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Today’s state of the art climate simulation
(resolution T85 ~ 148 km)

Surface temperature change relative to 1870-1899 baseline CCSM3 IPCC AR4
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Experimental climate running at higher resolution
(resolution T341 ~ 37 km)
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Why resolution is such an issue for Switzerland

T g10l000x

Source: Oliver Fuhrer, MeteoSwiss
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Prognostic uncertainty

The weather system is chaotic
-> rapid growth of small perturbations (butterfly effect)

?
/
-
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Ensemble method: compute distribution over many simulations

Source: Oliver Fuhrer, MeteoSwiss
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WHAT NEEDS TO |
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Increasing resolution (weak scaling): larger parallel computers
only solve part of the problem

Run on 4x the
number of
PDrocessors

Calculations have to be more
efficient: better implementation, better
algorithms, more suitable systems
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Appllcatlons running at scale on Jaguar @ ORNL (Spring 2011)
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Hirsch-Fey quantum Monte Carlo
with Delayed updates (or Ed updates) EdDAzevedo, ORNL

G.({s:,}ry1) = Gc({s:,1}1) +ap x b},

R R A R AR A R 2 2R

/W/\M
L0 I N I O Y A N N

Gc({sz’,l}k—kl) — GC({SZ',Z}O) + [a0|a1\...\ak] X [b0|b1‘|bk]t

' : 6000
Complexity for k updates remains O(kN7) . T
But we can replace k rank-1 updates £
with one matrix-matrix multiply S .
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Arithmetic intensity of a computation

Hloating point operations
O =

data transferred

G.({s:,1}xy1) = Gc({s:,1}1) +ap x b},

a = o(1)

GC({Si,l}k+1) — GC({S@', l}()) -+ [ao\al\...\ak] X [b0|b1‘|bk]t

a = o(k)
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Finite difference stencil to solve PDE on structured grid -
climate, meteorology, seismic imaging, combustion
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Algorithmic motifs and their arithmetic intensity

Arithmetic intensity: number of operations per word of memory transferred

Finite difference / stencil

in S3D and WRF (& COSMO)
Rank-1 update in HF-QMC ‘ Rank-N update in DCA++
| QMR in WL-LSMS
Sparse linear algebra Linpack (Top500)

Matrix-Vector
Vector-Vector Fast Fourier Transforms  Dense Matrix-Matrix

BLAS182 FFTW & SPIRAL BLAS3
—_—m————
0(1) O(log N) O(N)
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Numerical weather predictions for Switzerland

(MeteoSwiss)

COSMO-7 : 3x per day 72h forecast
6.6 km lateral grid, 60 layers
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Performance profile of (original) COSMO-CCLM

Runtime based 2 km production model of MeteoSwiss

% Code Lines (F90)

11'031; 5%
11'079. 5%

12'094; 5%

83'271, 37%
25'300; 1%

43'066; 19%

41'548, 18%

Source: Oliver Fuhrer, MeteoSwiss
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% Runtime @m0

B Structure

B Diagnosis
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Example of motif in the physics code

do j =1, niter
do i =1, nwork
c{i) = a(i)®#b{i) + sin(b(i)) * log{a(i)) c = aP + sin(b) - log(a)
end do
end do
(niter=48; nwork=4096000)
Processor Barcelona Istambul Magny-Cours  Interlagos
# cores 4@26GHz 6@24GHz 12@22GHz 16 @ 2.1 GHz
Single core 17.8 s 17.3s 18.8 s 19.9 s
All cores 45s 29s 1.61s 1.31s
Speedup 3.96U5.97 UH.? us.w
1.55 1.80 1.23
(1.38) (1.83) (1.27)
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Example of motif in the dynamics code

do j = 1. niter 2
do i =1, nwork da 0“a
c{i) = ali) + b{i) * ( ali+l) - 2,0d0*xa{i) + af{i-1) ? —=k—
end do at dx?
end do
Processor Barcelona Istambul Magny-Cours  Interlagos
# cores 4@26GHz 6@24GHz 12@22GHz 16 @ 2.1 GHz
Single core 0.80s 0.84 s 0.63s 0.65s
All cores 0.56 s 0.46 s 0.18 s 0.16 s
Speedup 14 o218 N T35 Ty
1.22 2.56 0.13
(1.38) (1.83) (1.27)
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Analyzing the two examples — how are they different?

Physics o
do j =1, niter 3 memory accesses
do i =1, nwork
c(i) = a(i)=sb(i) + sin(b(i)) * log{a(i)) 136 FLOPs
end do =» compute bound
end do
Dynamics =i
B0 & Sx iEEr 3 memory accesses
do i = 1. nwork
c{i) = afi) + h{i} * { a(i+l) - 2.0d0%a{i) + a(i-1)} » |5 FLOPs
end do =» memory bound
end do

= Arithmetic throughput is a per core resource that scale with
number of cores and frequency

= Memory bandwidth is a shared resource between cores
on a socket
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Looking at the entire COSMO code 01 cores/CEU

02 cores/CPU
B4 cores/CPU

= Running COSMO-2, keeping compute power constant, but
varying the available memory bandwidth

= Keep number of cores constant and vary number of cores
used per socket 90.00% -

80.00% -

100.00% - ]

70.00% -
60.00% -
50.00% - -
40.00% -
30.00% -

20.00% -

10.00% -

0.00% -

Thursday, December 15, 2011 GTC Asia, Beijing



ETH CSCS \s".‘

Eidgendssische Technische Hochschule Zirich Swiss National Supercomputing Centre -
Swiss Federal Institute of Technology Zurich
O1 cores/CPU
Dynamics 02 cores/CPU
/\ /\ B4 cores/CPU
100.00% \ — = [
(7)) 90.00%
Y
@) 80.00%
&)
< 70.00% H | M
] M
O\O 60.00% H 5
o s
o 50.00% - = [ ]
~
~~
() 40.00% +
- [
-— 30.00%
-
)
m 20.00% H
()
> 10.00%
-5
Q©
m DDD% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I
- o = = = =
Y = £ 5 £ B 5 £ & £ L S B 2 £ B s
5 % € 2 B g ¥ E®B 2 § 5 § 8 4 g 3
| S = i) (w = | = o “ — @ = I
= i) = = > 45 = o i) = I o S i =
o o] = O © o o = ik} = - 5=
c [ o = Lt | = o M AT = w
> | = = bt = o = L = =
LI S = 8 g Ll Djl o c 4—n| %
= T} = o o [} O | — -
© £ o 5 & & % ©
= = = - (iT] o >
| ' = = '
4 18] 0 =
B T £ =
y— = o
E N E

subroutine (by importantance)

Thursday, December 15, 2011 GTC Asia, Beijing




ETH CSCS \s".‘

Eidgendssische Technische Hochschule Zirich Swiss National Supercomputing Centre -
Swiss Federal Institute of Technology Zurich
O1 cores/CPU
PhySICS 02 cores/CPU
/\ B4 cores/CPU
100.00% = \ [
(7)) 90.00%
Y
@) 80.00%
&)
< 70.00% H | M
]
o 60.00% +
N =
o
o 50.00% - = [ ]
~—
~—"
D 40.00% +
- [
- 30.00%
-
)
m 20.00% H
()
> 10.00%
S
Q©
GJ DDD% T T T T T T T T T T T T
Y Z £ &£ § 55 ® g § & & 2 B & & B8 %
= E ts 5 = o S & E. a = g 5 o @ 5,
o _| = O ml et f)] = ik} = CI o
c ] o o Lt | o o M o a= w
> ey = = ik} 3 o = 3 = =5
i = o & o £ = = = b
> O = o] o o = | = =
© = il 5 B 5 X u
= = = - o [ >
I I = Ay |
4 18] 0 =
@ o £ o
y— = o
E N E

subroutine (by importantance)

Thursday, December 15, 2011 GTC Asia, Beijing



| |
ETH CSCS 3.0‘

Eidgendssische Technische Hochschule Ziirich Swiss National Supercomputing Centre \‘
Swiss Federal Institute of Technology Zurich

Running the simple examples on the Cray XK6

Compute bound (physics) problem

Machine Interlagos Fermi (2090) GPU-+transfer
Time 1.31s 0.17 s 1.9s
Speedup 1.0 (REF) 7.6 0.7

Memory bound (dynamics) problem

Machine Interlagos Fermi (2090) GPU-+transfer
Time 0.16 s 0.038 s 1.7 s
Speedup 1.0 (REF) 4.2 0.1

The simple lesson: leave data on the GPU!
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Performance profile of (original) COSMO-CCLM

B Assimilation
Runtime based 2 km production model of MeteoSwiss B Dynamics
B Physics
% Code Lines (F90) % Runtime “e
B Structure
B Diagnosis
21.46; 2% W Parallelization
11°031; 5%
11'079. 5%

12'094; 5% 102.9; 10%

83'271: 37% 12.86; 1%
25'300; 1%

235.7; 22% 644.7, 59%
43'066; 19%

41'548, 18%

Original code (with OpenACC) Rewrite in C++ (with CUDA)
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Approach to refactoring of COSMO

= Physics )
40k lines, 20% of runtime Port to GPU
Many developers ~ - keep source
“Plug-ins” from other models - directives
More compute bound )

Thursday, December 15, 2011 GTC Asia, Beijing
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Refactoring Physics in COSMO: OpenACC directives

|$acc update device(a,b)
do j=l,niter
|$acc region do kernel
do i=l,n
c(i) = a(i) + b(i) ® { a(i+l) - 2,0d0%a(i) + a(i-1) )
end do
|$acc update hostic)
end do

|$acc update hostic)

Unfortunately, things are not always that easy and code
restructuring is required. But this usually helps improving
performance if the code ran on a CPU.
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Speedup GPU vs. CPU

B without transfer [ with transfer

Speed up
=Y

Microphysics Radiation Turbulence
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Approach to refactoring of COSMO

= Physics
40k lines, 20% of runtime Port to GPU
Many developers ~ - keep source
“Plug-ins” from other models - directives
More compute bound )

= Dynamics ) Aggressive rewrite
20k lines, 60% of runtime | - Data structures
Few developers - G+t
Strongly memory bandwidth bound - DSEL

Thursday, December 15, 2011 GTC Asia, Beijing
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Results for dynamical core

= Fully implemented / verified agains original code
= Speedup CPU (Magny Cours) vs. GPU (Tesla C2075)

Original CPU Rewrite CPU Rewrite GPU

= CPU speedup du to reduction in memory access
= Further GPU optimization work is ongoing
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Dynamlcs in COSMO-CCLM
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Tridiagonal solve for matrix ~50-100

Current status of implementation:
> structure grid motif works well on data parallel, high-memory bandwidth “accelerator”
> tridiagonal solve fits in L2 cash on CPU and makes good use of single thread performance
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A crude way to consider the architecture we need
for physics and dynamics in COSMO (preliminary)

(~GB) (~GB)
Bandwidth similar to DDR3 GDDR ¢ o GDDR
Can go through GPU\,’ |
CPU GPU -A -- I GPU CPU

Sufficient BW for halo exchange
Halo size depends on topology and GDDR BW
(PCle-3 is not sufficient for Fermi/Kepler)
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OPCODE project: can we run entire MeteoCH
production suit on a node with ~8-16 GPUs?

Many such Server

for ensemble runs

‘OPCODE

Cray XT4 (Production Machine at CSCS) Server
246 AMD Opteron Barcelona 0O(20) GPUs
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We can have both, higher

.....
----------

algorithm re-engineering 7

appropriate architectures for our problem*

(*) applies to all 12 projects we are studying in the HP2C platform
(see www.hp2c.ch)

Thursday, December 15, 2011 GTC Asia, Beijing |



http://www.hp2c.ch
http://www.hp2c.ch

ETH CSCS

Eidgendssische Technische Hochschule Ziirich Swiss National Supercomputing Centre
Swiss Federal Institute of Technology Zurich

\

-

X \\\\\\\\

Thursday, December 15, 2011 GTC Asia, Beijing



