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Abstractione@f.the nhumerical
mathematics ——

/Fortran — high level language N

real (kind=r_def), dimension(ngp_h), intent (in)
real (kind=r_def), dimension(ngp_v), intent (in)

!Internal variables
integer

:: df, df2, k, ik

integfe

real ((kind=r ~_def) Wa&a_tl@n Of

keal (kind=x def)

Implementatiérrand architecture is
hidden

Code — text which conforms to the
semantics and syntax of the
language definition

Compiler transforms code into

: gpl, gp
chilieiichi2 e, chi3 e
: integra:
: dj

£B SEE

rea ind=r def), dim e
real (¢ind=r def), dxmmm, ;m:ap v)

!loop over layers: Start from 1 as in this loop k is not an offset

do k = 1, nlayers
ik = k + (cell-1l)*nlayers

! indirect the chi coord field here

do df = 1, ndf_chi
chil e(df) = chil(map_chi(df) + k - 1)
chi2_e(df) = chi2(map_chi(df) + k - 1)
chi3_e(df) = chi3(map_chi(df) + k - 1)

end do

call coordinate_jacobian(ndf_chi, ngp_h, ngp v, chil e, chi2 e, chi3 e, &
iac diy

diff hasis chi

Hacked back together with

\rAbstraction is broken by parallel/performance/memory features exposed

MPI, OMP, Open ACC, OpenCL, CUDA, PGAS, SIMD, compiler directives

directives

Libraries, languages (exts), directives and compiler (specific) |
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ZMetofice Separation of Concerns

-

Scientific programming
Find numerical solution (and

\system

estimate of the uncertainty) to a (set
of) mathematical equations which
describe the action of a physical

N

J

/Parallel programming and
optimisation are the methods

solved faster than real-time.

(U

by which large problems can be

N

J

www.metoffice.gov.uk

University of

Reading

3

SE PAI ATION OF CONC[ R NS

¢ plumbing code pol r softw

© Crown Copyright 2017, Met Office



ty of
ing

ivers
ad

e

2R

=zMetotice  GUNg Ho — new Dycore




zmeoie  Layered architecture

[Alg layer — high level expression
of operations on global fields
Kernel layer — low level Explicit
operation on a single column of
data
Code has to follow set of rules
(PSYKAI APl is DSL)
Parallelisation System
Horizontal looping and parallel
code.

Can generate parallel code

Kac:cording to rules

~
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- PSyKA

Single model

PSy

Driver
Algs read partition

initialisation

HOGWEUEE

Infrastructure
e.g. halo_exchange

© Crown Copyright 2017, Met Office
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ZMetofice. Algorithm Layer Reading
P | (invoke() Dothisin
held suarez kernel type ( & parallel .
rhs_heldsuarez(igh u), & kernels smgle column
rhs_heldsuarez (igh t), & ope rations
tate n(igh u), 4 :
:mm:ﬁ(;gh:z) , . fields data parallel global
state n(igh d), & fields
chi, qr) , &

mn

e — Multiple kernels in single
rhs_heldsuarez (igh u) ) mVOk.e > scope of

)| - - ordering/parallel

communication, etc

N J

mn

www.metoffice.gov.uk © Crown Copyright 2017, Met Office



== Met Office

Kernel Metadata

as (compilable)
Fortran, but it
doesn’t get
executed

Data Access
descriptors
Explicitly
describe kernel
arguments
Richer
information than

Fortran itself
g

/Embed metadata\

University of
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3

private

type (arg type) :: meta args(3) = (/
arg_type (GH_FIELD, GH_INC, W2),
arg_ type (GH_FIELD, GH_READ, W3),
arg_type (GH_FIELD, GH _READ, ANY SPACE 9)
/)

type (func _type) :: meta funcs(3) = (/
func_type (W2, GH _BASIS, GH DIFF BASIS),
func_type (W3, GH_BASIS),
func_type (ANY SPACE 9, GH BASIS, GH DIFF BASIS)
/)

integer :: iterates over = CELLS

integer :: gh shape = GH QUADRATURE XYoZ

! gh_shape replaces evaluator shape

integer :: evaluator shape = QUADRATURE XYoZ

contains
procedure, nopass ::exner gradient code

end type

!> The type declaration for the kernel. Contains the metadata needed by the Psy layer
type, public, extends(kernel_ type) :: exner gradient kernel_ type

R

R

J
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znmetotice PSyclone

[Python code generator
Parser, transformations, generation
Controls parallel code (MP1/OpenMP and OpenACC)
Potentially other programming models

_ €9 OpenCL for FPGA

" MS02: Kaveic: Wed 1300 —
PSyclone and its Use in LFRIic
MS29: Ford: Thur 1515 — PSyIR: the PSy

\Intermediate Representation )

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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iF (chi_proxy(3) %is_dirty(depth=1)) THEN

CALL chi proxy(3)%halo_exchange (depth=1)
END IF
1

Update halos
YAXT->MPI

| CALL rhs heldsuarez proxy%vspace¥get colours(ncolour, ncp_colour, cmap)
“T/ !

DO colour=l,ncolour

COIOUHng from !Somp parallel default(shared), private(cell)

1 !Somp do schedule(static)
|nfraStrUCtU re DO cell=1,ncp_colour (colour)
!
call held suarez code(nlayers, rhs heldsuarez proxy%data, &
| e o :
OpenMP e S\ kernel call for single
workshare across !Somp end do 4| column. Args are
. !Somp end parallel
cells in colour END DO arrays and scalars
:
! Set halos dirty for fields modified in the above loop
!
CALL rhs heldsuarez proxy%set dirty()




ZMetofice. Pgyclone transformations =
[Single kernel invoke}

University of

Reading

Transforming invoke 'invoke 26 rtheta kernel type' ...
Schedule[invoke='invoke_26_rtheta_kernel type' dm=False]
Loop[type='"',6field space='w0',it_space='cells', upper_bound=

KernCall rtheta_code(rtheta,theta,wind) [module_ inline=False]

ncells']

[Apply distributed memory }

*Transforming invoke 'invoke_26_ rtheta_kernel_type'
Schedule[invoke='invoke 26 rtheta_kernel_ type' dm=True]

HaloExchange[field='theta', type=

LI

Loop[type=
KernCall rtheta_code(rtheta,theta,wind) [module_inline=False]

HaloExchange[field='rtheta', type='region', depth=1, check dirty=True]
region', depth=1, check_dirty=True]
HaloExchange[field='wind', type='region', depth=1, check_dirty=True]

field space='w0',it_space='cells', upper_bound='cell halo(1l)']

www.metoffice.gov.uk

Crown Copyright 2018
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ifrom psyclone.transformations import DynamoOb3ColourTrans, \
DynamoOp30OMPLoopTrans, \
OMPParallelTrans

def trans(psy):

ctrans = DynamoOp3ColourTrans()
otrans = DynamoOp3OMPLoopTrans()
oregtrans = OMPParallelTrans()

# Loop over all of the Invokes in the PSy object

for invoke in psy.invokes.invoke list:
print "Transforming invoke '{0}' ...".format(invoke.name)
schedule = invoke.schedule

# Colour loops unless they are on W3 or over dofs
for loop in schedule.loops():
if loop.iteration_space == "cells" and loop.field space != "w3":
schedule, _ = ctrans.apply(loop)

# Add OpenMP to loops unless they are over colours
for loop in schedule.loops():
if loop.loop type != "colours":
schedule, _ = oregtrans.apply(loop)
schedule, = = otrans.apply(loop, reprod=True)

# take a look at what we've done
schedule.view()

return psy I
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ZMetoffice Trgnsformed Schedule

cTransforming invoke 'invoke_26_rtheta_kernel_type' ...
Schedule[invoke='invoke_26_rtheta_kernel_type' dm=True]
HaloExchange[field='rtheta', type='region', depth=1, check_dirty=True]
HaloExchange[field='theta',6 type='region', depth=1, check_dirty=True]
HaloExchange[field='wind', type='region', depth=1, check_dirty=True]
Loop[type='colours',field space='w0',it_space='cells', upper_bound='ncolours']
Directive[OMP parallel]
Directive[OMP do]
Loop[type='colour',field space='w0',it space='cells', upper_ bound='ncolour']
KernCall rtheta_code(rtheta,theta,wind) [module_inline=False]

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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iF (chi_proxy(3) %is_dirty(depth=1)) THEN

CALL chi proxy(3)%halo_exchange (depth=1)
END IF
1

Update halos
YAXT->MPI

| CALL rhs heldsuarez proxy%vspace¥get colours(ncolour, ncp_colour, cmap)
“T/ !

DO colour=l,ncolour

COIOUHng from !Somp parallel default(shared), private(cell)

1 !Somp do schedule(static)
|nfraStrUCtU re DO cell=1,ncp_colour (colour)
!
call held suarez code(nlayers, rhs heldsuarez proxy%data, &
| e o :
OpenMP e S\ kernel call for single
workshare across !Somp end do 4| column. Args are
. !Somp end parallel
cells in colour END DO arrays and scalars
:
! Set halos dirty for fields modified in the above loop
!
CALL rhs heldsuarez proxy%set dirty()
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=meome  Redundant computation BB peading

(edge).

cell.

halo cell |'| owned cell

shared dof.

www.metoffice.gov.uk

KLess communication

/Dof living on shared (partitioned) entity
Receive contribution from owned and halo

Redundant compute contribution in halo to

~

CMPIlonly, 4 MPI ranks all have )
halos

Hybrid, 1 MPI task has a halo, 4
OpenMP threads share halo
boundary-to-area scaling

thread 1

- Less work for OpenMP threads
\_ R Y,

thread 2 thread 3

rank O

© Crown Copyright 2017, Met Office
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ZMetOffice Annexed dofs Reading
CeII in P CellinP2 |
Owned dof Annexed dof |
Partition 1 Partition 2
4 )

Point-wise computations (e.g. set field to a scalar) loop over dofs
Looping to owned dofs = halo exchange required for P2
Looping to annexed dofs is now transformation in Psyclone
Small increase in redundant computation

Large reduction in number of halo exchanges required

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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Strong Scaling on C576 for 100 time-steps

i

140 @ OMP MV
- EE MPI MV
120 - @I OMP HE
- BB MP| HE
100 -
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- _
£ ]
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60 -
40 -
20 1
0 -

386

# nodes
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ZMetoffice The bad news ...

[Only compile and run code with Intel Compiler
Cray, PGI have problems with F2K3 OO code
Intel 17 OMP profile shows ~10% run-time is OMP synchronisation.
Grows with number of MPI ranks

OMP_WAIT POLICY=active helps a bit

c.f. CCE8.5.8 and Intel 17 on single kernel code show 1-2% OMP
synchronisation

\Not clear what (and whose) the problem is?

J
~N

[Cray XC40 Aries network variability affects local comms (Halo
exchange) and global comms (global sum)
Hard to measure performance without doing lots of runs

\_Is OMP faster than MPI. It can be! Y

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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ZMetofice. Strong Scaling Reading
C1152 cubed sphere ~ 9 Km
oo Strong scaling of time-step for 100 time-steps Comparlng MUHIIgI'Id and
P — o | | Krylov subspace solvers
3500 5 Scales well (out to 55K
3000 cores) — mixed mode
o LV at far right is 12x12 x 30L
j For bigger problems cans
2000 scale to more nodes
1500 1 Target is 1Km resolution
E MS23: CMM: Thurs 1245 -
o Scalable Linear Solvers for
500 - ':| Next Generation Weather
0] [I l] and Climate Models

96 216 384 864 1536 \_ -/
# nodes

© Crown Copyright 2017, Met Office
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2= Met Office Programming models

Heterogeneous nodes with distinct memory spaces .e.g GPU
OpenACC and OpenMP4.5 (++) offload kernel for execution
PGl and Cray have problems compiling F2K3 OO code
PSyclone can generate OpenACC in PSy layer (GOcean)

\Cannot yet annotate kernel code - ongoing )

é )
PSyclone Kernel Extractor (PSYKE) — dump out looping data in PSy
layer
Dummy PSy layer (driver) can run a single kernel in isolation
LFRic-microbenchmark suite (On Github)

\Can experiment with single kernel code

J

www.metoffice.gov.uk © Crown Copyright 2017, Met Office



!$acc data copyin(ptheta 2 local stencil,x data,map any
./'*‘ﬁ —_— — p— — —
~ Met Ofﬁce O p e n AC C !Sacc& ncp _colour, nlayers,ncell 3d,ndf any space 1 thet

!Sacc& ndf any space 2 x, undf any space 2 x) copy(theta

do colour = 1, ncolour
!Sacc parallel loop private(cell, mapl, map2), firstpriv

Offload data and kernel, same do cell = 1, ncp_colour (colour)

logic as OpenMP
. - mapl (:)=map any space 1 theta adv_term(:, cmap (colo
Want bigger data regions map2 (:)=map_any_space_2_x(:,cmap (colour,cell))
call matrix vector code(cell, nlayers, theta adv_t
ptheta | 2 local stencil, ndf any space_ 1 theta
undf any space . 1 _theta adv_term, &

'$acc loop vector private(ik, df, df2, lhs e, x e)

do k=0, nl -1 mapl, &
odo df = ; ai:;; ndf any space 2 x, undf any space 2 x,&
x_e(df) = x(map2 (df)+k) map2 )
end do end do
lhs e(:) = 0.0 r def !$acc end parallel loop
= (cell-l)*nlayers + k + 1 end do
do df = 1, ndfl 1Sacec end data

do df2 = 1, ndf2
lhs e(df) = lhs_e(df) + matrix(df,df2,6ik)*x e(df2)
end do
end do
do df = 1,ndfl

need to annotate kernel source
SIMD (vector/warp) level

!$acc atomic update .
lhs (mapl (df)+k) = lhs (mapl(df)+k) + lhs e (df) parallelism
end do
end do

Sacc end loop b - ence & Technology © Crown Copyright 2017, Met Office
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=metome PQ + \Volta GPU: MV-LMA #8 Reading

30 A

25 -

Original
Loop fuse
. Acc Loop collapse
. Max register
1 5. Inline
. Parallel over colours
10 A
5 4
oL mm I .
5 6

1 2 3 4
transformation

O UTAWN =

Speed up
[
w
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Summary

Separation of concerns is a powerful ab

High-level language + Optimising co
parallelism
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[Parallel efficiency c.f. no opt 1 thread ]

zMetotice TX2 MV-LMA

1.0 [ No Opt
I Opt
0.8 -
>
)
T
'S 0.6
=
(V8]
o
©
o 0.4 1
[«
0.2 1
0.0 — T — T
1 2 4 8 16 32

OMP threads
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=NMetofice Data layout, unstructured mesh

4 5

6

pr—
7|8

9

10

Data array (1-d) }

[WO space (vertices) } 1023
20 4
50 10
19 14 (
49 9 .

Dofmap 2-d array J

—

—

S 6

7|11

12

16

17

B

7| 26

27

11

12

Q/'TB// /_\

6

] ndof per cell

data (map(1,4) + 0) «—
data (map(1,3) + 1) «<—
data(map(2,2) + 0) «—
data(map(2,1) + 1) «—

[|9ou

=

r

.

PSy layer Kernel IaI/er

a Visit same dof more than once: loop over cells, levels, dofs
Mesh and dofmap form an ordered set

Change mesh topology (element), geometry (cubed sphere)
—>Change to mesh generation and partition

—->No change to science code

N\




