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Only explicit algorithms considered
FSI coupling Material Point Method and ICE Method (Implicit,
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DAGH/Grace [Parashar and Browne, 1997]
Just C++ data structures but no methods
All grids are aligned to bases mesh coarsened by factor 2
http://userweb.cs.utexas.edu/users/dagh
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https://ccse.lbl.gov/Downloads/index.html

Structured adaptive mesh refinement 9


https://computation-rnd.llnl.gov/SAMRAI/software.php
https://ccse.lbl.gov/Downloads/index.html
https://commons.lbl.gov/display/chombo

Meshes and adaptation
(o] o}
Available SAMR software

Systems that support general SAMR

SAMRAI - Structured Adaptive Mesh Refinement Application
Infrastructure

Very mature SAMR system [Hornung et al., 2006]

Explicit algorithms directly supported, implicit methods through
interface to Hypre package

Mapped geometry and some embedded boundary support
https://computation-rnd.linl.gov/SAMRAI/software.php

BoxLib, AmrLib, MGLib, HGProj
Berkley-Lab-AMR collection of C++- classes by J. Bell et al., 50,000
LOC [Rendleman et al., 2000]
Both multigrid and explicit algorithms supported
https://ccse.lbl.gov/Downloads/index.html

Chombo

Redesign and extension of BoxLib by P. Colella et al.
Both multigrid and explicit algorithms demonstrated
Some embedded boundary support
https://commons.Ibl.gov/display/chombo
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Overture (Object-oriented tools for solving PDEs in complex geometries)

Overlapping meshes for complex geometries by W. Henshaw et al.
[Brown et al., 1997]

Explicit and implicit algorithms supported
http://www.overtureframework.org
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Amrita by J. Quirk
Only 2D explicit finite volume methods supported
Embedded boundary algorithm
http://www.amrita-cfd.org
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with own memory management
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Amrita by J. Quirk
Only 2D explicit finite volume methods supported
Embedded boundary algorithm
http://www.amrita-cfd.org

Cell-based Cartesian AMR: RAGE
Embedded boundary method
Explicit and implicit algorithms
[Gittings et al., 2008]
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Integer coordinate system for internal organization [Bell et al., 1994]:
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Ax, ) =2 H re
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Computational Domain: Gy = Ug":l Go,m
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Serial SAMR method

(o] lelele]
Data structures and numerical update
Refinement data
: At Axp -
Resolution: At := — ' and Axp = 2%, -1
1] n

Refinement factor: n € N,y >2for/>0and n=1

Integer coordinate system for internal organization [Bell et al., 1994]:

Imax

Ax, ) =2 H e

rk=I+1
Computational Domain: Gy = Ug":l Go,m
Domain of level I: G, := Un’\:”zl Gim with G .mNG = () for m#n

Refinements are properly nested: G} C G/_;
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Data structures and numerical update
Refinement data
: At Axp -
Resolution: At := — ' and Axp = 2%, -1
1] n

Refinement factor: n € N,y >2for/>0and n=1

Integer coordinate system for internal organization [Bell et al., 1994]:

Imax

Ax, ) =2 H e

K=I+1

Computational Domain: Gy = Ug":l Go,m

Domain of level I: G := Un’\:”zl Gi,m with G nNG,=0form#n
Refinements are properly nested: G} C G;_;

Assume a FD scheme with stencil radius s. Necessary data:
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Resolution: At := — ' and Axp = 2%, -1
1] n

Refinement factor: n € N,y >2for/>0and n=1

Integer coordinate system for internal organization [Bell et al., 1994]:
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Ax, ) =2 H re

r=I+1
Computational Domain: Gy = Ug":l Go,m
Domain of level I: G, := Un’\:”zl Gim with G .mNG = () for m#n
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Assume a FD scheme with stencil radius s. Necessary data:
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Refinement data
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Resolution: At := — ' and Axp = 2%, -1
1] n

Refinement factor: n € N,y >2for/>0and n=1

Integer coordinate system for internal organization [Bell et al., 1994]:

Imax

Ax, ) =2 H re

r=I+1

Computational Domain: Gy = Ug":l Go,m

Domain of level I: G, := Un’\:”zl Gim with G .mNG = () for m#n
Refinements are properly nested: G! C G/_;

Assume a FD scheme with stencil radius s. Necessary data:

Vector of state: Q' :=J,, Q(G; )

Numerical fluxes: F™' :=J, F"(G},m)
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Serial SAMR method

(o] lelele]
Data structures and numerical update
Refinement data
: At Axp -
Resolution: At := — ' and Axp = 2%, -1
1] n

Refinement factor: n € N,y >2for/>0and n=1

Integer coordinate system for internal organization [Bell et al., 1994]:

Imax

Ax, ) =2 H re

K=I+1
Computational Domain: Gy = Ug":l Go,m
Domain of level I: G, := Un’\:”zl Gim with G .mNG = () for m#n
Refinements are properly nested: G! C G/_;
Assume a FD scheme with stencil radius s. Necessary data:
Vector of state: Q' :=J,, Q(G; )
Numerical fluxes: F™' :=J,, F"(Gi,m)
Flux corrections: 0F™ :=J,_0F"(0G/,m)
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Data structures and numerical update

Setting of ghost cells
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Data structures and numerical update
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= Synchronization with G; - gf,,, = @,fm NG
[ Physical boundary conditions - P}, = G/ ,,\ Go
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Serial SAMR method
[e]e] lele}

Data structures and numerical update

Setting of ghost cells

= Synchronization with G, - 5, m= G, m NG
I Physical boundary conditions - P, m= G, m\Go
= Interpolation from G;_; - I, = G, ,,,\(5, m U P, m)
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[e]ele] lo}
Data structures and numerical update

Numerical update

Time-explicit conservative finite volume scheme

A 1 1 At 2 2
HEO s Qu(t+A1) = Qu(t)— o (Floz, — FJ._%ﬁk)—A—X2 (FM% - FM_%)

o (
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[e]ele] lo}
Data structures and numerical update

Numerical update

Time-explicit conservative finite volume scheme

(At) . 0. — 0. At 1 1 At 2 2
HED s Quiera0) = Q)= o (Fg = Fiop) 3 (Flaes ~Flacy)

UpdateLevel (/)

For all m=1 To M, Do
(Aty) —
QG t) " Q(Grm, t + At) ,F(Gim, )
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Serial SAMR method

[e]ele] lo}
Data structures and numerical update

Numerical update

Time-explicit conservative finite volume scheme
At) | At 1 1 At 2 2

HED s Qulern) = Qu()= g o (P = Fiop) =g (Pt —Flucy)

UpdateLevel (/)

For all m=1 To M, Do

s 7 (Bt) 0y =
Q(Gl,m, t) — Q(G/,m, t+ At/) ,F (G/,,,,, t)

If level /+ 1 exists
Init 6F"*! with F(G)nNOG1,t)
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Serial SAMR method
[e]ele] lo}
Data structures and numerical update

Numerical update

Time-explicit conservative finite volume scheme

(At) . 0. — 0. At 1 1 At 2 2
HED s Quiera0) = Q)= o (Fg = Fiop) 3 (Flaes ~Flacy)

UpdateLevel (/)

For all m=1 To M, Do

Q(Gim 1) "2V Q(Grmi t + At)) ,F"(Grm, 1)
If level />0

Add F"(8Gjm,t) to SF™
If level /+ 1 exists

Init 6F"*! with F(G)nNOG1,t)
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Serial SAMR method
[e]e]e]e] }
Data structures and numerical update

Conservative flux correction

Example: Cell j, k

fe—1rp—1

At 1
lek(t + At/) = lek(t) ! Fly, - Z FI’H—1 +L(t + HAtH,l)

T Ax ik v+3w
1,0 3 8 B Sl 2
At (Fz,/ g2/ )
- ; 1 : 1
Axp \ Jkts Jk=3

Correction pass:

v(v+l
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Serial SAMR method
[e]e]e]e] }

Data structures and numerical update

Conservative flux correction

Example: Cell j, k

fe—1rp—1

/ Al At 1,/ 1 1,/+1
Qe+ 280) = Qult) = = | iy o 220 2 Rl (e ml)

k=0 =0
Ay (Fz,/ _ g2 )
Axyy \ Jk+3 Jrk—3
Correction pass:
1,041 1,0
5Fj’_+l (= —-F B
2 27 w 4

v(v+l
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[e]e]e]e] }

Data structures and numerical update

Conservative flux correction

Example: Cell j, k

fe—1rp—1

At 1
I I / 1,0 1,041
w(t+ At) = Qi(t) — F> - 5 F> t + kAL
ij( 1) ij() Axy itk r/2+1 et ; v+%,w+b( + 141)
At
S A g )
sz_’, Jk+5 Jk—5
Correction pass:
1,1+ _ _pll <
5FJ_7 (= F._%,k . :
1 ry1—1
L+l . gpli+l 1/+1
5FJ—— KT 5Fj—%,k+ 2 > F W+L(t+“At/+1)
+1 o T
v|v+l
T T
J=1
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[e]e]e]e] }

Data structures and numerical update

Conservative flux correction

Example: Cell j, k

fe—1rp—1

QI ! 1 1,/ z : 1,/+1
Jk( /) jk( ) AXI,I J+%_’k r/2 i g v+%,w+b( K /+1)

Bt (g e )
2

— AX27/ J,k+% Js
Correction pass:
SFUM = —FY ;
j—1.k — 3.k w S
1 ry1—1
5F11_/7 =R A YR /+lw+L(t+ rltb)
2’ fii1 =0 T
. At Vvt
Qii(t + At) = Qu(t + Aty) + — oF, P

Axi,y i3k T T
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Conservative flux correction Il
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Conservative flux correction Il

Level I cells needing

correction (G,rfll\G,H) NG

N\

N\
N\

[ Cells to correct
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Conservative flux correction

Conservative flux correction Il

Level I cells needing

correction (G,rfll\G,H) NG

Corrections §F™/*1 stored on
level I + 1 along 9G41
(lower-dimensional data
coarsened by r11)

R\

R\
N\

[ Cells to correct o SEMI+L
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Serial SAMR method
o
Conservative flux correction

Conservative flux correction Il

Level I cells needing

correction (G,rfll\G,H) NG

Corrections §F™/*1 stored on
level I + 1 along 9G41
(lower-dimensional data
coarsened by r11)

M\

Init F™/*1 with level / fluxes
F/(Gy N OG1)

R\
N\

[ Cells to correct = ™/ o gFm/H1
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o
Conservative flux correction

Conservative flux correction Il

Level / cells needing /

correction (G,rfll\G,H) NG

Corrections §F™/+1 stored on / /
level I + 1 along 9G41 % /
(lower-dimensional data
coarsened by r11)

IFnlt/ (csc_;":(;GvLitB level / fluxes // / / / %

Add level | 4+ 1 fluxes
F"/*1(9Gp4) to F™!

Z Cells to correct . Fn.,l . Fn.,l+1 ° 5Fn,l+1
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Serial SAMR method
(]
Level transfer operators

Level transfer operators

Conservative averaging (restriction):
Replace cells on level | covered by level [ + 1, i.e
G/ N Gpy1, by

fp1—=Llrp1— . k

A . 141
Qji == ) > Z Qi we v .

I’/+1 k=0 =0

(XJ/ 7X2/ )
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Serial SAMR method
(]
Level transfer operators

Level transfer operators

Conservative averaging (restriction):
Replace cells on level | covered by level [ + 1, i.e

—1
G/ N Grsa, by - T
ry1—1rp1— . k
QJI'k = 2 Z Z Q(/JTFIN,WJM v °
/’/+1
Bilinear interpolation (prolongation): Ce 7X2, b 1
Q.= 1-h)1- fz)QJ 1h—1+ A(l— fZ)ka 1+
w

(1-A)HaQj 14+ Aif Qj

v j—1 w k—1
X1,0+1 — X{,/ X2,141 — Xy . .
——= f:= ———= derived from the spatial

Axq Axy

. -1 k-1
coordinates of the cell centers (x’, ,x2, ) and (X751, %7141)-

with factors f; :=
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(]
Level transfer operators

Level transfer operators

Conservative averaging (restriction):
Replace cells on level | covered by level [ + 1, i.e

—1
G/ N Grsa, by - T
ry1—1rp1— . k
QJI'k = 2 Z Z Q(/JTFIN,WJM v °
/’/+1
Bilinear interpolation (prolongation): Ce 7X2, b 1
Q.= 1-h)1- fz)QJ 1h—1+ A(l— fZ)ka 1+
w

(1-A)HaQj 14+ Aif Qj

v j—1 w k—1
X1,0+1 — X{,/ X2,141 — Xy . .
——= f:= ———= derived from the spatial
Axq Axy

. -1 k-1
coordinates of the cell centers (x’, ,x2, ) and (X751, %7141)-

with factors f; :=

For boundary conditions on 7,5: linear time interpolation

QM (t+rAt) = (1 2 ) Q7N () +-2 QM (t+At) fork=0,... 14
Fi+1 Fi+1
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Serial SAMR method
@000

The basic recursive algorithm

Recursive integration order

Root Level
=1 1

Level 1
n=4a 2 5 8 11

Level 2 A——"F—"F—"F—"F—+—1+—
rn=2 3 4 6 7 9 10 12 13

.
_
Time

— — > Regridding of finer levels.
Base level (@) stays fixed.
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Root Level
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Serial SAMR method
@000

The basic recursive algorithm

Recursive integration order

Space-time interpolation of coarse data to set I,/ >0
Regridding:
Creation of new grids, copy existing cells on level / > 0

Root Level
= 1

@

| |

| |
Level 1 Y @ @ @ Y

| |

| |

y y

n==4 2 , 5 , 8 | 1
| | |
Level 2 - Y ¥ ¥
=2 3 4 6 7 9 10 12 13
Time

— — > Regridding of finer levels.
Base level (@) stays fixed.
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Serial SAMR method
@000
The basic recursive algorithm

Recursive integration order

Space-time interpolation of coarse data to set I,/ >0
Regridding:
Creation of new grids, copy existing cells on level / > 0
Spatial interpolation to initialize new cells on level / > 0

Root Level @ @

n=1 | 1 |
I I
Level 1 Y @ @ @ Y
n= I 2 ¢ 5 ; 8 | 11
I I I I I
level2 ¥+ ¥ ¥V ¥V | ¥
= 3 4 6 7 9 10 12 13
Time

— — > Regridding of finer levels.
Base level (@) stays fixed.

Structured adaptive mesh refinement 19
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0e00
The basic recursive algorithm

The basic recursive algorithm

AdvanceLevel (/)

Repeat r times
Set ghost cells of Q'(t)

UpdateLevel(/)

t:=t+ At
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The basic recursive algorithm

AdvanceLevel (/)

Repeat r times
Set ghost cells of Q'(t)

UpdateLevel(/)

If level /+ 1 exists?
Set ghost cells of Q'(t+ At)
AdvanceLevel (/ + 1)

Recursion

t:=t+ At
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Serial SAMR method
0e00
The basic recursive algorithm

The basic recursive algorithm

AdvanceLevel (/)

Repeat r times
Set ghost cells of Q'(t)

UpdateLevel(/)

If level /+ 1 exists? Recursion
Set ghost cells of Q'(t+ At) Restriction and flux
AdvanceLevel (/ 4+ 1) correction

Average Q’“(tJrAt/) onto Q’(t+At/)
Correct Q/(t+At/) with OF!
t:=t+ At
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0e00
The basic recursive algorithm

The basic recursive algorithm

AdvanceLevel (/)

Repeat r times

Set ghost cells of Q'(t)

If time to regrid?
Regrid(/)

UpdateLevel(/)

If level /+ 1 exists?
Set ghost cells of Q'(t+ At)
AdvanceLevel (/ + 1)
Average Q’“(tJrAt/) onto Q’(t+At/)
Correct Q/(t+At1) with OF!

t:=t+ At

Structured adaptive mesh refinement

Recursion

Restriction and flux
correction

Re-organization of
hierarchical data
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The basic recursive algorithm

AdvanceLevel (/)

Repeat r times

Set ghost cells of Q'(t)

If time to regrid?
Regrid(/)

UpdateLevel(/)

If level /+ 1 exists?
Set ghost cells of Q'(t+ At)
AdvanceLevel (/ + 1)
Average Q’“(tJrAt/) onto Q’(t+At/)
Correct Q/(t+At1) with OF!

t:=t+ At

Start - Start integration on level O

/::0, n = 1
AdvanceLevel (/)
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Serial SAMR method
0e00
The basic recursive algorithm

The basic recursive algorithm

AdvanceLevel (/)

Repeat r times

Set ghost cells of Q'(t)

If time to regrid?
Regrid(/)

UpdateLevel(/)

If level /+ 1 exists?
Set ghost cells of Q'(t+ At)
AdvanceLevel (/ + 1)
Average Q’“(tJrAt/) onto Q’(t+At/)
Correct Q/(t+At1) with OF!

t:=t+ At

Start - Start integration on level O

/::0, n = 1
AdvanceLevel (/)

[Berger and Colella, 1988][Berger and Oliger, 1984]

Structured adaptive mesh refinement

Recursion

Restriction and flux
correction

Re-organization of
hierarchical data
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[e]e] o]
The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = I Downto / Do
Flag N* according to Q‘(t)
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Regrid(/) - Regrid all levels ¢ >/

For « =l Downto / Do Refinement flags:
Flag N* according to Q‘(t) N =, N(Gi.m)
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The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = Ir Downto / Do Refinement flags:
Flag N* according to Q‘(t) N =, N(Gi.m)
If level ¢+ 1 exists? " '

o Activate flags below highe
Flag N below G'+2 vare Tlags below igher
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[e]e] o]

The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = Ir Downto / Do Refinement flags:
Flag N* according to Q‘(t) N =, N(OGi.m)
If level ¢+ 1 exists? " '

o Activate flags below higher
Flag N' below G't? levels

Flag buffer zone on N*
Flag buffer cells of b > &, cells,

Kr steps between calls of
Regrid(/)
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[e]e] o]

The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = I Downto / Do
Flag N* according to Q‘(t)
If level ¢+ 1 exists?
Flag N‘ below G‘*2
Flag buffer zone on N*
Generate G“*! from N

Structured adaptive mesh refinement

Refinement flags:

N = U, N(OGr,m)

Activate flags below higher
levels

Flag buffer cells of b > &, cells,
Kr steps between calls of
Regrid(/)

Special cluster algorithm



Serial SAMR method
[e]e] o]

The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = I¢ Downto / Do Refinement flags:
Flag N* according to Q‘(t) N':= U, N(9G1.m)
If level ¢+ 1 exists? " '
Flag N' below G't?
Flag buffer zone on N* Flag buff s of b > |
“11 . ag buffer cells o Ky cells,
o Generate G from N K, steps between calls of
G =G Regrid(/)
For « =1/ To Ir Do

CG, = Go\G, )
o I o1 Use complement operation to
Gi1 = G\ CG, ensure proper nesting condition

Activate flags below higher
levels

Special cluster algorithm
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Serial SAMR method
[e]e] o]

The basic recursive algorithm

Regridding algorithm

Regrid(/) - Regrid all levels ¢ >/

For ¢ = I Downto / Do
Flag N* according to Q‘(t)
If level t+ 1 exists?

Flag N‘ below G‘*2

Flag buffer zone on N*
Generate G''! from N*

é/ = G/

For « =1/ To Ir Do
CG, = G\G,
CH—I = éL+1\CCi

Recompose (/)

Structured adaptive mesh refinement

Refinement flags:

N = U, N(OGr,m)
Activate flags below higher
levels

Flag buffer cells of b > &, cells,
K, steps between calls of
Regrid(/)

Special cluster algorithm

Use complement operation to
ensure proper nesting condition




Serial SAMR method
[e]e]e] )

The basic recursive algorithm

Recomposition of data

Recompose(/) - Reorganize all levels ¢ >/

For t=1/+1 To lf+1 Do

Creates max. 1 level above /¢, but can remove multiple level if Z;L
empty (no coarsening!)

22
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[e]e]e] )
The basic recursive algorithm

Recomposition of data

Recompose(/) - Reorganize all levels ¢ >/

For t=1/+1 To lf+1 Do
Interpolate Q‘~(t) onto Q(t)

Creates max. 1 level above /¢, but can remove multiple level if Z;L
empty (no coarsening!)

Use spatial interpolation on entire data Q*(t)

22
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[e]e]e] )

The basic recursive algorithm

Recomposition of data

Recompose(/) - Reorganize all levels ¢ >/

For t=1/+1 To lf+1 Do
Interpolate Q‘~(t) onto Q(t)
Copy Q‘(t) onto Q'(t)

Creates max. 1 level above /¢, but can remove multiple level if Z;L
empty (no coarsening!)

Use spatial interpolation on entire data Q*(t)

Overwrite where old data exists

22
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[e]e]e] )

The basic recursive algorithm

Recomposition of data

Recompose(/) - Reorganize all levels ¢ >/

For t=1/+1 To lf+1 Do
Interpolate Q‘~(t) onto Q(t)
Copy Q‘(t) onto C)L(t)

Set ghost cells of Q'(t)

Creates max. 1 level above /¢, but can remove multiple level if éL
empty (no coarsening!)

Use spatial interpolation on entire data Q*(t)
Overwrite where old data exists
Synchronization and physical boundary conditions

22
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[e]e]e] )

The basic recursive algorithm

Recomposition of data

Recompose(/) - Reorganize all levels ¢ >/

For t=1/+1 To lf+1 Do
Interpolate Q‘~(t) onto Q(t)
Copy Q‘(t) onto C)L(t)

Set ghost cells of Q'(t)
Q'(t) .= Q“(t), G, =G,

Creates max. 1 level above /¢, but can remove multiple level if éL
empty (no coarsening!)

Use spatial interpolation on entire data Q*(t)

Overwrite where old data exists

Synchronization and physical boundary conditions

Structured adaptive mesh refinement
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Serial SAMR method

Block generation and flagging of cells
Clustering by signatures
X X X X X X|[|6
X X X X X X|[|6
X X X 3
X X X 3
X X 2
X X 2
X X 2
0
X X 2
2
T 6 6 23 2 2 2 22
T Flagged cells per row/column

A Second derivative of T, A =T, 41 —27T, + T, _1
Technique from image detection: [Bell et al., 1994], see also
[Berger and Rigoutsos, 1991], [Berger, 1986]
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2
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Technique from image detection: [Bell et al., 1994], see also
[Berger and Rigoutsos, 1991], [Berger, 1986]
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Serial SAMR method
[ Jelelele}
Block generation and flagging of cells

Clustering by signatures

X X X X X X|[|6 X X X X X X|6
X X X X X X|[|6 X X X X X x|6 -3
X X X 3 X X X 3 3
X X X 3 X X X 3 -1
X X 2 X X 2 1
X X 2 X X 20
X X 2 X X 2
0
X X 2 /
2 %
™Y 6 6 23 2 2 2 2 2 T 4 4 2 3 2 2 2 22
A -23-21000
T Flagged cells per row/column

A Second derivative of T, A =T, 41 —27T, + T, _1
Technique from image detection: [Bell et al., 1994], see also
[Berger and Rigoutsos, 1991], [Berger, 1986]
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Serial SAMR method
[ Jelelele}
Block generation and flagging of cells

Clustering by signatures

X X X X X X|[|6 X X X X X X|6
X X X X X X|[|6 X X X X X x|6 -3
X X X 3 X X X 3 3
X X X 3 X X X 3 -1
X X 2 X X 2 1
X X 2 X X 20
X X 2 X X 2
0
X X 2 /
2 %
™Y 6 6 23 2 2 2 2 2 T 4 4 2 3 2 2 2 22
A -23-21000
T Flagged cells per row/column

A Second derivative of T, A =T, 41 —27T, + T, _1
Technique from image detection: [Bell et al., 1994], see also
[Berger and Rigoutsos, 1991], [Berger, 1986]
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Serial SAMR method

Block generation and flagging of cells 09000
W%
X X X 3
X X X 3 -1
X X 2 1
X X 2
X X 2
//
2
T 4 4 2 11
A 21
Recursive generation of é/,m
0inT

Largest difference in A
Stop if ratio between flagged and unflagged cell > 70
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%% 4%
X X X 3 X X X 3
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7 7
T 4 4 2 11 T 2 11
A 21 A 1
Recursive generation of G,m
0inT

Largest difference in A
Stop if ratio between flagged and unflagged cell > 70
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Serial SAMR method
[e]e] lele}
Block generation and flagging of cells

Refinement criteria

Scaled gradient of scalar quantity w

IW(Qjr1,6)—w(Qu)| > €w, W(Qjk+1)=w(Qi)| > ew s [W(Qjr1k+1)—wW(Qii)| > ew
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Refinement criteria

Scaled gradient of scalar quantity w

IW(Qjr1,6)—w(Qu)| > €w, W(Qjk+1)=w(Qi)| > ew s [W(Qjr1k+1)—wW(Qii)| > ew

Heuristic error estimation [Berger, 1982]:
Local truncation error of scheme of order o

a(x, t + Ar) = HA(q(-, 1)) = CAL™ + O(AE°*?)
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Serial SAMR method
[e]e] lele}

Block generation and flagging of cells

Refinement criteria

Scaled gradient of scalar quantity w

IW(Qjr1,6)—w(Qu)| > €w, W(Qjk+1)=w(Qi)| > ew s [W(Qjr1k+1)—wW(Qii)| > ew

Heuristic error estimation [Berger, 1982]:
Local truncation error of scheme of order o

a(x, t+ At) - HE(q(-, 1) = CAL*H + O(AL"*?)
For q smooth after 2 steps At
a(x, t + At) — HL)(q(-, t — At)) = 2CAT + O(AL°T?)
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Serial SAMR method
[e]e] lele}

Block generation and flagging of cells

Refinement criteria

Scaled gradient of scalar quantity w

IW(Qjr1,6)—w(Qu)| > €w, W(Qjk+1)=w(Qi)| > ew s [W(Qjr1k+1)—wW(Qii)| > ew

Heuristic error estimation [Berger, 1982]:
Local truncation error of scheme of order o

a(x, t + At) — HA(q(-, ) = CAt™ + O(At°T?)
For q smooth after 2 steps At
a(x, t + At) — HL)(q(-, t — At)) = 2CAT + O(AL°T?)
and after 1 step with 2At
a(x, t + At) — HPA(q(-, t — At)) = 2°TICAL™ + O(At°T?)
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Serial SAMR method
[e]e] lele}

Block generation and flagging of cells

Refinement criteria

Scaled gradient of scalar quantity w

IW(Qjr1,6)—w(Qu)| > €w, W(Qjk+1)=w(Qi)| > ew s [W(Qjr1k+1)—wW(Qii)| > ew

Heuristic error estimation [Berger, 1982]:
Local truncation error of scheme of order o

a(x, t + At) — HA(q(-, ) = CAt™ + O(At°T?)
For q smooth after 2 steps At
a(x, t + At) — HL)(q(-, t — At)) = 2CAT + O(AL°T?)
and after 1 step with 2At
a(x, t + At) — HPA(q(-, t — At)) = 2°TICAL™ + O(At°T?)
Gives

HA (-, t — AL)) — HP2(q(, t — At)) = (2°7 — 2)CAt™ + O(AL°?)

Structured adaptive mesh refinement



Serial SAMR method
[e]ele] lo}
Block generation and flagging of cells

Heuristic error estimation for FV methods

1. Error estimation on
interior cells
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Serial SAMR method
[e]ele] lo}
Block generation and flagging of cells

Heuristic error estimation for FV methods

1. Error estimation on
interior cells

N -
\‘——-/

HAI’/ Ql(tl _ Af/) HAt/(HAt, Ql(tl _ Atl))
= 'HzAt/ Ql(t/ 7At/)
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Serial SAMR method
[e]ele] lo}

Block generation and flagging of cells

Heuristic error estimation for FV methods

2. Create temporary Grid
coarsened by factor 2
Initialize with fine-grid-

values of preceding 1. Error estimation on
time step interior cells
7 X S G
<
N -

S ="

HAL Ql(t, — At) HAt/(HAt, Ql(t/ _ At,))
= HY"Q!(y - Ay)
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Serial SAMR method
[e]ele] lo}

Block generation and flagging of cells

Heuristic error estimation for FV methods

2. Create temporary Grid
coarsened by factor 2
Initialize with fine-grid-

values of preceding 1. Error estimation on
time step interior cells
7 X NS G
& N

v

ay,

\\ > S -~ - //

S At -,
S HA1Q! (4 - At) HAHAY Q! (y — AY)) L7
~ -,
~ At A/ -
\\\ = ’HZIQ(tlfAt/)’,’
— -~ - - -

-~
—— - ——

H2A Q’(t/ — At/)

Structured adaptive mesh refinement



Serial SAMR method
[e]ele] lo}

Block generation and flagging of cells

Heuristic error estimation for FV methods

2. Create temporary Grid
coarsened by factor 2
Initialize with fine-grid-

values of preceding 1. Error estimation on 3. Compare tempo-
time step interior cells rary solutions

A% SRR AN

: i
ay,
\\ N ~—__~- s //
S At of s
S H QN (t) — Aty) HA (AN QY — AY)) L7
~ -,
~ At A/ -
Seo = H'Q(t-At) -
— -~ — - -

-~
—— - ——

H2A Q’(t/ — At/)
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Serial SAMR method
[e]e]e]e] ]
Block generation and flagging of cells

Usage of heuristic error estimation

Current solution integrated tentatively 1 step with At; and coarsened

Q(t; + At;) := Restrict (’H?f’ Q’(t, — At/))
Previous solution coarsened and integrated 1 step with 2At¢

Oty + Aty) := H>A! Restrict (Q'(t — Aty))
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Current solution integrated tentatively 1 step with At; and coarsened

O(t; + Aty) := Restrict (’H?f’ Q'(t — At/))
Previous solution coarsened and integrated 1 step with 2At¢

Oty + Aty) := H>A! Restrict (Q'(t — Aty))
Local error estimation of scalar quantity w

w(Qy(t + At)) — w(Qu(t + At))|
2o+l _ 9

w o.__
Tik =
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Serial SAMR method
[e]e]e]e] ]
Block generation and flagging of cells

Usage of heuristic error estimation

Current solution integrated tentatively 1 step with At; and coarsened

O(t; + Aty) := Restrict (’H?f’ Q'(t — At/))
Previous solution coarsened and integrated 1 step with 2At¢

Oty + Aty) := H>A! Restrict (Q'(t — Aty))
Local error estimation of scalar quantity w

w(Qy(t + At)) — w(Qu(t + At))|
2o+l _ 9

w o.__
Tik =

In practice [Deiterding, 2003] use

w
Tik

max([w(Qu(t + AD)],Sw

)>775v
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Parallel SAMR method

Outline

Parallel SAMR method
Domain decomposition
A parallel SAMR algorithm
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Separate distribution of each level, cf.
[Rendleman et al., 2000]
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[Rendleman et al., 2000]
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Parallel SAMR method
@000

Domain decomposition

Parallelization strategies

Decomposition of the hierarchical data
Distribution of each grid

Separate distribution of each level, cf. Processor 1 Processor 2
[Rendleman et al., 2000]

Rigorous domain decomposition

Data of all levels resides on same
node

L L LLL L L LLLY
DT IO
v L L)/
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Domain decomposition

Parallelization strategies

Decomposition of the hierarchical data
Distribution of each grid

Separate distribution of each level, cf. Processor 1 Processor 2
[Rendleman et al., 2000]

Rigorous domain decomposition

Data of all levels resides on same

node
Grid hierarchy defines unique
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Parallel SAMR method
@000

Domain decomposition

Parallelization strategies

Decomposition of the hierarchical data
Distribution of each grid

Separate distribution of each level, cf. Processor 1 Processor 2
[Rendleman et al., 2000]

Rigorous domain decomposition

Data of all levels resides on same
node

Grid hierarchy defines unique

" floor-plan”

Redistribution of data blocks
during reorganization of
hierarchical data
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Parallel SAMR method
@000

Domain decomposition

Parallelization strategies

Decomposition of the hierarchical data
Distribution of each grid

Separate distribution of each level, cf. Processor 1 Processor 2
[Rendleman et al., 2000]

Rigorous domain decomposition

Data of all levels resides on same
node

Grid hierarchy defines unique

" floor-plan”

Redistribution of data blocks
during reorganization of
hierarchical data

Synchronization when setting
ghost cells

L L LLL L L LLLY
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Parallel SAMR method
0e00

Domain decomposition

Rigorous domain decomposition formalized

Parallel machine with P identical nodes. P non-overlapping portions Gf,
p=1...,Pas

P
GO:UGOP with Gf NG =0 for p#q

p=1
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Domain decomposition

Rigorous domain decomposition formalized

Parallel machine with P identical nodes. P non-overlapping portions Gf,
p=1...,Pas

P
GO:UGOP with Gf NG =0 for p#q
p=1

Higher level domains G, follow decomposition of root level

GP=GnNG
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Parallel SAMR method
0e00

Domain decomposition

Rigorous domain decomposition formalized

Parallel machine with P identical nodes. P non-overlapping portions Gf,
p=1...,Pas

GO:LPJGOP with GIN G/ =0 for p#q
p=1
Higher level domains G, follow decomposition of root level
G’ =GnNnGy
With A(-) denoting number of cells, we estimate the workload as

W(Q) = Z [/\f,(G, nQ) f[ r&}

1=0 ~=0
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Parallel SAMR method
0e00

Domain decomposition

Rigorous domain decomposition formalized

Parallel machine with P identical nodes. P non-overlapping portions Gf,
p=1...,Pas

P
GO:UGOP with Gf NG =0 for p#q

p=1
Higher level domains G, follow decomposition of root level
G’ =GnNnGy

With A(-) denoting number of cells, we estimate the workload as

W(Q) = Z [/\f,(G, nQ) f[ r&}

1=0 ~k=0
Equal work distribution necessitates

_ P-W(&)

LP = ~1 forallp=1,...,P
W(Go) P

[Deiterding, 2005]
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Parallel SAMR method
[e]e] o)

main decomposition

Ghost cell setting

Processor 1 Processor 2

Ghost cell values:

1 Interpolation Il Parallel synchronization
[ Local synchronization [ Physical boundary
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Parallel SAMR method
[e]e] o)

Domain decomposition

Ghost cell setting

Local synchronization

Processor 1 Processor 2
S _ FS:p P
m = Gim G

,m

Ghost cell values:

1 Interpolation Il Parallel synchronization
[ Local synchronization [ Physical boundary
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Parallel SAMR method
[e]e] o)

Domain decomposition

Ghost cell setting

Local synchronization
Processor 1 Processor 2

Sim=Glanef Y7
Parallel synchronization Eg J
e G ehat e g L7

Ghost cell values:

[ Interpolation I Parallel synchronization
[ Local synchronization [ Physical boundary
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Parallel SAMR method

[e]e] e}
Domain decomposition
Ghost cell setting
Local hronizati
ocal synchronization Processor 1 Processor 2

E5,p _ 5P p
SI,m - Gl,m n GI

Parallel synchronization

Interpolation and physi-

cal boundary conditions
remain strictly local

Scheme H(At,) 222222

e L L Ll L
evaluated locally 22222224
el l Ll Ll
Restricti d 7777777%
estriction an 7777777
propolongation
local

Ghost cell values:

[ Interpolation I Parallel synchronization
[ Local synchronization [ Physical boundary

Structured adaptive mesh refinemes
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Parallel SAMR method
[e]e]e] )

Domain decomposition

Parallel flux correction
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Parallel SAMR method
[e]e]e] )

Domain decomposition

Parallel flux correction

Strictly local: Init SF™/*1 with F"(G; , N 0G41, t)

Node q

- 14’1.0.1010’. tc.ciO.rc g
=7 =7
° Fn,l
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Parallel SAMR method
[e]e]e] )
Domain decomposition

Parallel flux correction

Strictly local: Init SF™/*1 with F"(G; , N 0G41, t)
Strictly local: Add F"(0G) m,t) to F"/

Parallel communication: Correct Q/(t + At;) with §F/+1

Node p Node q

Structured adaptive mesh refinement 32



Parallel SAMR method

@000
A parallel SAMR algorithm

The recursive algorithm in parallel

AdvanceLevel (/)

Repeat r; times

Set ghost cells of Q/(t)

If time to regrid?
Regrid(/)

UpdateLevel (/)

If level /+ 1 exists?
Set ghost cells of Q’(t—i—At,)
AdvanceLevel(/ 4 1)
Average Q/*l(t + At)) onto Q'(t+ At))
Correct Ql(t—l—At,) with oF/+1

t:=t+ At

UpdateLevel(/)

For all m=1 To M, Do

2 (At) _
Q(Gﬁm,t) — Q(G;m, t+ At) ,F(Gj,m, t)
If level />0

Add F"(0G m,t) to SF™!
If level /+ 1 exists
Init 6F™/*1 with F(G) N 0G4, t)

Structured adaptive mesh refinement



Parallel SAMR method
@000

A parallel SAMR algorithm

The recursive algorithm in parallel

AdvanceLevel (/)

Repeat r; times
Set ghost cells of Q/(t)
If time to regrid?
Regrid(/)

If level /+ 1 exists? .
Set ghost cells of Q’(t—i—At,) Numerical update
AdvanceLevel (/ + 1) strictly local
Average Q/*l(t + At)) onto Q'(t+ At))
Correct Ql(t—l—At,) with oF/+1

ti=t+ At
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Repeat r; times

If time to regrid?
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Numerical update
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A parallel SAMR algorithm

The recursive algorithm in parallel

AdvanceLevel (/)

Repeat r; times

If time to regrid?
Regrid(/)

If level /+ 1 exists? .
Numerical update

Advancelevel(/ + 1) strictly local
Inter-level transfer local

t:=t+ At Parallel synchronization

Application of 5F'*! on
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Parallel SAMR method
@000

A parallel SAMR algorithm

The recursive algorithm in parallel

Regrid(/)

Numerical update
strictly local

Inter-level transfer local
Parallel synchronization

Application of 5F'*! on
oG}
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A parallel SAMR algorithm

Parallel SAMR method

Regridding algorithm in parallel

Regrid(/) - Regrid all levels ¢ >/

For ¢+ = If Downto / Do
Flag N‘ according to Q‘(t)
If level ¢+ 1 exists?

Flag N below G+2
Flag buffer zone on N*

Generate Gl from N*

G = G

For v =1
CE:] =
él,+1 = G

Recompose (/)
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Parallel SAMR method

Regridding algorithm in parallel

Regrid(/) - Regrid all levels ¢ >/

For ¢+ = If Downto / Do

Flag buffer zone on N*
Generate Gl from N*

G =G
For v =1
CE:] =
é,,_*_l = G

Recompose (/)
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A parallel SAMR algorithm

Parallel SAMR method

Regridding algorithm in parallel

Regrid(/) - Regrid all levels ¢ >/

For ¢+ = If Downto / Do

Need a ghost cell overlap of b

cells to ensure correct setting

of refinement flags in parallel

Generate G‘tl from N

G = G

For =1
CE:] =
é,,_*_l = G

Recompose (/)
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A parallel SAMR algorithm

Regridding algorithm in parallel

Regrid(/) - Regrid all levels ¢ >/

For ¢+ = If Downto / Do

G =G

For v+ =1/ To If Do
CG, = Go\G,
o 1
G,41 +1\CG,

Recompose (/)

Structured adaptive mesh refinement

Parallel SAMR method
0e00

Need a ghost cell overlap of b
cells to ensure correct setting
of refinement flags in parallel

Two options exist (we choose
the latter):

Global clustering
algorithm

Local clustering algorithm
and concatenation of new
lists G“+1
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A parallel SAMR algorithm

Regridding algorithm in parallel

Recompose (/)
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Parallel SAMR method
0e00

Need a ghost cell overlap of b
cells to ensure correct setting
of refinement flags in parallel

Two options exist (we choose
the latter):

Global clustering
algorithm

Local clustering algorithm
and concatenation of new
lists G“+1



Parallel SAMR method
[e]e] o)

A parallel SAMR algorithm

Recomposition algorithm in parallel

Recompose(/) - Reorganize all levels

For t=/+1 To It +1 Do

Interpolate Q‘~1(t) onto Q(t)

Copy Q“(t) onto Q‘(t)
Set ghost cells of Q‘(t)
Q() = ()

G, =G,
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A parallel SAMR algorithm

Recomposition algorithm in parallel

Recompose(/) - Reorganize all levels

Generate Gé’ from {Go, ..., G, él+17 e élf+1}
For ¢+ =0 To I+ 1 Do

Interpolate Q‘~1(t) onto Q‘(t)

Copy Q‘(t) onto QL(t)
Set ghost cells of Q‘(t)
Q' (1) == Q(1)

GP =GP, G :=U,GP

Structured adaptive mesh refinement
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[e]e] o)

Global redistribution can also
be required when regridding
higher levels and Go, ..., G; do
not change (drawback of
domain decomposition)



A parallel SAMR algorithm

Recomposition algorithm in parallel

Recompose(/) - Reorganize all levels

Generate Gé’ from {Go, ..., G, él+17 e élf+1}
For ¢+ =0 To I+ 1 Do
If v>1
CLP =G, N Gé’
Interpolate Q‘~1(t) onto Q‘(t)

Copy Q‘(t) onto QL(t)
Set ghost cells of Q‘(t)
Q' (1) == Q(1)

GP =GP, G :=U,GP
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additionally



A parallel SAMR algorithm

Recomposition algorithm in parallel

Recompose(/) - Reorganize all levels

Generate Gé’ from {Go, ..., G, él+17 e élf+1}
For ¢+ =0 To I+ 1 Do
If v>1
CLP =G, N Gé’
Interpolate Q‘~1(t) onto Q‘(t)

else
Gl =6G6,nGH
If t>0
Copy 6F™* onto SF™*
SFME = St

Copy Q‘(t) onto QL(t)
Set ghost cells of Q‘(t)
Q' (1) == Q(1)

GP =GP, G :=U,GP

Structured adaptive mesh refinement

Parallel SAMR method
[e]e] o)

Global redistribution can also
be required when regridding
higher levels and Go, ..., G; do
not change (drawback of
domain decomposition)

When ¢ > [ do nothing special

For + </, redistribute
additionally

Flux corrections JF™*



Parallel SAMR method

[e]e] o)
A parallel SAMR algorithm
Recomposition algorithm in parallel
Recompose(/) - Reorganize all levels
Generate Gé’ from {Go, ..., G, él+17 e élf+1}
F =0 To |, 1D N .
or LIf L >Ol FLDo Global redistribution can also
&P =& n GP be required when regridding
Interpolate Q“~1() onto Q'(t) higher levels and Gy, ..., G; do
else not change (drawback of
Gl =6G6,nGH domain decomposition)
If t>0 . .
Copy SF™* omto SEM When ¢ > | do nothing special
SFmt .= SEme For ¢ < I, redistribute
If 1>/ then Kk, =0 else K, =1 additionally
For Kk =0 To Kk, Do = . SEM
Copy Q‘(t+ kAt,) onto Q(t+ kAt,) ux corrections .
Set ghost cells of Q'(t+ kAt,) Alreadyl’ updated time
QL(t+ KAtL) — QL(t+ HAtL) level Q (t —+ IiAtL)

P._ FP R P
Gl =GP, G =U,G}

Structured adaptive mesh refinement



Parallel SAMR method
[e]e] o)

A parallel SAMR algorithm

Recomposition algorithm in parallel

Global redistribution can also
be required when regridding
higher levels and G, ..., G; do
not change (drawback of
domain decomposition)

When ¢ > [ do nothing special

For + </, redistribute
additionally

Flux corrections 0F™*
Already updated time
level Q“(t + kKAt,)

Structured adaptive mesh refinement 35
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A parallel SAMR algorithm

S _ . . .
pace-filling curve algorithm - n
¢ -

BIhE

3

7
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B High Workload

XY Medium Workload
[ Low Workload
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A parallel SAMR algorithm
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