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Global Level Set (Wang, Wang, Guo, 2003)

(b)
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Cellular Level Sets (Wang et. al, 2019)

(a) (b)
$a(x, t)

¢1 (x, t) (C)
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High Definition Cellular Level Set in B-Splines

B-Splines

- Efficient reverse engineering
« Easy modeling of large-scale
solid/cellular structures
«  Compatible with standard

CAD systems

«  Porous and lightweight

«  Powerful manipulation + o
functions: divide, connect,
periodic, dilate, erode, grade,

blend, hierarchy change, etc. 5 Hierarchy change

Level Set / .
«  Continuous and smooth
boundary representation Jd
« Topology optimization with

functional requirements L
One-scale design Periodic design Layered design

«  Automatic workflow Design problem

Scanned data Continuous geometry Scanned data Continuous geometry




Cellular Level Set Model

Global Level Set

Cellular Level Set

Cellular Level Set in B-Splines
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Level Set in Trivariate B-Splines

A Level Set Function in B-Splines

¢s(x,t) = iicl,(t) () =iicl,(t)31p(x) Bi ,(y)
(=0 j=0 i=0 j=0

& FEHBEABR
-'- THE HONG KONG 8
Ul UNIVERSITY OF SCIENCE
AND TECHNOLOGY




Trivariate
B-spline

Level Set
Function

Wang & Qian 2015




Cell Connectivity

* Equality constraints

COcontinuity | ¢f = ¢,
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Cell Connectivity

* Directly connect
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Cell Periodicity

A periodic cell is easily represented when the geometric continuity conditions are applied to the opposite
faces of the cell in the direction of periodic repetition. Fro example in 1D: ¢, = ¢,
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Cell Division

e 2D case




Cell Manipulation

* Graded pattern

& FEHK

= THE HONC
LU_U UNIVERSIT

AND TECHNULOGY




Fast B-spline Interpolation

* Fast B-spline interpolation ! T T T
. . o e Samples i \\ //a
Given a serious of samples, the coefficients 87 [ Bespline / /D )
of a cubic B-spline that passes through all the . ~ / \ o / \ |
samples can be calculated without solving / . \ / - \
linear equations. il / ' ‘
-1 L L L 1 1 L L L L 1 L
* Initialization and reconstruction o e e el

f

Input structure Calculate signed Calculate B-spline Output initialized
geometry model | distance values J ~ coefficients ‘  level set function
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Fast B-spline Interpolation

e 2D case

e 3D case
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Automated smoothing process (middle) is immediately usable
[Ulj- UNIVERSITY OF ¢ for additional modeling operations (right). Source: nTopology
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Sensitivity Analysis

Optimization problem Shape derivative
i = j gVrdx 9@ = —&;(u(x, 0)Cijea (ux ) + 2
Minimize: J(u,¢) = J &ij (W) Ciji € (W H (¢)d 20
? D &
( =1 eEU
a(w,v,¢) =1@,¢),v Cellular level set model in B-splines
| 6(@) = [ H@)AQ =Yg <0
Sujectto ’ " 0 = e o
u=a1u, on dQ),, 5%
_ L
LO'l.r]': = Elr]l, on a‘QO' - Vs (x,t)] ?:0 Z}n=O Zk:O lej,k(t) Bis;p(x)B]s:q (y)Bli,r(Z)
' g(x) :
L= fa_() Iqus():f,t)I [Z?=0 ZT:O Z%{=0 Cij,k(t) st:p (x)st:q (y)Bli,r (Z)] dx
- .
Update scheme L = Xizo Xjzo Xk=0 L)k () [, 9(0)6() B}, (x) B} (v) B (2) dix
&
cijx(t+1)=cij () + At ¢ () Coefficient derivative
.‘—:.TH%HQI\Q%%G i@ = | Ww,¢)B;,(x)B;,(¥)Bg r(2)dx,fors = 1,---,M
(UL nvees o science = D -
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Computational Implementation

* Discrete Separable Convolutions for Gradient Calculation

. X — X; Y=Y Z— 7y
ik = z Wh(x) B, (h—l>:8f5;< A )ﬁﬁ’( A )
S X y yA
xEDi,j,k
e © o o
® © o o
®e © o o Discretized feature function W, «
@ ® e o - Discretized kernel function 5.8’
* Re-Normalization * Bound on the Slope * HPC Computing
lps(x)| < ”Cis,j,k”oo 4 =(p+1)(g+]) (j.HNK;JrK; +K? Discrete Separable Convolution
A if Q@_F b Cig,j,k(t +1) K= 213 On Separable-Support Cells
@;U* Qﬁg%ﬁﬁgqu ||C{$:j,k(t + 1)”00 fors = 1,---,M 27



Examples

Domain 4x2x2

Cell 1x1x1

| | Tt i Grid 0.0625 o
Knot Span 0.0625

Co COntinUity

Design domain

F
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Examples

e Case?2
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Domain 16x4x4
Cell 1x1x1
Grid 0.125
Knot Span 0.125
CO continuity

30



e Case3

A
T
v
= L >
e sznzxm Domain 8x8x4  Cell 1x1x1 Grid 0.0625 Knot Span 0.0625 CO continuity
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Examples

e Case3

One scale solid design

Periodic cellular structure

Layered cellular structure
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3D Layered Plate (three layers)

CM: 10x10x3; SM: 8x8x8
Volume fraction: 30%

callA "F

CellB (R

CellC
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Solved with EMSFEM
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Cellular Level Set in RBFs

Parameterization with compactly supported radial basis functions (CS-RBFs):

B0t = ) gD +p )
i=1

Ha(t) = ¢(0)

a(ty1) = a(ty) + AtH o (ty, a(ty))

a(ty) = H1e(ty)
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Fully parallel level set method

1 T T Tl T E ] ITT] | ] ] .
! ENNREEEE H ! e e ghost domain
PR | NN T {ij_—]
1 1 | . AT /
3L, i A I I I G 5 S NN 10 74 O I T
e e e ) [
bbb b e e e
EEEEEmEE EmEm N EEEE NN AR R S e - N
i B B e M TN
H S S S < NN NENEEEE RN TN
Ha e . iE N :
I A ma| local domain
Global domain with partitions
@ domain decomposition
I FEETEY
HEE || | l | |
CHOE () EOE e
: HH
Sub model Sub model
Geometries: Geometries:
Materials: Materials:
Elements and nodes: Elements and nodes:
Optimization variables: Optimization variables:
localdomain <.~~~ local domain
ghostdomain <« . = ghost domain
communication
e FEHuAm lllustration of domain decomposition
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Fully parallel level set method

thickness H = 24 and theload F = 1

| iﬁ}u e
Mesh 1: 96x48x24 (110,592) TIT—
Mesh 2: 192x96x48 (884,736) Fl
Mesh 3: 288x144x72 (2,985,984) -
Mesh 4: 384x192x96 (7,077,888) " L=2l

The maximum usable volume fraction is set as 0.12
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Fully parallel level set method

(a)
Mesh 1: 96x48x24 (110,592)

About 45 minutes on the PC

(d)
Mesh 2: 192x96x48 (884,736)

Almost 6.5 hours on the WS

(2) Mesh 3: 288x144x72 (2,985,984)

HPC1 with 120 cores and about
2.67 hours

0 M Mesh 4: 384x192x96 (7,077,888)
HPC2 with 160 cores and about 6

hours
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L =40 and the thickness T = 2

Mesh: 320x320x16 (1,638,400)
HPC1 with 120 cores and about
1.5 hours

The maximum usable material
volume fraction is set as 0.3.

Three-dimensional plate model and its boundary conditions

(a) (b)
Optimized result of the plate, colored by the out-plane displacement field:
B oG (a) the whole structure; (b) the internal structure of the plate
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Fully parallel level set method

Undesignable
domain

(a) (b)

Design domain

(b)
Volume fraction: vf<=0.5 Volume fraction: vf<=0.3
R Mesh: 288x288x4 (331,776) Mesh: 576x576x8 (2,654,208)
@] E%gﬁ%%m about 4.3 hours on the WS HPC1 with 120 cores and about

39
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Curved cantilever beam

[ Problem definition
. b
Mapping y
&=
F é
i z ' F
}'le R Lg-

Definition of the optimization problem &
the mapping strategy

Optimization min-— T,
problem st. V

<04

frac

« Elements: 288x 144
Parameters | = 1002
« CO continuity
Cell-wise periodic
structure
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Optimized results with
different cell partition schemes

O,y =9.18

Oy =9.18

6x3 cells
O pp =9.83

3x4 cells
Oy =9.18

» The stress value becomes higher
as cell number increases.

Page.
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Continuity order

Optimized
results with
different
continuity
orders

Parameters ]

3.5

 Elements: 288x144
e Cells: 4%x2
* h:0.02

» Periodicity : radial

co o, =518 C2 o, =547

» Three designs share a similar topology

« Ahigher order of continuity condition results in a smoother geometric connection

« The additional geometric requirement of continuities restricts the design freedom at
= 5 5 55 L the cell connection regions

o
T THE HONG KONG

LU_U UNIVERSITY OF SCIENCE Page. 43

AND TECHNOLOGY




Cell periodicity

Optimized
results with
different

continuity
orders

[ Parameters ]

 Elements: 288x144

+ Cells: 6x3 o Circumferential Radial Cell-wise periodic
« h:0.02 Non-periodicity periodic structure  periodic structure structure
« Continuity : CO o, =424 Oy =473 O, =4.54 O oy =9.85

e ™

 Since periodicity can be viewed as a geometric constraint, it is difficult to obtain a
fully-stress design for the periodic cellular structure.

« Itisin principle a very difficult task to propose a general strategy for cellular

PR . periodicity, especially for a structure with complex stress distribution
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