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AP 1.1c Interdisziplinäre Auslegungsprozesse zur
Aero-Struktur-Optimierung
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RoDeO
1
: Robust Design Optimization Package

C++ code

Test Driven Development (TDD) using Google Test library

OpenMP parallelization

GPLv3 license

Surrogate models:

Using only functional values

Gradient enhanced

Tangent enhanced

E�cient Global Optimization (EGO)

Full ML-based approach

Black-box usage

Unconstrained and constraint optimization

Flexible use of di↵erent surrogate models

User interface through configuration files

1https://github.com/eoezkaya/RoDeO.git
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Surrogate Based Optimization Process
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Motivation: A Unified Framework for Design Optimization

Gradient based optimization

High-dimensional problems

Proven fast convergence, local optimization

Constraint treatment may be challenging

Vulnerable to noise, initial design is
important

Surrogate based optimization

Low- to medium-dimensional problems

Easy constraint handling

Slow convergence but global optimization

Robust, easy to parallelize

No guarantee of convergence
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Minimization Benchmark Results
Tested Algorithms:

E�cient Global Optimization (EGO): Default model in Rodeo

Gradient Enhnaced EGO (GE-EGO): EGO with gradient enhancement

ISRES: Improved Stochastic Ranking Evolution Strategy

DIRECT: DIviding RECTangles

CRS: Constrolled Random Search

ESCH: Enhanced Scatter Search Algorithm for Continuous and Hybrid
optimization
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Minimization Benchmark Results
2

2Lower values are always better
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Case Study: LumiCal Detector Optimization

Current design:

Silicon-tungsten sandwich

calorimeter for future electron-

positron linear collider experiments

64 radial pads with 1.8mm pitch

4 azimuthal sectors in one tile,

each 7.5°
12 tiles for full azimuthal coverage

Design parameters: number of pads +

thickness of each pad

Objective: Maximize physics

performance (e.g., resolution, cost)

Optimization: Surrogate-based

optimization of design parameters using

RoDeO

In collaboration with Yan Benhammou,

Tel Aviv University
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AD of Geant4 – Many Challenges

Technical Challenges

Geant4 is really big (→ 1M lines of C++ code). AD tools do not require
rewriting, but usually still some manual changes to the code. ↭
Machine-code-based AD with Derivgrind solves this aspect.

Performance degrades, memory required to store the tape, etc.

Mathematical Challenges
The derivatives we compute with AD may not be the derivatives we need for
optimization.

(f )→ = (f →) ↑ E(f →)
?
↓= (Ef )→

↭ This talk: Study AD for G4HepEm/HepEmShow, a code that isolates a
Geant4 testcase of electromagnetic showers in a simple sandwich calorimeter.
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G4HepEm and HepEmShow

R&D project by Mihaly
Novak, Jonas Hahnfeld, Ben
Morgan

Simulation of electromagnetic
showers (e→, e+, ω)

Isolates the required data and
functionalities from Geant4,
well documented,
customizable.

github.com/mnovak42/g4hepem

github.com/mnovak42/hepemshow

Created by Mihaly Novak

Self-contained application
using G4HepEm but not
Geant4.

Simulates electromagnetic
showers in a sandwich
calorimeter.
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ω (Energy Deposition)
ω (Primary Particle Energy) for the fully detailed simulation

Applied the AD tool CoDiPack.

↭ Deactivate multiple scattering in the simulation.
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ω (Energy Deposition)
ω (Primary Particle Energy) for the fully detailed simulation

Applied the AD tool CoDiPack.
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Look at the vertical axis range. These noisy derivatives can hardly be useful.

↭ Deactivate multiple scattering in the simulation.
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ω (Energy Deposition)
ω (Primary Particle Energy) with simplifications
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This looks much better!

What about other AD inputs?
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ω (Energy Deposition)
ω (Absorber Thickness) with simplifications
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Good agreement as well.
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Gradient-Based Optimization Problem
Given a

primary energy e and

absorber thickness a,

HepEmShow computes the resulting
mean edep distribution fi (e, a) in the
layers i = 0, . . . , 49.

Given f (e→, a→) (e. g. measured),

can we infer e→, a→?

↭ For the loss function

L(e, a) = →f (e, a)↑ f (e→, a→)→22,

find mine,a L(e, a)!
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Gradient-Based Optimization Results
Gradient descent with fixed step-sizes ωe , ωa: ei+1 = ei → ωe · ωL

ωe (ei , ai )

ai+1 = ai → ωa · ωL
ωa (ei , ai )
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350 gradient descent steps with ωe = 1, ωa = 10→7 mm2 MeV→2, 1000 events per iteration.
Starting from e0 = 22 000MeV, a0 = 3mm, converging to the minimizer e↑ = 10 000MeV,
a↑ = 2.3mm.

Paths are stochastic, of course.
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Deep Residual Learning

• ResNet
2

propagation:

y0 = ydata, y
n+1 = yn + F (W nyn + bn), 8n = 0, 1, . . . ,N � 1 (⇤)

• Learning problem:

min
Wn,bn

Loss(yN , cdata) such that (⇤)

2He et. al.:Deep Residual Learning for Image Recognition, IEEE Conf. on CVPR, 2016
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Residual Networks Meet Dynamical Systems
3

• Forward ResNet propagation:

yn+1 = yn + hF (W nyn + bn), 8n = 0, 1, . . . ,N � 1 ,

yn+1 � yn

h| {z }
! dy (t)

dt

= F (W n yn|{z}
y (t)

+bn)

• Explicit Euler discretization of the ODE:

dy(t)
dt

= F (W (t)y(t) + b(t)), t 2 (0,T ) with y0 = ydata

3Weinan E: A Proposal on Machine Learning via Dynamical Systems,
Comm. Math. Stats., 2017
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“Backpropagation = Discrete Adjoint”

I ResNet backpropagation

ȳ
N = @yNLoss(yN , cdata)

ȳ
n = ȳ

n+1 + h@yF (W
n
y
n + b

n)T ȳn+1 8 n = N � 1, . . . , 0

I Forward Euler discretization of adjoint dynamical system:

dȳ(t)

dt
= @yF (W (t)y(t) + b(t))T ȳ(t) 8 t 2 (0,T )

with ȳ(T ) = @yLoss(y(T ), cdata)T
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Deep Learning Meets Optimal Control

ResNet Training , Optimal Control Problem

min
W (t),b(t)

Loss(y(T ), cdata)

subject to
dy(t)
dt

= F (W (t)y(t) + b(t)) 8t 2 (0,T )

y(0) = ydata

I Network architecture design based on numerical discretization

I Regularization

I Optimization techniques
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Multigrid for Forward- and Backpropagation

I forward progapation , parallel multigrid for y = (y0, . . . , yN)

y
0
= ydata

y
n+1

= �(y
n, ✓n) 8 n = 0, . . . ,N � 1

, y k+1 = H(y k ,✓) k = 1, 2, . . .

I backpropagation , parallel multigrid for ȳ = (ȳN , . . . , ȳ0)

ȳ
N
= @yNLoss(y

N , cdata)

ȳ
n
= @y�(y

n, ✓n)T ȳn+1 8 n = N � 1, . . . , 0

, ȳ k+1 = H(ȳ k , y ,✓) k = 1, 2, . . .
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Multigrid for Forward- and Backpropagation
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Emre Özkaya, Max Sagebaum, Nicolas Gauger

Chair for Scientific Computing

15. Februar 2023

DigiTecT Kick-O↵ Meeting



Layer-Parallel Training for Deep Residual Networks: XBraid
4

• Open-source software library

• Flexible user-interface for existing time-stepping codes

• Non-intrusive time-parallezation

• Outer derivatives are implemented by SciComp directly in XBraid

• Inner derivatives by coupling AD tools, especially CoDiPack

4S. Günther, L. Ruthotto, J. B. Schroder, E. C. Cyr, and N. R. Gauger, Simultaneous
Layer-Parallel Training for Deep Residual Networks, SIAM J. Math Data Sci., 2020
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Layer-Parallel Training

I Iterative updates for ✓:
1. Layer-parallel forward propagation:

For k = 1, 2, . . . : y k+1 = H(y k ,✓)
k!1�! y⇤

) Loss(y
N
⇤ , cdata)

2. Layer-parallel backpropagation:

For k = 1, 2, . . . : ȳ k+1 = H(ȳ k , y⇤,✓)
k!1�! ȳ⇤

) r✓nLoss = @✓n�(y
n
⇤ , ✓

n
)
T
ȳ
n
⇤ 8 n

3. Network parameter update:

✓n  ✓n � ↵r✓nLoss 8 n
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Early Stopping of Multigrid Iterations

I Iterative updates for ✓:

1. Layer-parallel forward propagation:

((((((((hhhhhhhhFor k = 1, 2, . . . : y k+1 = H(y k ,✓) ⇠⇠⇠⇠⇠XXXXX
k!1�! y⇤

) Loss(y
N
k , cdata)

2. Layer-parallel backpropagation:

((((((((hhhhhhhhFor k = 1, 2, . . . : ȳ k+1 = H(ȳ k , y k+1,✓) ⇠⇠⇠⇠⇠XXXXX
k!1�! ȳ⇤

) r✓nLossk+1 = @✓n�(y
n
k+1, ✓

n
)
T
ȳ
n
k+1 8 n

3. Network parameter update:

✓n  ✓n � ↵r✓nLossk+1 8 n
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One-shot Optimization

I Convergence theory: One-shot method5

✓n  ✓n � ↵H�1
k

✓
dLossk
d✓n

◆

with H ⇡ @2
✓

�
L+ ↵ky � H(y ,✓)k2

�

I Numerically: limited memory BFGS approximation, Identity, . . .

5[Griewank, Hamdi (2011)], [Gauger, Schulz et al. (2008)], [Blommert (2016)]
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AP 1.1c Interdisziplinäre Auslegungsprozesse zur

Aero-Struktur-Optimierung
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Testcases

1. Level set classification:
5000 grid points in [�3, 3]2, 5 classes (level sets)

2. Hyperspectral image segmentation for
Indian Pines data set:
145⇥ 145 pixels each with 224 spectral
reflectance bands, 16 classes (land cover)

Stefanie Günther et al. Simultaneous Layer-Parallel Training of Deep Residual Networks 23/ 28

Test Cases
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Multigrid Convergence
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I Fast multigrid convergence, independent of the number of layers
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Multigrid Convergence
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Layer-parallel Multigrid Performance

Weak scaling for one gradient evaluation
4 layers per core
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I Layer-parallel multigrid yields constant runtimes for increasing problem
sizes and comptational resources.
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Layer-parallel Multigrid Performance
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AP 1.1c Interdisziplinäre Auslegungsprozesse zur

Aero-Struktur-Optimierung
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Layer-parallel Multigrid Performance

Strong scaling
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I Cross over point: ⇡ 16 cores
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Layer-parallel Multigrid Performance
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Stimultaneous Training

2 multigrid cycles per optimization iteration
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Simultaneous Training
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Thank you very much !

Questions ? 
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