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Abstract
Fractalsare systemswith similar geometryor statistics

at multiple length or time scales. They are a naturally-
emergent phenomenonin manyphysicalsystems,but the
complexity of real physicalsystemslimits their applicabil-
ity to small rangesof scales.Nonetheless,fractal mathe-
maticsareusedfrequentlyin computationalphysicsto im-
plicitly modelthosescaleswhich exhibit fractal-likebehav-
ior, whiledifferentscalesofmotionaresimulatedexplicitly.
My work asa scientistandartist dealsprimarily with the
scalesof spaceandtimethat mustbeexplicitly simulated,
as they representthe boundariesbetweenregimesdomi-
natedby fractal or simplerbehavior.

1 Scalesof physical systems
Matter andenergy exist asstructuresat all observable

lengthand time scalesfrom the diameterandvibrational
frequency of subatomicparticlesto the width andageof
the universeitself. The physical laws that we useto de-
scribethebehavior of theuniversedonotchangewhenwe
look atdifferentscales.For example,theequationthatbest
descibesthein�uence of gravity (to isolatejust oneof the
primaryforces)is thesamewhetherweapplyit to agalaxy
of a billion stars,to two peopleon a bench,or to three
atomsin a watermolecule. Intuitively, though,we know
thatgravity is not themostimportantforceactingbetween
two peopleon a parkbench,andit turnsout that it is even
lessimportantamongneighboringatoms.

The rangesof scalesin spaceandtime in which a cer-
tainforceor effectis predominantcanbecalledthatforces'
regime. Thoseregimesaredeterminedby the relative im-
portanceof all of the forcesaffectinganobject. Therela-
tive importanceof theforcesis indicatedby themagnitude
of theassociatedtermsin theequations.

As anotherexample,considermixing creaminto coffee.
Theequationgoverningthat�o w containsabout� veterms:
onefor themotionof thespoon,onefor themomentumof
the�uid, onefor thefor thedifferencein densitybetween
the cool creamandthe warm coffee, onefor surfaceten-
sion,andonefor dissipationdueto viscosity. Otherterms
arepresent(suchastheCoriolis forceof theEarth's rota-
tion,andthegravitationalattractionbetweenthewaiterand

thecoffee),but thesetermsaresosmallthatthey shouldn't
affect thegeneraloutcomeandwewill ignorethem.

Due to the parametersof this speci�c physical system
(sizeandspeedof the spoon,viscosityof coffee, etc.) it
canbe shown that only viscosity, momentum,andspoon
motionareneededto adequatelyquantify(or simulate)the
mixing. Thesethree“forces,” or termsin theequation,are
presentat all scalesof the �o w, but only oneor two are
dominantat any given scale. The chartat the top of the
next pageillustratestheregimesfor thesethreeforces.

Obviously, thereis no�o w atascalelargerthanthesize
of themug.Below thatscale,themotionof thespoondom-
inatesover momentumanddiffusion, causingthe largest
eddiesin the �o w. The behavior of the smallestscalesis
driven by diffusion, which is wherethe actualmolecular
mixing of thecreamandcoffeetakesplace.It is themiddle
scales(of this andmostother�uid systems)whereneither
diffusionnorlarge-scaleenergy inputdominatethemotion.
In this regime—�uid turbulence—thestatisticsof the�o w
arethesameatall scales,whichdescribesastatisticalfrac-
tal. In thissimpleexamplethefractalregimeis verysmall,
not even covering one order of magnitude(10:1 ratio of
scales).In the largest�uid systems(like theocean)it can
cover up to six ordersof magnitude(106:1).

2 Fractals and causality
Fractalswereoriginally concieved asgeometricforms

that repeatand nestat multiple levels. A more modern
de�nition hasfractalsencompassingall forms of statisti-
cally self-similargeometries.Thesearestructureswhich,
thoughnot preciselyidentical at different scales,exhibit
similar qualities acrossscales. Certain equationsthat
show up in natureallow forms thatexhibit statisticalself-
similarity; one of theseis the momentumequationfrom
�uid dynamics.Othernaturalfractalssuchasplantbranch-
ing, coastlines,andfracturesurfacesaretheresultof much
morecomplex equations.

In all cases,though, the fractal itself gives no indi-
cation of the underlyingequations—onlythe oppositeis
possible. Thus,accuratesimulationsof naturalphenom-
ena,which recognizetheexistenceof theupperandlower
scaleboundariesof thefractalregime,mustbegin with the



physical equations.Describingnaturewith only fractals,
while easiermathematically, ignoresmuchof thepotential
beautyof nature.

3 Computational physics
It wouldbeanequallyegregiouserrorto ignorethefrac-

tal regime whenperforminga physical simulation. Many
methodsto predictthebehaviour of complex physicalsys-
temsofteninvolve explicitly simulatingthelargescalesof
motion (suchasthespoonandthecoffeecup)while con-
currentlymodelingtheeffectsof thesmallerscales.These
smallerscalesareoften statisticallyself-similar(asis the
momentumregime in thecoffeeexample)andthemodel-
ing stepcaninvolve fractalmathematics.Verysimple(dis-
sipation)or self-similar(momentum)regimesarethusless
interestingto the practitionerof computationalphysics,
andarerarelyexplicitly simulated.

4 Boundaries
The scaleregimesthat I feel aremostinterestingfrom

both visual andcomputationalperspectivesarethe scales
at which multiple forcesoverlap and competefor in�u-
ence. From the coffee andcreamexample,theseare :
the largestscaleswherethe motionscausedby the spoon
arelimited by thesizeof thecoffeecup,thescaleatwhich
the eddiesfrom the spoondecayinto self-similareddies,
andthescaleatwhichmomentumis still barelycapableof
folding layersfasterthandiffusion canblendthem. Only
physicalsimulation(in my case,computersimulation)can
properlypredict the behavior of naturalsystemsin these
regimes.

My goal asan artist is to usemy training in computa-
tional physics to mathematicallyisolatethe many forces
presentin the naturalworld andprobetheir scalebound-
aries for beautiful images. Thesescaleboundariesare

wherenew shapesand forms emerge, far away from the
monotony and statistical uniformity presentat interim
scales. How interestingis an acreof the surfaceof the
ocean,despiteits abundanceof detail,unlessit is affected
by themotionof aboat,or aroguewave,or arocky shore?
I am drawn to theseboundariesin scalebecausethat is
wherethe interestingnon-linearitiesarise,andwherean-
alytic andfractalmathematicsareof little help.

5 About the artist
Mark Stockis aprogrammer, researcher, andartistwho

explores the boundarybetweenthe real and the unreal
throughthe sciencesof �uid dynamics,computersimula-
tion, andvisualperception.He hasbeenproducingart for
sevenyearsandhashadwork appearin juried exhibitions
for � ve.

Mark hadhis startwith simulationandvisualizationby
programmingMoire patternsand particle dynamicsrou-
tineson a Commodore128. His interestsin mathematics
andprogrammingfollowed him throughhigh schooland
led him to acquireseveral degreesin engineeringat the
Universityof Michiganin Ann Arbor.

Mark'sinterestin photography ledhim to discovercom-
putergraphicsasanundergraduateat U-M. He spentsev-
eralyearsexploring differenttechniquesandtoolsfor cre-
ating virtual images. In 1999,while attemptingto debug
someof his simulationsoftware,he renderedthe suspect
program'soutputwith ahighly-accuratelighting visualiza-
tion packagecalledRadiance.This inadvertentdiscovery
of anunnaturalbeauty, hiddenwithin thesciencesof com-
putational�uid dynamicsandradiosity, promptedMark to
pursuedigital imagecreationasa hobbyandanart. Mark
worksfor asmall�uid dynamicsresearchcompany in Cal-
ifornia anddevelopshis art in his free time. He currently
resideswith hiswife andtwo catsin Newton,MA.
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