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Surrogate Models Designof

experiments
= Powerful new functionality for creating and using data-

driven surrogate models in version 6.2

= What is a surrogate model? Import

Design data

— Asimpler, less computationally expensive model table

— Approximates the behavior of more complex, Export

computationally intensive models

= Benefits of surrogate models:

Training
— Faster model evaluation enhances interactive user
experience

— Enable new areas of use for apps and digital twins

Surrogate Appsor

model Sslvaie digital twins
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~ " Study 1 compl.ppb2 Conversion From "Solution to use" -
4t Surrogate Model Training
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L. |= Step 2 Stationary 2
= Use the Surrogate Model Training study érgﬁ S Configurtons + 5\ whe
> esults
to generate a Design Data table. v Input Parameters
L3
. .. Parameter Sourcetype | Parameter description
= Specify Input Parameters and Quantities O Gadaipostion) = Anayic = Uniform-rom 0,01
of Interest (output parameters). 20 (Axial position) || Anaytic | Uniform from [0, 1
E (Activation energy) v | Analytic ~ Uniform from [71513, 79205]
= The Study generates datainthe ke (Thermal conductivity) * | Analytic v || Uniform from [0.0559, 5.6]
. dHrx (H f i - Analyti = Unif i -101600, -67733
parameter space based on a design-of- i tiesteficoction) nalytic 2| Uniform from [-101600, -677353]
experiments method. +E0N 7\
. . » g | @ et Active X ¥
= The study optionally defines a surrogate TEND
. . . - Messages Progress Log Design Data
model function when finished. Input parameters sampling settings S EEE e @e \ NP AREE ®
(Oth i dd ” ) Number of input points type: ~ Manual - B J e J“ = = T
€rwise, a one manually. Nurnber of input points: 4000 0 20  |E ke  dHrx complppbl | complppb2
R . 0.0321400.33178/72563 2.6236 -87001 331.64 0.50111
andom seed type: Automatic -
0.0550630.83791/75719 4.5499 -82537 314.94 0.31657
nitialiandonsseed L0 0025539 0,60275| 75944 3.3028 -88487 319.27 018302
0.021129/0.98724 74405 1.4382 - 76038 337.06 0.71961

~ Acvanced Settings
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Design data
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SEREA
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1] 0 E ke dHre T XA

0.032140 0.33178 72563 26236 -87001 331.64 10.50111

0.055063 0.83791 75719 4.5499 -82537 31494 0.31657 ° °

0.025539 0.60275 75044 3.3028 -88487 319.27 0.18309

on o e noow Generating the Design Data

0.076463 0.56690 74356 20612 -93668 321,90 0.62580

0.035536 0.85834 77313 2.0946 -06237 31741 10.20351

0.058982 0.88040 77580 2.0485 -68005 312.85 0.16747

10.084980 0.077961 72859 2.7652 -90287 311.78 10.20125 a e

0.057236 0.43613 71701 5.0493 -76494 338.03 10.97476

0.044387 0.17322 76763 1.1608 -88070 31342 0.037433

0.089308 0.36394 73519 42885 -86253 297.17 10.29208

0.022287 0.42756 75278 0.96614 -89042 318.18 10.15985

0.095388 0.34357 72469 2.7827 -T9633 202.29 0.44212 . . . .
ooes0 D260 e 4sses  |Teeds 2957 00saT = The Design Data table is generated by the Surrogate Model Training
0.030070 0.34296 74204 3.0037 -86122 320.10 0.21194

0.073757 0.34116 73516 2.3065 -86545 312.85 0.20374 Study,

0.012400 0.69853 78952 1.0513 -77979 313.81 10.053645

0040545 0AAESA ne2 24372 93663 3077 10000 — Alternatively, import a text file from another source.

0.035523 0.36841 72127 1.3342 -70381 343.20 10.99349

0.010372 0.048138 77768 2.0350 -98085 312.23 100055084,

0.022897 0.54397 78291 5.3872 -72130 313.63 10.035650 . .

B T e e = |nthe study, specify the number of Input Points.

0.0010003 0.92977 72268 3.6096 -73746 34633 10.99929 L. .. . .

0019766 |0.68401 74335 [5.1606 68052 32441 040651 — Thisis the number of full finite element simulations used to generate the
0.098617 0.52244 75575 0.21254 -73521 283.66 10.31163 data

0.050083 0.54124 77238 038528 -98057 317.03 10.11798 .

0.066830 0.9839% 76112 2.5537 -83920 313.25 10.35728

0.037905 0.43830 73274 34282 -96045 341.00 0.65036 . . .
0041177 (079364 T2 45020 00058 31632 016182 = The lnput Parameters are Sampled inthe parameter space using Latin
0.048718 0.45829 71981 0.33683 -76970 345.64 10.96980 .

0020808 037916 7699 (28510 95041 31336 0.032643 hypercu be sam p| ng.

0.099635 0.30141 74199 3.9883 -88433 283.74 10.35573

0135728 M 57 N 75725 | 025 N .5 N 1 =650 — Akind of sparse parametric sweep that covers the input space without
0.068797 0.87032 72643 42244 -84383 324.75 10.98865 . . . . . .

005222 02003 a2 27017 1031 22600 (038308 requiring an excessive number of finite element computations

0.0059082 0.86769 74652 19315 -81277 331.26 052367

0.099704 0.79487 74958 2.2975 -71550 283.13 0.42023 . . .

00177 DAtae e 2miea o2 (35600 (089950 = Use acluster to speed up this computation by choosing the

0.038604 0.017792 73296 0.69155 -83712 312.48 10.013358 . . . .

00063785  0.53145 71738 |2.0289 93535 35448 |0.99908 DIStrlbute mOdeI evaluatlon Optlon,

0.019122 0.44213 71870 2.4975 -96087 355.51 10.98932

0.076820 0.0022940 76515 23981 -93484 312.04 10.0010203

0.0021674 0.36601 77486 46911 -87214 313.87 0048856

0.029091 0.55082 71604 4.2917 -99873 357.58 1.0000

0.092141 0.24380 72292 0.27465 -80922 323.10 10.99065

Anzzant nncTan =2can c e EYEEE) ana 04 PEE R
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2 hEdR o BRI RS- tubular_reactor_surrogate.mph - COMSOL Multiphysics

Home Definitions Geometry Sketch Materials Physics Mesh  Study Results Developer Colored Selections

, s
> 2= Varibles + = Import 0 —_
A i E- <<> pi (<) Functions ’ " -H X - - 3
Application  Model  Component  Add Parameters | Build Add Transportof  Add _ Build Mesh Compute Study Add 3DPlot  Add Plot
Builder ~ Manager T+ Component+ o Al ffi| Part Libraries  Material  Diluted Species + Physics Mathematics ~ Mesh 1+ 1+ Study  Group 18+ Group+ |
Workspace Model Definitions Geometry Materials Physics Mesh Study Results
Model Builder -2 Setfings ~ /| Graphics
- & o | iy ural Metwork aa@-@ -kl ¢ @ [ e
e} Plot [5] Create Plot [id Train Model [ Continue Training
- dnnl_2(x1.(
v %@ tubular_reactor_surrogate.mph {root) Label: |[Deep Neural Network 1
~ (@) Global Definitions
Pi Parameters | ~ Layers
+. Deep Neural Network 1 (dnni_1, dnn1.2)
4 Default Model Inputs " pe Settings
%) Materials D Input, Input festures=3, Output features=50, Activation=tanh
v &k Component 1 (comp) ense nput, Input features=5, Qutput features=50, Activation=tan
u rro ate M Od e > = Definitions Dense - H\ddEn,OutpuleaturES=40,A(twatinn:tanh
’ cometry 1 Dense ~  Hidden, Output features=30, Activation=tanh
Materials
5 5 J&' Transport of Diluted Species (tds) Dense Hidden, Output features=20, Activation=tanh
*
> %% Heat Transfer in Fluids (ht) Dense ~ | Output, Output features=2, Activation=tanh
» Au Coefficient Form Boundary PDE (cb)
> A Mesh1 \
~ b Study 1 THEEY
# Surrogate Model Training Dutput features: 40
[~ Step 1: Stationary Activation: tanh -
[= Step 2 Stationary 2
> [fr Solver Configurations ~ Data
> IH Results
* The surrogate models are Daasource | Rl :
Result table: | Design Data -

available as functions:
— Deep neural network (DNN)

Ignore Nal/Inf data points

~ Data Column Settings

"
_ . . Columns | Type Settings
Polynomial chaos expansion (PCE) 0 Argument » | Name=x1, Scaling=to01
_ Gaussian process (G P) Argument ¥ Name=x2, Scaling=te01 z
£ Argurment + | Name=x3, Scaling=to01 V.\L,x
ke Argument v | Name=xd, Scaling=to01
= The DNN, PCE, and GP functions aHie et + [ Namecs5, Scalingoto0t
compl.ppbl | Functionvalues =  Namesdnnl_1, Scaling=to01 Messages ~ Progress Log | Design Data

are Fralned on the contents of the orrteot o~ Romeamm 2 st B EEE =00 \ I BN IRE BE-
Design Data table. 0 | [e [k |dio]| comptosen | comptomke

~ Training and Validation 0.032140 033178 72563(2.6236 -67001 331,64 50111
0.055063 0.83791 75719/4.5499 82537 314.84 0.31657
Method: Adam - 0.025539 0.60275 75944/3.3028 88487 319.27 0.18309
P o3 0.021129 098724 74403(1.4382 76038 337.06 0.719%61
0.076463|0.56690 74356/2.0612|-93668/321.90 0.62580

Weinht decar n



W COMSOL

Surrogate Models
» Deep neural network (DNN):

— General-purpose surrogate model
— Can handle data tables with millions of rows
— Included in COMSOL Multiphysics®without add-on products

= Gaussian process (GP) and polynomial chaos expansion (PCE):
— Include uncertainty estimates with regard to the quality of the data fit
— Can handle data tables with up to 2000 rows
— Require the Uncertainty Quantification Module to be trained

— Already-trained model can be used without any add-on products

— For more information on GP and PEC, see the Uncertainty

Quantification Module examples and documentation Visualization of a section of a DNN
surrogate model function.
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Function Approximation

= Surrogate models are used for
multidimensional function approximation.

= |deal for capturing complex nonlinear
relationships within datasets

= Applicable beyond apps and uncertainty
qguantification, including:

— Representation of material data

— Optimization

— Ascomponentsin systems modeling

A Gaussian Process surrogate model function,
visualizing the standard deviation estimate in color.

= Supports multiple differentiations with
respect to any input parameter
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Model Builder -

- & Etv Elv v B~

lot 55 Create Plot [0 Train Model [ Continue Training

Type filter text @
v & tubular_reactor_surrogate.mph (root) Label: [Deep Neural Network 1
v () Global Definitions
Py Parameters 1 - Layers
=% Deep Neural Network 1 (dnn1_1, dnn1.2)
4 Default Model Inputs " Tpe Settings
%) Materials
o e pere B e yp— e eep eura etwor
> = Definitions Dense ~  Hiddlen, Output features=40, Activation=tanh
> A
Geometry 1 Dense ~+ | Hidden, Qutput features=30, Activation=tanh
i Materials
> &' Tansport of Diluted Species (tds) Dense ~  Hidden, Output features=20, Activation=tanh
x
? |75 Heat Transfer in Fluids {ht) Dense ~  Output, Output features=2, Activation=tanh
> Au Coefficient Form Boundary PDE (ch)
> A Mesh
v~ Study 1 ti+ =N

Surragate Model Training Output features: 30

~ Step 1: Stationary

Q}iﬁ:ﬁié:if:;;:’;; B ’ = The DNN surrogate model references a
> Data Source, which, in this case, is the

Design Data table but can also be a text file.

~ Data Column Settings

s * |nthe example shown here, the DNN

Argument ~ | Name=x1, Scaling=to01
Argument ~ | Mame=x2, Scaling=tall t d I d f' t f t’ f
. ppument e —— surrogate moadel aerines two runctions o
N .
ke Argument ~ | Name=x4, Scaling=to01 f p t p t .
dHrx Argument v Mame=x5, Scaling=to01 Ive Inpu arameters:
compl.ppb1 Functionvalues v | Name=dnni 1, Scaling=to01

compl.ppb2 Functionvalues v Name=dnni_2, Scaling=to01 - T = fs(r, Z, E, k, der)
Training and Validation _ XA= gs(r, Z, E, k, der)

Plot Parameters

~ Information

Trained functions: dnn1_1, dnn1_2

yanedncions o o2 = Thereis no limit to the number of input or
Validation loss: 0.00306045, Epoch=34059

Training loss: 9.1455E-4, Epoch=47662

i output parameters for a surrogate model.
x1: [8.018396329134703E-6, 0.09998222440481186]

x2: [2.2087161778472364E -4, 0.9999655485153138)

x3: [71519.421875, 79204.328125]

xd: [0.05635489523410797, 5.599172592163086]

x5 [-101594.640625, -67733.6953125]

Trained at Oct 31, 2023, 7:07 PM



W COMSOL

DNN Layers

= A DNN model consists of an input
layer, a series of hidden layers, and
an output layer.

» Each layer consists of a number of
nodes, or neurons. The figure shows
a graph for a network with three
hidden layers, five input nodes, and
two output nodes.

» You can define any number of
layers and nodes for a DNN
surrogate model.

Input layer Hidden layers Output layer
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Optimizing Neural
Network Architecture

= Selection of layers and nodes is iterative
and based on:

Problem-specific knowledge

Empirical testing

= Balanceis key:

Too few layers/nodes may lead to underfitting
and be inadequate for complex surrogate
modeling.

Excess layers/nodes can cause overfitting,
yielding high accuracy on training data but
poor generalization.

= Consider computational efficiency:

More layers/nodes increase model evaluation
time.

Strive for a model that is both accurate and
efficient.

Quick rule-of-thumb starting point: three
hidden layers with 64, 32, and 16 nodes



W COMSOL

Graphics | Convergence Plot 1 M
@ a @ NEODOR a $-@

Deep neural network training

Training a DNN

= Theinternal parameters of the neural
network are called weights and biases.

* Training involves optimizing weights and
biases to minimize error.

= Obijective of training: Align the surrogate
model closely with the finite element model.

Loss value

= Error measurement is calculated via the loss
function.

= Different types of loss functions can be used.

= The default loss function is Root-mean-square — ol *‘W’M W L WMM
error (RMSE). — Traing s ) ™

0.005[, L . L L L L
0 500 1000 1500 2000 2500 3000
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Jeural Metwork

Plot Create Plot M Train Maodel E Continue Training

Label: Deep Meural Network 1

Activation Functions

¥ layers
L
Type Settings
Dense ¥ | Input, Input features=8, Output features=64, Activation=tanh
Dense ¥ |Hidden, Output features=64, Activation=tanh
Dense ¥ | Hidden, Output features=32, Activation=tanh
Dense ~ |Hidden, Output features=16, Activation=tanh
Dense ¥ | Output, Output features=#6, Activation=tanh
ti+5EY

Output features: 64

Activation: { tanh
Linear (none)
Data Rell
Data Column ELV
Sigmoid

Training and [ p

Plot Parameters

= The activation function determines the output of a neuron,
based on the weighted sum of its inputs.

= Available activation functions:
— Linear
— RelU
— ELU
— Sigmoid
— Tanh

= Eachlayer can have a different activation function.

= Note: The nonlinear activation functions are not necessarily
polynomials and can represent general nonlinear behavior.
For example, they can represent saturation effects.
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Activation Function Summary

Label: Deep Meural Metwork 3, Piecewise Linear Approximation

¥ Layers
" ) .

Type Settings ™ LII’lear

Dense ~ | Input, Input features=2, Output features= 1000, Activation=Relll

Dense +  Hidden, Output features= 1000, Activations= Linear (none) - Linear function (“no activation function”), unbounded outputs

Dense ¥ | Output, Output features=1, Activation=Linear (none)

= RelU
- Piecewise linear, zero for negative values, linear for positive values, unbounded outputs
\
+ : - Generates a network that is sometimes easier to train than other activation functions

* Data
Data source: Result table - - ELU
Resulttable:  Tabled - - Similar to ReLU but smoother and more computationally intensive
Ignore Nal/Inf data points
~ Data Column Settings " SIngId
" . - Smoothly nonlinear, s-shaped, bounded outputs between O and 1

Columns Type Settings
X Argument ~ | Name=x]1, Scaling=to01 - Mostly used for probabilities and classification
y Argument * | Mame=x2, Scaling=te01
z Functionvaluss  + | Name=dnn3_col3, Scaling=to01 = Tanh

- Smoothly nonlinear, s-shaped, zero-centered and symmetric, bounded outputs between -1
and 1

- Is the default option
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¥ Training and Validation

Method: Adam

Learning rate: le-3

Weight decay: 0

Batch size: 512

Loss function: Root-rmean-square error
Random seed type: Fixed

Random seed: 0

Stop condition
Mumber of epochs: 50000
Validation data

Validation data: Random sample of data values
Validation data fraction: 0.1
Random seed type: Fixed

Random seed: 0

Plot Parameters
¥ Information

Trained functions: dnn1_1, dnn1_2

Mumber of network weights: 4232

Validation loss: 0,00306045, Epoch=34059
Training loss: 9.1455E-4, Epoch=47662

Defined in:

x1: [3.018396329134703E-6, 0.09998222440431186]
x2: [2.2087161778472364E-4, 0.9999655485153198]
x3: [71519.421875, 79204,328125]

x4: [0.05635489523410797, 5.599172592163086]
x5: [-101594.640625, -67733.6953125]

Trained at Oct 31, 2023, 7:07 PM

Optimization Solver Settings

= The DNNis trained using a specialized

optimization solver.

= The solver settings are called hyperparameters.

Some of the most important are:
— Learningrate:
» Controls optimization step size
* Analogous to numerical dampingin nonlinear solvers
— Batchsize:
» Determines subdivision of training data into subsets
— Number of epochs:

* Indicates total passes through the full dataset
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¥ Training and Validation

Method: Adam -

Learning rate: le-3

Weight decay: 0

Batch size: 512

Loss function: Root-rmean-square error = °

8 Hyperparameter Guidance
Random seed: 0

Stop condition

Mumber of epochs: 50000
Validation data u Leal’nlng I'Gtel
Validation data: Random sample of data values =

— Too low: may get trapped in local minima

Validation data fraction: 0.1
Random seed type: Fixed - — Too high: can overshoot the minimum, leading to poor
Random seed: 0 Convergence

Plot Parameters

= Batch size:

¥ Information

Trained functions: dnn1_1, dnn1_2 — Small size: can cause noisy gradients and longer training
Mumber of network weights: 4232

Validation loss: 0.00306045, Epoch=34059 _ . . . . .
Tfa!_n?n'g°_|”os°:;14555_4, Enoch47662 Large size: may result in poor generalization and
Defined In: inefficient computation

1: [8.018396329134703E-6, 0.09998222440481126]

x2: [2.2087161778472364E-4, 0.9999655485153138]

x3: [71519.421875, 79204,328125] .
xd: [0.05635489523410797, 5.599172592163086] = Number of epochs.
x5: [-101504.640625, -67733.6953125]

aibedlabOct3Li2023 [EO7RH — Insufficient epochs: risk of underfitting

— Excessive epochs: potential for overfitting
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¥ Training and Validation

Method: Adam -

Learning rate: le-3

Weight decay: 0

Batch size: 512

Loss function: Root-rmean-square error = ° ° ° °

8 Training and Validation Loss
Random seed: 0

Stop condition

Number of epochs: 50000 ..

Validation data » Training loss:
Validation data: Random sample of data values i . . .
Validation data fraction: 07 — Reflects model performance on the primary training data
Random seed type: Fixed i . .
Random seed: . = Validation loss:

Plot Parameters — Indicates model performance on a separate, unseen

~ Information subset of data:
Trained functions: dnn1_1, dnn1_2 . . . .
Number of :etworkwei_ghts: 32 * The solver sets aside a portion of the data and considers it
el e unseen data for validation purposes.
Defined in:

x1: [8.018396329134703E-6, 0.09998222440481186]
x2: [2.2087161778472364E-4, 0.9999655485153198]
x3: [71519.421875, 79204.328125]

x4 [0.05635489523410797, 5.599172592163086]
x5 [-101594.640625, -67733.6953125]

Trained at Oct 31, 2023, 7:07 PM
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¥ Training and Validation

Method: Adam =

Learning rate: le-3

Weight decay: 0

Batch size: 512

Loss function: Root-rmean-square error - Y o

¥ Understanding Loss Metrics
Random seed: 0

Stop condition
Mumber of epochs: 50000

Validtion dsta = Training loss:
Validiation data: Random sample of data values v — Decreases as the model learns — beware of potential overfitting
Validation data fraction: 0.1
Random seed type: Fixed = |} Validation IOSS:
Random seed: 0 . \ e .

— Helps estimate the model's ability to generalize to new data
Plot Parameters

~ Information = Monitoring overfitting:
i — Asign of overfitting: Validation loss increases while training loss
Validation loss: 0,00306045, Epoch=34059 decreases.
Training loss: 9.1455E-4, Epoch=47662
Defined in:

1: [8.018396329134703E-6, 0.09998222440481186] H .
;2: [2.2087161778472364E-4, 0.99996554851531498] " Hyperpa ra meter tu n I ng

3 [71519.421875, 79204.328125] . . . .
xd: [0.05635489523410797, 5.599172592163086] — Aimto balance and minimize both losses.
x3: [-101594.640625, -67733.6953125] i X X .
Trained at Oct 31, 2023, 7:07 PM — Ensures the model is learning effectively and can generalize well:

* Generalize well = applies well to unseen data
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EXAMPLE
Thermal Actuator

The thermal actuator app and surrogate
model demonstrate using the efficient
geometry sampling method to generate a
surrogate model of a parametric CAD
model.

The surrogate model is based on a design
data table (text file) with several millions of
rows.

The surrogate model defines six functions,
each with five input arguments.

Download the application

e [ & o 9. - B
File Home  Definitions  Geometry  Materials
Application  Model Thermal Add
Builder  Manager Actustor v Component ~
Workspace Madel
Model Builder

- = St

v <@ thermal_actuator_surrogate.mph (root)
~ (@) Global Definitions
P Parameters 1
Pi Parameters 2
'.‘L. Deep Neural Network 1 (dnn 1.V, dnn1.T, ...)
% Default Model Inputs
= Materials
Thermal Actuator (comp 1)
Definitions
Geometry 1
25 Materials
;\_ Electric Currents (ec)
5 Heat Transfer in Selids (ht)
£ Solid Mechanics (solid)
5 Multiphysics
i Electromagnetic Heating 1 (emh 1)
A5 Mesh 1
v oo Study 1
i+ Surrogate Model Training
= step 1: Stationary
> [T Selver Configurations
£ Job Configurations
> I Results

P R ||

& @ T thermal_actuator_surragate.mph -
Physics  Mesh  Study Results Developer
. 2= Variables v 2y Variable Utilities ~
P; o
Parameters 120 Functions L Equation Contributions ~

Parameter Case

Definitions

Settings
Deep Neural Network
Plot [ Create Plot [fix) Train Model [fi%] Continue Training

Label: Deep Neural Network 1

Layers

> Data

Data Column Settings

~ Training and Validation

Method: Adam
Learning rate: Te-3
Weight decay: 0

Batch size: 4096

Loss function: Root-mean-square error
Random seed type: Fixed
Random seed: 0
Train on GPU

Stop condition
Mumber of epochs: 1000

Validation data
Validation data: Random sample of data values
Validation data fraction: 0.1
Random seed type: Fixed

Random seed: 0

> Plot Parameters

> Information

COMSOL Multiphysics

EE [ impot f] x Au
mE L1 ~- 1 1
Build frvelinicy Add Hlectic  Add Add |
Al Material | Curents~ Physics Mathematics |

[l Part Libraries

Geometry Materials Physics

Temperature (DNN)

QAR Lz cr[<am@
=2



https://www.comsol.com/model/thermal-actuator-surrogate-model-application-120731
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EXAMPLE
Tubular Reactor

Surrogate model of a tubular reactor
simulating an elementary, exothermic,
irreversible reaction

The app has three scalar input parameters:
the activation energy, the thermal
conductivity, and the heat of reaction

The resulting surrogate model consists of
two functions: T(r,z,E k, dH,,) and x,(r,z,E,k,
dH.,,).

Download the application

e [ & o 9. v =
File Home  Definitions  Geometry  Sketch
|
A K RO
- I
Application  Model Companent Add
Builder  Manager 1 Component +
Workspace Madel
Model Builder
- ' St - ¥

Type filter text &)
v <@ tubular_reactor_surrogate.mph (root)
~ (@) Global Definitions
P Parameters 1
'.\'_, Deep Neural Network 1 (dnn1_1, dnni_2)
4 Default Model Inputs
= Materials
~ &la Component 1 {comp )
> = Definitions
Geametry 1
58 Materials
> Jd' Transport of Diluted Species (tds)
» 1% Heat Transfer in Fluids (ht)
» Au Coefficient Form Boundary PDE (cb)
> /A Mesh1
~ ~d Study 1
it Surrogate Model Training
= Step 1: Staticnary
[= Step 2: Stationary 2
> [Tre Solver Configurations
£ Job Configurations

> [ Results

~ Quantities of Interest

"
Expression Include study-dependent input

o T tubular_reactor_surragate.mph - COMSOL Multiphysics
Materials  Physics  Mesh  Study Results Developer
=B 3= Variables « 3, Variable Utilities ~ = Import b oo Au
i '’ H 3 1
Pt Functions « Au Equation Contributions ~ Build Livelink ~ Add Transport of Add Add
- Parameter Case All i Part Libraries Material Diluted Species ~  Physics ~ Mathematic
Definitions Geometry Materials Physics
Settings Conversion, species A
Surrogate Model Training @ Q @~ Wlew Iy [ =
= Compute (* Update Solution
Label: | Surrogate Madel Training
~  Study Settings
Compute action: Compute and build surrogate model -
Qutput table group: Design of Experiments - E
Surrogate model: Design of experiments (No surrogate model) -

Study-dependent input description

T Configure study-dependent input ~

xA Configure study-dependent input =

+ 5 \ =h-
Geometry sampling:  Geometry Sampling 1
File: Embedded file

Output table: Design Data (Qol1-2)

~ Input Parameters

13
Parameter

Source type
E {Activation energy) ~ | Analytic -
ke (Thermal conductivity) - Analytic -
dHrx (Heat of reaction) - Analytic -

+ 5\

[[] Correlated input parameters
Sampling settings

Mumber of input points type: Manual

Mumber of input points: 100

Random seed type: Automatic

T ol rm e A e cmmrde 101

Parameter description
Uniform from [71518, 79205]
Uniform from [0.03539, 5.6]
Uniform from [- 101600, -67733]
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File Home  Definitions  Geometry  Materials  Physics  Mesh  Study Results  Developer

T lib_rate_capability_surrogate.mph - COMSOL Multiphysics

A <<> P; B=v dyv = i ‘T4 Lithium-lon Battery ~ = Compute
Application  Model Component Add Parameters 0¥ AU¥ gy F9v Add % Add Physics Build Mesh | Study 3: Surrogate Model Helper Study
Builder  Manager 1 Component ~ - Al Moterial Ay d Mathematics Mesh 1+ ~% Add Study
Warkspace WModel Definitions Geametry Materials Physics Wesh Study
Model Builder Settings Ragone Plots
— ‘St ! iv W Deep Neural Network Q aQR- NEOE & & S~ @¢
Type filter text o Plot [ Create Plot [fix) Train Model [ Continue Training
v & lib_rate_capability_surrogate.mph froot) Label:  Deep Neural Network =
v () Global Definitions [ [ [
EXAMPLE P Parameters for Li-ion Battery Madel « layers 1000+
Py Parameters Set from App
Pi Parameters for Plot Axis Limits > Type Settings
a e r a e .‘L Deep Neural Network (dnn_E_vel, dnn_P_vol_ave) i Input, Input feat 4 b B—— -
npu ~ Input, Input features=
(; Default Model Inputs P P P
= Materials Dense ~ Hidden, Output features=10, Activation=tanh
i v—c t1 (comp) s00F
omponent 1 lcomp & Dense = Hidden, Qutput features=10, Activation=tanh
» = Definitions
> Geometry 1 Dense ¥ Hidden, Output features=10, Activation=tanh
> i Materials Dense « | Hidden, Output features=10, Activation=tanh
> ﬁ Lithium-lon Battery (liion)
» & Cumulative Energy (ge) Dense ~ | Output, Output features=2, Activation=Linear (none)
> ™ Events fev) —
. %, Multiphysics 3 3 200
iy Multiphy:
= This app demonstrates the usage of a & Mesh 1 TEh ]
. .. 3~ Study 1. Data G " Layer configuration: [4,10,10,10,10,2] ‘é
DNN function for predicting the rate udy 1: Data Generation =
>~ Study 2 App Computation +~ Data &=
capability of an NMC/graphite battery >~ Study 3: Surrogate Model Helper Study g
» B Results Datasource:  Result table - o N
cell. g 0
Result table: Design Data (Qol1-2) - E
Ignere NalN/Inf data points %
. . s
= Three input data values can be set: the :
. .. > Data Column Settings
thickness of the positive electrode, the = — sof
~ Training and Validation
active material volume fraction of the
L. . Method: Adam -
positive electrode, and the active N 1ea
material volume fraction of the Weight decay: 0
: Batch size: 512
negative electrode. pteh size
Loss function: Root-mean-square error - 20
Random seed type: Fixed -
I Rand d 0
Download the application encom ses I I |
[] Train on GPU - = 10
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B3 Untitled.mph - Microstrip Patch Antenna

Fichier Home

= = @

Reset Compute Report  Help
Input Simulation Documentation
Input and Description Result Analysis
« Input + Realized Gain 3D (dBi) « Realized Gain 2D (dBi)
« Visualization @ Q R- brmEEM| Gy (.8 al@e Realized Gain 2D, E-Plane [dBi) R
Frequency (f0): 1575 GHz o aq W= g=]
50
EXAMPLE O res
icrostrip . 5
MNeed to recompute full model when changed os II 7 1500
Patch length (I_patch): 52 mm )P .
atch Antenna ST
Tuning stub length {Lsub): 155 mm [ <
1 180°
ettt e b re et re T et re ey 50 . _ 10
. Dielectric constant (£): 338 Tl —
= A DNN-trained surrogate model . . - 15
estimates the performance of a , o L wo A 2
. . = View Configuration X 200 ¥ -18.8
microstrip patch antenna, O Stacked view
depend | ng on deS|gn ] Show patc-h frame « Near Field, Norm of E-Field (dB) « S-parameter, S., (dB)

parameters. @ a @R~ Lyl e B BEO &3 aaqa-r @ llsEn

~ Antenna Description

Near-Field on Substrate o 0

, o
= The results can be optionally .
compared to those provided b b\ ” "
with a full finite element model. > = *
I_stub
-10
0
-12
-14




W COMSOL

The platform product for simulating real-world designs, devices,
and processes. One user interface for all engineering applications.

— MODEL BUILDER: Combine physics phenomena in one model
— APPLICATION BUILDER: Build simulation apps from models
— MODEL MANAGER: Collaborate and organize models and apps

COMSOL Compiler™

Compile simulation apps into

executable files. Run them
freely on any computer.

COMSOL Server™

Host and administrate your
simulation apps. Run them
through a web interface.

ADD-ON PRODUCTS

ELECTROMAGNETICS

AC/DC Module

RF Module

Wave Optics Module

Ray Optics Module
Plasma Module

Electric Discharge Module
Semiconductor Module

FLUID & HEAT

CFD Module

Mixer Module
Polymer Flow Module
Microfluidics Module
Porous Media Flow Module
Subsurface Flow Module
Pipe Flow Module
Molecular Flow Module
Metal Processing Module

Heat Transfer Module

STRUCTURAL & ACOUSTICS

Structural Mechanics Module

Nonlinear Structural Materials Module

Composite Materials Module
Geomechanics Module
Fatigue Module
Rotordynamics Module
Multibody Dynamics Module
MEMS Module
Acoustics Module

CHEMICAL

Chemical Reaction Engineering Module

Battery Design Module

Fuel Cell & Electrolyzer Module
Electrodeposition Module
Corrosion Module
Electrochemistry Module

MULTIPURPOSE

Optimization Module

Uncertainty Quantification Module
Material Library

Particle Tracing Module

Liquid & Gas Properties Module

INTERFACING
LiveLink™ for MATLAB™
LiveLink™ for Simulink®
LiveLink™ for Excel®
CAD Import Module
Design Module
ECAD Import Module
LiveLink™ for SOLIDWORKS®
LiveLink™ for Inventor®
LiveLink™ for AutoCAD®
LiveLink™ for Revit®
LiveLink™ for PTC Creo Parametric™
LiveLink™ for Solid Edge®
File Import for CATIA® V5
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