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1 Intro duction

This documentis meantto discusghe di®erenicomppnentsof the EBAMRTools comyo-
nent of the EBChomlo infrastructurefor embeddedbounday, block-structuredadaptive
meshapplications.The principal operationsthat thesetools executeare as follows:

2 Averagea level'sworth of data onto the next coaserlevel.
2 |nterpolatein a piecewise-linedashiondata from a coaserlevelto a ner level.

2 Fill ghostcellsat a coase- neinterfacewith a second-mler interpolation between
the coaseand ne data.

2 Fill ghost cellsat a coase- ne interface with data interpolated using a bilinea
interpolation.

2 Preservemulti-levelconservatiorusingre°uxing.
2 Redistibutemassdi®erencebetweenstableand conservativeschemes.

After a discourseon the notational dixculties of embeddedboundaies, we will discuss
our algaithm for eachof thesetasks.

2 Notation

All theseoperationstake placein a very simila contextto that presentedn [CGL" 0Q].
For non-emleddedbounday notation, referto that document. The standad (i; j; k) is
not suxcient hereto denotea computationalcell asthere can be multiple VoFsper cell.
We de ne v to be the notation for a VoF andf to be a face. The function ind(v)
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producesthe cellwhichthe VoF livesin. We de nev™ (f ) to be the VoF on the highside
of facef ; vi (f ) isthe VoF onthe low sideof facef ; f § (v) isthe setof facesonthe high
sideof VoF v; f | (v) is the setof faceson the low sideof VoF v, whered 2 fx;y;zgisa
coordinate direction(the numkber of directionsis D). Also, we composetheseoperatas
to repesentthe set of VoFs directly connectedto a givenVoF: v§ (v) = v*(f(v))
andv) (v) = vi (fi (v)). The << operata shifts datain the directionof the left hand
argument:
(A<< €)= Ay, (1)
We follow the sameappoachin the EB casein de ning multileveldata and operatas
aswe did for ordinay AMR. Givenan AMR meshhierachyf - 'gi"®  we de ne the valid
VoFson levell to be
Vyaiia = ind' (- Laiq) (2)

and composite cell-centeredlata
r comp — fr I;valid g:r:noax;- I;valid :V\I/alid ! Rm (3)
For face-centeredlata,

. . ) nd
Fomia = indi 1(- i)

F—I;validvaﬂd l_:l;valid ..... Fl;valid (4)
|_|'g|O d 01 )
valid . = I;
Fd ' Fvalid I RT

3 Conservative Averaging

Assumethat there are two levelsof grids- ¢;- '; with data de ned on the "ne grid and
on the valid regionof the coasegrid

YrindtH-T) 0 R Y ind M- S0) T R (5)

We assumeahat G (=) \ j ¢ %- €. We want to replacethe coasedata whichis covered
by ne data with the volume-weightedaverageof the ne data. This operata is used
to averagdrom ner levelsonto coaserlevels,or for constructingaveragedesidualsn

multigrid iteration. We de ne the volumeweightedaverage

Y = AV(' fl_-;)nref)\/c

Ve
Av( )= & ARV (6)

Vi 2F

F= qrif (Ve)



4 Interp olation Operations

4.1 Piecewise Linear Interp olation

This methd is primarily usedto initialize ne grid data after regridding. Givena level
aray' ©on- ¢, wewantto computel ,,(' ) de'nedonan- " properly nestedin - ¢. For
the valueson C (=), interpolatein a piecewise-linedashionin space usingthe values~°
(we assumehat the coasedataalreadycontainsthe averageof the ne dataasdiscussed
in the last section).

B + 2 .
1 I/f - |~SC + ((lnd(r\]/f )fd %) | |nd(VC) + %))q: d ¢, SC
d=0 'e_ _ 7)
wherev, 2 ind" '(=f j - T)
VC = C:nref (Vf ):

The slopes¢ ¢ are computedusingminmad limiting as shavn below:

¢ Wy, = 2TMOT (W, ) (W, )jR (W, )jO

iJ_(WVc) = WVc [ (W\?<< i ed) (8)
-'—-R(ch) = (W\?<< ed) [ WVc
Yoo oo . Ya
4minmod  — min (JiLJ;Ji'RJ) ¢S|gn(i'L + i'R) if H ¢iR >0 (9)
- 0 otherwise

The shift operata (denotedby << ) isde nedusinga simpleaveragef connectedalues.

4.2 Piecewise-Linear Coarse-Fine Boundary Interp olation

In the next algaithm, we use the samelinea interpolant but we also interpoalte in
time betweenlevelsof time. We havethe solutionon the coaser level of re nement
at two time levels,tcqog and tepew. We want to computean extension'~ of ' ¥ on
=t = G-";p)\ i";p> 0 that existsat time leveltr wheretcog < t; < tcnew. We
assumehat G (=) \ j °C- ¢. Extend' ¢v@d to ' ¢ de nedonall of ind' (- ©).

l \C/C = Av(' f;nref)vc;vc 2 ind 1Cnref (- f) (10)
At both tcog andtcnew, for the valueson =f j - F computea piecewisdinea interpolant,
usingthe values-~°.

R, +1 .
f = f 4 ((Ind(Vf )a+ 3) i (md(vc) + %))(T, d g \SC

Nref
d=0 . 11
wherev, 2 indi }(=Fj - ); (11)

Ve = G, (Vi):



The slopes ¢ ¢ are computedusingminmad limiting as shavn in equation9. We then
interpolate in time betweenthe newand old interpolatedvalues.

o f f te i lcod ot o of )

viite T Viitcod Vi tcnew | Vi itcold

12
tCnew i tCold ( )
This processshouldproducean interpolated valuewhich has second-aler erra in both
time and space.

4.3 Quadratic Coarse-Fine Boundary Interp olation

At VoFs wherethe embeddedbounday crosseshe coase- ne bounday, we usethe
algaithm descritedin 4.1. On all other cells,we usethe algaithm in [CGL 0Q].

5 Redistribution

To preservestability and conservationn embeddedbounday calculationsywe mustredis-
tribute a quantity of masstM (the di®erencdetweenstableand conservativaipdates)
from irregula VoFsto their neighlors. This massis namalizedby hP whereh is the
grid spacingon the level. We de ne ", to be the set of neighlors (no farther away than
the redistributionradius) which can be reachedby a monotonicpath. We then assign
narmalizedweightsto eachof the neightors v° and dividethe massaccadingly:

X
iMV = WV;OI VoiMV (13)
VOZ'V
where X
Wy om0 =1 (14)
VOZ'V

We then update the solutionU at the neightoring cellsv’

Ulo += w,.,04M (15)
This operation occursat all v 2 indi (- ') without regad to valid or invalid regions.
If the irregula cell is within the redistributionradiusof a coase- neinterface,we must
accountfor massthat is redistributedacrossthe interface.

5.1 Multilevel Redistribution Summary

We beginwith #M!:v 2 ind’ - !, the redistributionmassfor levell.
De ne the redistributionradiusto be R". We de ne the coaseningoperata to be
Cn, and the re nementoperata to be Cl,* . We de ne the \growth” operata to



be G. The operata which producesthe ZP indexof a vof is ind and the operata to
producesthe VoFsfor pointsin ZP isindi .
If v is pat of the valid region,the redistributionmassis dividedinto three pats,

M) = £M] + LM - 2M I 16)
v 2 ind! 1(_ I;valld):

+'M/ is the pat of the masswhichis put onto the - 'Vad M 1*1 is the pat of the
masswhichis redistributedto - '\ Cy. (- '*1) (the pat of the levelcoveredby the next
“ner level). #M i 1 is the part of the masswhichis redistributedo®levell.

If v is not part of the valid region,the redistributionmassis dividedinto two parts,

M, = £ My + M
v 2 ivndi 1(_ \I/ _ I;val?:j): (17)

+ M/ is the portion of ¥M! which is redistributedto other invalid VoFs of levell.
+ M PI; v is the portion of #M| whichis redistributedto valid VoFsof levell and must
be removedater from the solution.

We mustaccountfor M [ 1, M+l and+*M ! to preserveconservation+?M /*1
is addedto the levell + 1 solution. M /i 1 is addedto the levell j 1 solution. +*M
is removedrom the levell solution.

5.2 Coarse to Fine Redistribution

The massgoingfrom coaseto ne is accountedor asfollows. Recallthat the masswe
stareis normalizedoy h? whereh, is the grid spacingof the levelof the source.De ne hy
to be the grid spacingof the destination.For all VoFsv, 2 indi (Cy;, ., (G(- "**;R")
- 1Y), we de ne the coase-to- neredistribtuionmass#M "'*1 to be

P
izl\/l\ll;clJrl = il\/l\llcwvc;vg- VO
S(ve) = "y, \ ind! 1(CNref (- "1):

De ne 3% to be the unnamalizedmassthat goesto VoF v¢. We distributethis massto
the VoFsv; that coverv? (v 2 Ci* (vD)) in a volume-weightedfashion.

32 — i |
vo = NEWygwe vo My,
D
32 — v i 32 (19)
v? —chD v
32 — D |
vo T VP he Wy votM,



The changein the ne solutionis the givenby

32
U=
Ugs™ += M W0
Ve 2 ind' }(Cy,, (G(- "1, R") j - "))
VS =", \ind! l(CNref - "))
v 2 Cit (vD)

- M|
= My Wy o

(20)

This canbe interpreted as a piecewise-constarterpolation of the solutiondensiy.

5.3 Fine to Coarse Redistribution

The massgoingfrom ne to coaseis accountedfor asfollows. Recallthat the masswe
stare is namalizedby hP? whereh; is the grid spacingof the levelof the source.De ne
h. to be the grid spacingof the destination.For all VoFsv; 2 ind }(- ' G(- ';j R")),

we de ne the ne-to-coaseredistribtuionmass*M " 1 to be

P
£MBl 1 = |
My = M, wy, 0 vo

vP2Q(vr) (21)
Q(ve) ="y, \ ind' 1(C'|\|rlef Y o-N:

For all VoFsv, 2 ind' *(Cy, . (G(- "**;R") i -'*1)), we de ne the coase-to- neredis-
tribtuion mass#M "'*1 to be

P
izl\/l\ll;clJrl = il\/l\llcwvc;vg- V0

B2500 (22)
S(ve) = "y, \ ind! 1(CNref (- "*1):

De ne 35? to be the unnamalizedmassthat goesto VoF v{. We distributethis massto

0— 0
the VoF v/ = Cy,, (V7).
2 _ 32 — 1D [
3Vf0 = 3V8 = hf Wy, VO v inf (23)

We de ne iU\'/io ! to be the changein the coasesolutiondensiy dueto My, o

iUIi 1_ ' i (24)

0
VC

Substitutingfrom above, we incrementthe coase solutionasfollows

0
Vi

UI] 1 +=

+M ! :
vy va Wy, v

vgNrDef -
vi 2ind (- G(- i R); (25)
vO2 y \ind H(CRE Y-

Vg = CNref (Vfo)



5.4 Coarse to Coarse Redistribution

The re-redistributionalgaithm proceedsas follows. Givenv 2 ind’ 1(CNref - "), we

de ne the re-redistributiormass+*M [; | to be
ang | P
HM ) = MW, . 00 0
vo2T(v) _ (26)
T(v)="y\ ind (- "):

In the levelredistributionstep, we have addedthis massto the solution densiy using
equation15. Re-redistributions the processof removingit so that the solutionis not
modi ed by invalidregions

U\Ilo i = M IW 0

v 2 indi 1(CNref (_7|+1 )) (27)

6 Re°uxing

First we descrile the re°uxing algaithm which, alongwith redistribution,preserveson-
servationat coase- neinterfaces.The standad re°uxing algaithm Givena levelvecta
“eld F on-, we de ne adiscretedivergenceperata D asfollows:

AL P P 5
d=0 42F 1 (v) f2F | (v) (28)
Fi = F¢ + 1%t :a) (Ff <<sig n(x; g)et 1 Fr);
d:d6 dir (f )

where- ,, isthe volumefractionof VoFv and®; isthe areafractionof facef . Equation28
consistof a summationof interpolated°uxesanda bounday °ux. The °ux interpolation
is discriked in [JC99. Let Feom = fFf: Fevalidg pe g two-levelcompsite vecta “eld.

We want to de ne a composite divergenceD ©MP(Ff; Fevalid) “for v 2 VS, VfVe do

this by extendingF ¢V@1¢ to the facesadjacentto v 2 V.54, but are coveredoy F -

<Fl>fe= — 1 P ®& F!
d fe= (nref)(Di1)®f° - c d
f2cht, ()

fe2indi (i + ted);i + Zed23), [ 3.
s = fi§3e9:18e92-0,4512G, (-")g

(29)

Thenwe cande ne (D ¢F),;v 2 V¢, usingthe expessiomnabove,with F; =< F; >
on facescoveredby F'. We can expessthe composite divergencen terms of a level
divergenceplusa carection. We de ne a °ux register+F' | assaiatedwith the ne level

1 = (g 4F ] )

] ind' YEL, [ 25 ) ! RT (30)
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If F¢ is any coaselevelvecta “eld that extendsFev@d, j.e. F§= F$'¥" on FS¢ | then
for v 2 Vg
Dcomp(F-f : F-C;valld)V — (D F—C)v + DR(iFC)V (31)
Here+F' is a °ux register,setto be
) =< Fy > i F§onind' *(3§, [ 35.) (32)
Dr is the re°ux divergenceperata. For valid coasevofsadjacentto - © it is givenby
f Xt X . X .
~v(DrF")y = ( g i iFd;f) (33)
d=0 f:v=v*(f) fv=vi (f)
For the remainingvofsin V! ..,
(DrF") " 0 (34)

We then addthe re°ux divergencedo adjustthe coasesolutionU® to preserveconserva-
tion.
Uy += - v(Dr(3F))v (35)

At coasecellswhichare alsoirregula, this leavesunaccounted-fothe quantity of mass
+HM Re" givenby

MR = (1j ) (Dr(FF))y (36)
This massmust be redistributedto preserveconservation:
X
inREf ©= ) vo\’\/v;voi'\/lfef;c (37)

v92- vi C(Vlvaiid )
We incrementthe solutionin the neighloring VoFswith their portion of HM Ref:

Ug += - Von;voiM\fzef;c
VO 2 ,v i C(Vf ;valid) (38)
Time stepsandotherfactars havebeenabsabedinto the de nition of +M . Unfatunately
we are not nished. In equation38, someof the masswill be goingback onto the ne
grid

+H\V RRC 4= H\ Ref “v Wy 0 (39)

Vv
vo2- vV cwald
This massmust be accumulatedat each ne time step. Whenthe ne levelhascaught
up with the coaselevelin time, we adjustthe ne solutionto accountfor this mass:

f — RR:c
Uci 1wy 77 Wop oM,
0

v 2 'v i Vf ;valid (40)



7 Subcycling in time with embedded boundaries

We usethe sulcycling-in-timealgaithm speci ed by BergerandOliger[BO84 to advance
an AMR solutionin time. Embeddedbounday synchronizatiorsubstantiallycomplicates
Berger-Oligetimestepping.Herewe presentan overviewof Berger-Oligeisukcyclingin
time for adaptivemeshre nementin the context of embeddedboundaies. Say we are
solvingthe hyperbolic systemof equations

%Hm::o (41)

in a domain discretizedas descriled above. Hereis an outline of the Berger-Oliger
algaithm for this equation. First we perfam the stepsrequiredto preservestability and
conservationn the presenceof embeddedboundaies.

2 Compute®uxesF' onF.

2 Computethe conservativeand non-conservativesolution updates (D (F') and
DNCC(FW)

N

Update the solutionon the level:

Upe! = Ug! i e t(D NO(F'), + (1i -)DC(F')); v2ind i) (42)

N

Initialize redistributionmass#M ' to be the massleft out in the previousstep.

M) = ¢t (Li - )DNC(F"), i DE(F"))

v 2indi ! (43)
2 pPerfam levelredistributionof +M ':
U”SW' += W, 0tM
v’ %Df \ ind' (- Ng (44)
W, .0 0 = 1
v02'v

Secondwe perfam the stepsrequiredto preserveconservatioracrosscoase- ne inter-
faces.We de ne +F to be °ux registersand+*M to be redistributionregisters.

2 We incrementthe °ux registerbetweenthis leveland the next coaserlevel.

= < Fl > oot

f 2 @C(F'i %)) (45)
2 \We initialize the °ux registerbetweenthis levelandthe next ner level.
I+1;1 _
=< Fl>; ¢t (46)

f 2 @ ')
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2 Incrementredistributionregistersbetweenthis leveland the next coaserlevel.

LML= #Mlv 2 ind’ 11" (47)

2 |nitialize redistributionregisterswith next ner leveland the coase-cosse (\re-
redistribution") registers.for v 2 ind' (1)’

2MI1 = 4!
£2MI = M (48)
2MH1 = 0

2 Advancdevell + 1 solutionto time t""! (requiresa minimumof n,¢ time steps.

2 Re‘°uxa portion of the ux di®erencen equation46 and savethe extramassinto
the appopriate redistributionregister.

U\?ew;l +=.D R(iFI+1)V
izM\I,;Hl +=- v(l i V)DR(iFHl)v (49)
i:%'\/l\l/:I += (1 'V)DR(iFHl)v

2 Redistributemassthat was redistributed(in both directions)acrosscoase- nein-
terfaces. 1 a1
UVfO += i2MV,c WVc?Vg
Ve 2ind’ H(Cy,, (G(- "R i - *1))
v2=", \ ind’ YCn,, "))
VP 2 Gt (v)

(50)

0
li1,— Vi p@2pm il 1
+= ! .
Uv(c) 'voNrDef - va WVf ’Vfo

vi 2indi (- i G(- ;i R"); (51)
vO 2y \ind HCEE T -
VCO: = CNref (Vfo)
2 Re-redistributanassthat wasredistributedfrom invalidregions.

Uloi = £M{'w, .0

v 2 indi Y(Cy,, (- 1)) (52)

2 Finallyaveragedown the ner solutionwhereappgopriate

U\?ew;l —< Unew;l+1 > v 2 indi 1CNref (_ (e 1) (53)

8 EBAMRT ools User Interface

This sectiondescrilesthe variousclassesvhichimplementhe variousalgaithmsdescrited
in the above section.
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8.1 Class EBCoarseAverage

The EBCoarseAverageclassis usedto averaggrom ner levelson to coaserlevels,or
for constructingaveragedesidualsn multigrid iteration. It averagesne datato coase
in a volume-wightedway (seeequation6). This classusescopying from one layout to
anotherfor communication.This classhasasdataa scratchcopy of the dataat the coase
level. The averagingoperata is blocking due to the copy. The important functionsof
the EBCoarseAverageclassare asfollows:

2 void define(const
const
const
const
const
const

DisjointBoxLayout& dblFine,
DisjointBoxLayout& dblCoar,
EBISLayout& ebislFine,
EBISLayout& ebislCoar,

int& nref,

int& nvar);

De ne the stencilsand internal data of the class. This must be calledbefae the
average functionwill work.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.
{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-

scription.

{ nref: The re nementratio betweenthe two levels.

{ nvar: The numker of variablescontainedin the data at eachVoF.

2 void average(LevelData<EBCellFAB>& coarData,
const LevelData<EBCellFAB>& fineData,
const Interval& variables);

Averagehe ne dataonto the coasedataoverthe intersectiorof the coaselayout
with the coasened ne layout.

{ coarData: The data overthe coaselayout.

{ fineData : The dataoverthe ne layout. Fineandcoasedatamusthavethe
samenumker of variables.

{ variables : The vaiablesto average. Thosenot in this rangewill be left
alone. This rangeof variablesmust be in both the coaseand ne data.

8.2 Class EBPWLFinelnterp

The EBPWLFinelnterp classis usedto interpolate in a piecewise-linedashioncoase
dataonto ne layouts (seeequation?7). This is primerily a usefulclassfor regridding. It
containsstencilsand slopesoverthe coaseleveland usescopy for communication.This
malesits interpolate function blocking. The important functionsof EBPWLFinelnterp

are asfollows:

12



2 void define(const DisjointBoxLayout& dblFine,
const DisjointBoxLayout& dblCoar,
const EBISLayout& ebislFine,
const EBISLayout& ebislCoar,
const Box& domainCoar,
const int& nref,
const int& nvar);

De ne the stencilsand internal data of the class. This must be calledbefae the
interpolate  functionwill work.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.

{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-
scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The numler of variablescontainedin the data at eachVoF.

2 void interpolate(LevelData<EBCellFAB>& fineData,
const LevelData<EBCellFAB>& coarData,
const Interval& variables);

Interpolatethe ne datafrom the coasedataoverthe intersectiorof the ne layout
with the re ned coaselayout.

{ fineData : The data overthe ne layout.
{ coarData: The data overthe coaselayout.

{ variables : The variablesto interpolate. Thosenot in this rangewill be left
alone. This rangeof variablesmust be in both the coaseand ne data.

8.3 Class EBPWLFillPatch

Givencoasedataat old andnewtimes,duringsulxyclingin time, we needto interpolated
ghostdata onto a ne data set at a time betweenthe old and new coasetimes. The

EBPWLFillPatch classis usedto interpolate ne data overthe ghostregionthat is not

covereddy other ne grids. Datais simplycopiedfrom other ne gridswhereit isavailable.
Only onelayer of ghostcellsis Tled.

2 void define(const DisjointBoxLayout& dblFine,
const DisjointBoxLayout& dblCoar,
const EBISLayout& ebislFine,
const EBISLayout& ebislCoar,
const Box& domainCoar,
const int& nref,
const int& nvar);
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De ne the stencilsand internal data of the class. This must be calledbefae the
interpolate  function will work.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.

{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-
scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The number of variablescontainedin the data at eachVoF.

2 void interpolate(LevelData<EBCellFAB>& fineData,
const LevelData<EBCellFAB>& coarDataOld,
const LevelData<EBCellFAB>& coarDataNew,
const Real& coarTimeOld,
const Real& coarTimeNew,
const Real& fineTime,
const Interval& variables);

Interpolatethe indicated ne datavariablesfromthe coasedataonghostcellswhich
overly a coase- neinterface. Copy ne data onto ghostcellswhereappopriate
(usingLevelData::exchange ). Only onelayer of ghostcellsis Tled.

{ fineData : The data overthe ne layout.

{ coarDataOld, coarDataNew The dataoverthe coaselayout at the old and
newtimes. Fine and coasedata must havethe samenumker of variables.

{ coarTimeOld, coarTimeNew The valuesof the old and new time of the
coasedata. The old time must be smallerthan the newtime.

{ fineTime : Thetime at whichthe ne dataexists. This time mustbe between
the old and newcoasetime.

8.4 Class RedistStencil

The RedistStencil classholdsthe stencilat everyirregula VoF in a layout. The default
weightsthat the stencilholdsare volumeweights. The classdoesallow the °exibility to
rede netheseweights. The weightscarespndto w, ..o in equations37 and 44.

2 void define(const DisjointBoxLayout& dbl,
const EBISLayout& ebisl,
const Box& domain,
const int& redistRadius);

De ne the internalsof the RedistStencil class.

{ dbl: The layout of the data.
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{ ebisl : The layout of the geometricdescription.
{ domain The computationaldomainat this levelof re nement.
{ nvar: The numkber of variablescontainedin the data at eachVoF.
2 void resetWeights(const LevelData<EBCellFAB>& modifier,
const int& ivar)
Modify the weightsin the stencilby multiplyingby the inputsin a normalizedway.
{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one

wereto want to set the weightingto be massweightingthen modifier(v,
ivar) would containthe densiy at VoF v.

2 const BaselVFAB<VoFStencil>&
operator[] (const Datalndex& datind) const

Returnsthe redistributionstencilat everyirregula point in input Box asseiated
with this Datalndex.

8.5 Class EBLevelRedist

The EBLevelRedist classperfamsmassredistibutionin anembkeddedoounday context.
The algaithm for this is descriled in section5. At irregula cellsin a leveldescrited by
a unionof rectanglesmassto be redistibutedis stared incrementallyone Box at a time,
with a ghostwidth equalto the redistributionradius). EBLevelRedist is then usedto
incrementa solution by the stored redistributionmass. The redistributionradiusis a
constantstatic memtler of the class. The important functionsof EBLevelRedist are as
follows:

2 void define(const DisjointBoxLayout& dbl,
const EBISLayout& ebisl,
const Box& domain,
const int& nvar)

De netheinternalsof the EBLevelRedist class.Bu®ersre madeat everyirregula
cellincludingghostbu®ersat a width of the redistributionradius. Setsvaluesat all
bu®ergo zero.

{ dbl: The layout of the data.

{ ebisl : The layout of the geometricdescription.

{ domain The computationaldomainat this levelof re nement.

{ nvar: The numker of variablescontainedin the data at eachVoF.

2 void resetWeights(const LevelData<EBCellFAB>& modifier,
const int& ivar)

Modify the weightsin the stencilby multiplying by the inputsin a narmalizedway.
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{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one
wereto want to set the weightingto be massweightingthen modifier(v,
ivar) would containthe densiy at VoF v.

2 void storeMass(const BaselVFAB<Real>&massDiff,
const Datalndex& datind,
const Interval& variables);

Store the input massdi®erencen the internal bu®ersof the classby incrementing
the bu®erwith the massdi®erence.
{ massDiff: Conservedaluesto store in registers.

{ datind: The indexof the Box in the input DisjointBoxLayout to which
massDiff carespnds].

{ vaiables: The variablesto stare. Thesemust t within zeroand the number
of variablesinput to the de ne function.
2 void setToZero();
Setthe internalbu®erto zero.
2 void redistribute(LevelData<EBCellFAB>& solution,
const Interval& variables);

Redistributethe data containedin the internalbu®erdJ, o += w,.,0oxM,,.

{ solution: Solutionto increment.
{ vaiables:The variablesto increment.

8.6 Class EBFluxRegister

The EBFluxRegister classperfams re°uxingin an embeddedbounday context. The
algaithm for this is descriledin section6. The important functionsof EBFluxRegister
are asfollows:

2 void define(const DisjointBoxLayout& dblFine,
const DisjointBoxLayout& dblCoar,
const EBISLayout& ebislFine,
const EBISLayout& ebislCoar,
const Box& domainCoar,
const int& nref,
const int& nvar);

De ne the internals of the EBFluxRegister class. Bu®ersare made at every
irregula cell includingghost bu®ersat a width of the redistributionradius. Sets
valuesat all bu®ergo zero.
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{ dblFine, dblCoar: The ne andcoaselayouts of the data.

{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-
scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The numter of variablescontainedin the data at eachVoF.

2 void setToZero();

Setthe registerso zero.

2 void incrementCoarseRegular(
const EBFaceFAB&oarseFlux,
const Real& scale,
const Datalndex& coarsePatchindex,
const Interval& variables,
const int& dir);

void incrementCoarselrregular(

const BaselFFAB<Real>&coarseFlux,
const Real& scale,
const Datalndex& coarsePatchindex,
const Interval& variables,
const int& dir);

Incrementsthe registerwith data from coarseFlux , multiplied by scale (®):

th +=@F§, for all of the d-faceswvherethe input °ux (de nedonasinglerectangle)
coincidewith the d-faceson whichthe °ux registeris de ned. coarseFlux con-
tains °uxesin the dir directionfor the grid dblCoar[coarsePatchindex] . Only
the registerscarespndingto the low facesof dblCoarse[coarsePatchindex]

in the dir directionare incrementedthis avoidsdouble-countingat coase-cosse
interfaces.of the °ux register.

{ coarseFlux : Fluxto put into the °ux register. This is not const because
its box is shiftedbackand forth - no net changeoccurs.
{ scale : Facta by whichto multiply coarseFlux in °ux register.

{ coarsePatchindex : Indexwhichcaresmndsto the box in the coasesolu-
tion from whichcoarseFlux was calculated.

{ variables : The componentsto put into the °ux register.
{ dir : Directionof the facesupon whichthe °uxeslive.

2 void incrementFineRegular(
const EBFaceFABd&ineFlux,
const Real& scale,
const Datalndex& finePatchindex,
const Interval& variables,
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const int& dir,

const Side::LoHiSide& sd);
void incrementFinelrregular(

const BaselFFAB<Real>&fineFlux,

const Real& scale,

const Datalndex& finePatchindex,

const Interval& variables,

const int& dir,

const Side::LoHiSide& sd);

Incrementsthe registerwith the averageover eachface of data from fineFlux
scaledby scale (®): #+F) += ®< F} >, for all of the d-faceswherethe input °ux
(de nedonasinglerectangle)coverthe d-faceson whichthe °ux registeris de ned.
fineFlux contains’uxesin the dir directionfor the grid dbl[finePatchindex]
Only the registercarespndingto the directiondir andthe sidesd is initialized.
srcinterval anddstinterval are asabove.

{ fineFlux : Fluxto put into the °ux register. This is not const becausets
box is shiftedbackandforth - no net changeoccurs.
{ scale : Facta by whichto multiply fineFlux in °ux register.

{ finePatchindex : Indexwhichcaresmndsto whichboxinthe LevelData<FArrayBox>
solutionfrom whichfineFlux was calculated.

{ variables : Thelnterval of componentsofthe °ux registerinto whichthe
°ux datais put.

{ dir : Directionof facesupon which uxeslive.
{ sd: Sideof the ne facewherecoase- neinterfacelies.

void reflux(LevelData<EBCellFAB>& uCoarse,
const Interval& variables,
const Real& scale);

IncrementauCoarse with the re°ux divergencef the contentsof the °ux register,
scaledby scale (®): U°+= ®RDRg(F).
{ uCoarse: The solutionthat getsmodi ed by re°uxing.

{ variables : givesthe Interval of compnentsof the °ux registerthat car-
respndto the commpnentsof uCoarse

{ scale : Facta by whichto scalethe °ux register.

void incrementRedistRegister(EBCoarToFineRedist&  register,
const Interval& variables);

Incrementsredistributionregisterwith left-over massfrom re°ux divergenceasin
equation49: M1 += . (1 -,)Dg(xF'"*1),.
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{ register: Coaseto ne registerthat must be incremented+M "'*1).
{ variables: Array indiciesto be incremented.

8.7 Class EBCoarToFineRedist

The EBCoarToFineRedist classstaresand redistributesmassthat must movefrom the
coasesolutionto the ne solutionThe important functionsof EBCoarToFineRedistare

asfollows:

2 void define(const
const
const
const
const
const
const

DisjointBoxLayout& dblFine,
DisjointBoxLayout& dblCoar,
EBISLayout& ebislFine,
EBISLayout& ebislCoar,

Box& domainCoar,

int& nref,

int& nvar);

De ne the internalsof the class.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.
{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-

scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The numkber of variablescontainedin the data at eachVoF.

{ weightModifier

Multiplier to stencil weights (densiy if you want mass

weighting). If this is NULL, usevolumeweights.
{ weightModVar Variable numker of weight modi er.

2 void resetWeights(const LevelData<EBCellFAB>& modifier,

const int& ivar)

Modify the weightsin the stencilby multiplying by the inputsin a namalizedway.

{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one
wereto want to set the weightingto be massweightingthen modifier(v,
ivar) would containthe densiy at VoF v.

2 void setToZero();

Setthe registergo zero.

2 void increment(BaselVFAB<Real>& coarMass,
const Datalndex& coarPatchindex,
const Interval& variables);

Incrementthe registersby the massdi®erencen coaMassas shavn in the second

pat equation49.
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{ coarMass: The massdi®erencéo addto the register.
{ coarPatchindex: The indexto the box on the coasegrid.
{ variables: The vaiablesin the registerto increment.
2 void redistribute(LevelData<EBCellFAB>&  fineSolution,
const Interval& variables);
Re(lziistributethe datacontainedn the internalbu®er£Uv”fe"V;'+1 += Wy o2M Ly
Chrer (V)

nr ef

N

{ fineSolution:  Solutionto increment.
{ vaiables:The variablesto increment.

8.8 Class EBFineToCoarRedist

The EBFineToCoarToRedistclassstaresand redistributesmassthat must go from the
“ne to the coasegrid. The important functionsof EBFineToCoarRedistare asfollows:

2 void define(const DisjointBoxLayout& dblFine,
const DisjointBoxLayout& dblCoar,
const EBISLayout& ebislFine,
const EBISLayout& ebislCoar,
const Box& domainCoar,
const int& nref,
const int& nvar);

De ne the internalsof the class.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.

{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-
scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The numker of variablescontainedin the data at eachVoF.

{ weightModifier : Multiplier to stencil weights (densiy if you want mass
weighting). If this is NULL, usevolumeweights.

{ weightModVar Variable numker of weight modi er.

2 void resetWeights(const LevelData<EBCellFAB>& modifier,
const int& ivar)
Modify the weightsin the stencilby multiplying by the inputsin a narmalizedway.
{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one

wereto want to setthe weightingto be massweighting then modifier(v,
ivar) would containthe densiy at VoF v.
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2 void setToZero();

Setthe registerso zero.

2 void increment(BaselVFAB<Real>& fineMass,
const Datalndex& finePatchindex,
const Interval& variables);

Incrementhe registersy the massdi®erencén neMassasshavn in equation49.

{ fineMass: The massdi®erenceo addto the register.
{ finePatchindex: The indexto the box onthe ne grid.
{ variables: The variablesin the registerto increment.

2 void redistribute(LevelData<EBCellFAB>& coarSolution,
const Interval& variables);

Redistributethe data containedin the internal bu®ersUjs"" += w($,#2M !

{ fineSolution:  Solutionto increment.
{ vaiables:The variablesto increment.

8.9 Class EBCoarToCoarRedist

The EBCoarToCoarToRedistlassstores and redistributesmassthat was redistributed
to the coasegrid that is coverecby the ne grid andnow mustbe carected. This is the
notarious\re-redistribution” process.The important functionsof EBCoarToCoarRedist
are asfollows:

2 void define(const DisjointBoxLayout& dblFine,
const DisjointBoxLayout& dblCoar,
const EBISLayout& ebislFine,
const EBISLayout& ebislCoar,
const Box& domainCoar,
const int& nref,
const int& nvar);

De ne the internalsof the class.

{ dblFine, dblCoar: The ne andcoaselayouts of the data.

{ ebislFine, ebislCoar : The ne and coase layouts of the geometricde-
scription.

{ nref: The re nementratio betweenthe two levels.
{ nvar: The numkber of variablescontainedin the data at eachVoF.
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2 void resetWeights(const LevelData<EBCellFAB>& modifier,
const int& ivar)

Modify the weightsin the stencilby multiplying by the inputsin a normalizedway.
{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one

wereto want to set the weightingto be massweightingthen modifier(v,
ivar) would containthe densiy at VoF v.

2 void setToZero();

Setthe registerso zero.

2 void increment(BaselVFAB<Real>& coarMass,
const Datalndex& finePatchindex,
const Interval& variables);

Incrementhe registersoy the massdi®erencén coaMassasshavn in equation49.

{ coarMass: The massdi®erencéo addto the register.
{ coarPatchindex: Theindexto the box onthe ne grid.
{ variables: The vaiablesin the registerto increment.

2 void redistribute(LevelData<EBCellFAB>&  coarSolution,
const Interval& variables);

Redistributethe data containedin the internalbu®ersUs"" += wy.,c2M )

{ coarSolution: Solutionto increment.
{ vaiables:The variablesto increment.
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