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Combustion Modelling Software

» The Combustion Modelling Software RECOM-AIOLOS is a tailored
application for the mathematical modelling of industrial firing systems
ranging from several hundred kW to more than 1000 MW.

» The Software solves approx. 100 conservation equations (mass,
momentum, energy, species concentrations, radiation) on a 10-15 million
cells finite volume grid, leading to high computational demands.

> The Software, originally designed for High-Performance Computing on
Parallel Vector-Computers and Massively Parallel Systems, has been
ported to low-cost Multi-Core systems to expand the hardware base.

» A Suite of Optimization Tools (MARMOT, VAMPIR, SCALASCA, MAQAO)
was used for Performance Tuning to identify performance bottlenecks
and potential improvements in a systematic way.



ol
)

o
g

Applied Workflow
High Level Performance Analysis of existing MPI-Parallelization

— Checking of MPI-Implementation with the Tool MARMOT
— Analysing MPI-Parallel Execution with the Tools VAMPIR & SCALASCA

= Optimized massively parallel execution across nodes

Low Level Performance Analysis for single and multi core
— Checking single and multi core execution on subroutine level using

performance counters (VAMPIR / MAQAOQO)

— Checking performance bottlenecks on loop level
within critical subroutines (MAQAO)
=) Optimized execution on individual cores

High Level Performance Analysis of Hybrid Parallelism
— Investigate benefits of using hybrid (OpenMP and MPI) parallel

execution within the node
=) Optimized shared memory parallel execution
within multi-core node



Example: VAMPIR Analysis of Original MPI-

Communication
Portion of the code covering 0.25 s

" Vampir- Summary Chart <@nvé> -
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MPT_Wait

Problem: MPI_WAIT subroutine used for
synchronisation forces MPI processes to
synchronize in a prescribed sequence

Remedy: Replace with MP1_WAITALL S
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- ————————— Red Zones indicate, that the MP1 communication
generates a large number of wait events at the

synchronisation points!
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Example: VAMPIR Analysis of Modified MPI-
Communication
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synchronize as they finish their computation
(less red zones = less wait events).




Performance improvement by exchange of

MPI_WAIT with MP1_WAITALL
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MPI Performance Analysis on

Ty

Xeon-Cluster NOVA
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A closer look to the Parallel Performance

within the nodes
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Loss in Parallel
Efficiency: 55 %
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Performance loss
within the node is

- Load Imbalance

Shared Memory within
Node — ParMA
ParMA - the critical factor for
Limitations: the entire multi-core
|- Communication

system
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Analysis of subroutine Single Core
performance using Flop counters

- combgazif_
rbgauszs_ 15
P chemedcs_ 14,
caltp_ 2
apmap_ il

chemsre_ 2rdlis
koeff_ 2,010 5
tegen_ 1,396 2

gazifsrc_ [1.199 3 i
limiter_ 1,104 3 :
charsum_ 0,348 5! :
ralro 0. 7RG = I

« combgasif approx. 930 Mflops

» chemedc3 approx. 970 Mflops

 rbgauss approx. 400 Mflops

« apmsp approx. 410 Mflops
(about 6 % of total computing time)
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Analysis of subroutine Single Node (16 Cores)

performance using Flop counters

& . Vampir - Process Timeline: <@nvs>' :
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i«-Ml | « combgasif approx. 820 Mflops
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222l |  chemedc3 approx. 910 Mflops

szl | « rbgauss approx. 100 Mflops

W « apmsp approx. 110 Mflops
5 552 (about 10 % of total computing time)
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Parallel Single Node (16 Cores) performance

on subroutine level

16

==Combgasif =#=Combedc ®-Apmsp

-B-Rbgauss -#-powL —Linear

Increasing
Computation to
Memory Access Ratio

F—

Subroutines that perform a large number of
floating point operations and a minor amount
of Loads and Stores show a good scaling
within the node (Combgasif, Combedc)

Subroutines that perform only a few floating
point operations and a large amount of Loads
. and Stores show a bad scaling within the

1 2 4 node V(Rbgauss, ApmsR)

Number of CPUs/Cores
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Data Structure of Rbgauss Subroutine

General Data Structure:

> Blanked Cells

= Internal Cells
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Principle of Gauss-Seidl Solver

Gauss-Seid| Solver for Transport Equations:

App = Z(A‘b) T S,V

DO IDO=1,NINTERND
INC INDIN (IDO)
ANS AN(INC,l)*PHI(INC+1)

INC, 2) *PHI (INC-1)

INC, 3) *PHI (INC+INPD)

) (

+ A
*PHI (INC-INPD)

INC)
= ANS/AP (INC)

+ S
PHT (INC
ENDDO

N (
N (
+ AN (INC, 4
U (
)
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Gauss-Seid| Solver for Transport Equations:

App = Z(A‘b) T S,V

DO IDO=1,NINTERND
INC = INDIN(IDO)
ANS = AN(INC,l)*PHI

N (INC, 2) *PHI

N (INC, 3) *PHT

(INC, 4) *PHI

(INC)

= ANS/AP (INC)

INC+1)
INC-1)
INC+INPD)

(
(
(
(INC-INPD)

+
+
+
+
IN

AN

SU
PHT (INC)
ENDDO
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Structure of Rbgauss Subroutine

OMP PARALLEL DO PRIVATE (INC,ANS)
DO IDO=1,NREDD

INC = INDRED (IDO)

ANS = AN (INC,1)*PHI
AN (INC,2) *PHI
AN (INC, 3) *PHI
AN ( )
SU (

INC+1)
INC-1)
INC+INPD)
INC-INPD)

(
(
(
(

INC, 4) *PHI
INC)
PHI (INC) = ANS/AP (INC)
ENDDO
!SOMP END PARALLEL DO
!SOMP PARALLEL DO PRIVATE (INC, ANS)
DO IDO=1,NBLACKD
INC = INDBLACK (IDO)
ANS = AN (INC,1) *PHI
AN (INC, 2) *PHI
AN (INC, 3) *PHI
AN (
SU (

INC+1)
INC-1)
INC+INPD)

)
)
)
) INC-INPD)

(
(
(
INC, 4) *PHI (
INC)
PHI (INC) = ANS/AP (INC)
ENDDO

'!SOMP END PARALLEL DO




Problem of Rbgauss Subroutine

Red-Black Solver (Red Loop):

!'"Red Loop of Red-Black-Solver
!SOMP PARALLEL DO PRIVATE (INC, ANS)
DO IDO=1,NREDD
INC = INDRED (IDO)
ANS = AN (INC,1)*PHI (INC+1)
INC,2) *PHI (INC-1)
(
(

INC+INPD)
INC, 4 INC-INPD)
INC)
PHT (INC) = ANS/AP (INC)
ENDDO

!SOMP END PARALLEL DO

*PHI

AN ( )

AN (INC, 3) *PHI
AN ( )

SU (
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Problem of Rbgauss Subroutine

Only the Red AN / AP Elements are required

!'"Red Loop of Red-Black-Solver
!SOMP PARALLEL DO PRIVATE (INC, ANS)

DO IDO=1,NREDD

INC = INDRED (IDO)

ANS = AN (INC,1)*PHI (INC+1)
N (INC,2) *PHI (INC-1)
N (INC, 3) *PHI (INC+INPD)

(INC, 4) *PHI (INC-INPD)

(

U (INC)

+
+
+ AN
+
INC) = ANS/AP (INC)

PHT (
ENDDO
!SOMP END PARALLEL DO
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Problem of Rbgauss Subroutine

Only the Red AN / AP Elements are required

!'"Red Loop of Red-Black-Solver
!SOMP PARALLEL DO PRIVATE (INC,ANS)
DO IDO=1,NREDD
INC = INDRED (IDO)
ANS = AN (INC,1)*PHI (INC+1)
+ AN (INC,2) *PHI (INC-1)
+ AN (INC, 3) *PHI (INC+INPD)
+ AN (INC, 4) *PHI (INC-INPD)
+ SU(INC)
PHI (INC) = ANS/AP (INC)
ENDDO
!SOMP END PARALLEL DO

(
(
(
(

Sequential Cache Line:
Only a few elements loaded into cache are used !

This leads to a significant overhead in memory traffic !
18




Improvement of Rbgauss Subroutine

Reorientation of AN / AP Field:

!'"Red Loop of Red-Black-Solver
!SOMP PARALLEL DO PRIVATE (INC, ANS)

DO IDO=1,NREDD

INC = INDRED (IDO)

ANS = AN (IDO, 1) *PHI (INC+1)
AN (IDO,2) *PHI (INC-1)
AN (IDO, 3) *PHI (INC+INPD)
AN ( ) (
SU (

IDO, 4) *PHI (INC-INPD)
INC)

PHI (INC) = ANS/AP (IDO)
ENDDO
!SOMP END PARALLEL DO
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Performance improvement through

Rbgauss restructuring

B Subroutine Rbgauss Only

B Entire Application - 38 9,
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Maximizing the usage of the available memory
bandwidth with a Hybrid (MPl & OpenMP) approach
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Performance gain due to the use of one MPI

process with 4 OpenMP threads per logical
memory block
/ m Xeon X7350
H [tanium Montvale A1

One MPI process shares 2

[4
O Nehalem

logical memory blocks with 8
OpenMP threads

2x8 1x16

4x4

8x2
MPI-Proc. x OpenMP-Threads

16x1
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Summary

» The ParMA tool chain allows a thorough analysis of the
performance bottlenecks and the identification of the
most promising measures for performance

improvements.

» Even for a HPC-application like the 3D-Combustion
Modelling Software RECOM-AIOLOS a performance

gain of roughly 34% for the entire application has been

achieved.
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