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Integration between Systems
Engineering and FEA

Koneksys

[Requirement] [ Behaviour ]

Systems
Engineering

[ Structure ] [ParametricJ

Software
engineering

Electrical
engineering

Mechanical
engineering

FEA

Manufacturing

engineering




Motivation: Communication and archiving

Cross-disciplinary communication Archiving and reuse

Defining concepts

- ..

I.i,;—j,i.l s e zﬂ =

Can |l reuse the
simulation?

Are my requirements What do you want
validated? me to simulate?

Koneksys :
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Motivation: traceability and impact analysis

‘Requirement traceability ‘

—

|' CUSTOMIZATION |  PADCESS
 REQUEST / CHANGE
~ SYSTEM | Manufacturing
| ENGINEERING DESIGN _ System Engineering
Availability *-...,__“I Design properties FEA Part Manufacturing (PA) |
Safety *'-.,,Ml Lifetime ' PA — process stepl |
performance J\‘l Safety margin PA — process step2 |
| Mass PA b |
. - process step...
TRACEABILITY [ Material
IMPACT ANALYSIS
Koneksys :

‘Impact analysis ‘

e.g. Customization request

e.g. Cost reduction program...
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Motivation: Tool interoperability

Domain specific
tool interoperability

Interdisciplinary
tool interoperability

Koneksys ,
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The challenge

Results

Many Vendors

Many Artifacts Custom code

O'u ,8u

__"t —

ot ax’

Multiphysics FEA is complex

Koneksys ;
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The requirement to success

Mechanical

engineering
Systems
Engineering

Interdisciplinary
standardized interface

Discipline specific
EEA standards

Koneksys :




SysML - Standard for Systems Engineering

Structure Behavior

* SysML: Systems
Modeling Language

* Defined by the OMG as
standard in 2007

 Widely adopted for
Model-Based Systems
Engineering (MBSE)

* Currentversion: 1.4
(2015)

Koneksys 0
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FEA-related Standards

Standards supportingfFetA ...

STEP-AP209-ED1 | STEP-AP209-ED2
ITO.5 Incomplete
A Finite element Finite element ISD}FFDI Infnrmal

shape analysis shape analysis S 14306

No useful

elemeant

maodule

standards IGES V6

Common format mesh and visualization format

Many data formats | HDF5 UNV Gmsh VIK B e
Jl mesh data

Workflow support

B 1o Step Sim PDM ‘
FEDES CAE-Pronet
B B3 ,

Koneksys .
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AP209 (v2014)-based FEA model description

i . - - Analysis definition
Finite element analysis Finite element analysis ¥
relationship g —p——— - =] m e T — -. - l
IFtl:_drE:'uum_ull.bouu}-p:_uu - o [ vy | . =l el e el e
: . anad P » atio !
Ay e definition
Document_defiinon_ssm,
Analysiz_sm "":-j__“'_
Eiememt [ velake U = _'_F|__
Elemental_topalogy_am - - = —al
== mathems: ' S——
Fauie_elemen_snahyiis_sm s T L .1.-_..._: ‘-::r
Funite_slemera - [Tt ¥ i
2 Mements_wm Finite element Analysis identification
independens_peoperty_srm Eﬂ;m —
Prosduct_anabysis_am — A | E & o= ] = "_H.__
Presduct_veew_definition_arm) " .-I ] T +—
] Other example of numerical model simulation
Prepesmy (= B ! At _arm
N 1 ENTITY mimmlaticm _ran;
id : identifier;
Stabe_defiration_am ,th"""—- I e s name : label;
descTipTine TAEL 7
ulazed 5 pamericel model;
— Nabse _wish_urst_ares | ) :::1;:: SET(2:7) OF model propersy diasTibwTionT
| END ENTITY

Ref: 1ISO 10303-209:2014(E) - Application protocol: Multidisciplinary analysis and design
Koneksys .



Impact of missing FEA standard

» Interoperabllity is compromised
* Impact on reusabillity (custom code)

« communication between system and FEA engineers is
not efficient

 No open-standard

Koneksys 5
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« Challenges in FEA standardization
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Challenge 1: Capturing model information

- [ *
1]
Structural Analysis I::l":":"‘“’:”" 4=b v
ey ysis Type.

Analysis Types Non exhaustive list Steady state
Static .’structural element Transient Each finite element has a
Modal [0 2550 Thermal Modelin code — example beam
Buckling (linear) e 2otunoun Conduction

BEAME - 3.0 Bt Baam - v
Buckling (nonlinear) DD Coaed i 380 T Abaqus _
Transient CONBR(7 - Revorse Jow Electsostatics
Harmonic fow OC conduction

LINGT 1 - Linear Achustor Fluld Dynamics DC insulator held
Randon‘ Vlblauon PLANE 1] - 20 Comppindd bt St Modeli 2 ititi M_)E_n(-[osull(-,
Substructuring COMIBI -dpgDange ‘“_"‘H.Mn““&‘. Adaptive field mesh

PEE A - [l Smanght Pew steadystate flow | '-"ﬂ‘" oW AC harmonic magnetic

PR S Puo 1o Tanvleot flow ___} 3¢ harmonic electric

PR - Ll Carved P § om) 2.0 flow {dedicated sod Electric transient

[55% 70 - Pravee Smigt P 2.0 flow (usleg thia 34 = : AHS'-{S

3D fNlow fon optics

ALY « 20 Pt Bown 1ime dependest boynd] Magnetic Transiont - i

WLAM2E - VO Tevmated b | | Incompressitile low | Rigld motion visuatization BEANS: 20 Ehﬂ!: Beam

[ Av;'.[s“uwc:a PP T m— Compressible Bow Transtational motion BEAMA: 3D Elastic Beam

S Sha o W Matural convetion i BEAMZ3: 20 Plastic Bram

Coments - Wosknaar Speg e BEAMZ4: 30 Thin-walled Beam

;‘f::') :mi’:; BEANA4: 30 tapered asymmetric Beam

BLAMES - 5.0 ipeied Uraymenatiic Baim BEAMSE: 2D tapered asymmetric Beam

SO 3D Svecnial Sokd BEAR1EE: 30 finite strain Beam

Ref: Ansys capabilities overview

‘ Problem of encoding one model Ambiguity
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The method: decomposition and reuse

JAN

Finite Element

PHYSICS
GEOMETRY
MATHEMATICS

[ FEA Model

......

‘Start with the definition of finite element mathematics

Koneksys 6
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Challenge 2: Describing finite element mathematics

Literature names
are not descriptive

Difficult to create
an ontology | ,_

- A )
Crouzeix-Raviart
Logg A. et Al., Automated solution of differential equation by the finite element method, 2012, Springer
Logg A., Arnold D., periodic table of finite elements, 2014, Siam News

Koneksys .
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Removing ambiguity?

1 finite element Many Names 1 Reference

of0

"
[

[=] 3.

Linear simplex
Linear triangle
Linear Lagrange element...

Koneksys 18
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 New proposed FE mathematics description
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Ciarlet’s definition of FE mathematics

Geometry

FE maths fully defined as a triple

PE: Point evaluation

FD: First derivative +
SD: second derivative....

ax® + bx + ¢

Polynomial

Koneksys
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New FE mathematics description:
Assigning requirements to the geomeiry

Name: Element XY
e |Tetrahedron
« 1C,(Q) = [{PE; 1}]

« |Ca(Q) = [{PE; 1}]

e |[Polynomial ref.

C,(Q) = [{PE; 1}] C1(Q) = [{PE; 1}]

% %

Tetrahedron

Koneksys )’ .




Polynomial basis dictionary

A polynomial is composed of Monomials can be ordered
monomials in a dictionary
Dictionary
Pascal triangle of 2-dimensional monomials Aa
1 Constant terms: | \|‘ ) ) g B R )
X i vy  Linear terms: 2 J = ‘
‘ L......J.{L......J : >f‘l-:rms.hmmm :> _
!‘L ----- r ----- J‘ Quadratic terms: 3 J >151crm.s
R WA T P octemss > 2 terms Graded Lexicographic ordering
A I Quaic e I<y<x<yi<xy<x?<y’<x?y..
.xi r:_\' Y i ‘:."" ‘l.“J _j\j Quintic terms: (‘/ T T T T T T T T
. o 1 2 3 4 5 6 7
Koneksys -
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Encoding FE mathematics

Functional :
Geometry ) Polynomial
\ requirements /

Custom code

[=]

[=] %

i[a]

"

This specification provides
non ambiguous information
for code implementation

Koneksys
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Reusing the new FE description for physics

* line
* Co(Q) = [{PE;1}]

* D1-0-1
* Temperature
* Type: Scalar

PE PE
| — Finite Element
PHYSICS
* line GEOMETRY . line
« Co(Q) = [{PE; 1}] MATHEMATICS . Co(Q) = [(PE; 1)]
+ D1-0-1 REUSE . D101

e Displacement
* Type: Vector

Koneksys »




Reusing the new FE specification for geomeiry

description

PE PE PE
| ——

* Line

- C:(Q) = [{PE; 1}]
* Co(Q) = [{PE; 1}]
e D1-1-2-3

Koneksys

REUSE
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In a Cartesian
coord. system

Finite Element

PHYSICS

* Line

GEOMETRY

© G(Q) = [{PE; 1}]

MATHEMATICS

* Co(Q) = [{PE; 1} ]

e D1-1-2-3

* Dimension: 2
* Type: Cartesian




Merging information to describe parametric finite
elements

PHYSICS

* line
« Co() = [{PE; 1}]
 D1-0-1

Finite Element

PHYSICS
GEOMETRY GEOMETRY
MATHEMATICS .
* Line
MERGE - (1 (Q) = [{PE; 1}]
« Co(Q) = [{PE;1}]
* D1-1-2-3

e Dimension: 2

* Type: Cartesian
Koneksys -




Next step of our work:
Specifying the FEA model

PHYSICS

.
e * .

GEOMETRY I

MATHEMATICS

Koneksys .
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Use the same principle:
Decomposition for reusability

Many physics use the
same computational
model...to be continued...



Unifying assembly process

Numerical model description

O Physics
Q<  |linformation
Assembler Solver
Physics variables Physics equation I .
: ] o mm) Ax=b m=) Solution
Finite element
A function space /x Forms

—
Y

M \ ?:;srr:nation a Coefficient/functions
—

Ref: M. S. Alnees, A. Logg, K.-A. Mardal, O. Skavhaug, and H. P. Langtangen (2008)
‘Unified Framework for Finite Element Assembly’.
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Problem classification

Associating numerical model to physics

1D Thermal 1D |

conduction Magnet})stancs 2D Electrostatics
1D bar element

1D 2D Thermal

Electrostatics conduction

Numerical model 1

Numerical model 2 |  .......

Model reuse model input knowledge

nafems.org/americas



Using SysML for model description:
Example of domain sub-classing

Model property 1 Model property 2 Model property 3
1L, [1,2,3,4]} 16,[9,11,12]},{7,[11,1 {9,[14,16,15,13]},...

12,[2,5,6,3]}..... 3,12]...

0

Example domain sub-classing by
material properties




Remove ambiguity of software specific vocabulary

Example of Dirichlet
boundary conditions
for axial elastostatic
problems

Reconcile vocabulary of
input deck files

=)

1D problem — vector is a scalar
2 combinations
u=0 (fixed, pin, wall) or u=free

2D problem — vector has 2 components.

4 combinations

ux=0 and uy=0 (vocab: fixed, pin, wall...)
ux=free and uy=0 (vocab: roller, guide...)
ux=0 and uy=free (vocab: roller, guide...)
ux=free and uy=free (vocab: planar...)




Model reuse and connectivity

Inputs Outputs
— ﬁ

Midterm goal: block based
description of FEA problem
using SysML

T Parameters

P
Interface °*

Parameters

|

T Parameters

0
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 Validation
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Python code to validate FE mathematics spec

 Model FEA specification in SysML
 FEA code to test the new proposed FEA spec

 FEA iImplemented in Python using object oriented
concepts

« Using symbolic equations for interoperabillity
 integration with open source FreeCAD

« Code available on GitHub:
hitps://qithub.com/koneksys/KFE/

Koneksys »



https://github.com/koneksys/KFE/

Translating FE description info SysML

SysML model

Finite Element
PHYSICS FE_Maths
alinobutes
GEOMETRY -polytopeType : PolytopeType L
-polytopeDimension : PolytopeDimension |
-fieldType : FieldType
MATHEMATICS -shapeFunction : String
polytope function
L] L]
N eW F E _d e S C rl pt I O n -polytope |1 -function |1 -functionalRequirement |1..*
Polytope Function i FunctionalRequirement
atinbutes i attnbutes | attnbuies
-/name : String -equation : String -dofType : DOFType
-/numVertice : Integer -/numParam : Integer -dofNumber : Integer
-/numEdge : Integer -functionDegree : Integer -meshObjectType : MeshObjectType
-/numFace : Integer -paramRange : String =
«enumeration» «enumeration» «enumeration» | «enumerations | | «enumeration»
DOFType FieldType | |MeshObjectType | |PolytopeDimension PolytopeType
enumeration Iiterals enumeration hierals enumeration Iiterals enumeration literals enumeration Iterals
PointEvaluation Scalar Vertice 0 Simplex
FirstDerivative Vector Edge 1 Cube
SecendDerivative ! |Face 2
NormalDerivative Volume 3
FaceTangentVectorintegral
FaceNormalVectorintegral
InteriorMement

Koneksys .
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Code interoperability

Code uses symbolic
equation for interoperability

Symbolic equation
program (i.e. Sympy)

!

HTML specification MathML info Code generator

Text

Equation image

Plot image

Koneksys -



Information aggregation

Aggregation of finite
element information in a
single python object

= self = [Femesh} <__main__.Femesh object at 0x04B38090>
:5 verticelist = {list) [<__main__Vertice object at (:04B38030>, <__main__Vertice object

_len_ = {int}
= 0 = [Vertice} <_main__\Vertice object at 0x04B38030>
:2 coordinates = {list} [0, 0]
:E funreq = {list} [<Doftype.pointevaluation: 1>, <Doftype.firstderivative: 2>]
i2 index = {list} [0]
= 1= [Vertice] <_main__Vertice object at 0x04B380B0 >
:Z coordinates = {list} [0, 1]
:S funreq = {list} [<Doftype.pointevaluation: 1>, <Doftype firstderivative: 2>
Name: T1 element 12 index = {list} [1]
* triangle == 2 = [Vertice) <__main__Vertice object at 0x04B380D0>
* G (ﬂ) - [E}] :5 coordinates = {list} [1, 1]
* Go(Q) = [{PE; 1}, {FD; 1}] :E funreq = {list} [<Doftype.pointevaluation: 1>, <Doftypefirstderivative: 2>]
:2 index = {list} [2]

Koneksys .
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« SumMmmary
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Summary

« Benefits of new FE mathematics specification based on algebraic topology:
— Covering FE mathematics
— Understandable to engineers who are not mathematicians
— Simple and precise definition of a finite element
— Covering information for implementing FE mathematics in FEA code

— Can describe more FE elements than with descriptions based on
Ciarlet/periodic table

 New FE mathematics specification will benefit integration between systems
engineering and FEA

— Traceability
— Consistency/Synchronization
— Reuse

Koneksys 2



Thank Youl!
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Jerome Szarazi

t. +44(0)7736732512

e: jerome.szarazi@koneksys.com
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