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Topology Optimization

Topology Optimization as Inverse Design Problem

Ω1 Ω2
Ω3

?

I shape optimization × topology optimization

I NP hard problem (unsolvable in its entirety)

I synthesis of beam-steering arrays, optimal antennas, metasurfaces, and more. . .

Miloslav Čapek, et al. Method-of-Moments-Based Memetics for Inverse Design 3 / 20

https://www.cvut.cz/en


Topology Optimization

Topology Optimization as Inverse Design Problem

Ω1 Ω2
Ω3

?

I shape optimization × topology optimization

I NP hard problem (unsolvable in its entirety)

I synthesis of beam-steering arrays, optimal antennas, metasurfaces, and more. . .
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Topology Optimization

Contemporary Approaches

Local methods (e.g., adjoint method)

I deterministic

I fast convergence

I does always “the best” move

Global methods, (e.g., heuristics)

I robust

I prevent stacking in local minima

I maintain diversity

Topology optimization of a bowtie1. Antenna design with genetic algorithm2.
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1S. Liu, Q. Wang, and R. Gao, “MoM-based topology optimization method for planar metallic antenna
design,” Acta Mechanica Sinica, vol. 32, no. 6, pp. 1058–1064, 2016. doi: 10.1007/s10409-016-0584-0

2M. Cismasu and M. Gustafsson, “Antenna bandwidth optimization with single frequency simulation,”
IEEE Trans. Antennas Propag., vol. 62, no. 3, pp. 1304–1311, 2014
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Memetic Scheme

Memetic Approach – Future of Antenna Design?

Evaluating all local perturbations of the MoM model. . .

I Local step: fast detection of local minima.

I Global step: operates in local minima subspace only.

Properties:

I fast, versatile, and full-wave,

I removes disadvantages of the
existing methods,

I generates big data,

I combination of metrics,
multi-frequency, multi-port.

feeder τn > 0: to retain τn < 0: to remove

Topology sensitivities as seen during the optimization.
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Memetic Scheme

Novel Local Approach Based on Exact Re-analysis
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1

zM

[
zMY + xMxT

M −xM

−xM 1

]

I All possible removals/additions calculated fast, no inversion needed.
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Memetic Scheme

Local, Inversion-Free, and Gradient-Based Update

I The worst element always updated.

I No gray elements (like in adjoint formulation).

I Combinatorial problem solved in a local sense.
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Memetic Scheme

global step

local step

opt. region,
excitation

operators init. shape

adm. matrix

sensitivities

min
n
τn < 0 updatelocal opt.

yesno

Ω
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Memetic Scheme

For further details. . .

Part 1, https://arxiv.org/abs/2110.08044 Part 2, https://arxiv.org/abs/2110.13460
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Examples

Example #1: Maximal Bandwidth (RWG surface code)
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Examples

Example #1: Maximal Bandwidth (Optimal Structures)

x
y

z

Optimal structure (N = 2304, ka = 0.2).

x
y

z

Optimal current (Q/Qlb = 1.27, Zin = 2.14 Ω).
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Examples

Example #1: Maximal Bandwidth & Good Matching

Optimal structure (N = 2304, ka = 0.2). Optimal current (Q/Qlb = 1.27, Zin = 51.5− 2.39j Ω).
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Examples

Example #2: Lensing Problem (2D code, transversal Ez field)

εr = 3 − 0.06j, N = 8000, t ≈ 1 hour, sym. used.
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Examples

Example #2: Lensing Problem (2D code, transversal Ez field)

Porig/Pub = 0.66 vs. Poptim/Pub = 0.80.
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Regularity – Geometrical Operators in MoM

Regularity

Left to right: this talk (memetics), genetic algorithms (pixeling), topology optimization (adjoint formulation).

I What is regular? How to measure regularity?
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Regularity – Geometrical Operators in MoM

Shape Representation and Graph Theory

1. A map between material elements (discretization)
and degrees of freedom (basis functions).

2. Incidence matrix M (graph theory).
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Regularity – Geometrical Operators in MoM
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Regularity – Geometrical Operators in MoM

Relative Area Spanned by a Device

We usually want as small device as possible.

I Area spanned by the metalization:

A(gi) = aTti = aTB(Mgi).

a: vector of element areas/volumes
B(·): Boolean operator (nonzeros → 1, 0 → 0)

arel = 0.03 arel = 1

arel = 0.81 arel = 0.89

arel = 0.66 arel = 0.53
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Regularity – Geometrical Operators in MoM

Shape Regularity

We usually want as regular shape as possible.

I Regularity of the shape

rreg(gi) = 1− 1

N

∥∥∥g0 − 2H̃gi

∥∥∥
1
,

where adjacency matrix is

H = B(MTM)

and

H̃ =

[
h1

‖h1‖1
. . .

hj

‖hj‖1
. . .

hN

‖hN‖1

]T
.

N : number of DOFs

rreg = 0.02 rreg = 0

rreg = 0.23 rreg = 0.66

rreg = 0.3 rreg = 0.25
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Regularity – Geometrical Operators in MoM

Performance × Appearance Trade-off
Bandwidth Maximization vs. Tuning

I 7 · 104 shapes/s (PC)

I 8 · 105 shapes/s (cluster)

0.1 0.2 0.3 0.4 0.5 0.6 0.7

1.1

1.2

1.3

1.4

1.5

p(Ii) = Qant + αQext

f(Ii, gi) =
p(Ii)

QTM
lb

+ βarel(gi) + γrreg(gi)

α = 1.44

α = 0.53 α = 0.69

α = 0.21
α = 0.16

Qext

QTM
lb

Qant

QTM
lb

I ka = 1/2, PEC, N = 414
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Regularity – Geometrical Operators in MoM

Penalization for Asymmetry
Reflection along y-z plane.

From top to bottom: w = 0, w = 0.03, w = 1.

Point group symmetry operation R is

Rψm (r) =

N∑

n=1

Cmn(R)ψn (r) .

Symmetricity rsym ∈ [0, 1] penalization

rsym(R, g) =
1

N

∥∥∥|C(R)g| − g
∥∥∥
1
.

Pareto-type optimization:

f(g) = p (I (g)) + w rsym (g) .
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Conclusion

Concluding Remarks

Geometrical and topological operators

I Powerful and versatile concept.

I Able to deliver manufacture-friendly designs.

I Trade-off between performance and regularity.

I Open ways to combine physics and geometry.

Topics of ongoing research

I Synthesis of linear operators.

I What is the best choice of the global scheme?

I What is the best local update strategy?

I Metaparameters have crucial impact on
performance.

k̂

ê

Maximum absorbed power in a chip.
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Questions

Questions?

Miloslav Čapek
miloslav.capek@fel.cvut.cz

November 23, 2021
version 1.2

The presentation is available at I capek.elmag.org
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Questions

Example #3: Maximal Realized Gain

feeder

ϑ
x

z

`

d

Optimization settings, Ndip = 4.
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Fundamental bounds (dashed), realized antennas (solid).

Miloslav Čapek, et al. Method-of-Moments-Based Memetics for Inverse Design 20 / 20

https://www.cvut.cz/en


Questions

Example #3: Maximal Realized Gain

feeder

ϑ
x

z

`

d

Optimization settings, Ndip = 4.

0.1 0.2 0.3 0.4 0.5

5

10

15

20
Ndip = 3
Ndip = 4
Ndip = 5

Ndip = 3 kd
0.5 1.75 3 4.25 5.5

Ndip = 4 kd
1 3 5 7 9

Ndip = 5 kd
1 3.5 6 8.5 11

d/λ
G

r

Fundamental bounds (dashed), realized antennas (solid).
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Questions

Example #3: Maximal Realized Gain (Structure)

ϑ

x

z

cut
cut cut

feeder `

d

1 GHz, copper, lmax = 0.55λ, d/λ = 0.29, Z0 = 50 Ω, ê = ẑ, d̂ = ẑ, Gr = 12.0, Glb
r = 15.6.
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