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1 Intro duction

This documentis meantto discussthe di®erentcomponentsof the EBAMRToolscompo-
nent of the EBChombo infrastructurefor embeddedboundary, block-structuredadaptive
meshapplications.The principaloperationsthat thesetools executeare asfollows:

² Averagea level'sworth of data onto the next coarserlevel.

² Interpolate in a piecewise-linear fashiondata from a coarserlevelto a ¯ner level.

² Fill ghostcellsat a coarse-¯neinterfacewith a second-order interpolation between
the coarseand¯ne data.

² Fill ghost cells at a coarse-¯ne interfacewith data interpolated using a bilinear
interpolation.

² Preservemulti-levelconservationusingre°uxing.

² Redistibutemassdi®erencesbetweenstableandconservativeschemes.

After a discourseon the notational di±culties of embeddedboundaries, we will discuss
our algorithm for eachof thesetasks.

2 Notation

All theseoperationstake placein a verysimilar context to that presentedin [CGL+ 00].
For non-embeddedboundary notation, refer to that document. The standard (i; j ; k) is
not su±cient hereto denotea computationalcell astherecanbe multipleVoFsper cell.
We de¯ne v to be the notation for a VoF and f 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 ; v ¡ (f ) is the VoFon the low sideof facef ; f +

d (v) is the setof faceson the high
sideof VoF v; f ¡

d (v) is the setof faceson the low sideof VoF v, whered 2 f x; y; zg is a
coordinatedirection(the number of directionsis D). Also, we composetheseoperators
to representthe set of VoFs directly connectedto a given VoF: v+

d (v) = v+ (f +
d (v))

and v ¡
d (v) = v¡ (f ¡

d (v)). The << operator shifts data in the directionof the left hand
argument:

(Á << ed)v = Áv+
d (v) (1)

We follow the sameapproachin the EB casein de¯ning multileveldata andoperators
aswe did for ordinary AMR. Givenan AMR meshhierarchy f ­ lglmax

l=0 , we de¯ne the valid
VoFson levell to be

Vl
val id = ind ¡ 1(­ l

val id ) (2)

andcompositecell-centereddata

' comp = f ' l ;val id glmax
l=0 ; ' l ;val id : Vl

val id ! Rm (3)

For face-centereddata,

F l ;d
val id = ind ¡ 1(­ l ;ed

val id )
~F l ;val id = (F l ;val id

0 ; : : : ; F l ;val id
D ¡ 1 )

F l ;val id
d : F l ;d

val id ! Rm

(4)

3 Conservative Averaging

Assumethat thereare two levelsof grids­ c; ­ f ; with data de¯nedon the ¯ne grid and
on the valid regionof the coarsegrid

' f : ind ¡ 1(­ f ) ! R' c;val id : ind ¡ 1(­ c
val id ) ! R (5)

We assumethat Cr ( ~­ f ) \ ¡ c ½ ­ c. We want to replacethe coarsedata whichis covered
by ¯ne data with the volume-weightedaverageof the ¯ne data. This operator is used
to averagefrom ¯ner levelson to coarserlevels,or for constructingaveragedresidualsin
multigrid iteration. We de¯ne the volumeweightedaverage

' c
vc

= Av(' f ; nr ef )vc

Av(' f ) = 1
V c

P

v f 2F
V f ' v f

F = C¡ 1
n r ef

(vc)

(6)
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4 Interp olation Operations

4.1 Piecewise Linear Interp olation

This method is primarily usedto initialize ¯ne grid data after regridding. Givena level
array ' c on ­ c, we want to computeI pwl (' ) de¯nedon an ­ f properlynestedin ­ c. For
the valueson C( ~­ f ), interpolatein a piecewise-linear fashionin space,usingthe values~' c

(we assumethat the coarsedataalreadycontainsthe averageof the ¯ne dataasdiscussed
in the last section).

' f
v f

= ~' c
vc

+
D ¡ 1P

d=0
( (ind (v f )d + 1

2 )
n r ef

¡ ind(vc) + 1
2))¢ d ¢' c

vc

wherevc 2 ind ¡ 1( ~­ f ¡ ­ f )
vc = Cn r ef (v f ):

(7)

The slopes¢ d are computedusingminmod limiting asshown below:

¢ dWvc = ±minmod (Wvc )j±L (Wvc )j±R(Wvc )j0
±L (Wvc ) = Wvc ¡ (W n

v << ¡ ed )
±R(Wvc ) = (W n

v << ed ) ¡ Wvc

(8)

±minmod =
½

min (j±L j; j±R j) ¢sign(±L + ±R) if ±L ¢±R > 0
0 otherwise

¾
(9)

The shift operator (denotedby << ) is de¯nedusinga simpleaverageof connectedvalues.

4.2 Piecewise-Linear Coarse-Fine Boundary Interp olation

In the next algorithm, we use the samelinear interpolant but we also interpoalte in
time between levelsof time. We havethe solution on the coarser level of re¯nement
at two time levels,tCold and tCnew . We want to computean extension~' f of ' f on
~­ f = G(­ f ; p) \ ¡ f ; p > 0 that existsat time level tF wheretCold < t f < tCnew . We
assumethat Cr ( ~­ f ) \ ¡ cC­ c. Extend' c;val id to ' c, de¯nedon all of ind ¡ 1(­ c).

' c
vc

= Av(' f ; nr ef )vc ; vc 2 ind ¡ 1Cn r ef (­ f ) (10)

At both tCold andtCnew , for the valueson ~­ f ¡ ­ f computea piecewiselinear interpolant,
usingthe values~' c.

~' f
v f

= ~' f
vc

+
D ¡ 1P

d=0
( (ind (v f )d + 1

2 )
n r ef

¡ (ind(vc) + 1
2))¢ d ¢' c

vc

wherevc 2 ind ¡ 1( ~­ f ¡ ­ f );
vc = Cn r ef (v f ):

(11)
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The slopes ¢ d are computedusingminmod limiting as shown in equation9. We then
interpolate in time betweenthe newandold interpolatedvalues.

' f
v f ;t F

= ~' f
v f ;t C old

+
tF ¡ tCold

tCnew ¡ tCold
( ~' f

v f ;t C new
¡ ~' f

v f ;t C old
) (12)

This processshouldproducean interpolatedvaluewhich hassecond-order error in both
time andspace.

4.3 Quadratic Coarse-Fine Boundary Interp olation

At VoFs wherethe embeddedboundary crossesthe coarse-¯ne boundary, we use the
algorithm described in 4.1. On all other cells,we usethe algorithm in [CGL+ 00].

5 Redistribution

To preservestability andconservationin embeddedboundary calculations,we must redis-
tribute a quantity of mass±M (the di®erencebetweenstableand conservativeupdates)
from irregular VoFs to their neighbors. This massis normalizedby hD whereh is the
grid spacingon the level. We de¯ne ´ v to be the set of neighbors (no farther away than
the redistributionradius) which can be reachedby a monotonicpath. We then assign
normalizedweightsto eachof the neighbors v

0
anddividethe massaccordingly:

±M v =
X

v 02 ´ v

wv ;0· v 0±M v (13)

where X

v 02 ´ v

wv ;v 0· v 0 = 1 (14)

We then update the solutionU at the neighboring cellsv
0

U l
v 0 += wv ;v 0±M l

v : (15)

This operation occursat all v 2 ind ¡ 1(­ l ) without regard to valid or invalid regions.
If the irregular cell is within the redistributionradiusof a coarse-¯ne interface,we must
accountfor massthat is redistributedacrossthe interface.

5.1 Multilevel Redistribution Summary

We beginwith ±M l
v ; v 2 ind ¡ 1­ l , the redistributionmassfor levell .

De¯ne the redistributionradiusto be Rr . We de¯ne the coarseningoperator to be
CN r ef and the re¯nement operator to be C¡ 1

N r ef
. We de¯ne the \growth" operator to
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be G. The operator which producesthe Z D indexof a vof is ind and the operator to
producesthe VoFsfor points in Z D is ind ¡ 1.

If v is part of the valid region,the redistributionmassis dividedinto threeparts,

±M l
v = ±1M l

v + ±2M l ;l +1
v + ±2M l ;l ¡ 1

v ;
v 2 ind ¡ 1(­ l ;val id ):

(16)

±1M l
v is the part of the masswhich is put onto the ­ l ;val id . ±2M l ;l +1

v is the part of the
masswhichis redistributedto ­ l \ CN r ef (­ l+1 ) (the part of the levelcoveredby the next
¯ner level). ±M l ;l ¡ 1

v is the part of the masswhichis redistributedo®levell .
If v is not part of the valid region,the redistributionmassis dividedinto two parts,

±M l
v = ±I M l

v + ±M l ;l
v

v 2 ind ¡ 1(­ ¡ ­ l ;val id ):
(17)

±I M l
v is the portion of ±lM l

v which is redistributedto other invalid VoFs of level l .
±I M P l ; lv is the portion of ±lM l

v whichis redistributedto validVoFsof levell andmust
be removedlater from the solution.

We mustaccountfor ±M l ;l ¡ 1
v , ±2M l ;l +1

v and±3M l ;l
v to preserveconservation.±2M l ;l +1

v
is addedto the levell + 1 solution. ±2M l ;l ¡ 1

v is addedto the levell ¡ 1 solution. ±3M l ;l
v

is removedfrom the levell solution.

5.2 Coarse to Fine Redistribution

The massgoingfrom coarseto ¯ne is accountedfor as follows. Recallthat the masswe
store is normalizedby hD

c wherehc is the grid spacingof the levelof the source.De¯ne hf

to be the grid spacingof the destination.For all VoFsvc 2 ind ¡ 1(CN r ef (G(­ l+1 ; Rr ) ¡
­ l+1 )) , we de¯ne the coarse-to-¯neredistribtuionmass±2M l ;l +1 to be

±2M l ;l +1
vc

=
P

v 0
c 2 S(vc )

±M l
vc

wvc ;v 0
c
· v 0

c

S(vc) = ´ vc \ ind ¡ 1(CN r ef (­ l+1 )) :
(18)

De¯ne ³ 2
v 0

c
to be the unnormalizedmassthat goesto VoF v 0

c. We distributethis massto
the VoFsv0

f that coverv0
c (v0

f 2 C¡ 1
N r ef

(v0
c)) in a volume-weightedfashion.

³ 2
v 0

c
= hD

c wvc ;v 0
c
· v 0

c
±M l

vc

³ 2
v 0

f
=

· v 0
f

hD
f

· chD
c

³ 2
v 0

c

³ 2
v 0

f
= · v 0

f
hD

f wvc ;v 0
c
±M l

vc

(19)
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The changein the ¯ne solutionis the givenby

±U l+1
v 0

f
=

³ 2
v 0

f

· v 0
f

hD
f

= ±M l
vc

wvc ;v 0
c

U l+1
v 0

f
+= ±M l

vc
wvc ;v 0

c

vc 2 ind ¡ 1(CN r ef (G(­ l+1 ; Rr ) ¡ ­ l+1 ))
v0

c = ´ vc \ ind ¡ 1(CN r ef (­ l+1 ))
v0

f 2 C¡ 1
N r ef

(v0
c)

(20)

This canbe interpretedasa piecewise-constantinterpolation of the solutiondensity.

5.3 Fine to Coarse Redistribution

The massgoingfrom ¯ne to coarseis accountedfor as follows. Recallthat the masswe
store is normalizedby hD

f wherehf is the grid spacingof the levelof the source.De¯ne
hc to be the grid spacingof the destination.For all VoFsv f 2 ind ¡ 1(­ l ¡ G(­ l ; ¡ Rr )) ,
we de¯ne the ¯ne-to-coarseredistribtuionmass±2M l ;l ¡ 1 to be

±2M l ;l ¡ 1
v f

=
P

v 0
f 2 Q(v f )

±M l
v f

wv f ;v 0
f
· v 0

f

Q(v f ) = ´ v f \ ind ¡ 1(C¡ 1
N r ef

(­ l ¡ 1) ¡ ­ l ):
(21)

For all VoFsvc 2 ind ¡ 1(CN r ef (G(­ l+1 ; Rr ) ¡ ­ l+1 )) , we de¯ne the coarse-to-¯neredis-
tribtuion mass±2M l ;l +1 to be

±2M l ;l +1
vc

=
P

v 0
c 2 S(vc )

±M l
vc

wvc ;v 0
c
· v 0

c

S(vc) = ´ vc \ ind ¡ 1(CN r ef (­ l+1 )) :
(22)

De¯ne ³ 2
v 0

f
to be the unnormalizedmassthat goesto VoF v 0

f . We distributethis massto

the VoF v0
c = CN r ef (v0

f ).

³ 2
v 0

f
= ³ 2

v 0
c

= hD
f wv f ;v 0

f
· v 0

f
±M l

v f
(23)

We de¯ne ±U l ¡ 1
v 0

c
to be the changein the coarsesolutiondensity dueto ±wM v f ;v 0

f
:

±U l ¡ 1
v 0

c
=

³ 2
v 0

f

· v 0
c

hD
c

(24)

Substitutingfrom above,we incrementthe coarsesolutionasfollows

U l ¡ 1
v 0

c
+=

· v 0
f

· v 0
c

N D
r ef

±M l
v f

wv f ;v 0
f

v f 2 ind ¡ 1(­ l ¡ G(­ l ; ¡ Rr )) ;
v0

f 2 ´ v f \ ind ¡ 1(C¡ 1
N r ef

(­ l ¡ 1) ¡ ­ l )
v0

c = CN r ef (v0
f )

(25)
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5.4 Coarse to Coarse Redistribution

The re-redistributionalgorithm proceedsas follows. Givenv 2 ind ¡ 1(CN r ef (­ l+1 ), we
de¯ne the re-redistributionmass±3M l; l to be

±3M l ;l
v =

P

v 02 T (v )

±M l
v wv ;v 0· v 0

T(v) = ´ v \ ind ¡ 1(­ l ):
(26)

In the level redistributionstep, we haveaddedthis massto the solution density using
equation15. Re-redistributionis the processof removingit so that the solution is not
modi¯ed by invalidregions

U l
v 0 ¡ = ±M l

v wv ;v 0

v 2 ind ¡ 1(CN r ef (­ l+1 ))
(27)

6 Re°uxing

First we describe the re°uxingalgorithm which,alongwith redistribution,preservescon-
servationat coarse-¯neinterfaces.The standard re°uxingalgorithm Givena levelvector
¯eld F on ­ , we de¯ne a discretedivergenceoperator D asfollows:

· v (D ¢~F ) = 1
h (

D ¡ 1P

d=0
(

P

f 2F +
d (v )

®f
~Ff ¡

P

f 2F ¡
d (v )

®f
~Ff ) + ®B

v F B
v )

~Ff = Ff +
P

d:d6= dir (f )
jx f ;dj(Ff <<sig n(x f ;d )ed ¡ Ff );

(28)

where· v is thevolumefractionof VoFv and®f is theareafractionof facef . Equation28
consistsof a summationof interpolated°uxesanda boundary °ux. The °ux interpolation
is discribed in [JC98]. Let ~F comp = f ~F f ; ~F c;val id g be a two-levelcompositevector ¯eld.
We want to de¯ne a composite divergenceD comp( ~F f ; ~F c;val id )v , for v 2 V c

val id . We do
this by extendingF c;val id to the facesadjacentto v 2 V c

val id , but are coveredby F f
val id .

< F f
d > f c = 1

(n r ef ) ( D ¡ 1) ®f c

P

f 2C¡ 1
n r ef (f c )

®f F f
d

f c 2 ind ¡ 1(i + 1
2ed); i + 1

2ed 2 ³ f
d;+ [ ³ f

d;¡

³ f
d;§ = f i § 1

2ed : i § ed 2 ­ c
val id ; i 2 Cn r ef (­ f )g

(29)

Then we cande¯ne (D ¢~F )v ; v 2 Vc
val id , usingthe expressionabove,with ~Ff = < F f

d >
on facescoveredby F f . We can expressthe composite divergencein terms of a level
divergence,plusa correction. We de¯nea °ux register±~F f , associatedwith the ¯ne level

±~F f = (±F f
0;:::±F f

D ¡ 1)
±F f

d : ind ¡ 1(³ f
d;+ [ ³ f

d;¡ ) ! Rm (30)
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If ~F c is anycoarselevelvector ¯eld that extends~F c;val id , i.e. F c
d = F c;val id

d on F c;d
val id then

for v 2 Vc
val id

D comp( ~F f ; ~F c;val id )v = (D ~F c)v + DR(±~F c)v (31)

Here±~F f is a °ux register,set to be

±F f
d = < F f

d > ¡ F c
d on ind ¡ 1(³ c

d;+ [ ³ c
d;¡ ) (32)

DR is the re°ux divergenceoperator. For valid coarsevofsadjacentto ­ f it is givenby

· v (DR±~F f )v =
D ¡ 1X

d=0

(
X

f :v = v + (f )

±F f
d;f ¡

X

f :v = v ¡ (f )

±F f
d;f ) (33)

For the remainingvofs in Vf
val id ,

(DR±~F f ) ´ 0 (34)

We then addthe re°ux divergenceto adjust the coarsesolutionUc to preserveconserva-
tion.

Uc
v += · v (DR(±F ))v (35)

At coarsecellswhichare alsoirregular, this leavesunaccounted-for the quantity of mass
±M Ref givenby

±M Ref = (1 ¡ · v )(DR(±F ))v (36)

This massmust be redistributedto preserveconservation:

±M Ref ;c
v =

X

v 02 ´ v ¡ C(V l;v alid )

· v 0wv ;v 0±M Ref ;c
v (37)

We incrementthe solutionin the neighboring VoFswith their portion of ±M Ref :

Uc
0 += · v 0wv ;v 0±M Ref ;c

v

v
0
2 ´ v ¡ C(Vf ;val id )

(38)

Timestepsandotherfactorshavebeenabsorbedinto the de¯nition of ±M . Unfortunately,
we are not ¯nished. In equation38, someof the masswill be goingback onto the ¯ne
grid

±M RR;c += ±M Ref
X

v 02 ´ v ¡V c;v alid

· v wv ;v 0 (39)

This massmust be accumulatedat each¯ne time step. Whenthe ¯ne levelhascaught
up with the coarselevelin time, we adjust the ¯ne solutionto accountfor this mass:

Uf
C ¡ 1 (v 0)

+= wv ;v 0±M RR;c
v

v
0
2 ´ v ¡ Vf ;val id

(40)
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7 Subcycling in time with embedded boundaries

Weusethe subcycling-in-timealgorithm speci¯edby BergerandOliger[BO84] to advance
an AMR solutionin time. Embeddedboundary synchronizationsubstantiallycomplicates
Berger-Oligertimestepping.Herewe presentan overviewof Berger-Oligersubcyclingin
time for adaptivemeshre¯nement in the context of embeddedboundaries. Say we are
solvingthe hyperbolic systemof equations

@U
@t

+ r ¢F = 0 (41)

in a domain discretizedas described above. Here is an outline of the Berger-Oliger
algorithm for this equation.First we perform the stepsrequiredto preservestability and
conservationin the presenceof embeddedboundaries.

² Compute°uxesF l on F .

² Compute the conservativeand non-conservativesolution updates (D C (F l ) and
D N CC (F l )).

² Update the solutionon the level:

Unew;l
v = Uold;l

v ¡ ¢ t(·D N C (F l )v + (1 ¡ · )D C (F l )v ); v 2 ind ¡ 1(­ l ) (42)

² Initializeredistributionmass±M l to be the massleft out in the previousstep.

±M l
v = ¢ t· v (1 ¡ · v )(D N C (F l )v ¡ D C (F l )v )

v 2 ind ¡ 1I l (43)

² Perform levelredistributionof ±M l :

Unew;l
v 0 += wv ;v 0±M l

v

v
0
2 f ´ v \ ind ¡ 1(­ l )gP

v 02 ´ v

wv ;v 0· v 0 = 1
(44)

Secondwe perform the stepsrequiredto preserveconservationacrosscoarse-¯ne inter-
faces.We de¯ne ±F to be °ux registersand±2M to be redistributionregisters.

² We incrementthe °ux registerbetweenthis leveland the next coarserlevel.

±F l ;l ¡ 1
f += < F l > f ¢ t l

f 2 @(C(F l ¡ 1))
(45)

² We initializethe °ux registerbetweenthis leveland the next ¯ner level.

±F l+1 ;l
f = < F l > f ¢ t l

f 2 @(F l+1 )
(46)
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² Incrementredistributionregistersbetweenthis leveland the next coarserlevel.

±2M l ;l ¡ 1
v = ±M l

v v 2 ind ¡ 1(I l ) (47)

² Initialize redistributionregisterswith next ¯ner level and the coarse-coarse (\re-
redistribution") registers.for v 2 ind ¡ 1(I ) l

±2M l ;l +1
v = ±M l

v
±2M l ;l

v = ¡ ±M l
v

±2M l+1 ;l
v = 0

(48)

² Advancelevell + 1 solutionto time tnew;l (requiresa minimumof nr ef time steps.

² Re°ux a portion of the °ux di®erencein equation46 and savethe extra massinto
the appropriate redistributionregister.

Unew;l
v += ·D R(±F l+1 )v

±2M l ;l +1
v += · v (1 ¡ · v )DR(±F l+1 )v

±3M l ;l
v += · v (1 ¡ · v )DR(±F l+1 )v

(49)

² Redistributemassthat was redistributed(in both directions)acrosscoarse-¯nein-
terfaces.

U l+1
v 0

f
+= ±2M l ;l +1

vc
wvc ;v 0

c

vc 2 ind ¡ 1(CN r ef (G(­ l+1 ; Rr ) ¡ ­ l+1 ))
v0

c = ´ vc \ ind ¡ 1(CN r ef (­ l+1 ))
v0

f 2 C¡ 1
N r ef

(v0
c)

(50)

U l ¡ 1
v 0

c
+=

· v 0
f

· v 0
c

N D
r ef

±2M l ;l ¡ 1
v f

wv f ;v 0
f

v f 2 ind ¡ 1(­ l ¡ G(­ l ; ¡ Rr )) ;
v0

f 2 ´ v f \ ind ¡ 1(C¡ 1
N r ef

(­ l ¡ 1) ¡ ­ l )
v0

c = CN r ef (v0
f )

(51)

² Re-redistributemassthat wasredistributedfrom invalidregions.

U l
v 0 ¡ = ±3M l ;l

v wv ;v 0

v 2 ind ¡ 1(CN r ef (­ l+1 ))
(52)

² Finallyaveragedown the ¯ner solutionwhereappropriate

Unew;l
v = < Unew;l+1 >; v 2 ind ¡ 1CN r ef (­ l + 1) (53)

8 EBAMRT ools User Interface

Thissectiondescribesthevariousclasseswhichimplementthevariousalgorithmsdescribed
in the abovesection.
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8.1 Class EBCoarseAverage

The EBCoarseAverageclassis usedto averagefrom ¯ner levelson to coarser levels,or
for constructingaveragedresidualsin multigrid iteration. It averages̄ne data to coarse
in a volume-weightedway (seeequation6). This classusescopying from one layout to
anotherfor communication.Thisclasshasasdataa scratchcopy of the dataat the coarse
level. The averagingoperator is blocking due to the copy. The important functionsof
the EBCoarseAverageclassare asfollows:

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

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

{ dblFine, dblCoar: The ¯ne andcoarselayouts of the data.

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

{ nref : The re¯nementratio betweenthe two levels.

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

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

Averagethe ¯ne dataonto the coarsedataoverthe intersectionof the coarselayout
with the coarsened̄ ne layout.

{ coarData: The data overthe coarselayout.

{ fineData : The dataoverthe ¯ne layout. Fineandcoarsedatamusthavethe
samenumber of variables.

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

8.2 Class EBPWLFineInterp

The EBPWLFineInterpclassis usedto interpolate in a piecewise-linear fashioncoarse
data onto ¯ne layouts (seeequation7). This is primarily a usefulclassfor regridding.It
containsstencilsandslopesoverthe coarselevelandusescopy for communication.This
makes its interpolate function blocking. The important functionsof EBPWLFineInterp
are asfollows:
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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 calledbefore the
interpolate functionwill work.

{ dblFine, dblCoar: The ¯ne andcoarselayouts of the data.

{ ebislFine, ebislCoar : The ¯ne and coarse 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>& coarData,
const Interval& variables);

Interpolatethe ¯ne datafrom the coarsedataoverthe intersectionof the ¯ne layout
with the re¯ned coarselayout.

{ fineData : The data overthe ¯ne layout.

{ coarData: The data overthe coarselayout.

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

8.3 Class EBPWLFillPatch

Givencoarsedataat old andnewtimes,duringsubcyclingin time, weneedto interpolated
ghost data onto a ¯ne data set at a time betweenthe old and new coarse times. The
EBPWLFillPatch classis usedto interpolate ¯ne data overthe ghostregionthat is not
coveredby other¯ne grids. Data issimplycopiedfromother¯ne gridswhereit isavailable.
Only onelayer of ghostcellsis ¯lled.

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 calledbefore the
interpolate functionwill work.

{ dblFine, dblCoar: The ¯ne andcoarselayouts of the data.

{ ebislFine, ebislCoar : The ¯ne and coarse 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 indicated̄ ne datavariablesfromthecoarsedataonghostcellswhich
overlay a coarse-¯ne interface. Copy ¯ne data onto ghost cellswhereappropriate
(usingLevelData::exchange ). Only onelayer of ghostcellsis ¯lled.

{ fineData : The data overthe ¯ne layout.

{ coarDataOld, coarDataNew: The dataoverthe coarselayout at the old and
newtimes. Fineandcoarsedata must havethe samenumber of variables.

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

{ fineTime : The time at whichthe ¯ne dataexists.This time mustbe between
the old andnewcoarsetime.

8.4 Class RedistStencil

The RedistStencil classholdsthe stencilat everyirregular VoF in a layout. The default
weightsthat the stencilholdsare volumeweights. The classdoesallow the °exibility to
rede¯netheseweights. The weightscorrespond to wv ;v 0 in equations37 and44.

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 number of variablescontainedin the data at eachVoF.

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

Modify the weightsin the stencilby multiplyingby the inputs in a normalizedway.

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

² const BaseIVFAB<VoFStencil>&
operator[] (const DataIndex& datInd) const

Returnsthe redistributionstencil at everyirregular point in input Box associated
with this DataIndex.

8.5 Class EBLevelRedist

TheEBLevelRedist classperformsmassredistibutionin anembeddedboundary context.
The algorithm for this is described in section5. At irregular cellsin a leveldescribed by
a unionof rectangles,massto be redistibutedis stored incrementally(oneBoxat a time,
with a ghostwidth equalto the redistributionradius). EBLevelRedist is then usedto
incrementa solution by the stored redistributionmass. The redistributionradius is a
constantstatic member 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¯nethe internalsof theEBLevelRedist class.Bu®ersaremadeat everyirregular
cell includingghostbu®ersat a width of the redistributionradius.Setsvaluesat all
bu®ersto zero.

{ dbl : The layout of the data.

{ ebisl : The layout of the geometricdescription.

{ domain: The computationaldomainat this levelof re¯nement.

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

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

Modify the weightsin the stencilby multiplyingby the inputs in a normalizedway.
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{ weights: Relativeweightsat eachVoF in the stencil. For instance,if one
were to want to set the weightingto be massweightingthen modifier(v,
ivar) would containthe density at VoF v.

² void storeMass(const BaseIVFAB<Real>&massDiff,
const DataIndex& datInd,
const Interval& variables);

Store the input massdi®erencein the internalbu®ersof the classby incrementing
the bu®erwith the massdi®erence.

{ massDiff: Conservedvaluesto store in registers.

{ datInd: The indexof the Box in the input DisjointBoxLayout to which
massDiff corresponds].

{ variables:The variablesto store. Thesemust ¯t within zeroand the number
of variablesinput to the de¯ne function.

² void setToZero();

Set the internalbu®erto zero.

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

Redistributethe data containedin the internalbu®ersUv 0 += wv ;v 0±M v .

{ solution: Solutionto increment.

{ variables:The variablesto increment.

8.6 Class EBFluxRegister

The EBFluxRegister classperforms re°uxing in an embeddedboundary context. The
algorithm for this is described in 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 internalsof the EBFluxRegister class. Bu®ersare made at every
irregular cell includingghost bu®ersat a width of the redistributionradius. Sets
valuesat all bu®ersto zero.

16



{ dblFine, dblCoar: The ¯ne andcoarselayouts of the data.

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

{ nref : The re¯nementratio betweenthe two levels.

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

² void setToZero();

Set the registersto zero.

² void incrementCoarseRegular(
const EBFaceFAB&coarseFlux,
const Real& scale,
const DataIndex& coarsePatchIndex,
const Interval& variables,
const int& dir);

void incrementCoarseIrregular(
const BaseIFFAB<Real>&coarseFlux,
const Real& scale,
const DataIndex& coarsePatchIndex,
const Interval& variables,
const int& dir);

Incrementsthe register with data from coarseFlux , multiplied by scale (®):
±F f

d += ®F c
d , for all of thed-faceswherethe input °ux (de¯nedona singlerectangle)

coincidewith the d-faceson which the °ux registeris de¯ned. coarseFlux con-
tains °uxesin the dir directionfor the grid dblCoar[coarsePatchIndex] . Only
the registerscorrespondingto the low facesof dblCoarse[coarsePatchIndex]
in the dir directionare incremented(this avoidsdouble-countingat coarse-coarse
interfaces.of the °ux register.

{ coarseFlux : Flux to put into the °ux register. This is not const because
its box is shiftedbackand forth - no net changeoccurs.

{ scale : Factor by whichto multiply coarseFlux in °ux register.

{ coarsePatchIndex : Indexwhichcorrespondsto the box in the coarsesolu-
tion from whichcoarseFlux wascalculated.

{ variables : The componentsto put into the °ux register.

{ dir : Directionof the facesupon whichthe °uxeslive.

² void incrementFineRegular(
const EBFaceFAB&fineFlux,
const Real& scale,
const DataIndex& finePatchIndex,
const Interval& variables,
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const int& dir,
const Side::LoHiSide& sd);

void incrementFineIrregular(
const BaseIFFAB<Real>&fineFlux,
const Real& scale,
const DataIndex& finePatchIndex,
const Interval& variables,
const int& dir,
const Side::LoHiSide& sd);

Incrementsthe registerwith the averageover eachface of data from fineFlux ,
scaledby scale (®): ±F f

d += ® < F f
d > , for all of the d-faceswherethe input °ux

(de¯nedona singlerectangle)coverthe d-facesonwhichthe °ux registerisde¯ned.
fineFlux contains°uxesin the dir directionfor the grid dbl[finePatchIndex] .
Only the registercorrespondingto the directiondir and the sidesd is initialized.
srcInterval anddstInterval are asabove.

{ fineFlux : Flux to put into the °ux register. This is not const becauseits
box is shiftedbackand forth - no net changeoccurs.

{ scale : Factor by whichto multiply fineFlux in °ux register.

{ finePatchIndex : Indexwhichcorrespondsto whichbox in theLevelData<FArrayBox>
solutionfrom whichfineFlux wascalculated.

{ variables : The Interval of componentsof the °ux registerinto whichthe
°ux data is put.

{ dir : Directionof facesupon which°uxeslive.

{ sd : Sideof the ¯ne facewherecoarse-¯neinterfacelies.

² void reflux(LevelData<EBCellFAB>& uCoarse,
const Interval& variables,
const Real& scale);

IncrementsuCoarsewith the re°ux divergenceof the contentsof the °ux register,
scaledby scale (®): Uc += ®DR(±~F ).

{ uCoarse : The solutionthat getsmodi¯ed by re°uxing.

{ variables : givesthe Interval of componentsof the °ux registerthat cor-
respond to the componentsof uCoarse.

{ scale : Factor by whichto scalethe °ux register.

² void incrementRedistRegister(EBCoarToFineRedist& register,
const Interval& variables);

Incrementsredistributionregisterwith left-overmassfrom re°ux divergenceas in
equation49: ±2M l ;l +1

v += · v (1 ¡ · v )DR(±F l+1 )v .
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{ register: Coarseto ¯ne registerthat must be incremented(±2M l ;l +1 ).

{ variables: Array indiciesto be incremented.

8.7 Class EBCoarToFineRedist

The EBCoarToFineRedistclassstoresand redistributesmassthat must movefrom the
coarsesolutionto the ¯ne solutionThe important functionsof EBCoarToFineRedistare
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 andcoarselayouts of the data.

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

{ nref : The re¯nementratio betweenthe two levels.

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

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

{ weightModVarVariablenumber of weight modi¯er.

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

Modify the weightsin the stencilby multiplyingby the inputs in a normalizedway.

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

² void setToZero();

Set the registersto zero.

² void increment(BaseIVFAB<Real>& coarMass,
const DataIndex& coarPatchIndex,
const Interval& variables);

Incrementthe registersby the massdi®erencein coarMassasshown in the second
part equation49.
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{ coarMass: The massdi®erenceto add to the register.

{ coarPatchIndex: The indexto the box on the coarsegrid.

{ variables: The variablesin the registerto increment.

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

Redistributethedatacontainedin the internalbu®ersUnew;l+1
v f += wv ;v 0±2M l ;l +1

v ; v f 2
C¡ 1

nr ef (v)

{ fineSolution: Solutionto increment.

{ variables:The variablesto increment.

8.8 Class EBFineToCoarRedist

The EBFineToCoarToRedistclassstoresand redistributesmassthat must go from the
¯ne to the coarsegrid. 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 andcoarselayouts of the data.

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

{ nref : The re¯nementratio betweenthe two levels.

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

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

{ weightModVarVariablenumber of weight modi¯er.

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

Modify the weightsin the stencilby multiplyingby the inputs in a normalizedway.

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

20



² void setToZero();

Set the registersto zero.

² void increment(BaseIVFAB<Real>& fineMass,
const DataIndex& finePatchIndex,
const Interval& variables);

Incrementthe registersby the massdi®erencein ¯neMassasshown in equation49.

{ fineMass: The massdi®erenceto add to the register.

{ finePatchIndex: The indexto the box on the ¯ne grid.

{ variables: The variablesin the registerto increment.

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

Redistributethe data containedin the internalbu®ersUnew;l
v 0 += wf c

v ;v 0±2M l+1 ;l
v

{ fineSolution: Solutionto increment.

{ variables:The variablesto increment.

8.9 Class EBCoarToCoarRedist

The EBCoarToCoarToRedistclassstoresand redistributesmassthat was redistributed
to the coarsegrid that is coveredby the ¯ne grid andnow must be corrected.This is the
notorious\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 andcoarselayouts of the data.

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

{ nref : The re¯nementratio betweenthe two levels.

{ nvar : The number 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 multiplyingby the inputs in a normalizedway.

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

² void setToZero();

Set the registersto zero.

² void increment(BaseIVFAB<Real>& coarMass,
const DataIndex& finePatchIndex,
const Interval& variables);

Incrementthe registersby the massdi®erencein coarMassasshown in equation49.

{ coarMass: The massdi®erenceto add to the register.

{ coarPatchIndex: The indexto the box on the ¯ne grid.

{ variables: The variablesin the registerto increment.

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

Redistributethe data containedin the internalbu®ersUnew;l
v 0 += wv ;v 0±2M l ;l

v

{ coarSolution: Solutionto increment.

{ variables:The variablesto increment.
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