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ARBTRACT

The eolor time -dosmain mapes of fieldz prodused by
corpoter graphies packages are  wimaally stiling and e
danger exits fhat ey arve congidered just prethy pichares.
Crn fhee eontrary, they  reprezent o powerfol tectnigue for
exploring fielda. e do not, in general, spend enoogh time
on graphing and interpreting graphe in  oor seience conraes
and owor smdentz do ot develop e interpretive sldlle tt
are 20 necessay in aelenee today, We  deseribe computer -
bazed exereizes that help sadents develop e skillz to read

graphz.

1. IT'8 HOT JUBT A PRETTY FACE

Lately, fhere huore been editoriale on fhe sboses of
compater graphics in the professional aeientific journals and
Thuore bueard snamy  comonents of & simila nabore made at
professional weetinga. Bove buore sade points thet anone
woold do well o heed BMiller (1994), Globos (19940, Bailey
(1991, The blind application of anyr tectunigue or
methodalogy withont engaging  fhe mind i=2 a foitlesz, at
best, and often self-deceiving activity. In order to reap fhe
benefitz of & given tectnigque one mouost onderstand tuowr e
tectnique works and not just poll off e Suwind: wrap and
blindly spply it

Althoogh the  proliferation of simolation and
vimalization packages for desktop compuaters has placed
sophisticated comptational and graphieal tools into e
bundz of people whu are ot necessaily trained in fheir v,
theze techuiques are huardly "ewewash. There iz a frequently
expregged wiew fat graphies] representations of a data 2ot
are nothing more et pretiy pietares and e of fhess
technigques iz not "real” seience, Whether auch wews stem
from aeientitic machdsmo or & raditon of frequeney domeadn
techniques, e “pretty pietore” wiew 128 misvepresentation
of e role of computer graphdes in acience, and aceents tht
wi do not place enough emphosiz in aeienee conraes on tuow
to make either o good graph, o bowe o fnterpret & graph.
The appropriate nze of compater wWanalization techumigues iz
an edusational izmne et we need to addrese.

O oe Jewel there iz the perspective of
Astrophoyaicist Larcy S (19947 who comonented  on e
application of compoter visalization technigques 1o General
Relativity, “The most important fhing fhat this
[risnalization] iz going 0 lead to iz the developrent of e

intoitive zenze of  oor aience. General Relativity has
alwayz been a geience for matesmaticianz, Mozt plorsics
wo do with woor guta Hiz eomoent applies to
electromagnetics which for sost shodents iz formidable and
sbztrant,

O another lewel, howewer, thiz problem has mooch
more gignificenee, How can eoftware engineers werify fhe
code fhey beore written. Tam often revainded of  aguote I
beard seeond -hend atiriboted 4o Hang Bethe, "The problem
with compoters iz et ey alwaya giwe won an anawer,
Whether fhat answer haa anything to do with e read waorld
iz fhe croze of the probles. Teaching people to critically
evadoate e ootpot of the code ey Teore written iz a non -
trivial task.

A2 dezktop PO'e huore nereazed in power 1o the
point fhat fhey are eosmparable to aeientifie workstations,
and the linear phoysics problems buore become solved, e
busre 2een o great migration to e desktop for eomputationsl
aolotionz of the wery diffienlt non-linesr problems. Thess
probleme are difficnlt encoogh fhat analwde solotons are not
poasible, and the data setz Large enongh fhat poring over
rearm @ of manbers i2 no longer an efficient nar plansible
method of attack, Az pointed out by Bteen (19880 and
forther explore by Miller et al. (19820, aeience iz a process
of reccgnizing and  onderstanding patterng fhat eabat in
natore. Effieient graphical and animation techmigques tuore
been developed o explore  Large data 20tz and wi=nally
enbance ouf pattern reecognition  eapabilities Tofte (1927,
Friedbwoff and  Benzon (19290, Wolff and Teager (19947,
Cole (1926],

2. T HE EFFICACY OF ZSCIENTIFIC

FIBUALIZATION

What iz it then fhat  graphe tell uz? To ilostrate,
conzider the fheee representationz of o problerm in  Table 1,
Equation 1 and Figare 1. By looking af fhe data in Table 1
what can won zee Dnonediately? Wt strikes oo sboot the
data? What are it2 noteworthor featres? Looking at just e
narbers, it izhard to tell. It takez a careful analysiz of e
data to obtain fheze feabarez. Cwe techmigue iz to fit te
data with a polynoimisl. Equation 1 iz a fanetion fhat fits
fhe data. What doez it tell you— —zignificantly more fan
the data? Hotreally, it provides fhe sone information az
fhe data bt it i=2 organized differently, in a readily
apcezsible form . Another techmique would be to plot the
data a2 ghowan in Figore 1. Looking at fhe simple graph of



the data can won e any nteresting points? Doses the graph
tell you anyrfhing interesting aboot fhe Jata?

TARBLE 1
iy starting at v = 0.5 in stepz of 0.05
403z, 12649, 437.49 162.5
G375 2595 10.73 4374
1.6549 0.490z2 0.0000 -0.1894
-0.2458 -0.2454 -0.2227 -0.1934
-0.1642 -0.1374 -0.1152 -0.0960
-0.0801 -0.06649 -0.0561 -0.0471
-0.05497 -0.0336 -0.0285 -0.0243
-0.0208 -0.01736 -0.0154 -0.0133
-0.0115 -0.0100 -0.0087 -0.0076
-0.0057 -0.0054 -0.0052 -0.0046
-0.0041 -0.0036 -0.0032 -0.00249
-0 0026 -0.0023 -0.0021 -0.0014
-0.0017 -0.0015 -0.0014
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I-'igulre 1-4 graph of e Lennard - Jones potential,

By looking at the graphor  the equation, one can
ingtantly see that itiz o plotof o Lennard -Jonez potential
which iz a smi-empitieal potential vsed o model gint]
interaction between molecoles, The haed eore, attractiee tail
and potential miniwomn are key pointz hadden in e data et
that the graphing twe given emphasiz. Thiz information i=
contained in fhe data, bt it iz more readily accessible in fhe
arapb. From fhi= graph you can easily see where fhe foree
on a charged particle  placed in fhiz potential i= repulaive,
where it iz atfractive and where it goez to zero. Plagez
whers fhe  exrema of & data 26t aceor and where e
gradients are Large provide ingight into a dats set,

Thiz zivple example serres 1o reiind 2 huowr
powerful and vsefol graphie techmigques can be. Conzider
the problem of understanding eomething a2 eomplicated az a
jet of floid where torbolence exdte at te boondany between
the jet and the bulk floid a= fwwmn in Plate-1, Delictuael
Morman MZEA. The vissalizatdon of e nonerizal Jata,
prodoced by fhe  eownpoter can readily be compared to
experimental data stz awh sz dwwn in Plate -2, Btanford
3oz Dymasnies Laboratory, which were obtained vsing lasers
to optieadly enbenes fhe  tabolence. In fhess cases, te
problem iz conziderably more complex and onderstanding
the eritical patterng iz diffiendt and  woold be impossible
without  fhe eowpoter wimalization technigques.
Tnderstanding the patternz hidden  in nahare iz fhe role of
arience, and graphe are o e -twaored tool for recognizing
patternz and stadying featrez of eomplicated data etz The
task iz then two-fold: first to develop exereizes that teach
tadents huw 1o interpret complicated graphe and 2econd 1o
develop fhe ability to relate fhe graphs to fhe mathematical
mode]l fhat dezeribez a phenomenon. Thiz scond point hus
been freated previoosly, Cole et al, (199440, 20 we will
coneentrate on fhe first,

3. E TERCIREE FOR IHTEEFPRETIHG TIWO
DIMEHBIOHAL STATIC FIELD MAFPR

We wrant fhe sdents to work with interaetive
computer trtorialz and sbmolation exereizes fhat  belp fhean
develop the ability to aceorately intetpret field sapz. This
ability to interpret maps iz not easy to acquire, bt iz wery
poveriol and can sore one foin malking  mistades, b2 an
extinple eonsider & probles o electrostatios typically
azzigned in introductory phorsies texts, Gianeoli (19820,

Exercise 2.1 Three charges q of the same sign and
magnitude exist at the corners of an equilateral
triangle. Make a map of the electric potential. Find the
places where the electric field will be zero. Hint: there
is more than one place.

The point at fhe center iz easily identifishle a2 baving zero
field, bt fhere are al2o places on fhe midpoint of each side
of the tiangle where fhe field i= alao zero., The
sathematical soloton iz non—rivial and algebraieally
sy Gaogood tazk for a Mathesatica  exercize). Ome can
e goperpogition to find fe potential, and fhen find e
extresna of fhiz potential, On the other fand, & field map of
fhe potential eazily gvoows that fhere iz mindmoom or  slight
"yrell" in fhe potential at e center and alao fhere are zaddle
pointz at fhe mid-point of each side a2 Swown in Flate 360,
In thiz example fhe program "EilverHanmer" aorailable from
the Center for Computer dpplicationz  in Eleetromaguetio
Edveation (CAEDIE) hue been dezeribed  elmewhers Cole et
al. (199407, Places where fhe eatrema oceor are aometines
abtle, and it requires sldll to readily locate them on e
sap. O the other  hend, it iz wenr easy 1o locate places
where e gradient iz zero on e false height sap e in
Plate 2.

The zecond group of exercizes oz a prograo called
"Eleciric Field Hockey" by Bt Chabey (199320 and iz
dezeribed in Ehetwood and Anderzen (19930, In thess



exereises the sdent i2 t0 dymamically  explore fhe inwverse
aquare natare of fhe electrie  field, The word dynamics iz
Linporant beeanze fhe leaponz leaned by vzing & dynaonie,
Tnteraetive program are moch sove eonyineing T e
static leszong in a texdbook, In "Electric Field Hockey' the
"packt iz eleetrically chawged and wou can place other fixed
charges at strategically located places to defleet ita frajectory
awh that the pock eireoinorents varions barriers and landz in
the goal. “We previovsly degeribed, Cole et al. (199400, an
exereise in which shadentz graph fhe eleetrie potential dus to
the deflecting chargez and plot the frajectory of e pack
ttwongh the potentisl map. In practes, the exereize waz too
diffiendt for shadentz and Jid not work well withuont
conzidersble sodification. e first hoore e work  with
individual churges smd fhen fey progress to fhe effect fot a
2addle point or well will buore on o charged partiele. They
ftw= gain an onderstanding of bwow a charged partele will
Feact 10 & given potential,

Excercise 2.2 Use a charge with the same sign as
the puck to shoot the puck toward a charge of the
opposite sign of the puck such that the puck passes
near the charge, but does not hit it. What are the
characteristics of the trajectory? Make a map of the
electric potential. How do the features of the electric
potential cause the particle to follow this path?

The path iz fwown in Figare 2 and fhe map of the
potential in Plate -4, Frowm simple exercizes  2ich az this,
ghadentz learn tuow an electrie potential affects the motion of
charge. For introdoctory stodents, fhe  electrie potential iz
an abgtract coneept that iz diffieult o understand. The next
gtep iz to make e exereizes congidersbly more diffienlt by
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Figoare 2 — Trajectory of o paticls froogh o potential well
when the energy of the pardiele iz larger than well,

leading stadents to onderstand tww bound aystems work.

Exercise 2.3 Place a charge of the same sign as the
puck on each corner of a square. Describe the region
where the puck can be placed such that it is trapped
within the square in a stable orbit. Make a map of the
electric potential for the four charges. What
characteristics of the map help you determine the
region that traps the puck?

In fhiz exercize shadents can 1y to ghoot the pock
into fhe well and find that it doez not work, Becange of the

conerrative nahare of the field, fhe patiels will alwayrs buore
enongh energy 1o escape e well, To be frapped inzgide fhe
well, it st start ingide e well, Alao, ey lean it iz
qQuite eamy to ive the poel enoogh energyr o ezeape fhe well
if it startz cloze to one of e other charges,

Exercise 2.4 Find the minimum number of charges
of opposite charge that will trap a puck in a stable orbit.
Make a map of the electric potential for this
arrangement of charge and draw the orbit on the map.
How is this case different than the last case using only
similarly signed charges?

The anzwer to this last exereize iz jost one becanszs
the opposite signed charge will atfraet #he poek and trap it
in itz potential well. The similaites betueen fhe cames ia
what iz of interezt. In both cases we are tving o ereate a
potential well, Etadents learn it iz easy 1o create a well
with chargez of the opposite sign, bat moch harder vaing
particlez of the sone zign.

Thezs exereimaboild  opon the kaaone leaned
previously and teach the shadents fhe importanee of
minimoame and macdiosng in e electrie potential.  There
are a wealth of things that one can do with thi= type of
exploration, @wh as, heoring shadents 7 to balance charges
at gaddle pointz &0 ey Zadn an onderstanding of e
stbility of 4 potential. Cune of fhe biggest atribotes of thiz
learning iz that the stdents learn e concepts, They
quickly develop an infoitive senze for eleetrostatice.,  COuee
they develop fhe ability to read & map, we o it
dynaanies by congidering magnetic fields.

4. DYHAMICE AHD MOVING CHAEGE

When charge moves it prodocez a magnetie field a=
well a2 an electric field, Becanze fhe charge iz moving, fhe
tieldz muost be evaloated at e retarded tine. Laws soch oz
the Biot-Eawart Lo work for wirea which prodoce Statie
fieldz, buat cannot e ozed for mmore fhan obtadning a the
qualitative bebaorior of e magnetic field for mowing point
partieles. Beeanse of the diffienlty in eowmpoting retarded
ez, shadents ave not na0ally given practice with magnetie
fielde frown point particlez. Howewer, uzing eompuoters we
can wasily plot the fields even from point particles.

dF = lj‘*! -:1‘.!;? Eiot-Zavvort Lo
T F
Exercise 3.1 Use "SilverHammer" to make a

contour plot the magnetic field for a point particle
moving with a constant velocity. Use the Biot-Savart
law to find the direction of the magnetic field and then
sketch the magnetic field lines. Where is the magnetic
field strongest? Where is it zero?

The first exereize iz just o simple mapping exereise
for & magnetic field fromm & single point charge, Plate 5. It
drawz upon e sadent's previons experience in asing maps.
Thiz exereize iz alzo the shadent's first eneonnter with a field
that iz zero along a partieular ads which iz a eonfiguration
that iz Lmportant for understanding dipole radiation in



which the radiated field iz zero along fhe b= of fhe dipole.
Mote that fhiz exercizs alzo aske  the stodent to interpret
varionz atribotes of fe map and links e to e
traditional mathematical statesnent of fhe  Biot-Hanrart Lowr.
Thiz iz a key point. The stdents most learn bow to eoople
thedr map reading skdlls with fhe raditonsl mathematics, I
buare foond fhet thiz iwprowes e mathemsateal ldlle of the
shadents becanze ey gain additdonal insight into fhe
mathematies when ey hoore 1o connect it 10 & ap.

Exercise 3.2 Compare the superposition effects of
the magnetic fields from multiple charged particles.
Place two like charged particles side by side. Describe
the fields when the particles are moving along parallel
paths. Describe the fields when the particles are
moving along perpendicular paths, and finally,
describe the magnetic field when the particles move
along anti-parallel paths (parallel but in the opposite
direction). Where do the fields add constructively.
Where do the fields add destructively.

We  treated siwple saperposition effects with
potentiala and now e soperpogition of the fieldz iz
conaidersbly wore sompler a2 shown in Plate 6 G - (o)
The magnetic field lines form eireles sbout e particles.
The regions where fhe fields conataetirely interfers are
determined vsing a right bend  rode. Thiz et of exereises
givez they shadents practice with the right temd nale
auperpogition, and map reading.

s

Exercise 3.3 Place 5 identical particles in a line. Give
each the same velocity directed along the line. Make a
contour map of the magnetic field. Discuss the
superposition of the magnetic fields. Where is the
magnetic field strong, where is it weak? Are the
directions of the field the same on both sides of the
line?

Thiz exereize hue  fhe shadentz approzdmate e
magnetie field from a wire seguent by vzing a collection of
point partdeles. The stdent most  again e superpositon
and fhe Biot-Hawat law to interpret fhe map. The fields ae
ghowmn in Flate 7.

The purpoze of these exercizes iz to Lonproie
giadents snap reading skilla and their understanding of  the
bazie prineiples of electromagnetice. This process
culminates with  omderstanding fhe fondaentalz of
electromagnetie radiation. The radiation process iz complex
enongh fhat it requires aofficient wap reading skills, Cole
(19942, The fields from an Dnpolsively exeited point
particle are gwown in Plate 8. A2 in fhe previous exonples,
the stadentz hoold onderstond whers fhe field iz zero and
where it iz strong . Forfhermore, fhe shadent shoold be able
tonze  the fondaental prineiples, Avwpere's Laow and
Faraday'a Law, to Swoow whoy the fields are gtrong
perpendicular to fhe oz of acceleration and whoyr the fielda
are Zero along this axda.

5. COHCLUOSIOH
The prewiooz work has been dane with turo -
dimensional maps; Tuwerer, many data gete st be

anelyzed in fheee -dimensionz. Partieolaly  exerei=e 3.1
wonld benefit greatly with fhe sbility to visalize fhe fields
in three dimenzions.  Whenewer e fieldz are given by
Hght-hand  malea, a fhree dimenzional vimalization
tectunigque iz required. Cae promizing type of wolame
rendering bue been developed by Johmeon et al. (1994) in
whieh & awnolke rendering tectniqoe iz vzed to vimalize fhe
gtractare of moleenlez and 20lids. Layers are rendered with
different eolors and eact Loper Tue a fransparent  natore ot
allowez one 1o effectively see fnto an object, Plate 9. The
denzity of the smoke can be chunged 20 that e sroctare of
objeet iz fue wizible and iz in contrast 1o & "gliving"
tecbnique enployed in Plate 2007 and v=ed in fhe HCOHS
program “Dicer” which iz awadlable from Spyglazs. e
bwpe 10 apply the ftechonique to electrieity and snagnetizn,
Wolme rendering i compotationally intense and iz not
practieal in fhe clazsroomm  at present. Howewer, we are
optimiztie that fhe progress in proceasing power  will 200n
make awh wimalizations possible. S with anyr teebunigquoe,
one cannot jost gow these aew 3-D visnadizations and
expect giadentz to onderstand fem. Jost a2 we gave done
with the 2-D mape, we  moost work with sodents 20t
fhey understand Tuow 1o v e and tww to Interpret them .

There iz alwaya a danger, when introdoeing  new
tectunigques, to asanme fhat everyone el2e  con z2e the sane
thinge fhat wou do. Howeever, map reading iz an aeguired
skl that tales practes. Slthoogh mepe ave  not a oore-all
for electrieity and saguetizn, ey are an efficient
mecteanizin for onderstanding feld interaetionz, They are
more fhan just prethy pictorea, When carefally applied, they
can produoee & deeper Intaitive oanderstanding of & field.
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Plate-1

2-D Map of a Supersonic fluid
jet, Michael Norman, NCSA
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Plate-2 Experimental data on a gas jet (Stanford)
(a) 2-D map, (b) Volume display using slices.

A

N

e
o

"\
QR oo
%‘*“:ﬁ-

o

T

o ]

@) ®
Plate 3-Electrostatic potential for like charges at the vertices of a triangle.
(a) Contour map. (b) Pseudo-height map.



Plate 4-Electrostatic potential for a negatively charged point particle.
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Plate 6- Super position of
magnetic fields for two like
point charges moving

(a) parallel, (b) perpendicular
(c) anti-parallel.




Plate 7- Magnetic field from a line of moving particles.

Plate 8-Radiated electric
field from an accelerating
point particle.
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Plate 9-Smoke rendering of (a) water molecule, (b) Na-Cl lattice.
Scott Johnson, University of California, Davis.



