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1 Intro duction

This documentdescrilesthe MFTools component of the MFChomlo distribution. This
infrastructureis basedupon the Chomlo infrastructuredevelogd by the Applied Nu-
mericalAlgaithms Groupat LanvrenceBerkeleyNational Laboratory [CGL" 00}, and also
draws heavilyon the EBChomlo software which extendsChomlo for the caseof em-
beddedboundaiesin a Catesianmesh. MFTools is meantto be an infrastructurefor
Catesiangrid multicuid (MF) algaithms. This software aimsto providea relativelycom-
pact set of abstractionsin which Catesiangrid multi°uid algaithms can be exgessed
and implemented. The paticular designwe proposehereis motivated by the following
observationsFirst, the dependentvariablesin a nite di®erencenethal are regresented
as arrays de ned on subsetsof an indexspace. Second,the transfamationson arrays
canbe expessedascombinationf pointwiseoperationson the arrays, and of sumsover
neaby points of arrays, i.e., stenciloperations.For standad nite di®erencenethadson
rectangula grids, the indexspaceis the d-dimensionatectangula lattice of d-tuplesof
integerswhered is the spatialdimensiorof the problem. For multigrid or AMR methads,
the indexspaceis the hierachy of d-dimensionatectangula lattices, wherethe succes-
sivememters of the hierachy are relatedto one anotherby coaseningand re nement
operations. In both of thesecasesthe stenciloperationscan be expessediormally as
a loop overstencillocations. In the AMR case,both the stencillocationsand the loca-
tions wherethe stenciloperationsare appliedare computedusinga set calculuson the
indexspace.If onefully exploitsthis pictureto derivea setof abstractiongor exgessing



thesealgaithms, it leadsto a veryconcisemplementatiorof the algaithmsin thesetwo
domains.

The above chaacterizationof nite di®erencenethads holdsfor the MF algaithms
aswell, with the critical di®erencehat the indexspaces no longera rectangula lattice,
but a mare complicatedobject. In the caseof a non-hierachical grid regresentation,
the indexspaceis a combinationof a rectangula lattice (the Catesiangrid part) and a
graphrepesentingthe irregula cell fragmentsthat abut the irregula bounday. For a
hierachicalmethad, we haveonesuchindexspacefor eachlevelof re nement,relatedto
the othersby coaseningand re nementoperations.In addition, we want to support the
overallimplementatiorstrategythat the bulk of the calculationgcorrespndingto data
de nedon the rectangula lattice) are perfamedusingrectangula array regresentations,
thus restricting the irregula array accessesind computationsto a set of codimension
one. Finally we wishto appopriatelyintegrateAMR implementatiorstrategiesor block-
structuredre nementwith the MF algaithms.

Becausef the similaities betweenour multi°uid appoachandthe embeddedbound-
ary approachfor complexgeometriesisedin the designof the EBChomio software, we will
borrow heavilyfrom the designand conceptuaframeverk usedfor EBChomln. For mare
information regading the EBChomlo frameveork, seethe EBChomlo designdocuments.

2 Overview of Multi°uid Description

Catesiangridswith embeddedmulti°uid boundaiesare usefulto descrile volume-of-°uid
repesentation®f irregula and non-staticmulti°uid interfaces.In this descriptiongeom-
etry is repgesentedoy volumesand apertures. The areas/ volumesgexpessedn dimen-
sionlessermsare volumefractions- ; = jV;jhi 9, faceapertures®, 1o, = jA;, 1¢jh (di 1)
and bounday apertures®® = jABjhi (4 D \We assumehat we can computeestimates
of thesedimensionlesguantitieswhich are accurateto O(h?). SeeFigurel for anillus-
tration. In the gure, the greyarearepresentone phaseandthe white regionthe second
phase;the arrows regresent®uxes for the \white" phase,includingthe °ux acrossthe
multi°uid interface. A conservative) nite volume" discretizationof a °ux divergence
r ¢F for the \white" regionis of the form:

X
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This is usefulfor many important partial di®erentialequations. ConsiderPoisson's
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Figurel: Multi°uid cell. The grey arearepgesentsone phase,while the white regionis
a secondphasein the sameCatesiancell. Arrows indicate °uxes for the white phase
(includingone acrossthe white/grey multi°uid interface)

equationwith Neumannbounday conditions

r ¢F = ¢ A= Yon- ; 2
%‘z Oon@ :

The volume-of°uid descriptionreduceghe problemto nding suzciently accurategra-
dientsat the apertures. SeeJohanserand Colella[JC99g for a completedescriptionof
solvingPoisson'ssquationwith embeddedboundaies;the appoachwe will take for mul-
ti°uid interfaceswill be simila. Hyperholic conservationaws can be solvedusingsimila
divergenceexamples SeeModianoand Colella]MCOQ for suchan algaithm. Gueyzer,
et al. [GLN" 99 usea simila appoachfor their volume-of-°uidapplication. The only
geometricinformation requiredfor the algaithms descriled above are:

2 Volumefractions
2 Areafractions
2 Centersof volume,area.

The problemwith this descriptionof the geometryis it can create multiply-valued
cellsand non-rectangulaconnectiviy, asin Figure2. The shadedregionrepesentsthe
areain one phasewhile the unshadedegionrepgesentsa secondphase. The solid lines
regesentthe connectiviy of the discretedomainfor the shadedphase whilethe dashed
linesillustrate the connectiviy for the unshadedohase. In addition, the two phaseswill
generallybe linked acrossthe the multi°uid interfacethrough interfacebounday condi-
tions. Figure 3 illustratesthe additionalconnectiviy arising through a simpleinterface
bounday condition. The software infrastructuremust support abstractionswhich can
expessthis complexiy.



Figure2: Exampleof a possiblemulti°uid connectiviy graph. The shadedegionis one
phasewhilethe unshadedegionis a secondohase.The dashedinesrepresentthe graph
connectiviy of the unshadeghase whilethe solidlinesrepgresentthe connectiviy of the
shadedphase. For claity, connectiviy acrossthe multi°uid interfaceis ignaed in this
depiction.

Our solutionto this abstractionproblemis to de ne the multi°uid grid as a graph.
The irregula part of the indexspacefor a phasea canbe repesentedoy a graphG? =
fN;Eg?, whereN isthe setof all nodesin the graph,andE the set of all edgesof the
graphconnectingvariouspairsof nodes. Geometricallythe nodescarespndto irregula
control volumes(cell fragments)cut out by the intersectionof - # with the rectangula
mesh,andthe edgescarespndto the pats of cellfacesthat abut a pair of irregula cell
fragments. Interfaceconnectiviy betweentwo phasesa andb is de ned by the set |
which determineghe connectiviy betweenN?2 and N® in muchthe sameway that E2
determineghe connectiviy betweenthe nodesin N 2.

For eachphase the remainingparts of spaceare indexedusingelementsof Z9, or are
containedin anotherphaseand not indexedinto at all. However,it is possibleto think
of the entireindexspace(both the regula andirregula parts) asa graph:in the regula
pat of the indexspace,the nodesare just elementsof Z¢, and the edgesare the cell
facesthat sepaate pair of successiveellsalongthe coordinatedirections.If we usedthis
repesentatiorfor the entire calculation,the methal would carespndto a unstructured
grid methad. We will usethis speci cation of the entire index spaceas a convenient
unifam interfaceto both the structuredand unstructuredparts of the indexspace.

We discretizea complexproblem domainas a backgroundCatesian grid with an



Figure3: Multi°uid exampldrom Figure2, illustratingconnectiviy betweenphasescross
the multi°uid interface.
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Figure4: Decompsition of the grid for the unshadedphaseinto regula, irregula, and
coveredcells. The greycellsare outsidethe domainfor the unshadeghase.

embeddedbounday repgresentinghe irregula domainregion. SeeFigure4. We recognize
three typesof grid cellsor faces:a cell or facethat the multi°uid interfaceintersectsis
irregula. A cell or facein the irregula problemdomainwhich the bounday does not
intersectis regula. A cell or face outsidethe problemdomainfor the givenphasea is
covered In practice,we will not allov a multi°uid interfaceto coincidewith a cell face;
insteadthe interfacewill be consideredo be a smalldistance? from the interface,and
will be entirelyon onesideof the interface. This will help simplifyconnectiviy issues.

An irregula volumeof °uid (VoF) is formedfrom the intersectionof a grid cell and
the irregula phasedomain- 2. We repesentthe segmentof the multi°uid interface
as a single°at segment. Quantitieslocated at the multi°uid bounday are giventhe
superscriptB.

A VOF has a volume -h P'™ where - is its volume fraction. A face has an
area’h(®mi 1) where isits areafraction. The polygonalrepgresentationis reconstructed
from the volumeand area fractionsunderthe assumptiorthat the VoF hasone of the



shapesabove. Sincethe bounday segmentsare reconstructedsolelyfrom data local to
the cell,it will typicallynot be continuouswith the bounday segmentn neightoring cells.
We alsoderivethe normal to the multi°uid facen andthe areaof that face Bh(®mi 1),

2.1 Time Dependent Interface Geometries

Becausenterfacesmoveasa function of time, MFChomlalsohasthe conceptof time as
anintegralpat of the geometry Asthe geometrychangesthe graphandits connectiviy
will changeovertime aswell. For example Figure5(a) illustratesa possibleevolutionof
a multiphasenterfaceand the changingconnectiviy graphof the unshadeghase.Note
that the two VoFsat the old time in the rea left cell merge,while the VoF in the rea
right cell splits as the geometryof the interfaceevolves.The changinggeometrymeans
that thereis a connectiviy graphin time (illustrated by the dark solid lines) aswell as
space(illustrated by the dashedlinesat eachtime level). The additional connectiviy
in time and spaceleadsto the conceptof a data graph whichis the simplestpossible
connectiviy graphbasedon the aggregateold- and new-timeconnectiviy. For example,
the data graphfor the time-degndentgeometryshavn in Figure5(a) is shavn in Figure
5(b). The key featureof the data connectiviy graphis that VoFsin a singlecell which
are linked by time connectiongn the connectiongraph (i.e. caseswherea VoF either
splitsinto multiple VoFsor mergeswith anotherVoF during a timestep)are regresented
by onenode on the data graph. Topologically the data graphis identicalto the new-time
graphexceptin locationswherea singleold-time VoF hasbeensplit into mare than one
node in the new-timegraph;in this case,the multiple child nodesin the newtime graph
are reresentedas a singlenode in the data graph. In general,a userwill accesgraph
connectiviy informationthroughthe datagraph;old- andnew-timegeometrianformation
isthenaccessethroughconnectionsvith the datagraph. Solutionupdatesare computed
using connectivitiesbasedon the data graph, and whendata storageis allocated, it is
basedon the data graph, rather than the old- or new-timegraphs. This will simplify
time-degndentcomputations.

3 Overview of API Design

The piecef the graphof the discretespaceare representedy the classed/olindex and
Facelndex, whichare elementf the EBChombenfiware. Volindex isanabstractindex
into cell-centeredbcationscarespndingto the nodesof the graph(VoFs). In EBChombo
the Facelndex classis an abstractindexinto edge-centeretbcations(connectionsbe-
tweenVoFs). To handlethe additionalneedsof multi°uid computationswe extendthe
Facelndex classto indexinto all graph connectiondetweenVoFs, includingthosenot
locatedat a cell face. The classMFIndexSpacads a containerfor geometricinformation
at all levelsof re nement. The classMFISLevel containsthe geometricinformation for
a givenlevelof re nement. MFISLevel is not pat of the public API and is considered
internalto MFIndexSpace MFISBoxepesentsthe intersectionbetweenan MFISLevel
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Figure5: Evolutionof a connectiviy graphin time.In (a), dashedinesillustrateconnnec-
tivity of the unshadeghaseat a singletime level,while solid linesillustrate connectiviy
of VoFsbetweentime levels.(b) Data graphfor the time-degndentgeometryshavn in

(@)

anda Boxandis usedfor aggregateacces®f geometrianformation. MFISLayoutis a set
of MFISBogscaresmndingto the boxesin a DisjointBoxLayout grown by a speci ed
number of ghostcells.

Along with the data graph, the MFIndexSpaceand MFISBoxclassescontain two
time levelsfor eachresolution,one at an old time t, 4 and one at a newtime tyey =
tag + Ct. It is assumedhat the geometryat a time toq - t - thew IS @ linea in-
terpolation of the old- and new-time geometries. In particular, the MFISBoxfunction
getDistance(RealVect loc, Real t) returnsthe signeddistancefrom the point loc
to the neaest multi°uid interface. The MFISBoxcomputesthis distanceby keepingthe
distanceto the neaestinterfaceat eachnode at both old and newtimes, and then in-
terpolating in time and spaceto computethe distancebetweenloc and the multi°uid
interfaceat time t. The MFIndexSpaceclassalsocontainsthe interfaceto the function-
ality neededo advancehe interfacein time. Becausat is expectedthat the methad of
advancinghe multi°uid interfacein time will be dependenton the physicsof the actual
problembeing solvedthe MFIndexSpaceclassis a virtual baseclass,from whicha user
will derivea classwhich containsthe speci ¢ methad usedto advancehe interface.

In generalthe useronly accessethe data graphin the MFIndexSpaceand MFISBox
classes.Old and newtime geometricinformation, suchas narmals, apertures,and cen-
troids are accessethrough connectiongo the data graph.

In an AMR computationwith re nementin time, di®erentre nementlevelswill be
havedi®erenld and newtimesasthe hierachy of levelsis advancedn time. Therefoe,
exceptat the initial time whenthe MFIndexSpacds de ned,time variableswill depend



Concept | Chomip | MFChomIn

zb |- MFIndexSpace
point IntVect VoF
region Box MFISBx
Unionof Rectangles| BoxLayout MFISLaout
Rectangulaarray Baselb | BaseMIellFAB, BaseMFceAB

Tablel1: The conceptgepesentedn Chomim and MFChomiwm.

on the individualMFISLevek.

4 Data Structures for Graph Representation

4.1 Overview

The classVollndex isanabstractindexinto cell-centeredocations(VoFs)caresmpnding
to the nodesof the graph. The classFacelndex is an abstractindexinto connections
between VoFs. It is chaacterizedby the pair of Volindex es that are connectedby
the Facelndex. The possiblerange of valuesthat can be taken on by a Vollindex
or a Facelndex is determinedby the indexspacecontainingthe Volindex . Thereare
multipletypesof Facelndexes,dependingonthe relationshigoetweenthe VoFsconnected
by the Facelndex. The Facelndex type is determinedby an enumeration;there are
(SpaceDm + 1) types. The enumeratiortypesare named:

enumFacelndexType {xFace=0, yFace, (zFace,) mfinterface}.

Facelndex typesO through(SpaceDm j 1) are face-centere@onnectiondetween
VoFs, and are identicalto the EBChombeconceptionof Facelndexes. A Facelndex of
type mfinterface isa multi°uid interfacewithin a cell, connectingwo VoFsof di®erent
phases.A Facelndex of this type can havean arbitrary locationin a cell, exceptat the
faceat the edgeof a cell, whichis not alloved, as mentionedealier.

The entire time-degndentgraphis representedn the virtual classMFIndexSpace
which stares all the graph connectiviy and other geometricinformation (volume frac-
tions, areafractions,etc). Becauseahe geometrycan changeas a function of time, the
MFIndexSpacelasssupports this by maintaininga datagraphrepgresentatiorof the time-
dependentgeometryaswellasa graphwith connectiviy in time aswellasspace . MFISBox
repesentsa subsetof the MFIndexSpaceat a paticular re nementandovera particular
box in the spacejn a particular timeinterval(tog - t - thew). MFISLayoutisa collection
of MFISBogsdistributedoverprocesses assaiatedwith an input DisjointBoxLayout .

Becausehereare multipletime-levelgresentin the MFIndexSpacewe alsointroduce
a Timelndex enumeratiorwhenit is necessg to distinguishbetweentime levels:



enumTimelndex {oldTime = 0; newTime, average}.

The average entry will referto the averageof the old and newtime states.

4.2 Class MFIndexSpace

The entire time-degndentgraphdescriptionof the geometryis regresentedn the class
MFIndexSpacewhichstaresthe data graph,alongwith the graphconnectiviy andother
geometricinformation (volumefractions,areafractions,etc) at two time levels(t, 4 and
thew) @ndthe connectiviy of the graphbetweenthesetwo times. The important memkler
functionsof MFIndexSpaceare asfollows.

2 yoid define(const ProblemDomain&omain,
const RealVect& origin,
const Real& dx,
const Real& initialTime);

De ne data sizes.The domainargumentde nesthe domainof the MFIndexSpace
at its nest resolution. The argumentsorigin  and dx specify the location of the
zerovecta in the indexspaceand the grid spacingin eachcoordinate directionat
the nest resolution. The initialTime  argumentis the solutiontime at which
the initial geometryis de ned. Coaserresolutionsof the MFIndexSpacere also
generatedn the initialization process.

2 void fillMFISLayout(MFISLayout& mfisLayout,
const DisjointBoxLayout& dbl,
const ProblemDomain&lomain,
const int& nGhost);

De ne an MFISLayoutfor eachbox in the input layout dbl grown by the input
ghost cells. The input domain de nesthe re nementlevel at which the layout
exists. If the re nementdoesnot existwithin the MFIndexSpacea runtime erra

occurs. The argumentdbl is the layout overwhichthe data is distributed. If every
box does not lie within the input domain, a runtime erra occurs. The nghost

argumentde nesthe numker of ghostcellsin eachcoordinate direction. The old-
and new-timelevelsas well as the data graph for the MFISLayoutwill be taken
from the givenlevelin the MFIndexSpace

2 int numLevels() const;
Returnthe number of levelsof re nementregresentedn the MFIndexSpace

2 int getLevel(const ProblemDomain&_domain) const;

Returnlevelindexof domain. Return-1 if a_domaindoesnot caresmpnd to any
re nementof the MFIndexSpace
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2 Real oldTime(int lev) const;
Returnsthe time at the old time levelstored by the MFISLayoutat the levellev .

2 Real newTime(int lev) const;
Returnsthe time at the newtime levelstored by the MFISLayoutat the levellev .

2 virtual void advanceGeometry(int lev, Real dt)

This function will be providedby the derivedclass{ it advanceshe geometryat
levellev fromt"Y to t"" + dt. At the endof this function, the time levelshave
beenupdated, sothat the newold-timeis the old new-timeandthe newnew-time
is the old new-time+ dt. Also,the data graphis updated.

2 void createNewDataGraph(int lev)

Reconstituteghe data graphbasedon the current old- and new-timegeometries;
generallycalledby the advanceGeometryfunction.

MFIndexSpacecan only be accessedhrough the the Chombo_MFISingletonclass.
The usagepatternfollovsthis model. At somepoint, onede nesthe singletonasfollows:

MFIndexSpace*mfisPtr = Chombo_MFIS::instance();
mfisPtr->define(domain,  origin, dx, time);

Sincethe MFIndexSpaces a virtual baseclass,the derivedclasswill containthe func-
tionality necessg to fully de nethe initial geometriccon guration. Wheneveoneneeds
to de ne an MFISLayout the usageis asfollows:

void makeMFISL(MFISLayout& mfisl,
const DisjointBoxLayout& a_grids,
const ProblemDomain&a_domain,
const int& a_nghost)
{
const MFIndexSpace*const mfisPtr = Chombo_MFIS::instance();
assert(mfisPtr->isDefined());
mfisPtr->filMFISLayout(a_mfisl, a_grids, a_domain, a_nghost);

}

4.3 Class MFISBox

MFISBoxepesentsthe geometricinformation of the domainat a givenre nementand
intervalin time within the boundaiesof a particular box. MFISBoxcanonly be accessed
by usingthe the MFISLayoutinterface. Like the MFIndexSpaceand MFISLayoutclasses,
MFISBoxhastwo di®erenttime levelstyy andt,ey, andcontainsthe geometriesat each
time level,alongwith the data graphbasedon thesegeometries. Geometridnformation
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is also organizedby phase. In general,the old- and new-timegraphsare hiddenfrom

the user,who insteadaccessethe data graphfor a givenMFISBox Old and newtime

geometricinformationis then accessethroughits connectionswith the data graph.
The important publicmemker functionsof MFISBoxare as follows:

2 IntVectSet getMultiCells(const Box& subbox, int phase) const;

Returnsa list all multi-valuedcellsat the givenlevelof re nementwithin the input
Box subboxin the data graphfor the phasedenotedby phase.

2 IntVectSet getlrreglVS(const Box&boxin, int phase) const;

Returnsthe irregula cells of the MFISBoxdata graph that are within the input
sublox for the givenphase. For the purposesof the data graph, any cell whichis
irregula in the old- or new-timegraphsis consideredrregula.

2 Vector<Vollndex> getVoFs(const IntVect& iv, int phase);
Getsall the VoFsin the data graphin a particular cell for the givenphase.

2 Vector<Volindex> getVoFsNew(const Volindex a_vof),

For the input Volumelndex in the data graph, return the Volumelndexes of all
nodesin the new-timegraphwhichare connectedo a_vof. In mostcasesthis will
returna Vector of lengthone(one-to-onecarespndencebetweenthe data graph
VoF anda new-timeVoF). The only casewhereit will returna Vector with alength
greaterthan oneis whena singleVoF in the old-time geometrysplits into mare
than one VoF in the new-timegeometry A return Vector of length O indicates
that an old-time VoF hasdisapgaed from the new-timegraph (normally because
a multi°uid interfacehascrossed cell bounday and left the currentcell).

2 Vector<Volindex> getVoFsOld(const Volindex a_vof),

For the input Volumelndex in the data graph, return the Volumelnde»es of all
nodesin the old-time graphwhichare connectedo a_vof. In mostcasesthis will
returna Vector of lengthone(one-to-onecarespndencebetweenthe data graph
VoF anda old-timeVoF). The only casewhereit will returna Vector with alength
greaterthan one is whenmultiple VoFsin the old-time geometrymergeinto one
VoF in the new-timegeometry(and so are reresentedas a singleVoF in the data
graph). A return Vector of length 0 indicatesthat an new-timeVoF is createdin
the givencell during the interval from tqq t0 thew (Normally becausea multi°uid
interfacehascrossed cell bounday and left the currentcell).

2 int numVoFs(constIntVect& iv, int phase) const;

Returnsthe number of VoFsin the data graphin a paticular cell for the given
phase.
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Vector<Facelndex> getFaces(const Vollndex& vof,
FacelndexType faceType,
Side::LoHiSide sd,
int phase);

Getsall facesin the data graph of the type denotedby faceType for the given
VoF and phase. If the faceType is either xFace, yFace, or zFace, the Sidesd
denoteswhetherit is a high or low sidefacein the directiongiven. For a multi°uid
interface,we determinehigh or low by the phasegshemselvesA \high" faceis one
that connectghe givenVoF with a higherphasendex,whilea\low" faceconnects
the givenVoF with a phaseof a lower indexnumker. In a two-phasecomputation,
only onesd will return a non-empy setof multi°uid interfacefaces.

bool isRegular(const IntVect& iv, int phase) const;

Returnstrue if the input cellis a regula VoF in the data graphfor the givenphase.
A cellis consideredegula for the data graphif it is regula in both the old-time
and new-timegraphs.

bool isRegular(const Box&box, int phase) const;

Returnstrue if everycellin the input Box is a regula VoF in the data graphfor the
givenphase.

bool isCovered(const IntVect& iv, int phase) const;

Returnstrue if the input cellis a coveredcellin the data graphfor the givenphase.
A cell is consideredo be \covered" for the purposesof the data graphif it is
coveredn both the old-time and new-timegraphs.

bool isCovered(const Box&box, int phase) const;

Returnstrue if everycellin the input box is a coveredcellin the data graphfor the
givenphase.

bool islrregular(const IntVect& iv, int phase) const;

Returnstrue if the input cell is an irregula cell in the data graph for the given
phase.

int numFaces(const Vollndex& vofin,
FacelndexType faceType,
Side::LoHiSide sd) const;

Returnsthe numker of facesthe input VoF hasin the giventype and side (if
faceType is xFace, yFace, or zFace). Returnszeroif the VoF hasno facesof
the giventype. Note that sincethe VoF indexedby the Volindex vofin hasa
distinguisheghase phaseargumentsare not usedfor this function, or anyfunction
usinga Vollndex asanargument.
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Real volFrac(const Volindex& vofin) const;
Returnsthe volumefraction of the input VoF.
bool isConnected(const Vollndex& vofl,

const Vollndex& vof2) const;
Return true if the two input VoFs are connectedby a face (connectedby a
Facelndex of type xFace, yFace, or zFace).
bool isInterfaceConnected(const  Volindex& vofl,

const Vollndex& vof2) const;

Returntrue if the two input VoFsare connectedat a multi°uid interface(through
a Facelndex of type mfinterface ). vofl andvof2 shouldbe at the sametime.
bool isAllCovered(int  phase);
Returntrue if everycellin the MFISBoxs covered(not in the givenphase)in the
data graph.
bool isAllRegular(int phase);
Returntrue if everycellin the MFISBoxs regula (in the domainof the givenphase)
in the data graph.
RealVect normal(const Facelndex& faceln, Timelndex timeln) const;

Returnsthe narmalto the interfacepointedto by faceln at the time levelreferred
to by timeln . Returnthe zerovecta if the ansver is unde ned(for examplejf the
interfacereferencedby intin  doesnot existat the time referencedby timeln ) Note
that no time needbe speci ed, sincethe time levelis givenimplicitly by faceln .

RealVect centroid(const Volindex& vofin, Timelndex timeln) const;

Returnsthe centroidof the VoF at the time levelpointedto by timeln . Returns
the zerovecta if the VoF isregula or covered.The ansver is givenasa namalized
(by grid spacing)o®setfrom the centerof the cell (all numbersrangefrom -0.5 to
0.5).

RealVect centroid(const Facelndex& facein, Timelndex timeln) const;

Returncentroidof input faceat the time levelindicatedby timeln asa Real\éct.
Returnthe zerovecta if the faceis coveredor regula, or if the faceis a timeFace.
The ansver is givenasa narmalized(by grid spacing)o®setfrom the centerof the
cell (all numkersrangefrom -0.5to 0.5).

Real areaFrac(const Facelndex& a_vofl, Timelndex timeln);

Returnthe areafraction of the faceat the time levelindicatedby timeln .
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2 Vector<Vollndex> refine(const Volindex& coarseVoF) const;

Returnsthe carespndingsetof VoFsfrom the next ner MFISLevel (factor of two
re nement). The resultis only de nedif this MFISBoxwasde nedby coasening.

2 Volindex coarsen(const Volindex& vofin);

Returnsthe caresmnding VoF from the next coaser MFISLevel (samesolution
location, di®erentindexspace factar of two re nementratio).

2 void copy(const Box& a_regionFrom, const Interval& Cd,
const Box& a_regionTo,
const MFISBox& source, const Interval& Cs);

Copy the informationfrom a_source overbox a_regionFrom, to the a_regionTo
box of the currentMFISBox The intervalargumentsare ignaed. This functionis
requiredby the LevelData templateclass.

2 Real getDistance(RealVect& loc, Real time) const

Returnsthe signeddistancefrom the point loc to the neaest multi°uid interface
at the time given. If thereis no interface,returnsa valuelargerthan the sizeof the
domain.

4.4 Class MFISLayout

MFISLayout is a collection of MFISBogs distributed acrossprocesscs and assai-

ated with a DisjointBoxLayout and a number of ghostcells. In a paallel context,
MFISLayoutis the way the usercan createparallel, distributeddata. MFISLayoutsare

null-constructedand are de ned by sendingthem to the fillMFISLayout(...) func-

tion of MFIndexSpace MFISLayoutis constructedaround a reference-countegointer

of an MFISLayoutimplemobjectso copying MFISLayoutsis inexpensiveand follows the

reference-countedointer semantic(changingthe copied-toobject changegshe copied-
from object). Recallthat one can coasenand re ne only by a factar of two usingthe

MFISBoxclassdirectly BecauséviFISBoxarchiveshe informationto dothis, it isaninex-
pensiveoperation. Coaseningand re nementusinglargerfactars of re nementmustbe

donethroughMFISLayoutandit canbe expensive gsgeciallyin termsof memay usage.
When one setsthe maximumlevelsof re nementand coasening,MFISLayout creates
mirrars of itself at all intermediatdevelsof re nementandholdsthosenewMFISLayous

asmemler data. Re nementand coasenings doneby threadingthroughtheseinterme-
diate levels.The important functionsof MFISLayoutfollow.

2 const MFISBox&operator[] (const Datalndex& a_datind) const;

Accesghe MFISBoxassaiatedwith the input Datalndex. Only constantaccesss
permitted.
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2 void setMaxRefinementRatio(const int& a_maxRefine);

Setsthe maximumlevelof re nementthat this MFISLayoutwill haveto perfam.
Createsand holdsnew MFISLayous at intermediatelevelsof re nement. Default
is one(no re nementdone).

2 setMaxCoarseningRatio(const int& a_maxCoarsen);

Setsthe maximumlevelof coaseningthat this MFISLayoutwill haveto perfam.
Createsand holdsnew MFISLayous at intermediatelevelsof coasening. Default
is one(no coaseningdone).

2 Volindex coarsen(const Volindex& a_vof,
const int& a_ratio,
const Datalndex& a_datind) const;

Returnsthe index of the VoF carespndingto coaseningthe input VoF by the
input ratio. It isan erra if the ratio is greaterthan the maximumcoaseningratio
or if the VoF doesnot existat the input data index.

2 Vector<Vollndex> refine(const VollIndex& a_vof,
const int& a_ratio,
const Datalndex& a_datind) const;

Returnsthe indicesof the VoFscaresmndingto re ning the input VoF by the input
ratio. It is an erra if the ratio is greaterthan the maximumre nementratio or if
the VoF doesnot existat the input data index.

2 const BoxLayout& getLayout() const
Returnthe ghostediayout that underliegshe MFISLayout

45 Class Vollndex

The classVolindex is an abstractindexinto cell-centeredocationswhich carespnds
to the nodesof the data graph. The typesof VoF are listed below:

2 Regula VoF hasunit volumefractionandhasexactly2*D Faces,eachof unit area
fraction.

2 Covered:VoF haszerovolumefraction and no faces.

2 Jrregula: Any othervalid VoF. Theseare VoFswhicheitherintersectthe multi°uid
interfaceor border a coveredcell.

2 |nvalid: The VoF is incompletelyde ned. The defaultwhenyou createa VoF, and
usedasthe out-of-domainVoF of a bounday Face.

The classVolindex containsthe following important memker functions:
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2 IntVect gridindex() const Returnsthe IntVect of the VoF.

2 int cellindex() const Returnsthe cellidenti er of the VoF.

4.6 Class Facelndex

The classFacelndex is an abstractindexinto connectiondbetweenVoFsin the graph.
A Facelndex existsbetweentwo VoFsandis de ned by thoseVoFs. EachFacelndex
hasan asseiatedtype, givenby the FacelndexType enumeratiorin Section4.1. Every
face referredto by a Facelndex has an asseiated area fraction. Note that while a
face-centeredracelndex can havean area fraction betweenzeroand one, a multi°uid
interfacecan have an area fraction which is greaterthan one. A Facelndexwith zero
area fraction has no °ow area betweenthe VoFs connectedby the face. A face with
unity area fraction hasan uncoveredarea equalto an uncovereccell face. Only friend
classegMFISBox, MFIndexSpace...) may callthe de ning constructas. Only the null
constructe of Facelndex shouldbe usedby users.
The important memter functionsof this classare:

2 const FacelndexType&faceType() const
Returnsthe FacelndexType of this Facelndex.

2 const IntVect& gridindex(Side::LoHiSide  sd) const

Returnthe cell of the Volindex on the sd sideof the face. If this Facelndex is
of type mfinterface , the\low" and\high" sideswill be the Vof whichis lower or
higher,respectively in its lexicographiordering,asdiscussea the Chombalesign
document.

2 const int& cellindex(Side::LoHiSide sd) const

Return the cell index of the Volindex on the sd side of the face. If the
FacelndexType is of mfinterface , \low" and \high" are de ned in the same
way asdescriled previously Returns-1 if that Vollndex is outsidethe domainof
computation.

2 Volindex getVoF(Side::LoHiSide sd) const
Getthe VoF at the givensideof the face. Will return a VoF with a negativecell
indexif the IntVect of that VoF is outsidethe domain.

2 bool isBoundary() const

Returnstrue if the faceis on the bounday of the domain.
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5 Data Holders for Embedded Boundary Applications

All multi°uid dataholdersare de nedonthe datagraphof anMFISBox A BaseMFIVFAB<T>

is an array of datade nedin anirregula regionof space.The irregula regionis speci ed
by the Volindex esof an IntVectSet andthe data graphof a MFISBox Multiple data
compnentsper Vollndex may be speci ed in the BaseMFIVFABe nition.

A BaseMFIFFAB<Tisan array of datade nedoveranirregula regionof space.The
irregula regionis speci ed by the facesof an IntVectSet within the data graphof an
MFISBox All the facesin a BaseMFIFFARBVill havethe sameFacelndexType which
is speci ed in the BaseMFIFFABe nition. Multiple data componentsper face may be
speci edin the de nition. BaseMFCellFABs a templatedclasswhichholdscell-centered
data over a regionwhich is descriled by a rectangula subsetof a multi°uid interface
in the data graph of an MFISBox BaseMFFaceFAB a templated classwhich holds
face-centeredlata overa simila region.

5.1 ClassBaseMFIFFAB<T>

A BaseMFIFFAB<Tisatemplatedarray of datade nedoveranirregula regionof space.
Starageis allocatedfor all phasesn a singleBaseMFIFFAR heirregula regionis speci ed
by the facesof an IntVectSet , intersectedwith the data graph of an MFISBox All

the facesin a BaseMFIFFABavethe sameFacelndexType whichis speci ed in the

BaseMFIFFARBe nition. Multiple data compnentsper face may be speci ed in the

de nition. The important functionsof BaseMFIFFABIlow.

2 BaseMFIFFAB(constintVectSet& iggeom_in,
const MFISBox& mfisBox,
FacelndexType a_faceType,
int nvarin,
bool interiorOnly=false);

De ning constructe. The argumentsspecify the valid domainin the form of an

IntVectSet,the FacelndexType of the faces,and the number of data compnents

per face. The contentsare uninitialized. The interiorOnly  argumentspeci es

whetherthe data holderwill spaneither the surroundingfacesof the set or the

interia facesof the set(only relevantif a_faceType is xFace, yFace, or zFace).
2 yoid setVal(T value);

Seta valueeverywhereEverydata locationin this BaseMFIFFAB setto value.

2 void setVal(T value, int a_phase);

Set a valueeverywherefor the phasea_phase Everydata location in the given
phasein this BaseMFIFFAB set.
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2 void copy(const Box&a_intBox, const Interval& Cd,
const Box&a_toBox
const BaseMFIFFAB<T>& source, const Interval& Cs);

Copy the contentsof anotherBaseMFIFFABto this BaseMFIFFABverthe spec-
i ed regionsand intervals. Both BaseMFIFFABmust be de ned for the same
FacelndexType

2 int nComp() const;

Returnthe numkber of data compmpnentsof this BaseMFIFFAB

2 FacelndexType type() const;
Returnthe FacelndexType of the facesof this BaseMFIFFAB

2 T& operator() (const Facelndex& edin, int varlocin);

Indexingoperata. Return a referenceto the contentsof this BaseMFIFFABat
the speci ed faceand data component, wherevarlocin - may rangefrom zero, to
nva-1. The returnedobjectis a modi able Ivalue.

5.2 Class BaseMFIVFAB<T>

A BaseMFIVFAB<Tsatemplatedarray of datade nedoveranirregula regionof space.
Theirregula regionis speci ed by the Vollndex s of anIntVectSet intersectedwith the
data graphof an MFISBox Multiple data componentsper VollIndex may be speci edin
the BaseMFIVFABe nition. The important memter functionsof BaseMFIVFABIIow.

2 BaseMFIVFAB(constintVectSet& iggeom_in,
const MFISBox& mfisBox,
int nvarin = 1);

De ning constructe. Speci esthe valid domainin the form of an IntVectSet and
the numker of data compmnentsper VoF. The contentsare uninitialized.

2 void setVal(T value);
Seta valueeverywhereEverydata locationin this BaseMFIVFARB setto value.

2 yoid setVal(T value, int phase);
Set a value everywhere.Every data location in this BaseMFIVFAB the given
phaseis setto value .

2 void copy(const Box&a_fromBox, const Interval& destinterval,
const Box&a_toBox,
const BaseMFIVFAB<T>&c, const Interval& srcinterval);

Copy the contentsof anotherBaseMFIVFABIto this BaseMFIVFABverthe spec-
i ed regionsandintervals.
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2 int nComp() const;
Returnthe numkber of data compmpnentsof this BaseMFIVFAB

2 T& operator() (const Volindex& ndin, int varlocin);

Indexingoperata. Return a referenceto the contentsof this BaseMFIVFABat
the speci ed VoF and data component, wherevarlocin  may rangefrom zeroto
nva-1. The returnedobjectis a modi able Ivalue.

5.3 Class BaseMFCellFAB<T>

A BaseMFCellFAB<TIs a templatedholderfor cell-centereddata over a regionwhich
consistof the intersectiorof a cell-centeredox andthe datagraphin an MFIndexSpace
At everyuncovered/oFin thisintersectionthe BaseMFCellFABontainsa speci ednum-
ber of data values.At singlyvaluedcells,the datais stored internallyin a BaseFab<T>
At multiply-valueccells,the datais stared internallyin a BaseMFIVFABaseMFCellFAB
providesndexingoy VoF andaccesso the regula data'spointerfor passagéo FORTRAN
subroutines. This classdoesnot providea copy constructo or assignmenbperata.
The important functionsfor the classBaseMFCellFABs de nedasfollows.

2 void define(const MFISBoxa_mfis,const Box&a_region,
int a_nVar);
Full de nefunction. De nesthe domainof the BaseMFCellFABo be the intersec-
tion of the input Box and the domainof the input MFISBox Createsthe spacefor
data at everyVoF in this intersection.
2 void setVal(T a_value);

Setthe valueof all datain the containerto a_value.

2 yoid setVal(T a value, int phase);
Setthe valueof all datafor the givenphasein the containerto a_value.
2 void copy(const Box&a_RegionFrom, const Interval& destint,
const Box&a_RegionTo,

const BaseMFCellFAB<T>& srcFab,
const Interval& srcint);

Copythedatafroma_srcFabinto the currentBaseMFCellFABegionsandintervals
speci ed.

2 int nComp() const;
Returnthe numkber of data compmnentsof this BaseMFCellFAB
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2 T& operator()(const  Vollndex& a_vof, int a_nVarLoc);

Returnsthe data at VoF a_vof for variablenumber a_nVarLoc Returnsa modi-
“able Ivalue.

2 BaseFab<T>&etRegFAB();

Returnsthe regula data holder. This is usefulso that the data can be passedo
Fortran usingthe BaseFabinterface.

2 getCellDataType(BaseFab<int>& cellTypes)

Fills a basefab<intwith valuesindicatingwhichtype of cell is in eachcell of the
BaselRb<T>returnedby the getRegFabfunction. In a regula cell, the valueis the
indexnumkber of the phaseoccupying the cell. If the cellis an irregula cell, the
valueis -1.

2 const IntVectSet& getMultiCells() const;
Returnsthe IntVectSet of all the multiply-valuedcells.

5.4 Class MFCellFAB

An MFCellFABs a holderfor cell-centeredoating{point data overa regionwhich con-

sistsof the intersectionof a cell-centeredbox and the data graphfor a singlephasein

an MFISBox It is an extensionof a BaseMFCellFAB<Realwhich includesarithmetic

functions. At singlyvaluedcells,the datais staredinternallyin a FArrayBox. At multiply-

valuedcells,the datais stored internallyin a BaseMFIVFAB<RealMFCellFABprovides
indexingoy VoF andaccess$o the regula data'spointerfor passagéo FORTRANsulyou-

tines. This classdoesnot providea copy constructe or assignmenbperata. MFCellFAB
hasall the functionsof BaseMFCellFAB<Realand the following extra functions:

2 void reMap()

Updatesthe datain this MFCellFab to the currentdata graph. Interpolatesexisting
data as necessy to t the currentdata graph. This function is generallycalled
for eachMFCellFabafter the geometryin the underlyingMFIndexSpacehasbeen
advanced.

2 FArrayBox& getRegFAB();

Returnsthe regula data holder. This is usefulso that the data can be passedo
Fortran usingthe BaseFabinterface.

2 MFCellFAB&operator+=(const Real& a_valin);
MFCellFAB&operator-=(const Real& a_valin);
MFCellFAB&operator*=(const Real& a_valin);
MFCellFAB&operator/=(const Real& a_valin);
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Add (or subtractor multiply or divide)a_valin to (or from or by or into) every
data valuein the holder.

2 MFCellFAB&operator+=(const MFCellFAB&a_fabin);
MFCellFAB&operator-=(const MFCellFAB&a_fabin);
MFCellFAB&operator*=(const MFCellFAB&a_fabin);
MFCellFAB&operator/=(const MFCellFAB&a_fabin);

Add (or subtractor multiply or divide)the internalvaluesto (or from or by or into)
the valuesn fabin overthe intersectionof the domainsof the two holdersand put
the resultin the currentholder. It is an erra if the two holdersdo not containthe
samenumler of variablesor the samedata graph.

5.5 Class BaseMFFaceFAB<T>

A BaseMFFaceFAB<s>a templatedholderfor face-centerediata overa regionwhich
consistof the intersectiorof a cell-centeredhox andthe facesof a givenFacelndexType
in the data graph of an MFISBox At everyuncoveredface in this intersection,the

BaseMFFaceFAfntainsa speci ed numker of data values.At singlyvaluedfaces,the

data is stared internally in a BaseFab<T> At multiply-valuedcells, the data is stored
internallyin a BaseMFIFFABBaseMFFaceFABovidesindexingby face and accesso

the regula data's pointer for passagdo FORTRAN sulroutines. This classdoes not

providea copy constructe or assignmenbperata. The important functionsfor the class
BaseMFFaceFAdBe de nedasfollows.

2 void define(const MFISBox& mfis,
const Box&a_region,
FacelndexType a_faceType,
int a_nVar,
bool interiorOnly = false);

Full de ne function. De nesthe domainof the BaseMFFaceFA® be the in-
tersectionof the input Box and the facesof the input MFISBoxfor the given
FacelndexType Createsthe spacefor data at everyface in this intersection.
The interiorOnly  argument speci es whetherthe data holder will spaneither
the surroundingfacesof the set or the interia facesof the set (only relevantif
a_faceType is xFace, yFace, or zFace).

2 void setVal(T a_value);

Setthe valueof all datain the containerto a_value.

2 void setVal(T a_value, int phase);
Setthe valueof all datain the containerwhichis of the givenphaseto a_value.
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2 FacelndexType type() const;
Returnthe FacelndexType of the facesof this BaseMFFaceFAB

2 T& operator()(const  Facelndex& a_face, int a_nVarLoc);

Returnsthe data at facea_face for variablenumber a_nVarLoc Returnsa mod-
i able Ivalue.

2 void copy(const Box&a RegionFrom, const Interval& a_ destint,
const Box&a_ RegionTo,
const MFFaceFAB<T>& source,
const Interval& a_srcint);

Coyy the data from a_source into the currentBaseMFFaceFA®/er regionsand
intervalsspeci ed. The two MFFaceFABnusthavethe sameFacelndexTypeand
be basedon the samedata graph.

2 BaseFab<T>&etRegFAB();

Returnsthe regula data holder. This is usefulso that the data can be passedo
Fortran usingthe BaseFabinterface.

2 const IntVectSet& getMultiCells() const;
Returnsthe IntVectSet of all the multiply-valuedcells.

5.6 Class MFFaceFAB

An MFFaceFARB a holderfor face-centeredoating-point data overa regionwhichcon-
sistsof the intersectionof a face-centeredox and an MFIndexSpace It is an exten-
sion of a BaseMFFaceFAB<Realvhich includesarithmetic functions. At single-valued
faces,the data is stared internallyin a BaseFab<Real> At multiply-valuedfaces,the
data is stared internallyin a BaseMFIFFAB<Real>MFFaceFABasall the functionsof
BaseMFFaceFAB<Rea#ind the following extra functions (note that unlike the carre-
spondingcell-centeredtlass,thereis no remapfunctionaliy provided. It is assumedhat
face-centeredlata is transientand cannotbe remapd.):

2 FArrayBox& getRegFAB();
Returnsthe regula data holder. This is usefulso that the data can be passedo
Fortran usingthe BaseFabinterface.

2 MFFaceFAB&perator+=(const MFFaceFAB&abin);
MFFaceFAB&perator-=(const MFFaceFAB&bin);
MFFaceFAB&perator*=(const MFFaceFAB&bin);
MFFaceFAB&perator/=(const MFFaceFAB&bin);
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Add (or subtractor multiply or divide)the valuesin a_fabin to (or from or by or
into) the internalvaluesoverthe intersectionof the domainsof the two holdersand
put the resultin the currentholder. It is an erra if the two holdersdo not contain
the samenumter of variables. It is an erra if the two holdershavedi®erentface
directions.

2 MFFaceFABé&perator+=(const Real& a_valin);
MFFaceFAB&perator-=(const Real& a_valin);
MFFaceFAB&perator*=(const Real& a_valin);
MFFaceFAB&perator/=(const Real& a_valin);

Add (or subtractor multiply or divide)a_valin to (or from or by or into) every
data valuein the holder.

6 Data Structures for Pointwise lteration

Like EBChombhoMFChomboontains two classeswhich facilitate pointwise iteration,
VoFlterator and Facelterator . VoFlterator is usedto iterate over every point
in anIntVectSet in agivenphase.Facelterator iteratesoverfacesin anintVectSet
of a paticular FacelndexType

6.1 Class VoFlterator

VoFlterato iteratesovereveryuncovered/oF in an IntVectSet insidean MFISBox Its
important functionsare asfollows

2 VoFlterator(const IntVectSet& a_ivs,
const MFISBox& mfisBox,
const int phase);

void define(const IntVectSet& a_ivs,
const MFISBox& . _ mfisBox,
const int phase);

De ne the VoFlterator with the input IntVectSet and the MFISBox The
IntVectSet de nesthe points that will be iterated overand shouldbe contained
within the regionof MFISBox Callsreset() after construction.

2 void reset();
Rewindthe iterator to its beginning.

2 void operator++();
Advancethe iterator to its next VVoF.
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2 bool ok() const;
Returntrue if there are more unvisitedVVoFsfor the iterator to cover.

2 const Volindex& operator() () const;
Returnthe currentVoF.

The following routine setsthe Oth componentof the data holderto a constantvalueat
eachpoint in the input set.

/******************/

void setPhiToValue(MFCellFAB& a_phi,
const IntVectSet& a ivs,
const MFISBox&a mfisBox,
const Real& a_value)

{
int thisPhase = a_phi.phase();
VoFlterator vofit(a_ivs, a_mfisBox, thisPhase);
for(vofit.reset(); vofit.ok(); ++vofit)
{
const Vollndex& vof = vofit();
a_phi(vof, 0) = a_value;
}
}

/******************/

The callto reset() inthe abovecodeis unnecessy in this case.Oneonly needgo call
reset() if aniterator is usedmultiple times.

6.2 Class Facelterator

The Facelterator classis usedto iterate over facesof a partticular FacelndexType
and phasein an IntVectSet . First we must de ne FaceStop the enumerationclass
which distinguishesvhich facesat which a givenFacelterator  will stopif it is of the
xFace, yFace, or zFace FaceType If the FacelndexTypeis mfinterface , thenthe
FaceStp casehasno meaning.The entirety of the FaceStop classis givenbelow.

class FaceStop
{
public:
enumWhichFaces{Invalid=-1,
SurroundingWithBoundary=0, HiWithBoundary, LoWithBoundary,
SurroundingNoBoundary , HiNoBoundary , LoNoBoundary,
NUMTYPES};

|3

The enumerativesre descriled as follows:
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2 SurroundingWithBoundg meansstop at all faceson the high and low sidesof
IntVectSet cells.

2 SurroundingNoBoundaa meansstop at all faceson the high and low sidesof
IntVectSet cells,excludingfaceson the domainbounday.

2 LowithBounday meansstop at all faceson the low sideof IntVectSet cells.

2 L.oNoBoundey meansstopat all faceson the low sideof IntVectSet cells,exclud-
ing faceson the domainbounday.

2 HiWithBounday meansstop at all faceson the high sideof IntVectSet cells.

2 LoNoBoundey meansstop at all faceson the high sideof IntVectSet cells, ex-
cludingfaceson the domainboundaty.

Now we may de ne the important interfaceof Facelterator

2 Facelterator(const  IntVectSet& a_ivs,
const MFISBox& mfisBox,
const int a_phase,
const FacelndexType&a_faceType,
const FaceStop::WhichFaces& a_location);

void define(const IntVectSet& a_ivs,
const MFISBox& mfisBox,
const int a_phase,
const FacelndexType&a_faceType,
const FaceStop::WhichFaces& a_location);

De ning constructa.

N

void reset();
Rewindthe iterator to its beginning.

2 void operator++();
Advancethe iteratar to its nextface.

N

bool ok() const;
Returntrue if there are mare unvisitedfacesfor the iterator to cover.

2 const Facelndex& operator() () const;
Returnthe currentface.

The following routine setsthe Oth component of the data holderto a constantvalueat
eachfacein the input set, includingbounday faces.
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/******************/

void setFacePhiToValue(MFFaceFAB&a phi,
const IntVectSet& a_ivs,
const MFISBox&a mfisBox,
const Real& a_value)

int type = a_phi.type();

int phase = a_phi.phase();

Facelterator faceit(a_ivs, a_mfisBox, phase, type,
FaceStop::SurroundingWithBoundary);

for(faceit.reset(); faceit.ok(); ++faceit)

{

const Facelndex& face = faceit();
a_phi(face, 0) = a_value;
}
}
/******************/

The callto reset() inthe abovecodeis unnecessy in this case.Oneonly needgo call
reset() if aniteratar is usedmultipletimes.

7 AMR Tools for Multi‘uid computations

Our strategy for computing adaptive meshre nement (AMR) solutionsfor multi°uid
problemswill be to re ne the multi°uid interfacesto the nest levelpossible.Extending
the AMRTooldnfrastructureto the multi°uid caseis straightfaoward becausemulti®uid
interfacesdo not crosscoase- neinterfaces.

Asin the \AMRT ools" sectionin [CGL 00], we descrile the algaithmic and software
support for implementingAMR algaithms in a multi°uid setting. For mare detail about
the basicdesignphilosophyfor the software in this section,see[CGL" 00].

7.1 C++ Classesfor Two-Level Operators
7.1.1 The Class MFCoarseAverage

This classsetsdata on a levelequalto an averageof the datafrom a ner level.
2 void
define(const MFISLayout&a_fine_domain,

int a_numcomps,
int a_ref _ratio);

Arguments:

{ a_fine_domain (not modi ed): the ne leveldomain.
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{ a_numcompgnot modi ed): the number of componentsof coaseand ne
data sets.

{ a_ref ratio (not modi ed): the re nementratio n,s.

2 void

7.2

averageToCoarse(LevelData<MFCellFAB>8 coarse_data,
const LevelData<MFCellFAB>&a_fine_data);

Replacesoasedata with the averageof ne data, in the valid ne domain.
Arguments:

{ a_coarse_data (modi ed): coasedata set, destinationof averaging.
{ a_fine_data (not modi ed): ne data set, sourceof averaging.

The Class MFFinelnterp

This class lIs the valid regionof a level of data by piecewisdinea interpolation from
data on a coaser level of re nement, usingthe piecewisdinea interpolation operata
descriled in section.

2

void
define(const MFISLayout&a_fine_domain,
int  a_numcomps,
int a_ref ratio,
const ProblemDomain&a_problem_domain);

void

define(const MFISLayout&a_fine_domain,
int a_numcomps,
int a_ref _ratio,
const Box&a_problemDomain)

Arguments:

{ a_fine_domain (not modi ed): domainof the ne level.

{ a_numcompgnot modi ed): number of componentsof the coaseand ne
data.

{ a_ref ratio (not modied): the re nementratio N, = ¢ x°=¢ x".

{ a_problem_domain(not modi ed): the problemdomainin the ne levelindex
space.

2 void

interpToFine(LevelData<MFCellFAB>& a_fine_data,
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const LevelData<MFCellFAB>&a_coarse_data);

Replacesne data by interpolation from coasedata.
Arguments:

{ a_fine_data (modi ed): the ne data set, destinationof interpolation.
{ a_coarse_data (not modi ed): the coasedata set, sourceof interpolation.

7.3 The Class MFPiecewiseLinearFillPatch

This class lls someof the ghostcellsof a levelof data by piecewisdinea interpolation
from data on a coaserlevelof re nement. It is intendedto be usedin the contextof a

multileveltime-degndentadaptivemeshre nement(AMR) calculation. The algaithm

usedis that descriledin [CGL 00]. The interfacedescrited hereis slightly mare general,
asit allowsfor the coasegrid datato be a linea combinationof the form

v cvalid — ® c;old + (li ®)- c;new

Note that cellsoutsidethe problemdomainare never lled; it is the applicationdevel-
oper's respnsibiliyy to 11 them elsewheraccading to the application-spci ¢ bounday
conditions. Cellsoutsidethe computationaldomainin periadic direction, hovever, are
consideredo be insidethe problemdomainand are Iled.

2 void
define(const MFISLayout&a fine_domain,
const MFISLayout&a_coarse_domain,
int a_num_comps,
const ProblemDomain&a_coarse_problem_domain,
int a_ref_ratio,
int a_interp_radius);

void

define(const MFISLayout&a_fine_domain,
const MFISLayout&a_coarse_domain,
int a_num_comps,
const Box&a_coarse_problem_domain,
int a_ref ratio,
int a_interp_radius);

De nesdomainsof the levelsand other persistentdata.
Arguments:

{ a_fine_domain (not modi ed): domainof ne level.
{ a_coarse_domain(not modi ed): domainof coaselevel.
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{ a_num_comp&ot modi ed): numkbker of commpnentsof state vecta.

{ a_coarse_problem_domain(not modi ed): problemdomainon the coase
level.

{ a_ref ratio (not modi ed): re nementratio.

{ a_interp_radius (not modi ed): numker of layersof ne ghostcellsto T
by interpolation.

2 void
fillinterp(LevelData<MFCellFAB>&  a_fine_data,

const LevelData<MFCellFAB>& old_coarse_data,
const LevelData<MFCellFAB>& new_ coarse_data,
Real a_time_interp_coef,
int a_src_comp,
int a_dest_comp,
int a_num_comp);

Fills the ghostcellsof the ne leveldata by interpolation.
Arguments:

{ a_fine_data (modi ed): ne datawhoseghostcellsare to be lled.

{ a_old_coarse_data (not modi ed): coaseleveldataat the old time.
{ a_new_coarse_data(not modi ed): coaseleveldata at the newtime.
{

a_time_interp_coef (not modi ed): time interpolation coexcient, ®. It is
requiredthat 0 - ® - 1.

a_src_comp(not modi ed): starting coasedata compnent.

~

a_dest_comp(not modi ed): stating ne data component.

~—

a_num_comfot modi ed): numkber of data componentsto be interpolated.

7.4 The Class MFQuadCFInterp

The classMFQuadCFInterpinterpolates data onto the ghost cells on the facesof a
LevelData<MFCellFAB> usingthe algaithm descrited in [CGL 0Q]. It usesone-sided
di®erencingn placeswherethe stencilto do full centereddi®erencings patially covered
by ner grids. The userinterfaceof MFQuadCFInterps givenas follows.

2 void define(const MFISLayout&a_fineBoxes,
const MFISLayout* a_coarBoxes,
Real a_dx,
int a_refRatio,
int a_nComp,
const ProblemDomain&a_domf);
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void define(const MFISLayout&a_fineBoxes,
const MFISLayout* a_coarBoxes,
Real a_dx,
int a_refRatio,
int a_nComp,
const Box&a_domf);

Full de ne function. This makesall coase- neinformation and setsinternal vari-
ables.
Arguments:

{ a_fineBoxes (not modi ed): The gridsat the currentlevel.

{ a_coarBoxes (not modi ed): The gridsat the nextcoaserlevelin the AMR
hierachy

{ a_dx (not modi ed): The grid spacingat the currentlevel.

{ a_refRatio (not modi ed): The re nementratio betweenthis leveland the
next coaserlevelin the AMR hierachy

{ a_nComgnot modi ed): The numker of commnentsin the datato be inter-
polated.

{ a_domf(not modi ed): The domainat the currentlevel.

2 void coarseFinelnterp(LevelData<MFCellFAB>& a_phif,
const LevelData<MFCellFAB>&_ phic) const;

Coase- neinterpolation operata. Fills all the ghostcellson all the facesof the
LevelData<MFCellFAB>a_phif with valuesinterpolatedwith a_phic.
Arguments:

{ a_phif (modi ed): The solutionat the currentlevel.

{ a_phic (not modi ed): The solutionat the next coaserlevelin the AMR
hierachy

7.5 The Class MFLevelFluxRegister

MFLevelFluxRegister manageghe manipulationsat coase- neboundaiesasseiated
with maintaining conservationform of cell-centereddiscretizationsof the divergence
operata, usingthe algaithm descriled in [CGL 00]. Unlike the previousoperatas,
MFLevelFluxRegister holds data, caresmpndingto the °ux register+F' de ned in
[CGL 00] The classalsomanageghe manipulationof that data.

The userinterfacefor MFLevelFluxRegister is asfollows.
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2 void define(const MFISLayout&a_dbl,
const MFISLayout&a_ dblCoarse,
const ProblemDomain&a_dProblem,
int a_nRefine,
int a_nComp);

void define(const MFISLayout&a dbl,
const MFISLayout&a_dblCoarse,
const Box&a_dProblem,
int a_nRefine,
int a_nComp);

De nesthe internalstate of the °ux register,allocating spacefor the registeritself,
aswell asthe indexinginformation requiredto perfam the other operations.
Arguments:

{ a_dbl (not modi ed): The gridsat the currentlevel.

{ a_dblCoarse (not modi ed): The gridsat the nextcoaserlevelin the AMR
hierachy

{ a_dProblem(not modi ed): The domainat the currentlevel.

{ a_nRefine (not modi ed): The re nementratio betweenthis leveland the
next coaserlevel.

{ a_nComgnot modi ed): The numter of variablesusedin the computation.
2 void setToZero() Initializesthe registerto all zeros.

2 void incrementCoarse(MFFaceFAB& coarseFlux,
Real a_scale,
const Datalndex& a_coarsePatchindex,
const Interval& a_srcinterval,
const Interval& a_dstinterval,

int a_dir);
Incrementsthe registerwith data from a_coarseFlux, multiplied by a_scale
(®): #F) = #F} + ®F§, for all of the d-faceswhere the input °ux (de-

‘ned on a single rectangle) coincidewith the d-faceson which the °ux regis-
ter is de ned. a_coarseFlux contains°uxes in the a_dir direction for the
grid a_dblCoarse[a_coarsePatchindex] . Only the registerscaresmnding
to the low facesof a_dblCoarse[a_coarsePatchindex] in the a_dir direc-
tion are incremented(this avoids double-countingat coase-cosse interfaces.
a_srcinterval givesthe Interval of compnentsof a_coarseFlux that cor-
respndto a_dstinterval of compmpnentsof the °ux register.

Arguments:
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{ a_coarseFlux (not modi ed): Fluxto put into the °ux register. This is not
const becausets box is shiftedbackandforth - no net changeoccurs.

{ a_scale (not modi ed): Facta by whichto multiply a_coarseFlux in °ux
register.

{ a_coarsePatchindex (not modi ed): Indexwhichcaresmndsto whichbox
in the LevelData<MFCellFAB>solutionfrom whicha_coarseFlux was cal-
culated.

{ a_srcinterval (not modi ed): The Interval of compnentsto put into
the °ux register.

{ a _dstinterval (not modi ed): The Interval of compnentsof the °ux
registerinto whichthe °ux datais put.

{ a_dir (not modi ed): Directionof facesupon which°uxeslive.

2 void incrementFine(MFFaceFAB&a_fineFlux,

Real a_scale,

const Datalndex& a_finePatchindex,

const Interval& a_srcinterval,

const Interval& a_dstinterval,

int a_dir,

Side::LoHiSide a_sd);
Incrementghe registerwith the averageovereachfaceof datafrom a_fineFlux
scaledby a_scale (®): | = #F] + ® < F] >, for all of the d-faceswhere
the input °ux (de ned on a singlerectangle)coverthe d-faceson which the °ux
registeris de ned. a_fineFlux contains°uxes in the a_dir direction for the
grid a_dbl[a_finePatchindex] . Onlythe registercaresmndingto the direction
a_dir andthe sidea_sd is initialized. a_srcinterval anda_dstinterval are
asabove.
Arguments:

{ a fineFlux (not modi ed): Fluxto put into the °ux register. This is not
const becausets box is shiftedbackandforth - no net changeoccurs.

{ a_scale (not modi ed): Facta by whichto multiply a_fineFlux in °ux
register.

{ a_finePatchindex (not modi ed): Indexwhichcaresmndsto whichbox in
the LevelData<MFCellFAB>solutionfromwhicha_fineFlux wascalculated.

{ a_srcinterval (not modi ed): The Interval of componentsto put into
the °ux register.

{ a_dstinterval (not modi ed): The Interval of compnentsof the °ux
registerinto whichthe °ux datais put.
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{ a_dir (not modi ed): Directionof facesupon which°uxeslive.
{ a_sd (not modi ed): Sideof the ne facewherecoase- neinterfacelies.

2 void reflux(LevelData<MFCellFAB>& a_uCoarse,
const Interval& a_coarse_interval,
const Interval& a_ flux_interval,
Real a_scale);

Incrementsa_uCoarsewith the re°ux divergencef the contentsof the °ux regis-
ter, scaledby a_scale (®): U° .= U°+ ®DRr(xF). a_flux_interval givesthe
Interval of commnentsof the °ux registerthat carespndto a_coarse_interval
of componentsof a_uCoarse

Arguments:

{ a_uCoarse (modi ed): LevelData<MFCellFAB>that gets modi ed by re-
euxing.

{ a_coarse_interval (not modi ed): The Interval of componentsto put
into a_uCoarse

{ a flux_interval  (not modi ed): ThelInterval of compnentsto usefrom
the °ux register.

{ a_scale (not modi ed): Facta by whichto scalethe °ux register.
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