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1. Why do we need abstractions and DSLs?

2. DSL evaluation: from past until today

3. Latest developments and future plans
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¥ Why do we need abstractions and DSLs?

« Compilers will not solve the problem!
» Parallel programming is not trivial:

Parallelizing one physical parameterization of a well structured
code: 4 weeks (OpenACC or OpenMP)

« And explicit parallel programming models is error prone.

 We have complex and large parallel models. Adding support for
accelerated codes significantly increased maintenance.

« Combining different programming models in our models will
exponentially increase complexity. And hinders scientific
development.

« Computing architectures are movmg faster than we can adapt our
amodels R R s
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< Why do we need abstractions and DSLs?

Adopting our models to emerging
architectures crucial to achieve
challenges on the next-generation
supercomputers

Use of traditional programming
models are costly to maintain
on hybrid architectures.

Invest in software rather Invest in technology that reduces the
*than hardware — cost rather than maintenance.

r"‘—.r"‘—u;r"‘—\ H’HH’L .—m;‘jrﬂj.ﬂj )



< Why do we need abstractions and DSLs?
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Y removing implementation details
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can it be?

We need to find the right

o & o
v T s e abstractlons forour models
o4 a5 oL
S ; - o > > O > B o I~
. S . & @ 4 b & \
& L s W N S P S
o . " o o 2 g 3 o
g on dn wW N b 4 b S dhen 4 db b > o g b o
o5 ban b MeteoSwiss b dp | dpdb db db oAb dp b db I I mﬁ ENESWV%ShOQJ MQY{QOT]B d,que > 5 "L o
4b  dhdb  dhds  dbdhdb  dhds b b g I &b db dn dn dn g d= dm s dn o= o NS
e AP s S R P N i/ s A NP s s S 7 Sl ST A R s # R NPT G 78 e oo e Boem £ o



P

e Our traditional

1SACC DATA PCOPYIN( psi_c ), PCOPYOUT( grad_norm_psi_e ), IF( i_am_accel_node .AND. acc_on )
1ACC_DEBUG UPDATE DEVICE( psi_c ), IF( i_am_accel_node .AND. acc_on )

1SACC PARALLEL &

ISACC PRESENT( ptr_patch, iidx, iblk, psi_c, grad_norm_psi_e ), &

ISACC IF( i1_am_accel_node .AND. acc_on )

porting to hybrid architectures

OPENACC

1SACC LOOP GANG
#else
1SOMP PARALLEL

1SOMP DO PRIVATE(jb,1_startidx,i_endidx,je,jk) ICON_OMP_DEFAULT_SCHEDULE
#endif
DO jb = i_startblk, i_endblk

CALL get_indices_e(ptr_patch, jb, i_startblk, i_endblk, &
i_startidx, i_endidx, rl_start, rl_end)

1SACC LOOP VECTOR COLLAPSE(2)
#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

compute the normal derivative
by the finite difference approximation
(see Bonaventura and Ringler MWR 2005)

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(je,jb,1)) ) =&
& * ptr_patch%edges%inv_dual_edge_length(je, jb)
ENDDO
END DO
END DO
#ifdef _OPENACC
; 1SACC END PARALLEL
< - " & w - 1ACC_DEBUG UPDATE HOST( grad_norm_psi_e ), IF( i_am_accel_node .AND. acc_on )
o o < ! Add S$ser directives here
=P P 1SACC END DATA
Ll 1P 1P P & P gelse
S o . ~!1SOMP END DO NOWAIT
at N ﬁﬁﬂ? N MeteoSwiss S ﬂ;}' OMP END PARALLEL
9P Hhgp  GpgR gPepgp gpgp gp Hp Ll Ll {‘L";thdi.f
PR ar SPePar gPePePHR  HPHR PRSP SPSP SPAF
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compute the normal derivative
by the finite difference approximation
(see Bonaventura and Ringler MWR 2005)

grad_norm_psi_e (JTemyemyy )
& ( psi_c(iidx (uiaemid, 2) jk iblk (e 2)) - &
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Global mode|
DSLs

Lat-Lon gri
model DSLs

DSL toolchain
for global models

ESCAP

( XeonPhi
(Intel) PASC PASC
. PASCHA
GPU GridTools &
(NVIDIA)
e ENIAC
K V(ifetg STELLA DYCORE GridTools gEkVEIOOIChaIn
COSMO GPU
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DSL syntax for Connectivity on Unstructured Mesh

primal location ’ on_vertices() on_edges() on_cells()
vertex / constepxr auto offsets =
\ connectivity<edges, vertices, Color>::offsets();
for( auto off: offsets) {
eval(flux) += eval( pD(off) );
edge
eval(flux) = eval(sum_on_vertices(0.0, pD));
cell
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Y Atlas: Grid abstraction for GridTools backends

Deconinck et al. 2017

FunctionSpace

- /\ /@ % constepxr auto offsets =
o Spowa s TofaBeme Dmimina. connectivity<edges, vertices, Color>::offsets();

for( auto off: offsets) {
eval(flux) += eval( pD(off) );

eval(flux) = eval(sum_on_vertices(0.0, pD));

Partitions with halos

« The DSL syntax elements are grid independent.
* The same used code using GridTools DSL can be compiled for multiple Grids.
» GridTools interoperating with Atlas library for meshes of weather and

o & 2 . .. s . @, o
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Example of GridTools DSL on
ESCAPE dwarf: MPDATA

subroutine compute_upwind_flux(this,pflux,pD,pvn)

template <uint t Color> struct upwind flux {
using flux = accessor<@, enumtype::inout, icosahedral topology t::edges>;
using pD =
in _accessor<l, icosahedral topology t::vertices, extent<0, 1, 0, 1>>;

using vn = in accessor<2, icosahedral topology t::edges, extent<@, 1, 0, 1>>;

typedef boost::mpl::vector<flux, pD, vn> arg list;
template <typename Evaluation> static void Do(Evaluation &eval, k full) {
constexpr auto neighbors offsets =
connectivity<edges, vertices, Color>::offsets();
constexpr auto ip® = neighbors offsets[0];
constexpr auto ipl = neighbors offsets[1];

float type pos = math::max(eval(vn()), (float type)0.);
= ),

type(MPDATA_type), intent(inout) :: this
real(wp), intent(out) :: pflux(:,:)
real(wp), intent(in) :: pvn(:,:), pD(:,:)

real(wp) :: zpos, zneg

integer :: nb_edges

integer :: nb_levels

integer :: jedge, jlev, ip1, ip2

call atlas_log%debug('compute_upwind_flux')

nb_edges = this%dimensions%nb_edges
nb_levels = this%dimensions%nb_levels

!SOMP PARALLEL DO SCHEDULE(STATIC) PRIVATE(jedge,jlev,ip1,ip2,zpos,zneg)
do jedge = 1,nb_edges

ip1l = iedge2node(1, jedge)

ip2 = iedge2node(2, jedge)

do jlev = 1,nb_levels

float type neg = math::min(eval(vn( (float type)o.); zpos = max(0._wp,pVn(jlev, jedge))
zneg = min(0._wp,pVn(jlev, jedge))
eval(flux()) = eval(pos * pD(ip@) + neg * pD(ipl)); g:lux(jIEV,jEdge) = pD(jlev,ip1)*zpos+pD(jlev,ip2)*zneg
enddo
}.} enddo
! 1SOMP END PARALLEL DO
end subroutine compute_upwind_flux
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Composition of multiple
MPDATA operators

m_upwind fluxes = make computation<gpu>(

domain_uwf, grid_,

make multistage(execute<forward>(),
make_ stage<upwind_flux, edges>(

p_flux(), p_pD(), p_vn()),
make stage<upwind_fluz, vertices>(

p_fluz(), p_pD(), p_wn()),
make stage<fluxzdiv, vertices>(

p_divvD(), p_flux(), p_fluz(),
p_dual volumes(), p_edges sign()),
make_ stage<advance_solution, vertices>(

p_pD(), p_divVD(), p_rho())));

Full MPDATA implemented
using the GridTools DSL.:
upwind fluxes

minmax limiter
compute fluxes

Limit fluxes

Flux solution

Rho correction

D NI N N N N

o5 o o b
ar > it ar ar ap h ap ar
< > > . S > .
> o ‘ > o > @ > > , _ > @ o
o o & o % * @ e @ o > o A & @
& TS S\ S T b
o o . o S o > SR > g
W@ o mj > I oy S 8 odh Jdhdh o b “1 o
z . MeteoSwiss LB W A Rt Mkt 5th ENESWGﬂSShOQ, R?[@y;QO‘I{B JseQQe = 12 4
"u“ ar ar LLJ "\_H ar ar ar ar ar ar "\_r “\_H "u—' ar LL Lu‘ Ar ar “\_H ar
4 * 4

.5 #b #.5# #h#h #.5.5 gReP R gp =P g 9r Hp 9 9r TR TR =P =R b #h =P
Ldhdh dhdbdb ha dhdh  dhdb HHH.—'H dbdh  dhdbdb HHH db  dhd b db dhdbdhds dhdb HHHH Ldh  Jdbh g5 dbhdbhds r’H b rm s db s b



© Composition of multiple MPDATA operators

Composition of stencils and internal
loop fusion increases data locality.

m_upwind_fluxes = make_computation<gpu>( W/o loop fusion: 8 loads, 4 stores

domain_uwf, grid_, With loop fusion: 3 loads, 1 store
make_multistage(execute<forward>(),

make_ stage<upwind_flux, edges>( —_ | z;?%m
p_flux(), () p_vn()),

make stage<upwind_fluz, vertices>( 0000005 |
p_'FlUZ(), ()) p_wn())) 0.000004 -

make stage<fluxzdiv, vertices>(
p divvD(), p flux(), p_fluz(),
p_dual volumes(), p_edges sign()),

0.000003

Time per grid point update

0.000002

make_ stage<advance_solution, vertices>( poooet H] (E
. 0.000000 - -+ -
()) p_d]'VVD()) p_l"hO()))), N # OMP cores
b s ", o b b -~ s a5 o =) b
< e <5 i 4 b

P ) o o o P P i - MPDATA time per grid point update (s) .. ..
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Advantages / Disadvantages

« We have demonstrated portability for (dwarfs) global weather models.

« Performance speedup wrt baseline (due to library optimizations
fusion/data layouts/tiling/loop nesting, etc.).

« Solid parallel programming model

« Same numerical code compiles and runs on multiple architecture
backends.
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c Advantages/ Disadva ntages

« Considerable boiler plate
« ~ same number of lines as compared to Fortran baseline
« Porting to DSL is still a considerable effort

« Requires expertise (C++ and understand the parallel model to obtain
good performance).

Next generation DSL will use current GridTools as a solid
intermediate, and offer high level DSL frontends for fast
scientific development
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A DSL toolchain (PASCHA and ESCAPE2)
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o A COSMO Dycore under a toolchain

* Prototype of full dycore: (4 kLOC) vs
STELLA dycore (27 kLOC)

Runtime [s]
0.0014

= o Horizontal Diffusion
(P100)

0.0012

0.0010

0.0008
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3
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Example — FastWaves UV

stencil function sym avg {
storage data; B
offset off;
double Do {
return (data[off] + data[-off])*0.5;
b}
stencil uv {
storage u tens stage, v _tens stage, u stage, v_stage;
var uavg, vavg;

Do {
vertical region(k start, k end) {
var uatupos = sym avg(i, u_stage);
var vatupos = avg(i+l, avg(j-1, v _stage));

uavg = uatupos * acrlatO;
vavg = vatupos * EARTH RADIUS RECIP;

u _tens stage = horizontal advection::driver (u_stage, uavg, vavg, eddlat, eddlon) +
tgrlatda0 * u stage * vatupos;

var uatvpos = avg(i-1, avg(j+l, u stage));

var vatvpos = sym avg(j, v_stage);

uavg = uatvpos * acrlatl;
vavg = Vatvpos * EARTH RADIUS RECIP;

o . o> o
s %:Eens stage =+ horizontal adv%ctlon drlver(ngpagg, uavg, vavg, eddlat, eddlony + «
1r u = Ar 1r 1r :ﬂ:
N tgrla@ﬁ31Q% -uatvpos. * VQKQPOSGP - T Ta 2 e N S <> Te o % o= o7
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Safety First

stencil hd type2 {

Do {

:}"{‘F

storage u, utens;
temporary storage uavg;
vertical region(k start, k end-1) {
uavg = utens*0.5;
}
vertical region(k end-1 rt) {
u = (uavglk+1l]);
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Safety First

stencil hd type2 {

storage u,

utens;

temporary storage uavg;
Do {

vertical region(k start,

k end) {

uvavg = (uf[i+1]+u[i-171)*0.5;

utens = (uavg[j+1l] + uavg[j-11]);
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Safety First

stencil hd type2 {
storage u, utens;

temporary storage uavg;

Do {
vertical_:egion
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GridTools4Py
(Python)

Read Data dependency % L
[ before write ] [ race conditions K-parallelization
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m_upwind fluxes = make computation<gpu>(
domain_uwf, grid_,
make multistage(execute<forward>(),

@ Automatic Optimizations and

partitions

Y upwind_flux
fluxzdiv

edges_sign

' ¢ advance_solution
\ ;

make_ stage<upwind_flux, edges>(

p_flux(), p_pb(), p_vn()),
make stage<upwind_fluz, vertices>(

p_fluz(), p_pb(), p_wn()),
make stage<fluxzdiv, vertices>(

p divvD(), p flux(), p_fluz(),
p_dual volumes(), p_edges sign()
make_ stage<advance_solution, vertices>(

p_pb(), p_divwbD(), p_rho())));

upwind_fluz
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@ Automatic Optimizations and partitions

« Compilers will not solve the problem!

« DSL-based code can be automatically optimized for a specific
hardware target
« E.a. “Desian of a Comniler Framework for Domain Specific Languages for Geophysical

s)

Example: Fast-waves solver

* Graph representation of code

» Rearrange for data-locality

* Run independent computations

in parallel
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@  HIR: Standard Interfaces for interoperability
(ESCAPE)

DSL Frontends § ) -~
e S
N )
il =
Frontend |

D

Optimizers
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— > 1%
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\ i B )
L Domain Specific CheckersJ

rH e > GridTools asm
Bel Bl ;]
' (Fortran) \Q/R “—Q" iKQ/S\
HIR: standard interface between the Internal IR: standard interface around optimizers,
domain specific DSL, or parse of that allow to inter-operate different optimizers,
legacy code and toolchain performance models (Absinthe) and programming models
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“  Good Properties of an IR

Language independent
Complete
HW neutral

Extensible / enrichable
Simple
Orthogonal concepts

+ FieldDecl [
dimensions: i,j,k,h
string: name

» VarDecl (scalar)

+ Computations: multidimensional boxed loops over dimensions
of the domain

« StencilAST: description of the computations within a Computation.

* For loops: iterations over loop bounds on scalars
(not dimensions of the domain)

BoundaryCondition: specification of computation applied on a

boundary to a field
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Standardization:

HIR

b = a(i+1) + a(i-1)

{ «scheme» : «finite_difference_stencil»,

«ast»: {
«block_stmt»: {
«linex: 46,
«statements»: {
«expr_stmty»: {
«assignment_expr»: {
«left»: {
«field_access_expr»: {

«namex»: «b»,
«offset»: [],

}
b

«filename» : «/code/access_test.cpp», . ]
o «right»: {
«stencils» : [ <binary_op»: {
«name» : «hori_diff», | ftry_ p»:
«locy : { « ef, ):d{ _
«line»: 24, «field_access_expr»: {
«columny»: 8 «namex»: «ay,
} «offset»: [1,0,0],
«right»: {
«field_access_expr»: {
s . N N . . «namex: «ay, T
& @ N ’ P o P O «offset»: [—1%9,0], P N
T 1 o X s o S S b
v : YU T o e e THIRREYE 0 o
el L - bl L Lt 9P 9F  9r L) ar 9F  9r P Ghl ot WP HqPEP
Bt o MeteoSwiss 2 e T as T 2 T s 2T T L L L L T L LB ENES Workshop, May 2018, Lecce™
dhdh  dbdhdh  dbdh  dh db b 4 db dh dh b db <k oh ) <h b <n e <n i <h e <k
qreapar qReParer  9PAaP  9PAPAaP  9P9P  9P9PeP gPgP 98 9Ppap qp qp gpApap gPaP  qPePaPqR 9F 9P qPepqp qp <P 9F  ar & qr gF  ar

P

Lt
g
s
=

27

e
it

n

Vg

EH



o

’
m

e
Fear

Standardization:
HIR

b = a(i+1) + a(i-1)

{ «scheme» : «finite_difference_stencil»,
«filename» : «/code/access_test.cpp»,

«ast»: {

«block_stmt»: {
«linex: 46,
«statements»: {

«expr_stmty»: {
«assignment_expr»: {
«leftw: {
«field_access_expr»: {
«name»: «by,
«offset»: [],

}
}

. «right»:
«stencils» : [ «gina { op»: {
«name» : «hori_diff», | ftry_ p»:
«locy : { « ef, ):d{ _
«line»: 24, «field_access_expr»: {
«columny»: 8 «namex»: «ay,
} «offset»: [1,0,0],
«right»: {
«field_access_expr»: {
. . .. «namex»: «ay, .
o v v PR ffset»: [-1,0 v
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@  Standardization: o
«ast»:
H I R «block_stmt»: {

«linex»: 46,
«statements»: {
«expr_stmty»: {
. . «assignment_expr»: {
b = a(|+1) 4 a(|-1) «lefty: {
«field_access_expr»: {

«namex»: «b»,
«offset»: [],

}

{ «scheme» : «finite_difference_stencil», }
«filename» : «/code/access_test.cpp», . ]
o «right»: {
«stencils» : [ o «binary_op»: {
«namey : «hori_diff», oft y_{ :
«lefty:
«locy : { :
dinex: 24 «field_access_expr»: {
«Column»; 8 «namex»: «ay,
} «offset»: [1,0,0],
8
«right»: {
«field_access_expr»: {
. T L & . . < < «name»: «ay, o .
’ o = & ’ P A «offset»: [-1,0,0], P
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Standardization:
HIR

b = a(i+1) + a(i-1)

{ «scheme» : «finite_difference_stencil»,
«filename» : «/code/access_test.cpp»,

«ast»: {

«block_stmt»: {
«linex: 46,
«statements»: {

«expr_stmty»: {
«assignment_expr»: {
«left»: {
«field_access_expr»: {
«namex»: «b»,
«offset»: [],

}
b

. «right»:
«stencils» : [ «gina { op»: {
«name» : «hori_diff», | ftry_ p»:
«locy : { « ef, ):d{ _
«line»: 24, «field_access_expr»: {
«columny»: 8 «namex: «ay,
} «offset»: [1,0,0],
«right»: {
«field_access_expr»: {
. . .. «namex»: «ay, .
o v v > @ ffset»: [-1,0 v
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©  Standardization: o
«ast»:
H I R «block_stmt»: {

«linex»: 46,
«statements»: {
«expr_stmty»: {
. . «assignment_expr»: {
b = a(|+1) + a(|-1) «lefty: {
«field_access_expr»: {

«namex»: «b»,
«offset»: [],

}

{ «scheme» : «finite_difference_stencil», }
«filename» : «/code/access_test.cpp», ’

EH

. «right»:
«stencils» : [ «gina { op»: {
«name» : «hori_diff», | ftry_ p»:
«locy : { « ef, ):d{
) « »:
«linex»: 24, leld_access_expr»: {
«columny»: 8 «namex»: «ay,
} «offset»: [1,0,0],
3
«right»: {
«field_access_expr»: {
<p ” L e . B o= - «Name»: «ay, . .
e - ’ L > @ «offset»: [-1,0,0], o
v & 7 Te o o e & O oo T, . S @ L. & o= o7 R
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o

 Maintenance cost: as we incorporate performance and support for
multiple architectures maintenance of our models will grow

« Abstractions give us flexibility, lower maintenance cost and
performance.

* Next generation DSL and tools on the GridTools framework: PASC
(COSMO), ESCAPEZ2 (global models)

« Standardization of programming models and tools for weather and
climate domain: HIR

Conclusions
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Interoperatbility : Escaping the language

stencil function laplacian {
storage phi;
Do {

return — phi[j+1]

* phi — phi[i+]1] — phi[i-1]

}
}i
stencil hd type2 ({
storage hd, in;
temporary storage lap;
Do {
vertical region(k start, k end) {
lap = laplacian(in);
hd = laplacian(lap);
}
}
}i
#omp parallel for nowait
#acc ..
for(int i=0; i < isize; ++i) {
for(int j=0; j < jsize; ++j) {
for (int k=0; k < ksize; ++k) {
udiff(i,j,k) = hd(i+l1l,j,k) + hd(i-1,3,k);

| |

- phi[j-117

)

GridTools4Py Read Data K
(Python) before write J | race conditions i

N/
Ty Stencilin S

o~

Missing Update Software Manage
Boundary Caches

parallelizati
CLAW DSL
(Fortran)

DSL code

Standard C++ code
(+OpenMP, +OpenACC, +CUDA)

Carlos Osuna, MPI Seminar, 21 November 2017
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