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Abstract 
 
Potential scatter of simulation results caused  for exampleby buckling, is still a challenging issue for the 
predictability. Principle component analysis (PCA) is a well-known mathematical method for data analysis. In order 
to characterize scatter PCA analysis was applied to the simulation results from a number of runs using all node 
positions at all time steps. For industrials relevant problems the size of the data base is larger than 100 GBytes 
(even, if compressed by FEMzip1[7]) .  As a result the major components dominating the differences between the 
simulation results are available. 
 
Since PCA is a mathematically based method, the selected modes do not separate different physical effects like 
buckling at different parts of the model. PCA rather tries to maximize the variations by combining several physical 
effects into one mode. 
 
Difference PCA(DPCA)  applies PCA analysis to the results for each part and time step. By analysis of the related 
covariance matrices, the local dimension of the scatter subspace can be identified and correlation between the 
scatter at different places can be analyzed. Using DPCA, different origins of scatter can be identified and physically 
meaningful components can be determined. The paper introduces the approach and shows results for an industrial 
model.  

 
Introduction 

 
In [8] and [4] scatter of the Chrysler Neon model and a model of BMW were analyzed in detail. 
Buckling and contact heuristics were identified as major sources for scatter. For the design and 
optimization of car models it is very helpful to deal with a simulation model, which generates 
similar results even if slight changes of the model are performed. In order to investigate reasons 
for scatter several optimization tools like LS-OPT® [6] support the generation of variants as well 
as the analysis of scatter of key results (like intrusion). In addition LS-OPT also supports 
correlation analysis between changes model parameters and field results (like displacements at 
various nodal points) and various functions to visualize correlations and scatter of simulation 
results. In [4] a new methods using correlation between displacements of nodes were introduced, 
which allow to find the origin of scatter in crash simulation. All these methods work, if there is a 
single dominating source of scatter but fail to separate the impact of several sources.        
   

PCA Analysis for Crash Simulation Results 
 
According to [3] Principle Component Analysis (PCA) was introduced by Pearson in the context 
of biological phenomena [5] and by Karhunen in the context of stochastic processes [2].  
 

                                                 
1 FEMzip is a registered trademark of Fraunhofer Gesellschaft, Munich 
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In [1] PCA was applied to full crash simulation results. Let  

 
be the displacement of simulation run i out of n simulation runs at node p and time t. If  is 
the mean of all simulation runs, the covariance matrix C can be defined as  
 

 and  

 
The eigenvectors  of C form a new basis (principle components) and the squareroots of the 
eigenvalues of C) provide a measure for the importance of each component.  
 
If this method is applied to crash simulation results,  scalar products between the simulations 
runs of length  have to be computed (  number of points,  number of time 
steps.)  
 
From                     , 
 
follows that            . 

 
The  show the major trends of the differences between the simulation results. The 
coefficients of the eigenvectors  correspond to the contribution of  to  and can be 
used for cluster analysis and correlation with input parameters. If input parameters have been 
changed between the different simulation runs, the correlation analysis will indicate how certain 
trends can be avoided or increased by changing these inputs (e.g. thicknesses of parts) (c.f.[3], 
Chapter 2.4 ] for the properties of PCA analysis in general).    
 
Principle Component Analysis is a mathematical method which determines mathematical trends 
in contrast to physical trends. To be more specific: , the square of the maximal eigenvalue of C, 
can be determined by  

 
 
and therefore will be in general a mixture out of several physical effects, like buckling. 
 

Difference PCA 
 
Instead of considering the whole simulation results, correlation matrices can also be defined for 
the simulation results at parts of the model and for specific time steps. If P is a part of the model 
and T subset of the time steps, then  can be defined as follows: 
 

 and . 

(  denotes the size of  times the size of .) 
 
The intrinsic dimension of the set of simulation results can be defined as the number of major 
components in its differences (for more formal definitions see [3], Chapter 3]). Buckling or any 
other local instability in the model or numerical procedures increase the intrinsic dimension of 
simulation results at parts which are affected compared to those, which are not affected. 



11th International LS-DYNA® Users Conference Automotive (3) 

 18-17 

Therefore in the context of stability of crash simulation, those parts and time steps for which the 
intrinsic dimension increases are of particular interest.  
 
Numerically this can be evaluated by determining eigenvectors and eigenvalues of   
 

 
 
for the covariances matrices of the simulation results at two different parts  and  and two 
different sets of time steps  and  . If there are positive eigenvalues for a certain choice of  
(which separates noise from real signals), the simulation results at ( , ) show additional 
effects compared to those at ( , ). If is the corresponding eigenvector,  shows 
the effect on ( , ) and also the impact on the other parts of the model. Similar methods can be 
used to remove those effects from this result, which do not affect ( , ) directly.  
 
This approach has been filed for application of a Patent at the German Patent office (DPMA 
number 10 2009 057 295.3) by Fraunhofer Gesellschaft, Munich..   
 

Example 
 
The new method was tested on the publically available Ford Taurus test case (version with 
854692 elements) as provided by the NCAC at the following web-page: 
http://www.ncac.gwu.edu/vml/models.html . Simulations were performed by LS-DYNA®. The 
thicknesses of all parts were changed by +-20%. A DOE was applied using a latin hypercube 
sampling with 100 simulation runs. The thicknesses of the first 99 parts were changed 
individually while the remaining parts were treated as one group.  

 
Figure 1: Maximal local difference between simulation results as color coding computed by DIFF-CRASH [4] 

(range 0-100 mm) 

Figure 1 shows the maximal between the simulation results computed by DIFF-CRASH2, a tool 
for the statistical analysis of crash-simulation results. It shows substantial scatter for example in 
the floor section.  
 

                                                 
2 DIFF-CRASH is a registered trademark of Fraunhofer Gesellschaft, Munich 
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Results with global PCA 
 

 

Figure 2 shows the results of the principle component analysis. The outliers of  show, 

that there are a few dominating components starting at component 80. Most interesting are the 
two last components, which clearly separate from the rest. 

 

        
 

Figure 2:  (Importance measures) for the principle components and  

 
 

 
Figure 3: Fringe plots of the two most important components from global PCA on a selected number of parts 
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The fringe plots on Figure 3 show the two most important components at the final state. Both 
cover almost the whole car. The contributions of each simulation run to the most important 
component are directly correlated with the thicknesses of the group of remaining parts, which 
have been changed simultaneously. The coefficients of the second component are not correlated 
(even if non-linear basis functions are used) with any of the thickness variation.  

 

Figure 4: for the principle components of local analysis of Part 2000085 and  

 
Results with local PCA for spitwall (Part 2000085) 

 
In a second step the PCA analysis has been applied only to the spitwall at time step 150 ms. The 
intrusion of the spitwall is one of the design criteria for the safety of the car and therefore of 
special interest for the design engineer.  
      
Figure 4 shows that 4 components are dominating the differences of the simulation runs at the 
spitwall. Figure 5 shows the most important two components as fringe plots for their 
displacement on the geometry of the car. The most important component is very similar to that of 
the global analysis. The second component shows buckling at the floor section which seems to 
influence the spit wall at the 150 ms. 
 

 
 

Figure 5: Fringe plot of the displacements of the two most important components from the local PCA analysis  
of the spitwall (Part 2000085) at 150 ms and for the second component also at 40 ms (Range 0-30mm)  
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Results with DPCA for spitwall (Part 2000085) 
 
In a final step, DPCA was applied to the spitwall and the floor section. Using this analysis it 
turned out, that the buckling at the floor section has almost no impact on the scatter at the 
spitwall (see Figure 6).  
 
Performing a DPCA analysis of the spitwall with all other Parts and time steps buckling of the 
Part 2000014 (longitudinal rail) between time step 6 and 7 is very important for the behavior of 
the spitwall. Figure 7 shows the dominating component at 30 ms and 150 ms. At 30 ms it is an 
almost isolated effect at the longitudinal rail which affects later almost all parts.   
 

 
Figure 6: Fringe plot of the most important component of the DPCA analysis of the floor section and the 
spitwall.  

 
 

  
Figure 7: Fringe plot of the most important component of the DPCA analysis of spitwall and longitudinal rail 

after a clean-up with other scatter candidates.  

 
Summary  

 
Local principle component analysis and DPCA were introduced to the analysis of optimization 
and stability of crash simulation results. For the most important component a clear correlation 
with the simultaneous change of the thickness of a group of parts could be identified. DPCA 
turned out to be useful for the identification of the most important buckling component 
influencing the spitwall as a secondary effect. Future work will show results of this approach 
also for non-linear data analysis methods.  



11th International LS-DYNA® Users Conference Automotive (3) 

 18-21 

Acknowledgments 
 
The author thanks Daniela Steffes-Lai for the set-up and executions of the simulation runs, 
Beatrice Bucchia for the extensive test of the computing modules for this analysis as well as for 
the generation of several results, Dr. Igor Nikitin for the suggestion to use PCA for crash 
simulation results and Hermann Mierendorff for suggestions regarding the selection of the 
parameter τ.  
Many thanks also to the team of Prof. Steve Kan at the NCAC and the Ford company for 
providing the publically available LS-DYNA models. The availability of these models fosters 
method developments for crash simulation. 
 

References 

 [1] Sascha Ackermann, Lothar Gaul, Michael Hanss, and Thomas Hambrecht. Principal component analysis 
for detection of globally important input parameters in nonlinear finite element analysis. In Optimisation and 
Stochastic Days 5.0. dynardo - dynamic software&engineering, Weimar, 2008. 
http://www.dynardo.de/bibliothek/wost/wost-50/. 
[2] K. Karhunen. Zur spektraltheorie stochastischer prozesse. Ann. Acad. Sci. Fennicae, 34, 1946. 
[3] Michael Lee, John; Verleysen. Nonlinear Dimension Reduction. Information Science and Statistics. 
Springer Science+Business Media, 2007. 
[4] L. Mei and C.-A. Thole. Data analysis for parallel car-crash simulation results and model optimization. 
Simulation modelling practice and theory, 16(3):329–337, 2008. 
[5] K. Pearson. On lines and planes of closest fit to systems of points in space. Philosophical Magazine, 2:559–
572, 1901. 
[6] W. Stander, N. Rouw. New features in ls-opt version 3. In Wayne L. Mindle, editor, 9th International LS-
DYNA Users Conference 2006. Livermore Software Technology Corporation, Livermore California, 2006. 
http://www.dynalook.com/international-conf-2006/2Optimization.pdf. 
[7] C.A. Thole. Compression of ls-dyna simulation results. In Proceedings of the 5th European LS-DYNA user 
conference, Birmingham., 2005. http://www.dynalook.com/european-conf-2005/Modelling_II/Thole.pdf. 
[8] Clemens-August Thole and Liquan Mei. Reason for scatter in simulation results. In Proceedings of the 4th 
European LS-Dyna User Conference. Dynamore, Germany, 2003. http://www.dynalook.com/european-conf-
2003/crash-automotive-applications/reasons-for-scatter-in-crash-simulation-results. 



Automotive (3) 11th International LS-DYNA® Users Conference 

18-22 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


