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Systematic Design Optimization

Livermore Design Optimization (LiDO) code:

* Developing production-quality design optimization
tools for Lab community and collaborators

* HPC-enabled design for coupled, transient, and
nonlinear physics

* Developing and using optimization-aware machine
learning models

* AM process optimization

* Manufacturing constraints
* Design under uncertainty

LiDO
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Optimization Framework: Building Blocks

Smith and LiDO are being co-developed to improve

~

utility, integration, and performance

-

PDE solution and

4 )

design sensitivity
Design-dependent
loads and properties ”
Serac LiDO
* Owns “physics” * Owns “design”

* Primal, adjoint solvers »| * Optimization solvers

* FE space projections GPU-ready, flexible integrators e Parameterizations

* Time-stepping * Quantities of interest

\_ r
vesh N
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S e

partitioning, partitioning
FEM spaces MFEM and morphing,
FEM spaces

* Provides common

\abstractions /
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Example ot 11DO Graph Data Flow

Decision Derivatives
variables w.r.t. decision
variables

4
|
Forward :
: I
analysis I
0
0
Lambda mult ponssonRat mult :

) ! Backward

Constraint 1 C
1 sensitivity
i .

A I analysis
SeracPhysu:s Density PGF 1 I dMass/dDensity PLF 1
5/ I :
i
Performance :
I

SeracCompliance

metric (i.c.,

4
. . Mass scalar 1 *
objective and 1 | d*/dMass PLF

Objective

constraints)
Note: data/computations of any vertex can come from user-defined module!
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Gradient-based topology and shape optimization

Current alternatives for gradient-based optimization in LiDO:

Design evolves Topology optimization Shape optimization
automatically via (TopOpt) (ShapeOpt¥*)

Parameterizes Fields Domain

/Vw~(C(d) (V] dv = 0 V- C[Va]dv = 0
Q Q(d)

*Under active development
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TopOpt: Multi-material design considering geometric measures

A mass mock part designed for additive manufacturing with two Simple implementation of graph despite number of vertices.

materials (red and clear) to match a given total mass, center of mass,
and multiple moments of inertia.

Skin thickness
of 0.1 inches

Wy

such that g1 (p) = wy (M(p)/M — 1. 0)2 0

: weights to adjust sensitivity contributions

p=pa+p(ps—pa)

0(p) = wo/Qp(l.O—P) av

(
92(p) = w2 (Ixx(p)/Ixx — 1. 0) <0
93(p) = w3 (Zyy (p)/Iyy — 1.0) <0
9a(p) = wy (Izz(p)/fzz — 1.0)2 <0
95(p) = ws (Cx (p) — )2 <0
g6(p) = we (Cy (p) — ) <0
g7(p) = wr (Cz(p) — CZ)
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TopOpt: Field-based octet truss lattice structural design

Minimize compliance, " \ Combining design optimization approaches
subject to the mass fraction

constraint:

* mass fraction of

. . . - - : Shape Compliance =
< 0 Oc.tet truss lattice, 4.56mm unit cell size t=0 7 p p
deSlgﬂablC nglOfl _— 10 /O, orientated to match coordinate axes L Optlmlzation 0.93 90
where the designable ¥ Mass = M,
. . =N
region is made up of an | 4y = 0 (roller i)
octet lattice.
Topology
Optimization Compliance =
Volume 2
non-designable region ) . . 0.75 00
Cyc!i, 300 Time:300 ,/L i Mass — MO
Volume 1 %f‘"
designable region Axis [Z“‘
T —t0—_ g @Y -AXis
o Shape + Compliance =
] Topology 0.73 6,
Z-Axis  Optimization Mass = M
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Shape Optimization 101

Shape sensitivity analysis

primitives a
/
@ o

Accurate mesh morphing,
feature size control, ...

Shape

control

Discretization

//\

E FS I
Il LT - .,

Current mesh and target level set Level set on a background mesh

Shape
Optimization
Team

Swartz

Free-form .~ Combining 2
ot F geomettic <~ 80(d; 6d) = /Q (—m -Vu + g di dv —

f (-ow vt o - v S wa

X —w-E+(VW~o——w.b)di) dv
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ShapeOpt: Pre-processing Discretized Design Domain

w, =10
w, =10?
w, =10*
w,=10"
w, =107
w,=10°
w,=10" (adaptive)

* MFEM’ TMOP adapt structured
meshes to parameterized geometry
(uses GSLib too)

i€S

| I O B I I

F(x) = ZE(XE) IE, w(Tx)dx, +w, | . 6(X)

Max Nodal Fitting Error, MaX|g; ()|

F F, o 107 10 20 30 40 50

s Newton iterations

OF,(x) _

axa,z

Z (z s)ao(sc )Bzx(azs) Z (z 3)80(:23) @(72),

SES SES

PFy(x) 0o (zs) 0o (z5) Ro(z)\ _ ,_
0z, ;0z,; 2 ; ( Oz, 0Oz, 2 8xb8za> w;(z,)w;(zs),
a,b=1...4d,

-0.078

L

I 0.086

Fischer-Tropsch reactor like

domain using CSG AMR around the 0 level set

Distance function from the 0 level set

Initial mesh

Morphed mesh

Initial mesh Flexible parameterization

Number of spheres = 40
Sphere radii range = 0.05-0.20

Number of spheres = 180
Sphere radius = 0.1
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ShapeOpt: Alternatives Explored

Option 1: node A I
coordinates as A S ——
decision variables [

Node aware shape optimization

ri(Ug, w,ug) =0 = / (Vw - yVuy +w-uy) dv— w - ug dv
Qo

min
Gd €H,

(97:/ |1~1d—ud|2dv+'y/ |V1~1d|2dv
Qo QO

80;(0g; 0ug) = 90F (x; 0x) — 0rF(u, w, x; 0%)

Option 2:
interface/boundary
defined implicitly
by isocontour of a

level set function

Level set shape optimization

Design (fixed) mesh Analysis (morphing) mesh

18 27 36 45 54 63 72 81

8 17 26 35 44 53 62 7 80

7 16 25 34 43 52 61 70 79

5 |~ [ss |42 |51 [e0 Jeo 78

5 14 23 32 41 50 59 68 7

4 13 22 31 40 49 58 67 76
3 12 21 30 39 \QB 57 66 75
2 " 20 29 38 4\ 56 65 74
1 10 19 28 37 46 \ 55 64 73
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ShapeOpt: Structural design of benchmark stress problem

Initial configuration

Plate with Hole:

min 90 = (/Q O{/M d’l))

udEHH

such that 1= | dv—V =0

h-refinement

p-refinement

12
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ShapeOpt: Reactor Design for Thermal Management

Design optimization of integrated cooling inserts in modular Fischer-
Tropsch reactors

y — T=T,
<
y S/
w X
7
Cross section 2 ;
- Non-design
o subdomain
pr (fixed)
7z
Steel Tube
B Aluminum Insert
Iron/ Cobalt Catalyst
rs = 40.03 i
ry=57.15  Units: [mm]

Controlling minimum feature size in topology preserving designs

P

Movement bounds in constrained region: +/- 0.001

OptStep:

Initial design

temperature

Temperature

Optimal design

0

OptStep: 50

ﬁclds.

l 508402

95

[ 250
180402

temperature
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ShapeOpt: Dam Structural Design

Shape optimization of a concrete dam. Enforcing an

anisotropic stress constraint yields a familiar compression
arch shape.

Bottom and side
surfaces are fixed

Hydrostatic pressure
, p=pgh—y)
z/\\x ‘
min 0y
ug€EHy
such that 0, = dv—V =0

Lawrence Livermore National Laboratory
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ShapeOpt: Parameter-free via Level Sets

* Two meshes: one fixed for design and another that morphs for analysis.
* Leverages graph, TMOP, and (in the near future) Serac’s shape sensitivities.
* Current approach allows for topological changes and circumvents remeshing by redefining the element attributes of the mesh to be morphed.

MBB Beam compliance minimization with mass constraint

40601

L

~o

LS regularization via Heat Method using MFEM’s

fiteredLs.

ke, Miniapp to compute a signed distance function.

Opt Iter: 1
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Summary

= LiDO->8erac-> MFEM

* Graph paradigm aids in modularization.

» Flexibility to exchange building blocks
based on applications.

* Robust topology optimization (fictitious
density/volume fraction fields) for various
physics in 2D and 3D.

® Level set shape optimization using TMODP

for mesh morphing.

* Potential application of shape optimization

approaches to large scale problems since
they are purely based on MFEM

abstractions.
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Thank you!

Any questions?
barrera@llnl.gov

@

LiDO serac MFEM
H B Lawrence Livermore

National Laboratory
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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United
States government. Neither the United States government nor Lawrence Livermore National
Security, LLC, nor any of their employees makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United

. Lawrence Livermore States government or Lawrence Livermore National Security, LLC. The views and opinions

of authors expressed herein do not necessarily state or reflect those of the United States

National Laboratory government or Lawrence Livermore National Security, LLC, and shall not be used for

advertising or product endorsement purposes.



