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Introduction 2

Facts 
1. Studies have shown EM calorimeters dominate the 

simulation load (steps). 
2. Electrons and neutrons require long simulation time but it 

is really photons and pions that drive the whole process.

Accelerate Geant4: 
The ATLAS detector simulation paradigm
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Total Simulation Time [s] / Simulation Time per Particle [ms*10] / Number of particles

SIM-2019-001

~40%

https://indico.cern.ch/event/773049/contributions/3563145/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/SIM-2019-001/


Geant4 Profile 3

Geant4 Profile 
photons on ATLAS end-cap calorimeters

The point: methods exploring the geometry* are 
taking significant amount of the simulation time. 

* Locate position inside geometry tree and calculate 
distance to next boundary in order to limit step.



The Idea 4

Machine learning regression technique trained for a 
particular geometry (e.g. ATLAS EMEC) 

Use industrial libraries, optimized for different 
architectures (CPU or GPU), as abstraction layer 

Much easier & assured future portability

Surrogate modeling within Geant4: Could we speed-up the geometry exploration 

by using a pre-defined/learned map instead of algorithmic calculations in each step?
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Inputs: 
• Position (x, y, z) 
• Step direction (x’, y’, z’) 

Output: 
• Geometrically safe 

step length (L’)

Surrogate modeling within Geant4: Could we speed-up the geometry exploration 

by using a pre-defined/learned map instead of algorithmic calculations in each step?
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Baseline: fully connected layers, concatenated or split inputs 

Main advantage: fast inference (compared to convolution operations)

Inputs: 
position & 

direction

Inputs: 
position

Inputs: 
direction

OR

Output: Geometrically safe step length

+

* Bonus: ML architecture idea/study on backup.
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Baseline: fully connected layers, concatenated or split inputs 

Main advantage: fast inference (compared to convolution operations)

Inputs: 
position & 

direction

Inputs: 
position

Inputs: 
direction

OR +

Output: Geometrically safe step length

* Bonus: ML architecture idea/study on backup.



Simplified Geometries 8

Explore simplified geometries to study the 
feasibility of the surrogate modeling using ML 

1. Sphere 

2. Cube 

3. (Nested) Twisted-trapezoids 

4. Multi-layer calorimeter 
(rectangular cuboid layers)
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Training/Test Data Collection 9
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1. Sample geometry in random points & directions. 

2. Geant4 application shooting geantinos* and 
calculating the geometry-limited step length. 
* Idealistic particles with no physics interaction. 

3. Write-out (csv) the position, direction and 
calculated length.

The usage of geantinos greatly speeds-up the Geant4 simulation runtime, 
even when using realistic geometries  — 1M particles in O(10m).



Loss Function 10

Is it critical to avoid over-predictions of the geometrically safe step length. 
Otherwise, particles can stuck around the boundary between geometries.

Incorporate this requirement as a additional 
punishment (by weight p) to the loss function:

biased-MSE =

∑ni
(Ytrue − Ypred)2

ni
+ p ×

∑nj
(Ytrue − Ypred)2

nj

1 + p

when Ypred<Ytrue when Ypred>Ytrue

p is an additional hyperparameter to tune
Note: alternative loss function using abs on the second term, 
although non-convex nature makes is unstable/diffucult to train.

abs term

square term
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Hyperparameter Optimization 11

Using the DeepHyper package developed at ANL: 
Neural architecture and hyperparameter search at HPC scale
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Model1

Objective Definition

MAE = avg( |Ytruth − Ypred | )

objective = α × MAE + (1 − α) × OPM,  where α = 0.7

OPM = max( |YOP
Pred − YTruth | )

Note: Another term to promote “fast” models was also explored.

Parallelization Strategy 
single machine

https://github.com/deephyper/deephyper
https://docs.ray.io/en/master/
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"Layers": 4, 
”Nodes": 400, 
"Activation": "relu",  
"OutputActivation": "relu",  
"negPunish": 8.0,  
"Optimizer": "Adam",  
"LearningRate": 1e-05,  
"Batch": 3000,  
“Epochs": 200

Training and inference on a unit cube geometry
Optimization result 

1-cycle LR scheduling 
improves performance 

[1803.09820]

Improved 
model

~35% of the 
predictions 
≥ 1% error

https://arxiv.org/abs/1803.09820
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How long Geant4 takes to explore the geometry* vs ML inference?

Geometry Time [μs]

Geant4
ATLAS EMEC ~ 5

(nested) Twisted Trapezoids 50 - 100

Dense NN evaluation Cube* ~ 1000

* Locate position inside geometry tree and calculate distance to next boundary in order to limit step. 
* Although, no strong dependence found on among simplified geometries.

‣ No batch evaluation 

‣ Evaluation on CPU 

‣ Naive model structure 

‣ Tests in Python

e.g. 100 parallel evaluations on GPU ≃ 1500 μs

“compressed” model could accelerate inference

e.g. ONNX Runtime to deploy within C++ softwareR
e

m
ar

k
s!

https://github.com/microsoft/onnxruntime


Outlook 14

Class::Method Calls

G4Transportation::AlongStepGetPhysicalInteractionLength 1,953,450

    ↪  G4Navigator::ComputeStep 1,853,815

        ↪  G4NormalNavigation::ComputeStep 1,393,472

        ↪  G4VoxelNavigation::ComputeStep 460,341

100 x 1 GeV photons, ATLAS End-Cap (2.10 < |η| < 2.15)

So far we trying to speedup the ‘ComputeStep’ workload using ML surrogate modeling. 
Although the bottleneck seems to come from the number of evaluations.

Could we reduce the number of call? What are the photons* actually 
doing and need to explore the geometry so intensively?

* Reminder: photons dominate the simulation load



Transportation

Outlook 15

What are photons doing in each simulation step?

AT
LA

S 
En

d-
Ca

p • Being neutral, they do 
not steadily lose energy 
via Coulomb 
interactions with atoms. 

• Far more penetrating 
than charged particles 
of similar energy. 

• No physics during 
transportation.
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ks

Track’s total simulation steps

long ta i l



Conclusions 16

ML surrogate modeling within Geant4 to accelerate geometry exploration. 

G4 evaluation O(μs) vs (prelim.) ML evaluation O(ms). 

Serial nature of G4 makes it difficult to exploit batch ML inference. 

R&D to reduce the number of times inference is needed.
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Geant4 Call Tree 18

G4Transportation::AlongStepGetPhysicalInteractionLength
21.73%
(0.45%)

G4Navigator::ComputeStep
14.90%
(0.21%)

13.25%

G4PropagatorInField::ComputeStep
7.84%
(0.20%)

7.84%
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2.38%
(0.02%)

2.17%
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7.15%
(0.27%)

7.15%

G4VoxelNavigation::ComputeStep
6.66%
(0.42%)

6.66%

G4ChordFinder::AdvanceChordLimited
3.66%
(0.04%)

3.66%
G4PropagatorInField::IntersectChord

2.29%
(0.00%)

2.29%

G4MultiLevelLocator::EstimateIntersectionPoint
1.39%
(0.04%)

1.39%

G4Navigator::LocateGlobalPointWithinVolume
0.75%
(0.14%)

0.36% 0.11%

G4VoxelSafety::ComputeSafety
1.15%
(0.03%)

1.15%

G4NormalNavigation::ComputeSafety
0.78%
(0.03%)

0.78%

LArWheelSolid::DistanceToIn
5.04%
(0.01%)

2.61%

LArWheelSolid::DistanceToOut
3.11%
(0.10%)

3.11%

LArWheelSolid::DistanceToOut
1.36%
(0.05%)

1.21%

G4VCSGfaceted::DistanceTo
1.18%
(0.16%)

0.47%

LArWheelSolid::DistanceToIn
1.06%
(0.00%)

0.50%

G4VCSGfaceted::DistanceToOut
0.73%
(0.05%)

0.31%

2.43%0.44% 0.47%

0.29%

G4ChordFinder::FindNextChord
2.58%
(0.04%)

2.58%

G4MagInt_Driver::AccurateAdvance
1.51%
(0.06%)

0.98%

G4VIntersectionLocator::IntersectChord
2.28%
(0.05%)

2.28%

0.37%
G4ChordFinder::ApproxCurvePointV

0.61%
(0.02%)

0.61%

LArWheelCalculator_Impl::DistanceCalculatorSaggingOff::DistanceToTheNeutralFibre
5.49%
(3.95%)

1.07%

LArWheelSolid::distance_to_in
4.20%
(0.12%)

4.20%

LArWheelCalculator_Impl::WheelFanCalculator<LArWheelCalculator_Impl::SaggingOff_t>::DistanceToTheNearestFan
2.76%
(0.31%)

1.09%

G4VCSGfaceted::Inside
1.93%
(0.37%)

0.58%

CLHEP::Hep3Vector::rotateZ
1.44%
(0.37%)

0.62%

atan2
1.12%
(0.05%)

0.35%

0.13%

0.66%

0.67% 0.36%

0.39%

0.22%

LArWheelSolid::out_iteration_process
0.96%
(0.34%)

0.96%

LArWheelSolid::search_for_most_remoted_point
0.76%
(0.14%)

0.76%

0.29%

0.29% 0.16%

G4PolyconeSide::Distance
1.01%
(0.45%)

1.01%

0.23%

0.23% 0.12%

G4PolyconeSide::Intersect
0.99%
(0.20%)

0.67%

LArWheelCalculator::parameterized_sincos
1.47%
(1.47%)

1.44%

0.89%

LArWheelSolid::search_for_nearest_point
3.17%
(0.65%)

3.17%

LArWheelSolid::in_iteration_process
0.98%
(0.41%)

0.56%

0.59%

0.34%

0.19%

G4PolyconeSide::Inside
1.57%
(0.81%)

1.57%

__libm_sincos_e7
1.56%
(1.56%)

0.28%

__libm_atan2_l9
1.07%
(1.07%)

1.07%

0.67%

0.42%

0.21%

G4MagInt_Driver::QuickAdvance
1.56%
(0.11%)

0.98%

G4MagInt_Driver::GetDerivatives
0.79%
(0.00%)

0.79% 0.58%

G4MagInt_Driver::OneGoodStep
0.96%
(0.08%)

0.96%

0.20%

0.16%

G4AtlasRK4::Stepper
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(0.71%)
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0.75%
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0.85%
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~ 60 %

~ 40 %

when the trajectory is affected by 
an external field (e.g. magnetic)

when the trajectory is not affected 
by an external field (e.g. magnetic)

G4Transportation::AlongStepGetPhysicalInteractionLength



19Bonus: PointNet

X

Y

• Irregular and unordered 
point-cloud data  

• Convolution on 3D points 

• Local hierarchical feature 
learning 

• Feature propagation to 
interpolate point-wise 
predictions 

• Architecture robust in 
under-sampled regions

sphere
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How long 

does it take to 

evaluate the 

neural 

network?

Caveats  

‣ No batch processing 

(= Parallelism) 

‣ ~ 1M parameter model 

‣ Tests in Python

CPU
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Transportation


