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@ Domain Specific Languages

What is a Domain Specific Language?
« Transpose a Matrix in a general purpose Language (C) and in a DSL for matrix

computations (Matlab)

Matlab C

' for (i = 1; i < N3 i++) {
AsA for (3 = 0; j < i; j++) {
double tmp = A[i]1[j];
ALi1031 = A[310A];
ALJI[i] = tmp;
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@ Domain Specific Languages

What is a Domain Specific Language?

» Spreadsheet Formula Evaluator

- =sum( )|
A B
acc (us) bs
Stencil 01 | 384.54i
Stencil 03 i 90.472,
Stencil 04 : 62.847
Stencil 05 1 109.04'
Stencil 06 ’ 98.152!
Stencil 09 i 9.348,
Stencil 10 : 40.059,
I . _ Stencil 11 j 68.369'
I . . Stencil 12 51.899! i
v o e c N : ‘] o
e D o s
I:n, {T@., A:,{: 5\;3[ g] ::i;. -




@ Domain Specific Languages

What is the purpose of a Domain Specific Language?

« Matlab
— Rapid Prototyping

» Spreadsheet Formula Evaluator
— Finance / Spreadsheet Calculations

« NWP?
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© DSL Motivation for NWP

Model software development starts at numerical discretization of continuous
quantities:
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DO jk = slev, elev
DO je = i startidx,

© Motivation
(psi c(iidx(je,2),Jk)-psi c(iidx(je,1),Jk))/lhat(je)

ENDDO
END DO

i endidx

(very) straight forward implementation
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DO jb = 1 startblk, i endblk
] u
0 Motlvatlon CALL get indices e(ptr patch, jb, i startblk, i endblk, &
i startidx, i endidx, rl start, rl end)
DO jk = slev, elev
» turns out mesh is too large for one DO je = i startidx, i endidx
maChlne, add blocks grad norm psi _e(je,jk,jb) = &
( psi_c(iidx(je,Jb,2),Jk,iblk(Je,jb,2)) -
psi_c(iidx(je,jb,1),Jk,iblk(Jje,jb, 1)) )
/ ptr patch%edges%lhat (je, jb)
ENDDO
END DO
END DO
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#ifdef OMP

g MOtivation I SOMP PARALLEL

!SOMP DO PRIVATE (jb, i startidx, i endidx, je, Jjk)

#endif
code doesn't perform, add directives DO b = i startblk, i endblk
to eXDIOit shared memory machines CALL get indices e (ptr patch, jb, i startblk, i endblk, &

i startidx, i endidx, rl start, rl end)
DO jk = slev, elev
DO je = 1 startidx, 1 endidx
grad norm psi e (je,jk,jb) = &
( psi _c(iidx(je,db,2),Jk,iblk(je,jb,2)) -
psi c(iidx(je,Jb,1),3ik,iblk(je,jb, 1)) )
/ ptr patch%edges%lhat (je, jb)
ENDDO
END DO
END DO
#ifdef OMP
!SOMP END DO NOWAIT
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o o o I$OMP END PARALLEL - S
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© Motivation

« code needs to target another
architecture...
« ... with different optimal memory
layout
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P a% " MeteoSwiss
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#ifdef OMP

ISOMP ...

#else

I'SACC

#endif

DO jb = i startblk, i endblk

CALL get indices_e(ptr_patch, ...)

#ifdef  LOOP EXCHANGE

DO je = i startidx,
DO jk =

i endidx
slev, elev
#else
DO jk = slev,
DO je =
#endif

elev
i startidx, i _endidx
grad norm psi e (Jje,Jjk,Jjb) = &
( psi_c(iidx(je,ibR2),Jk,iblk(je, 3b,2))

psi _c(iidx(je,jbl),jk,iblk(je, jb,1))
/ ptr_patcltedges%lhat (je, jb)
ENDDO
END DO
END DO
#ifdef OMP
ISOMP ...
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#ifdef OMP

. - 1SOMP . ...
© Motivation
I$ACC
#endif
DO jb = i startblk, i endblk

CALL get indices_e(ptr_patch, ...)
#ifdef  LOOP_ EXCHANGE

DO je = i startidx, i endidx
DO jk = slev, elev
#else
DO jk = slev, elev
DO je = i startidx, i endidx
@b(cl(e)) _-@b(CO(e)) #endif

grad norm psi_e(je,jk,Jjb) = &

( PSl_C(lldX(]e,]b,z) Ijkl lblk(je,jb,2) ) -
psi_c(iidx(je,Jjb,1),Jjk,iblk(je,Jb,1)) )

/ ptr patcltedges$lhat(je, jb)

ENDDO
END DO
END DO
#ifdef OMP
SOMP ...
. N '
i\ a7 1
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© Motivation

What if

Requirements change, e.g. it turns
out that this gradient should have
been approximated using a higher
order stencil?

A third (fourth...) architecture needs to

be supported?
The mesh library needs to be
replaced?
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#ifdef OMP
ISOMP ...
#else
ISACC ....
#endif
DO jb = i startblk, i endblk
CALL get indices_e(ptr_patch, ...)
#ifdef  LOOP EXCHANGE
DO je = i startidx, i endidx

DO jk = slev, elev
#else

DO jk = slev, elev

DO je = i startidx, i endidx

#endif

grad norm psi e (Jje,Jjk,Jjb) = &
( psiic(iidx(je,ij),jk,iblk(je,jb,2)) -
psi_c(iidx(je,jbl),Jjk,iblk(je,jb,1)) )

/ ptr patclkedgeslhat (je, jb)

ENDDO
END DO
END DO
#ifdef _OMP
ISOMP ...
", o ]
#else " e N o
B b ¢h
1$ACC ... S & -
J 2 h 5 5
#endif © = & e CEE S T
P W ap e
dh
oo noooy N o n
et B ) - 1 B I i
qF % 9r wF TF qreR A . P ar g P
dh b o oh 4] ] ap qp ap
"‘l,r‘;(r ln‘ F\‘ j‘ lr’ l.‘l.. lﬁl Aﬂ ‘-,‘J lnl:r.hn L l“ lﬂj lr,: .r +
PP A PP 9POPERAR G P P 3




© dawn Toolchain

|dea of dawn / DSLs in general

!'SOMP PARALLEL
!$OMP DO PRIVATE(jb, i startidx, i endidx, je, jk)
DO jb = i startblk, i endblk

V,(e) = P(ci(e)) Elp(co(e))

CALL get indices e(ptr patch, ...)

DO je = i startidx, i endidx

g ) DO jk = slev, elev
r norm 1 = . sy -
graa_norm psi € grad_norm _psi_e(je,jk,Jjb) = &

( psi_c(iidx(je,jbp2),Jjk,iblk(je,jb,2)) -

psi_c(iidx(je,jbl),jk,iblk(je,jb,1)) )

sum over ( psi_c,

Cell > Edge,

t tclked %lhat (je, jb
[1/1lhat, -1/lhat] / ptr_patctbedgestlhat (je,jb)

=

ENDDO
) END DO
END DO
!'SOMP END DO NOWAIT
!'SOMP END PARALLEL
@ 2 @ & 4 .
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© dawn Toolchain

|dea of dawn / DSLs in general

!SACC PARALLEL &

!SACC PRESENT (ptr patch, iidx, iblk, pci c, grad ...)
!'SACC LOOP GANG

DO jb = i startblk, i endblk

V,(e) = P(ci(e)) Elp(co(e))

CALL get indices e (ptr_patch, ...)

B . B DO jk = slev, elev
grad_norm psi_ e = DO je = i_startidx, i_endidx

sum over ( psi_c, grad_norm psi_e(je,jk,jb) = &
( psi _c(iidx(je,ibp2),Jjk,iblk(je,Jb,2)) -

psi_c(iidx(je,jbl),Jk,iblk(je,jb,1)) )

Cell > Edge,

[1/1lhat, -1/1lhat]
/ ptr patclsedges%lhat (je, jb)

o

) ENDDO
END DO
END DO
!SACC END PARALLEL
o P & o, ‘H!$ACC END DATA N
o & & & - 7@
cr ar ar o 2b ah b -
s & = G S - = i
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|dea of dawn / DSLs in general

_ Y(er(e)) —Pleole))

dawn Toolchain

No FORTRAN Backend Exists, only for

illustration purposes

V,(e) = 7

grad norm psi e =

sum over ( psi_c,
Cell > Edge,
[1/1lhat, -1/lhat]

> MeteoSwiss 5
qrap 9 ar
dhdh dbdhdh dhdk &b db b G db
dhdhdh Ldbdhdh  dhdh dhdadh dadh dadkdh

for(int k

for(auto const& loc

=0+ 0; k <m k size; ++k) {

for(auto inner loc

}

grad norm psi_ e(loc,

LibTag{}, m mesh,

k +0)

loc,

: getEdges(LibTag{}, m mesh)) {

= reduce(

(:dawn::float type)0.0,

std::vector<dawn: :LocationType>

{dawn: :Edges, dawn::Cells},

[&] @uto& lhs, auto red locl, auto consté& weight)

{

lhs += weight *psi c(red locl, k +0);

return lhs;

}I

std::vector<::dawn::float type> ({-1.0 ,1.0});

/= lhat e(loc, k + 0)

grad norm psi e(loc, k + 0)
}
} ¥
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@ Domain Specific Languages

What is the purpose of a Domain Specific Language?

« Matlab
— Rapid Prototyping

» Spreadsheet Formula Evaluator
— Finance / Spreadsheet Calculations

« NWP
— Address the "3Ps"
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Performance, Portability, Productivity

Performance

Chose two of....

Portability Productivity
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©  Students Dilemma

Enough Sleep

Chose two of....

Social Life Good Grades
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Performance, Portability, Productivity

Performance

Write the model in CUDA

Portability Productivity
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Performance, Portability, Productivity

Performance

Write the model in python

Portability

Productivity
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© DSLsin NWP & Climate

Typically aim to capture the numerical patterns in NWP or Climate model

» Finite Differences
— gtclang + dawn
— gridtools
- gtdpy
* Finite Volumes
— dusk + dawn
— cdsl + dawn
« Combined (Finite Difference / Element / Volume)
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© DSLsin NWP & Climate

Typically aim to capture the numerical patterns in NWP or Climate model

» Finite Differences
— gtclang + dawn
— gridtools
- gtdpy
* Finite Volumes
— dusk + dawn
— cdsl + dawn
« Combined (Finite Difference / Element / Volume)
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© dawn Toolchain - Closer Look

binary
binary
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© dawn Toolchain - Closer Look
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© dawn Toolchain - Closer Look

binary
binary
@ % & . n .
% & 4 ;s & &
c> q} n :_,5 dub :_‘f: rﬂ—.
o GE Y] il % o g el
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O

"stencils": [
( SIR
"ast": |
"root": {
"blockStmt": {
"statements": [
{ °
"verticalRegionDeclStmt": {
"verticalRegion": {
Hastu: {
"root": {
"blockStmt": {
"statements": [

"exprStmt": {
"expr": {
"assignmentExpr": {
"left": {
"fieldAccessExpr": {
"name": "rot vec",
"unstructuredOffset":
}
b
”Op":
"right": {
"reductionOverNeighborExpr": {
llop": ll+ll,
"rhs": {
) "binaryOperator": {
= "left": {
"fieldAccessExpr": { = i ‘ P v
"name": "vec", N i wae u DA . h
) "unstructuredOffset": { s . e
"hasOffset": true o Sy ; : ;

{}

o

n o n n n o
horgpc qpoa  gpcoac

- u [P i r Qs -
iVieteo>wiss T } R = P
r = d

DSL Toolchain - Intermediate Representations

Abstract Syntax Tree
representation close to DSL
Interface for frontends

Format well suited for translation
Not meant to be human-readable



© dawn Toolchain - Closer Look

binary
binary
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+ DSL Toolchain - Intermediate Representations

"stencils": [
{ | IR
"multiStages": [
{

"stages": [

"doMethods": [
{
"ast": |
"block stmt": {
"statements": [
{
"expr stmt": {
"expr": {
"assignment expr": {
"left": {
"field access expr": {
"name": "rot vec",
"vertical shift": O,

"vertical indirection": "",

"zero offset": {},
"argument map": [

I,
"argument offset": [
0,

0 dx
1,

a9

: s s MeteoSwiss

; H o g

5 0y L dLdLdL L gy gy L &y n oy n 1
P Bpap  qpep  Hqpgpqp gpgR @R gp > €2 qp ¢ dm
n, n n o on n o n ot o L n oL L
qagpgp qpopqr norgpcp pgn ncaqr agp agrqp gpgp

"negate offset": false, .
a2 — a7 qf wf A of

Also tree-like representation, with
ASTs nested inside

Contains many more details,
collected during analyses

Format well suited for
transformations (e.g. through
visitors)

Compiler passes transform valid
lIR into valid lIR
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dawn Toolchain - Closer Look
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©  Optimization: one-time stencil inlining

@stencil
, global void fused kernel (double *field a, double *field c) {
def my stencil( — — - — -
field a: Field[Vertex, K], // e.g. loop over k
1 =0.0;
field c: Field[Edge, K] double sum = 0.0
for (int nbhIter = 0; nbhIter < E V SIZE; nbhIter++) {
) —-> None: _V_
» int nbhIdx = evTable[pidx * E V SIZE + nbhIter];
le 1 1 fiel = fiel k * NumV i + hI +1.0;
field b: Field[Vertex, K] |doub e local field b ield al umVertices nbhIdx]
sum += local field b;
with levels upward: J
1 * + 1 — .
field b - field a + 1.0 field c[k NumEdges pidx] sum;

field ¢ = sum over (Edge > Vertex,

field b) J

Also when there’s an offset data dependency we can

get rid of accesses to temporary
field band remove its pre-computation.
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©  Optimization: one-time stencil inlining

__global void fused kernel (double *field a, double *field c) {
@stencil
// e.g. loop over k
def my stencil (
- double sum 0 = 0.0;
field a: Field[Vertex, K], ) B
- for (int nbhIter 0 = 0; nbhIter 0 < E C SIZE; nbhIter 0++) ({
field c: Field[Edge, K] , .
- int nbhIdx 0 = ecTable[pidx * E C SIZE +nbhIter 0];
) -> None: — — —
double sum 1 = 0.0;
for (int nbhIter 1 = 0; nbhIter 1 < C V SIZE; nbhIter 1++) ({
field b: Field[Cell, K] i
- int nbhIdx 1 = cvTable[nbhIdx 0 * C V SIZE + nbhIter 1];
sum 1 += field alk * NumVertices +nbhIdx 1];
with levels upward: ) - - -
field b = sum over (Cell > Vertex, .
- - double local_field b = sum 1;
field a) : -
= sum 0 += local field b;
field ¢ = sum over (Edge > Cell, )
field b) . .
= field c[k * NumEdges + pidx] =sum O0;
}
Same optlmlzatﬂon Now first statement is a reductlon Too®
Need to nest reduction’ Ioops in the generated code L A A
. rr?'f = MeteoSwiss a"{" o oH & B T T S I I R - I
e S O N A W N $ o oAb pd 4 5 E £ $ b D £
; Ihr\ {_‘ ﬂ:: [:j %r‘ ﬂq‘:: ‘Eﬁjr\ {:ﬂ {:F {: 5 n n, F: :ﬂ F\:7:7 :::F. 1 n n E‘:‘FT n, n n :::“ = I :::ﬂ ar ErL‘FF_ :]jf' n E‘:b‘ ﬂe‘:‘l: 77:



© dawn Toolchain - Closer Look
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© Designing a DSL for FVM (ICON)

e vertical vorticity

Cf = 1 \I€€(9) n l - f; quv

Qg 7

e divergence of an edge flux ®

c&
V(g)g = 725" Dl f;  IVgeC

5" . . N § 0 T
g5 db n Zh ¢ ch n
- . & = <. TheICON (ICOsahedral Non-hydrostatic) modelling framework# G b db
Y S .. of DWD and MPI-M: Description of the non- h drostatlc o L
» « +  MeteoSwiss = & - S . ptiot Y S
+ P P F Dl ok P oG 9 dynamlcal core - Zangl et aI > = 1 * T 9 & o
o= 7{1 f}ﬂj {:n:}. & Ldh IIL }_{ ;::n LI n:; dh dh &t dh b e;:r dh dh ] ] & :j: dh ) ﬁ}r :}r . L3 ﬁ oL
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Fundamental concept: reduction
Early idea:

cellField div_c;
edgeField flux, n;

div_c = reduce(flux*n)

P o
X4
J
! ar
s dk N
oL
1
J N oo "
ap i e & & ?
d
o n n n
- 3 o !
n noon oo
MeteoSwiss Lo
o n n i
; P AF qrap
d gL 4L L Lo L & S
Ghdbdh bk &b b & b odb & b
n, n n o o o o L, Jun
b hordnch  dhdh  ghcadr adp  gadkdh  dhgh

Designing a DSL for FVM (ICON)

primal location ‘on_vertices()

on_edges ()

on_cells()

vertex

edge

X K K
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h v e
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© Designing a DSL for FVM (ICON)

There are more general computations required than first order FVM stencils

Obtain Laplacian via FD

D Vv
- s
v dh g dn b ~ The ICON (ICOsahedral Non-hydrostatic) modelling framework#
P ... of DWD and MPI-M: Description of the non- hydrostatlc ‘
Do Pl db A A oAb A dynamlcal core - Zangl et aI ot = 4 2 db
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© Designing a DSL for FVM (ICON)

There are more general computations required than first order FVM stencils

|6 I5
T |
High order interpolation (velocity &
c3 3 4 c2 divergence averaging)
7
ci
9
| = E -
3 f(Cl) i f] w]
—1
c4 I
8 9 N
“ The ICON (I‘COsayhedraI‘Non hydrostétlc) modelllnig frémel\’/vork; H i N#
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© Designing a DSL for FVM (ICON)

Neighborhood selection as a "first class citizen" of the language design

I6 I5
| |
c3 1 c2
7
c1
E
3
c4
9

n,
e

@stencil
def intp(fc: Field[Cell],
fe: Field[Edge],
w: Field| 1):

with levels downward:

fc = sum over (Cell > Edge > Cell > Edge,

it
) ) w*fe) >
" The ICON (ICOsahedral Non-hydrostatic) modelling framework# & dn dn
... of DWD and MPI-M: Description ofthe non- hydrostatlc P
o dynamlcal core - Zangl et aI H = = SR I o
s N NN O S R P 1 e 3 og v #}[; :}»c 3%‘ ﬁ ¥ g



+ Neighbor Chains - Case Study - RBF Interpolation

@stencil
def intp(fc: Field[Cell],
fe: Field[Edge],
w: Field[ 1):

with levels downward:

fc = sum over (Cell > Edge > Cell > Edge,

w*fe)

MeteoSwiss
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+ Neighbor Chains - Case Study - RBF Interpolation

@stencil
def intp(fc: Field[Cell],
fe: Field[Edge],
w: Field[ 1):

with levels downward:

fc = sum over (Cell > Edge > Cell > Edge,
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+ Neighbor Chains - Case Study - RBF Interpolation

@stencil

def intp(fc: Field[Cell],
fe: Field[Edge],

w: Field| 1): ° °

with levels downward:

fc = sum over (Cell > Edge > Cell > Edge,

w*fe)
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+ Neighbor Chains - Case Study - RBF Interpolation

@stencil
def intp(fc: Field[Cell],
fe: Field[Edge],
w: Field[ 1):

with levels downward:

fc = sum_over (Cell > Edge > Cell > Edge,

w*fe)
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© Summary: DSL for NWP - Addressing
Portability the "3 Ps”

« If a new architecture is required, a new backend needs to be written
— No duplication of model code
— Usually (way) less effort

Productivity
« Language tailored to problem space
Performance
* Optimization passes
» No best practice requirements for generated code
— usually slow but readable debug backend + different fast but less readable backends
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© Summary: DSL for NWP - Addressing
the "3 Ps"

Portability Performance
« If a new architecture is required, a new backend needs to be written
— No duplication of model code
— Usually (way) less effort

Productivity
« Language tailored to problem space
Performance Portability Productivity
* Optimization passes
» No best practice requirements for generated code
— usually slow but readable debug backend + different fast but less readable backends
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