices in a labBut on the other hand, there is
concern that students may no longer be learning the proper profes-
sional lab techniques if thdbecome dmiliar with simulation at the
expense of gperimentation. Wuld future plysicists be less capa-

ble as a result of spending too little time direciperiencing pis-

For example, in the Fresnel @iiaction module the light' intensity ~ 1€S? V& expect that continued obserion of (and feedback from)

is evaluated on am’ n grid and displayed as a height function. The Students will clarify the appropriate use of this visualization tool
intensity on the obseation screen isvaluated on a2 grid. On  Poth in and out of the classroom.

an SGI Indigo2 High Impact system with an R4400 250Mhz pro-
cessorwe can maintain interaeity up ton = 100, which is s@®- Ackno Wledgments

cient to resole the main features of the intensity sed. OP  11ic \ork was supported by NSF and by the MSU/NSF Engineer-

achiees similar performance on an Imgeaph TDZ-400 ;. ; ; . :
. . . . g Research Center for Computational Field Simulation. Inter-
(2xPentium Pro 150Mhz) avkstation with a GLZ5-GT graphics graph Corporation praded us with TDZ-400 wrkstations.

suming operation).d presere a steady frame rate, we reduce the
geometric compbaty of the mesh whener a dragger is nved so
that a coarser mesh is recalculated and displayedalo tak
adwantage of Openirentors ability to \ary the geometric comple

ity of a dragger according to its distance from thevpigint.
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Figure 1a and 1b:
Geometrical Optics

Figure 2a and 2b:
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