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Abstract

Numerical noise arising from different MPP core counts compels users to fix the number of cores used by LS
DYNA® MPP e.g. during a vehicle development program. This fixed core count limits job turn-around time and
flexibility in managing computing resources. In addition, using a large number of cores for calculations diminishes
scalability with pure MPP.

LSDYNA® HYBRID addresses these issues through the use of both MPI + OpenMP technology. LS-DYNA
HYBRID is able to produce consistent numerical results when changing the number of OpenMP threads thereby
reducing job turnaround time. In addition, LS-DYNA HYBRID can greatly reduce the number of processorsinvolved
in message passing and achieve much better scalability over large number of cores. Furthermore, for the implicit
applications LS-DYNA HYBRID not only reduces the memory requirement per node but also decreases 10 activity.

Currently, LSTC and Intel® teams are working together with a customer to evaluate LS-DYNA HYBRID code using
a custom QA (Quality Assurance) suite. The consistency and performance will be discussed in this paper.

I ntroduction

Since 2000s, the auto industry has increasingly relied on high-performance computing
(HPC) technology and mechanical computer-aided engineering (MCAE) applications to drive
innovation in vehicle development. To improve simulation accuracy, the problem size is
continually increasing [1] which increases the solution time. Complying to stricter global safety
standards combined with shortened development cycle, makes auto OEM’ s task very challenging
in developing simulation models.

Due to the numerical noise [2] arising from different MPP core counts, users often fix the
number of coresused in LS-DYNA MPP, throughout their product development. Because of this,
it limits their flexibility in managing the computing resources.

With increasing problem size, more computing resource is required. Turnaround time is
increased dramatically too. For example, atypical full car crash simulation model [1] with 10M
elements takes about 43 hours using 512 cores on a RISC-based cluster. Meanwhile, the parallel
computing efficiency is decreased sharply due to a native feature of MPI collective functions
cost [3] and MPP contact algorithm.

LS-DYNA HYBRID (MPI + OpenMP) addresses these issues by combining the LS-DYNA®
SMP version and the LS-DYNA MPP version.
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New Featuresin LSSDYNA HYBRID Version

LS-DYNA HYBRID was implemented for the X86-64 platform by LSTC and Intel® team.
We combined the SMP version and the MPP version together and paralelized al the related
subroutines without fundamentally changing the code for compatibility reasons. Three new key
features have emerged while implementing LS-DYNA HYBRID version.

e Consstent numerical resultsunder certain condition
e Economic implicit mechanics solution

e Super performanceon large number of cores

Consistent numerical resultsunder certain condition

LSTC developed a ‘consistent’ option in LSSDYNA SMP version per customers
requirement in SMP era. With this option, users will get identical numerical results while
changing number of SMP threads. Most LS-DYNA SMP users currently use this option (ncpu=
—N) [4] in their simulations. Even though there is a 15% average performance penalty with this
option the advantage of being able to manage their computing resources to full efficiency
outweighs the performance penalty. Therefore LSSDYNA SMP users can run their jobs,
according to their computing resources and the result remains consistent. LS-DYNA HYBRID
has put numerical consistency as the first consideration to allow users to change the number of
SMP threads and produce the same numerical results. This feature has been thoroughly and
successfully tested with customers production QA models with latest LS-DYNA HYBRID
version.

What is the certain condition? As mentioned in the abstract, customers need to fix number
of cores used in LS-DYNA MPP throughout their product development due to the numerical
noise arising from different number of MPP core counts. You need to fix number of cores for
MPI process at first. Once the number of MPI process is chosen, for example, you decided to use
32 MPI processes in your product development. Then you can run your jobs with 32 cores
(32MPI x 10MP), 64 cores (32MPI x 20MP), 96 cores (32MPI x 30OMP), 128 cores (32MPI x
40MP), up to 256 cores 32MPIx 80OMP) and you can get identical numerical results. So the
certain condition isfixing the number of coresfor MPI processes.

Nine production QA models from a customer were selected as the test suite for verifying
numerical results and doing performance comparison. The models in the test suite cover different
types of vehicle crash ssimulations and 12 MPI processes were selected for verification. All nine
production QA models were tested with LSDYNA MPP R4.2.1 and LS-DYNA HYBRID
R4.2.1 on an Intel® Xeon® cluster, 12 cores, 24 cores, and 48 cores were used for LS-DYNA
HYBRID runs. The numerical results and scalability was verified and demonstrated.

» Performanceof LS-DYNA HYBRID R4.2.1 Version

First, the performance penalty due to the use of consistent option is evaluated on an Intel®
Xeon® X5560 cluster. Table 1 shows the performance difference between LS-DYNA MPP and

8-28



11" International LS-DYNA® Users Conference Computing Technology

LS-DYNA HYBRID. There was an average performance penalty of about 8.4% with the test
suite that was used. It is safe to say a performance penalty of 8-9% has to be expected if users
migrate from LS-DYNA MPP version to LS-DYNA HYBRID. This penalty is acceptable to

most users because of several advantages over pure MPP version.

12 cores Jobl Job2 Job3 Job4 Job5 Job6 Job7 Job8 Job9 avg

Hybrid 77862s | 50983s | 48452s | 11031s | 24345s | 10450s | 6871s 628s 7898s
PureMPP | 69763s | 47172s | 43822s | 11172s | 22076s | 9734s 6237s 596s 7002s
Ratio 11.6% 8.1% 10.5% -1.2% 10.3% 7.4% 10.2% 537% | 12.8% |8.4%

Table 1: 12-core elapsed time of nine QA models with LS-DYNA® MPP and LS-DYNA HYBRID and
performance difference between LS-DYNA MPP and itsLS-DYNA HYBRID

Secondly, al QA models were tested on an Intel® Xeon® X5460 cluster for evaluating
scalability at the customer site. Figure 1 and Table 2 below demonstrate the reasonable
scalability of LSSDYNA HYBRID version. But, the scalability varies between these models as
they involve different load cases. Basically, most typical scalabilities are covered here.

Timing Comparison

140

O 12cpu Rure
B 12cpu Hybrid
B 24cpu Hybrid
@ 48cpu Hybrid

Seconds x X

B SR CUNN T SR N

Jab3 Jab4 Jab5 Jab6 Jadb7 Jab8

Jdbl Jdb2

Figure 1. Elapsed time of nine production QA models on 12 cores, 24 cores, and 48 cores. LS-DYNA
MPPR4.2.1 and HYBIRD LS-DYNA R4.2.1 both are used. Scalability of HYBRID LS-DYNA is

demonstrated.
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Speedup | Jobl | Job2 | Job3 | Job4 | Job5 | Job6 | Job7 | Job8 | Job9
12x-1job | 1.00 | 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00
12x-2job | 1.60 | 1.60 [ 1.59 1.51 1.46 1.45 1.33 150 | 143
12x-4job | 231 | 237 | 226 | 217 1.97 1.80 1.54 1.14 | 2.08

Table 2.  Speedup of nine production QA models, tested on an Intel® Xeon® X5460
cluster.

» ldentical numerical resultsof LS-DYNA HYBRID Version

Identical numerical results are the key feature in LSS-DYNA HYBRID version. All ASCII
fileswere verified for each model, ASCII files generated from 12 x-1 jobs, 12 x-2 jobs, and 12 x-
4 jobs are identical for each model. Figure 2 shows a snapshot of output of “ vimdiff 12x-
1/nodout 12x-4/nodout” .

I+ +--15548 lines: NEON NODEL (NCAC V02)

800065 1.1267E-02 §5.5798E-02 -2.8706E-02 -5.6217E400 1.2096E+01 -1.7
800073 -2.0826E-03 5.2377E-02 -3.4440E-02 1.0745E400 4.8351E+00 -2.9
800081 -2.0826E-03 5.2377E-02 -3.4440E-02 1.0745E400 4.8351E+00 -2.9
800089 4.385BE-03 §.3668E-03 1,5290E-03 6,2076E-01 2.8879E-01 3.1

+ +--15548 lines: NEON MODEL (NCAC V02)
800065 1,1267E-02 5.579BE-02 -2.8706E-02 -5.6217E+00 1.2096E+01 -1.79]
800073 -2.0826E-03 ©5.2377E-02 -3.4440E-02 1.0745E400 4.8351E+00 -2.94
800081 -2.0826E-03 5.2377E-02 -3.4440E-02 1.0745E+00 4.8351E+00 -2.94
800088  4.3858E-03 B.366BE-03 1,5280E-03 6.,2076E-01 A

nodal print ouwt for time step 29877

nodal print out for time step 29877
nodal point x-disp y-disp z-disp x=-vel y-vel z-
800041 4.1269E402 4.1009E-01 -6.5234E-01 1.0556E+04 9.5361E+01 -8.0
800049 4.1119E402 6.1120E-01 3.4602E-01 1.0359E+04 -1,4287E402 -2.3
+-- 64 lines: 800057 4.0399E+02 9.9750E400 3,1367E+01 6.1439E403 -1,57
800049 3.5787E-03 6.6946E-03 1.4108E-03 -1.4491E+00 7.8107E-01 2.7
800057 5.3351E-03 6.2241E-02 -2.9714E-02 -9.8376E-01 1,1060E+01 2.2
800065 1.0418E-02 5.7776E-02 -2.8724E-02 -4.3417E+00 1.1988E+01 -6.4
800073 -1.9237E-03 5.3096E-02 -3.4919E-02 1.0308E+00 4.8127E+00 -3.3
800081 -1.9237E-03 5.3096E-02 -3.4919E-02 1,0308E+00 4.8127E+00 -3.3
800089 4.5017E-03 8.4066E-03 1.5254E-03 5.3503E-01 2,4162E-01 -2.3

nodal point x-disp y-disp z-disp x-vel y-vel z=1

800041 4.1269E402 4,1008E-01 -6.5234E-01 1.0556E+04 9.5361E+01 -8.06]}

800049 4.1119E402 6.1120E-01 3.4602E-01 1.0359E404 -1.4287E402 -2.31J)
+ +-- 64 lines: 800057 4.0399E+02 9.97S0E+00 3,1367E+01 6.1439E403 -1,576]
800049  3.5787E-03 6.6946E-03 1.4108E-03 -1.4491E+00 7.8107E-01 2.79
800057 5.3351E-03 6.2241E-02 -2.9714E-02 -9.8376E-01 1.1060E401 2.22f)
800065 1.0418E-02 S5.7776E-0Z -2.8724E-02 -4.3417E400 1.1988E401 -6.41]
800073 -1.9237E-03 &.3006E-02 -3.4919E-02 1.0308E+00 4.8127E400 -3.34f
800081 =-1,9237E-03 5.3096E-02 -3,4919E-02 1.0308E+00 4.8127E+00 -3.34
800089  4.5017E-03 8,4066E-03 1,5254E-03 5,3S03E-01 2.4162E-01 -2,31

Figure 2: Snapshot of output of “ vimdiff 12x-1/nodout 12x-4/nodout”..

The response from four of the nine production QA models was selected to illustrate and
publish in this paper. Figure 3-6 shows the vehicle deceleration response curve. All the results
match identically as expected.
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Figure3: Jobl - vehicle deceleration response as measured at left rear sill.
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Figure4: Job3 - vehicle deceleration response as measured at left rear sill.
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Figure5: Job4 - vehicle deceleration response as measured at left rear sill.
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Figure 6: Job9 - vehicle deceleration response as measured at left rear sill.

Economic implicit mechanics solution

Historically, LS-DYNA implicit users have suffered from poor 1/O performance, lack of
memory space and memory bandwidth in Intel64® -based system when they use MPI version of
implicit applications. One of the solutions is to run one MPI process per node with the in-core
solver due to limited memory and 1/0O resource in each node. But then users couldn’t use all of
the cores for their ssimulation and hence computing resource is underutilized. LS-DYNA
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HYBRID solves this problem very well through SMP technology within each MPI thread. LS
DYNA Implicit users can now solve their problems on existing Intel64® cluster quickly with
LS-DYNA HYBRID

The CYL1E6 model, which is an implicit benchmark model developed by Atomic Weapons
Establishment (UK), isthe first test problem used in this demonstration. The model consists of 6
nested cylinders held together by contact. There are 1 million solid elements (3.27 million
degrees of freedom) in the mode!.

Two systems were selected as benchmark platforms. The first platform is a new 4 socket (8
cores on each socket) Intel® Xeon® X 7560 system at 2.26 GHz with 128GB memory for a total
of 32 cores in a single node. The other system is an 8-node dual-socket Intel® Xeon® X5560
cluster with 24GB memory. Each X5560 processor socket contains 4 cores and runs at 2.8GHz.
The cluster is connected with a QDR (quad-data-rate) 1B (Infiniband) network.

In-core solver is a preferred solution as suggested by LSTC, and the in-core solver is a
reasonabl e solution in existing X86-64 based system with poor file system. So the in-core solver
is used for all tests. During initial test, it was noticed that 31.3GB memory was required for in-
core solver in each MPI process for 4 cores of pure MPP job and 7.9GB memory is required for
in-core solver in each MPI process for 32 cores of pure MPP job. Since there was only 128GB
memory, and a 32 core pure MPP job requires 256GB memory, a single X7560 node could not
handle this pure MPP job. However, we can run 4 cores pure MPP job in the single X7500 node,
which requires 125GB of memory. This is the minimum choice for LS-DYNA MPP version.
LS DYNA HYBRID overcame this shortcoming. All 32 cores can be used with the same
memory requirement.

Unfortunately, the minimum choice for the model on the 8 node X5560 cluster was to use 8
nodes for an 8 core pure MPP job. The reason is there is only 24GB memory per node and each
MPI process requires 16GB memory. Table 3 below shows performance of CYL1E6 model.

Intel® Xeon® X7560 system Intel® Xeon® X5560 cluster
CYL1E6 Model 32 cores @ 2.26Ghz 8 nodes with
128GB memory 8 cores @2.8Ghz
921K elements 24GB memory
3.27 M DOFs
Cores & nodes used 4 cores 32 cores 8 cores 64 cores
1 node 1 node 8 nodes 8 nodes
Pure MPP Hybrid Pure MPP Hybrid
Minimum choice | Best choice | Minimum choice | Best choice
Memory requirement 31.2GB per 31.2GB per 15.6GB per 15.6GB per
MPI process MPI process| MPI process | MPI process
Elapsed Time 44013s 7047s 18521s 5541s
Speedup 1.00 6.25 1.00 3.34

Table 3: Elapsed time of minimum run and best run on two benchmark platforms.

The CYL2E6 model, which is aso an implicit benchmark model developed by Atomic
Weapons Establishment (UK), is the second test problem used in this demonstration. The model

8-33



Computing Technology 11™ Inter national LS-DYNA® Users Conference

consists of 6 nested cylinders held together by contact. There are 2 million solid elements (6.52
million degrees of freedom) in the model.

The model needs 13GB per MPI process for 32c pure MPP jab, but there was only 16GB
memory in each node of an Intel®Xeon5460 cluster, so the minimum requirement to run pure
MPP on the cluster is 32 nodes. The benchmark was performed using LS-DYNA MPP and LS
DYNA HYBRID for performance comparison on 32 nodes. Figure 7 shows the performance of
CYL2E6 model on the 32 nodes Intel® Xeon® X 5460 cluster.

32 nodes Intel Xeon X5460 cluster
8 cores and 18GB memory per node
mem=1560m(12.2GB) per MPI thread

Elapsed Time (sec)
30000

M cyl2e6 2M elements model
25000

20000

15000 -

10000

5000 -

B =

32c pure MPI 32x4c Hybrid 32x8c Hybrid

0 .

Figure7: Elapsed Time of CYL2E6 model on 32 nodes Intel® Xeon® X5460 cluster

The solution of the global stiffness linear system for implicit mechanics requires substantial
amounts of memory, far more that the explicit solution approach. Running LS-DYNA MPPina
distributed manner using MPI on a compute cluster is the most cost effective to get the required
memory for the implicit execution. The usual approach isto use al of the compute cores per
computational node on the cluster. But this does not always work for implicit mechanics. The
memory requirement per compute core does not decrease linearly as the number of cores
increases. There is aminimum amount of memory required per core. The LSSDYNA HYBRID
version allows full use of al of the compute cores per computational node using OpenMP
threads but keeps the memory in one piece for the minimum memory requirement.

Another key point is I/O. To reduce the substantial amounts of memory for solving the stiffness
linear system I/O files are used to store the factorization and for temporary storage. Each MPI
process has one file to store its part of the factorization and one file for temporary storage. Using
the pure MPI implementation there will be one active I/O file for each compute core. Since there
isusually just one I/0O device per node on the cluster the overall I/0O performance degrades like
rush hour traffic on the highway. 8 active I/O files, one for each of the 8 cores, will fight against
each other for the same resource. The LS-DYNA HYBRID implementation will only have one
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I/O file for the factorization and one for temporary storage per compute node. So thereisno I/0
degradation.

Super performance on large number of cores
» Root cause of poor scalability on large number of cores

The origina motivation for developing LS-DYNA HYBRID was to pursue better
performance when solving large models on a large cluster. As the number of cores increase, MPI
collective functions cost also increases rapidly. Meanwhile, the number of subdomains of the
model is increased, for this causes the load imbalance issue and poor paralel efficiency in the
contact algorithm both of which are detrimental. The parallel efficiency of ajob, run on alarge
cluster is very important. LS-DYNA HYBRID reduced the number of MPI processes and
number of subdomains and hence reduced the MPI collective functions cost.

Figures 8 and 9 show the cost of MPI collective communication of a customer model
generated by “ Intel® Trace Anayzer and Collector Tool” on 4 nodes and 32 nodes.. Red bars
and Brown bars indicate the cost of MPI collective functions. Blue bar and Gray bar show the
cost of LS-DYNA MPP. Clearly, the cost of MPI collective functions increases quickly along
with increase in number of nodes. LS-DYNA HYBRID is implemented to address this problem
through the use of both MPI + OpenMP technol ogy.

In:B (nmeng)

#| Intel® Trace Analyzer - [1: fscratchinmengf3carsimppd71.itac.stf]
File Style Windows Help F1 ~i~ix|
View Charts Navigate Advanced Layout
| Flat Profile | Load Balance | Call Tree | Call Graph |
Group All_Processes =l
Natne (TSeff | TSelf | |TTotll  |#Calls | TSelf /Call
e Group All_Processes
- Group Application 51.6609¢+3 s | 54 954%+3 s 32 1.6144e+3s
—MPI_Recv 6.31992e+3 s ] 6.31992e+3s 47124609 134.111e-6 5
-MPI_Allreduce  3.356325e+3 s 3.36325e+3s 7087743  474516e-6s
~MPI_Bcast 2.71959e+3 5| 2.7195%+43 5 1682608 1.61629%¢-3 5
- MP1_Waitall 255.567 s 255.667 5 9884555 25.8552e-6 5
~MPI_Alltoall 246.521 5 246.521 3 1833359 134.464e-6 s X
-MP1_lsend 181.637 s 181.637 s 37876113 4.79555e-6 5
~MPI_Send 65.3434 5 65.3434s 17654314  3.70127e-6s
- MP1_Wait 37.037 s 37.037s 21070916 1.75773e-6 5

Figure 8: Profile data of a customer model on 4 nodes generated by Intel Trace Analyzer and
Collector Tool.
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BE In: 7 (nmeng) -
:Z [®] Intel® Trace Analyzer - [1: fscratchinmengf3cars_3/mick.stf] & —
Iy File Stvle Windows Help F1  ~i=ix

Tracefile Info
View Charts [Navigate Advanced Layout
11 Flat Profile | Load Balance | Call Tree | Call Graph |
Group All_Processes =i |
Name | TSelf [TSelf /  |TTotal | #Calls | TSelf /Call | &
& Group All_Processes
Group other 30.6772e+3 s n.a. 256 IREEEEE
- MMPI_Allreduce 25.9371e+3 s [ n.a. 28485828 910.528e-6 s
-MPI_Recv 23.2747e+3 s n.a. 253461747 91.8249e-6 s
hPI_Bcast 14.2345¢+3 s [ n.a. 8234727 1.7285%9e-3 s
—MPI_Wait 5.584e+3 sl n.a. 274651907 20.3312e-6 s
MPI_Reduce 875.994 5| n.a. 739336 1.18484e-3 s
- MPI_Alltoall 538.362 5| n.a. 4158340 129.466e-6 s -
—MPI_lsend 533.184 s| n.a. 211531192 2.52059e-6 s
—MPI1_Waitall 452.046 s | n.a. 41656370 10.8518e-6 s
—MPI_Send 241.783 s n.a. 98820210 2.44669¢e-6 s
—MPI_Comm_dup 132.946 s n.a. 1536 86.5534e-3 s
—MPI_aAllgather 91.4637 s n.a. 643595 142.114e-6 s
HMPI_lrecv 51.4914 s n.a. 56889655 905.11e-9 s
+MPI_Barrier 40.7387 5 n.a. 853248 47.7455e-6 5
+MPI_Get_count 31.2466 s n.a. 87177080 358.427e-9 s
0.000 000, 401.225 297: 401.225 297 sec. All_Processes MPI Tag Filter
|ba_switch mppd7l,itac,stf.pr.112,anc  mppI7l.itac,stf.pr, 176 mppd7l,itac,stf.pr.24, anc mppd7Fl,itac,stf pr.8 e}
< >

Figure 9: Profile data of a customer model on 32 nodes generated by Intel® Trace Analyzer and
Collector Tool.

» Performance comparison between LS-DYNA MPP and LS-DYNA HYBRID

The popular 2.4 million elements car2car model, LS-DY NA standard benchmark model, is
selected for this next comparison. LS-DYNA MPP Version R4.2.1 and its corresponding version
of the LS-DYNA HYBRID both are used for the performance comparison. The benchmark is
tested on two Intel® Xeon® clusters. See Table 4 in below.

Node Type Intel® Xeon® X5560 cluster Intel® Xeon® X5470 cluster
Processor 2 sockets QC X5560 2.8Ghz 2 sockets QC X5470 3.2Ghz
Memory 24GB memory @ 1333Mhz 16GB memory @1066M hz
Interconnect InfiniBand QDR InfiniBand DDR
0OS RH 5.3U2 RH5.2U2
MPI library Intel MPI 3.2.1 Intel MPI 3.2.1

Table4: Benchmark system configuration

The car2car model istested with LSSDYNA MPP R4.2.1 and LSS DYNA HYBRID R4.2.1 on
32 nodes and 64 nodes on Intel Xeon® X5470 cluster. The numbersin Figure 10 indicate that
the performance of 256 MPI processes job is about 15.4% slower than performance of 64 MPI
processes with 4 OpenMP threads job in 32 nodes. An 18.1% performance gap on 64 nodes was
observed. Meanwhile, the same job was tested on 32 nodes in Intel® Xeon® X5560 cluster. The
performance gap between LS-DYNA MPP and LS-DY NA HYBRID was about 18.2%.
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Elapsed Time (sec)
26000 o | OIntel® Xeon® X5470 _ |

14000 e — e e e e e e — — ———————
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6000 4 —_— J—— REE—— —_——. ———— . R
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2000 4. —_— J—— REE—— —_——. ———— . R

0 T T T T T

256 MPI 128 MPIx 64 MPIx 512 MPI 256 MPIx 128 MPI x
2 OMP 4 OMP 2 OMP 4 OMP

Figure 10: 256-core elapsed times of the pure MPP and the HY BRID versions and the 512-
core elapsed time of the pure MPP and the HY BRID on Intel® Xeon® X 5470 and
X5560 clusters.

FutureWork

As described in the paper, the first target of implementation of LSSDYNA HYBRID is
achieved. Three new key features are implemented in LS-DYNA HYBRID R4.2.1 and R5.
LSTC and Intel® teams will continue to implement more features in next major LS-DY NA
HYBRID version. As mentioned in the abstract, the devel opment team worked with a customer
to evaluate LS-DYNA HYBRID. The development team would like to invite more customers to
help usimprove the hybrid code.
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