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I- Motivation  
 
 
 Reduce  tim e   

1. Sim ula tion  
2. Assessm ent  
3. Concep t-to-Marke t 

 Reduce  ene rgy consum ption   

 

 Reduce  cost 

 

 

[MSc Software , 2020] 

[MSc Software , 2020] 

[Lucia  Mele r, 2020] 
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II - Model Order Reduction (MOR)  
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II - Model Order Reduction  
 
 
 A linear system : 

1. has linear re la tionsh ips 
2. can  u tilize  supe rposition   

 A non-linear system : 
1. has non-linear re la tions 
2. can’t be  supe rposed  

 Form s of structu ra l non-linearity 
1. Geom etric (e .g snap-th rough  buckling) 
2. Mate ria l (e .g p lasticity) 
3. Boundary (e .g con tact) 
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II - Model Order Reduction  
 
 
 
 

 Linear MOR handles structu res behaving linearly (geom etric, m ate ria l, boundary) 

 Availab le  since  the  1960s 

 Finds a  transform ation  T such  tha t : 

𝑥𝑥 𝑡𝑡 = 𝐓𝐓𝒙𝒙𝑘𝑘(𝑡𝑡)       𝑘𝑘 ≪ 𝑛𝑛 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑥𝑥)  
 In  structu ra l dynam ics th is yie lds: 

 
𝐌𝐌𝑘𝑘𝑥̈𝑥𝑘𝑘(𝑡𝑡) + 𝐂𝐂𝑘𝑘𝑥̇𝑥𝑘𝑘(𝑡𝑡) + 𝐊𝐊𝑘𝑘𝑥𝑥𝑘𝑘(𝑡𝑡) = 𝑓𝑓𝑘𝑘(𝑡𝑡) 

      where  each  of the  characte ristic m atrices is ob ta ined  as  

 
□𝑘𝑘 = 𝐓𝐓𝑇𝑇□𝐓𝐓 

 Are  often  based  on  m oda l ana lysis 
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II - Model Order Reduction  
 
 
 
 

 For a time-invariant system, the responses can be obtained as a linear combination of all the 
responses in the normal space (theory of vib ra tion) 

 Disp lacem ent of a  DoF ca lcu la ted  as  

𝑥𝑥𝑖𝑖 𝑡𝑡 = φ𝑖𝑖𝑖𝑞𝑞1 𝑡𝑡 + ⋯+ φ𝑛𝑛1𝑞𝑞𝑛𝑛 𝑡𝑡 = � φ𝑖𝑖𝑖𝑖𝑞𝑞𝑚𝑚 𝑡𝑡
𝑛𝑛

𝑚𝑚=1

  𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 �φ𝑖𝑖𝑖𝑖 modal displacement
𝑞𝑞𝑚𝑚 modal coordinate   

 Full d isp lacem ent vector 

𝑥𝑥 𝑡𝑡 = � φ𝑚𝑚𝑞𝑞𝑚𝑚 𝑡𝑡
𝑛𝑛

𝑚𝑚=1

= 𝚽𝚽𝑞𝑞 𝑡𝑡  

 Reduced  d isp lacem ent vector 

𝑥𝑥𝑘𝑘 𝑡𝑡 = � φ𝑚𝑚𝑞𝑞𝑚𝑚 𝑡𝑡
𝑘𝑘

𝑚𝑚=1

= 𝚽𝚽𝑘𝑘𝑞𝑞𝑘𝑘 𝑡𝑡                𝑘𝑘 ≪ 𝑛𝑛 

 Reduced  equa tion  of m otion  
 

𝑞̈𝑞𝑘𝑘 𝑡𝑡 + 𝐂𝐂𝑘𝑘𝑞̇𝑞𝑘𝑘 𝑡𝑡 + 𝚲𝚲𝑘𝑘𝑞𝑞𝑘𝑘 𝑡𝑡 = 𝚽𝚽𝑻𝑻𝑓𝑓 (𝑡𝑡) = 𝑓𝑓𝒌𝒌(𝑡𝑡) 

 

 

 

 
 

 

 

Modal Truncation  
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II - Model Order Reduction  
 
 
 
 

 Com ponen t Mode  Synthesis  
o Divide  the  structu re  in to  parts 
o Form  a  superelement from  ce rta in  parts 

 

 

 

 
 

 

 Cra ig-Bam pton  reduction  approxim ates DoFs using 
o Boundary d isp lacem ents + Constra in t Modes 
o Modal coord ina tes + reduced  Eigenm odes 

 

𝑥𝑥 𝑡𝑡 =
𝑥𝑥𝑏𝑏(𝑡𝑡)
𝑥𝑥𝑖𝑖(𝑡𝑡)

= 𝐈𝐈 𝟎𝟎
𝚽𝚽𝑐𝑐 𝚽𝚽𝑘𝑘

𝑥𝑥𝑏𝑏(𝑡𝑡)
𝑞𝑞𝑘𝑘(𝑡𝑡)  

 
 

[Qu , Zu , 2004] 
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III - Evaluation of Linear MOR  



Präsentation  de r Maste ra rbe it 
Faku ltä tsrechenzen trum / El Khatib , Ze idoun , M.Sc. 
TUD //25.09.2020 

 
Folie  10 

 

A. Simulation Data Management  
 

 Severa l bene fits of using SDM 
o Manages and  organ izes sim ula tion  da ta  
o Reduces risk of confusion  
o Keeps track of p roject deve lopm ent 
o Saves tim e  
o Im proves e fficiency and  productivity 

 

 LoCo, p roduct of SCALE Gm bH, was used  
o Facilita te s m odifica tions and  m ode l assem bly 
o Handles the  re la tionsh ip  with  the  HPC 
o Provides easy access to  the  Yaris m ode l 
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B. MOR Approaches in LS -DYNA 
 

 Two approaches exist: 
o Supere lem ent (SE) 
o Linearized  Flexib le  Body (LFB) 

 

 The  SE approach : 
o Form ed using Cra ig-Bam pton  or Sta tic Condensa tion  
o Represen ted  via  a  se t of m atrices 
o Can’t be  m ass sca led  

 

 The  LFB approach : 
o Form ed using Cra ig-Bam pton  or Modal Trunca tion  
o Com bines m oda l supe rposition  with  rigid  body m otion  
o Represen ted  as rigid  bod ies 
o Can be  m ass sca led  
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C. Small Displacement Structural Dynamic Problem  
 

 Diffe ren t va rian ts of a  structu ra l fram e  were  assessed   

 SE vs. LFB 

 Diffe ren t num ber of m odes 

 

100 kph  

Case 1 Case 2 Case 3 

00 
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C. Small Displacement Structural Dynamic Problem  
 

 Tim e  reduction  of all processes  
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C. Small Displacement Structural Dynamic Problem  
 

 Tim e  reduction  of element processing  
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C. Small Displacement Structural Dynamic Problem  
 

 Tim e  reduction  of contact algorithm  
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C. Small Displacement Structural Dynamic Problem  
 

 Share  of rigid body handling  
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 Accuracy using re su ltan t 
d isp lacem ent 

 

 

 

 Case  2 re sem bles case  1 
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C. Small Displacement Structural Dynamic Problem  
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D. Large Displacement Structural Dynamic Problem  
 

 Successfu l case  3              m odified  for la rge  d isp lacem ents 

 Reduction  by SE 72% 

 Reduction  by LFB 54% with  15 EM and  35% with  30.  
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D. Large Displacement Structural Dynamic Problem  
 

 

 



Präsentation  de r Maste ra rbe it 
Faku ltä tsrechenzen trum / El Khatib , Ze idoun , M.Sc. 
TUD //25.09.2020 

 
Folie  21 

 

IV- Application in Crash Analysis  
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A. Problem Definition  
 

 Side  im pact 

 Rigid  pole  barrie r 

 50 km /hr 

 120 m s sim ula tion  

 HPC used  

 Two LFB reduction  cases: 
o 2 substructu res 
   Hood  + Hatch  
o 5 substructu res 
   Hood , Ha tch , CMS, & Righ t Doors 

 Additiona l approach  assessed  

       Deform able  to  Rigid  (D2R) 

 

 

Variant 1  

Variant 2  
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B. Time Reduction  

 Distingu ish  be tween  3 com puting environm ents: 
1. Practica l ( Mode l > 1 ; Runs > 1) 
2. Weakly isola ted  ( Mode l = 1 ; Runs > 1) 
3. Strongly isola ted  ( Mode l = 1 ; Runs = 1) 

 Tim e  consistency ach ieved  by con trolled  MPP decomposition  for NCPU>4 
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B. Time Reduction  

 Varian t 1 (p ractica l environm ent, 4 CPUs, no con trol)  

 

 

 

 

 

 

 

 

 

              Combined reduction is better  

 

 

 

 

 

FOM Separate Reduction 
15 EM 

Combined Reduction 
30 EM 

Tim e [s] 44,172 39,020 32,653 

Reduction  [%] 12 26 

Elem ent Processing [s] 18,629 15,173 13,099 

Contact Algorithm  [s] 17,028 14,444 11,811 

Rigid  Bodies [s] 423 1,427 1,522 



Präsentation  de r Maste ra rbe it 
Faku ltä tsrechenzen trum / El Khatib , Ze idoun , M.Sc. 
TUD //25.09.2020 

 
Folie  25 

 

B. Time Reduction  

 Varian t 2 (p ractica l environm ent, MPP Control)  
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B. Time Reduction  
 

 Varian t 2 (iso la ted  environm ent, MPP Control, 8 CPUs)  

 

 

 

 The  Strongly isola ted  environm ent reduced  run  tim e  by  
o  63% for FOM 
o  62 % for LFB 
o  54% for D2R 
o  and  the  m ain  p rocesses by  

 
 

weakly  strongly  

LFB 40 D2R LFB 40 D2R 

Red. [%]  -5 27 -8 4 

Full  LFB D2R 

Elem ent 54 49 43 

Contact 67 65 55 

Rigid  Body 78 65 61 
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C. Accuracy  
 

 Resultan t Disp lacem ent of BIW 
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C. Accuracy  
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C. Accuracy  
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D. Decomposition Aspects  
 

 Defau lt Decom position : Recursive  Coord ina te  Bisection  (RCB) 

 Specia l Decom position : Use r de fined  
 

o Para lle l to  ve locity 
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D. Decomposition Aspects  
 

 

RCB Parallel to velocity  

1 Color = 1 CPU 
The two greens are 

different  
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IV- Conclusion & Further Investigation  
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IV- Conclusion & Further Investigation  
 

 SE provides be tte r tim e  pe rform ance  than  LFB in  sm all d isp lacem ent p rob lem s 

 SE fa ils to  ach ieve  accuracy in  la rge  d isp lacem ent p rob lem s 

 SE reduces con tact a lgorithm ’s tim e  m ore  than  LFB 

 SE has be tte r rigid  body handling than  LFB  

 In te ractive  na ture  of reduced  parts in fluences accuracy 

 Perform ance  of LFB and  D2R depends on   
o Com puting environm ent 
o NCPU 
o MPP decom position  

 Reducing toge the r is be tte r than  reducing a lone  

 Accepting the  LFB and  D2R approxim ation  depends on  the  study’s a im  
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IV- Conclusion & Further Investigation  
 

 Perform  a  frequency ana lysis 

 Study the  sca lab ility of LFB and  D2R 

 Study the  in fluence  of MPP decom position  

 Reduce  a  m ore  com pact pa rt of the  veh icle   

      Use  the  num ber of e lem ents as a  m easure  of size  

 Apply reduction  exte rna lly 

 Test Hybrid  LS-DYNA 
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Back Slides  
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Effect of Mass Scaling on Accuracy  
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SMP vs. MPP 
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Inconsistency using Recursive Coordinate Bisection  
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Decomposition over 4 CPUs  

 Consistency  
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Performance Instability in a Practical Environment  
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Time consistency using Control MPP (CPU > 4)  
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Influence of LS -DYNA version  
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Reduction of Main Process (Weakly vs. Strongly Isolated)  
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Internal Energy  
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Kinetic Energy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Präsentation  de r Maste ra rbe it 
Faku ltä tsrechenzen trum / El Khatib , Ze idoun , M.Sc. 
TUD //25.09.2020 

 
Folie  47 

 

Left Front Door  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Präsentation  de r Maste ra rbe it 
Faku ltä tsrechenzen trum / El Khatib , Ze idoun , M.Sc. 
TUD //25.09.2020 

 
Folie  48 

 

Left Rear Door  
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CMS 
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