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Linel2D-Net: A deep learning
approach to solving 2D linear elastic boundary
value problems on image domains

Anto Nivin Maria Antony," Narendra Narisetti," and Evgeny Gladilin®?*

SUMMARY

Efficient solution of physical boundary value problems (BVPs) remains a challenging task demanded in
many applications. Conventional numerical methods require time-consuming domain discretization and
solving techniques that have limited throughput capabilities. Here, we present an efficient data-driven
DNN approach to non-iterative solving arbitrary 2D linear elastic BVPs. Our results show that a U-Net-
based surrogate model trained on a representative set of reference FDM solutions can accurately emulate
linear elastic material behavior with manifold applications in deformable modeling and simulation.

INTRODUCTION

The demand for image analysis goes hand in hand with the amount of image data that continuously grows over decades, especially in the field
of biomedical imaging. Typically, analysis of biological images is restricted to the derivation of simple descriptors of target structures such as
location, volume, color, shape, and their temporal changes. However, with the current technological advancements and the availability of
powerful computational platforms, image analysis can be extended by the estimation of the physical behavior and constitutive properties
of underlying the biological structures and simulation of their response to variable boundary conditions."? Image- and physics-based frame-
works have been applied for the biomechanical simulation of cell and tissue growth as well as organ and whole organism morphogenesisin a
number of previous works.> A large set of image analysis problems in structural and developmental biology can be traced back to the
computational modeling of soft tissue behavior using theoretical and computational frameworks of continuum mechanics®’ and non-rigid
image registration.” Structural changes in biological tissue under the impact of external forces and internal pressures are typically described
in terms of displacements of landmark points or the entire set of image pixels (displacement fields).”® The non-rigid displacement field can, in
turn, be used for the assessment of local strains/stresses that play a key role in triggering and regulating signaling in developmental pro-
cesses.”'” Efficient algorithms for fully automated physics-based modeling are one of the major prerequisites for shifting the paradigm of
biomedical image analysis from simple morphological description to high-throughput functional phenotyping.

Arbitrary boundary value problems (BVPs) of continuum mechanics that are given by constitutive laws in the form of partial differential
equations (PDEs) and prescribed boundary conditions can, in general, be solved using numerical solving techniques only. Conventional
PDE solving techniques such as finite elements (FEMs),"" finite difference (FDM),"? boundary elements 13 or mesh-free methods'* are known
for decades and have been frequently applied in the context of biomedical data analysis and modeling.'>'® However, conventional discre-
tization techniques typically require laborious adaptation to concrete data and expertise in numerical modeling, which limits their straight-
forward and broader application in biomedical applications. Furthermore, conventional solving techniques are based on iterative computa-
tions, which hampers their application to fast and real-time simulations. To address these limitations, alternative approaches have been
developed in the past that focus on reducing the computational demand required for the conventional solvers, such as model reduction
techniques.'’~?* With increasing computational power of modern GPUs, a number of GPU-accelerated numerical schemes were developed.
GPU-based computational frameworks such as SoFa”® and NiftySim”* may principally allow to speed up numerical solutions compared to
conventional CPU implementations, however, they still have the same disadvantage of being essentially iterative and laborious by routine
application in biomedical sciences.

Recent advances in machine learning and, in particular, deep learning open new possibilities for more efficient computational data anal-
ysis, including physics-based modeling. This new family of methods, including surrogate and physics-informed neural networks (PINNs), rely
on the idea of training neural networks to resemble exact theoretical or numerical solutions of physical boundary value problems such as fluid
and continuum mechanics, diffusion, or heat transfer problems.25 Based on a representative amount of data (i.e., example solutions obtained
from conventional solvers), neural networks can establish a mapping between the input and output data, effectively emulating the physical
laws with a sufficiently high accuracy.”>"?” In previous work, neural networks were applied to a number of specific numerical problems,
including the simulation of the arterial blood pressure from 4D MRI data,™ laser-assisted bending®' and several other numerical modeling
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Figure 1. Validation of FDM solution vs. analytical (fundamental) solution of the 2D Lamé-Navier PDE u(r) is performed for the quadratic subdomain
r(x,y) € @Q (indicated in red) of the infinite medium Q;,¢

For the validation of FDM, only inner points (i.e., inner image pixels) r(x, y) € Q\I' were considered, while the boundary values were set equal to the fundamental
solution u(r) = ug, r(x,y) e I and used as boundary conditions for computing the FDM solution in the remaining inner subdomain.

and physics-based problems.**' Meanwhile, powerful frameworks to solve physical problems with neural networks such as DeepXDE,*® Nvi-
dia SimNet,*” NeuroDiffEq"? were established. DeepXDE provides the option to include arbitrary boundary conditions, and it works with fully
connected neural networks to train the model. The other frameworks do not provide enough flexibility for the consideration of arbitrary BVPs
and/or a straightforward interface for implementation in the image domain.

In this feasibility study, we aim to develop a deep learning-based solver for a large set of 2D linear elastic BVPs including arbitrary geomet-
rical and physical boundary conditions using convolutional neural networks (CNN), which are known to be very efficient when compared to
fully connected neural networks when applying to image-based problems. The deep neural network used in this work is derived from the
conventional U-Net architecture”’ which was widely used for image segmentation. The U-Net architecture was modified in such a way that
it can predict the displacement field for the entire image domain from displacements and boundary conditions defined on its parts, - effec-
tively solving a given linear elastic BVP. This CNN (further termed as Linel2D-Net) is trained on a large set of reference solutions to emulate the
solutions produced by the conventional methods. Instead of laborious conventional solvers, data-based deep learning (surrogate) models
can be used for high-throughput analysis of large, in particular, biomedical image datasets in a fully automated manner. Previously, such sur-
rogate modeling approaches have been applied to different fluid and continuum mechanics problems.*>** However, the focus of previous
works was predominantly on solving physical BVP for a limited class of geometrical boundary conditions. However, due to the extremely high
level of the variability of living systems, biomedical applications demand efficient methods that can be applied to arbitrary boundary values.
Consequently, here we aim to train a linear elasticity solver that is not restricted to particular boundary conditions and can be applied to solv-
ing BVPs with arbitrary boundary conditions.

Experimental results of this study show that our surrogate Linel2D-Net model, pre-trained on a large amount of “exact” linear elastic FDM
simulations is capable of accurately reproducing solutions of various continuum mechanics BVPs with an accuracy sufficiently high for manifold
applications on the field of deformable body modeling and biomedical image analysis.

RESULTS

Validation of the finite difference solver using the fundamental solution of the 2D Lamé-Navier partial differential equation
In this work, reference solutions of the 2D Lamé-Navier PDE were generated using the Finite Difference Method on the regular grid of 128x128
image pixels as described in the STAR Methods section. In order to validate the accuracy of the implemented FDM scheme, the fundamental
solution of the 2D Lamé-Navier PDE was used (Equation 8). The fundamental solution provides an analytic expression for the displacement of
every point of the infinite 2D elastic medium Q. In order to use this theoretically justified solution for the validation of FDM predictions, a
finite rectangle subdomain of the infinite elastic medium QCQ; ¢ was selected.

According to the Gaussian integral theorem, boundary values uniquely define the solution inside the enclosed homogeneous and
isotropic domain. Consequently, the comparison of the FDM predicted displacement field vs. the fundamental solution was performed
for the inner nodes of the rectangular subdomain of the infinite elastic continuum, whereas the displacements of boundary nodes from
the fundamental solution were used as boundary conditions (Figure 1). Comparison between the FDM and fundamental solutions in Fig-
ure 2 shows that the difference of the displacement magnitude between FDM predicted and theoretical values amounts up to 1e-3
or 0.75%.
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Figure 2. Comparison of the fundamental solution of the Lamé-Navier PDE vs. the FDM solution computed for a 128x128 image domain
From left to right: the fundamental solution, the FDM solution computed for the BVP with the boundary conditions given by displacements from the fundamental
solution for all four image boundaries.

Generation of boundary value problems

In order to cover a large spectrum of possible boundary value problems, different geometrical patterns, and prescribed boundary displace-
ments were generated and combined. While (Free) boundary conditions were annotated with “black” image pixels, i.e., image intensity equal
to zero, and boundary conditions with prescribed displacement (Dirichlet) were labeled with non-zero values. For the definition of image re-
gions with prescribed (Dirichlet) boundary conditions, different simple geometrical patterns such as circles, lines, polygons, free shapes, and
their combinations were used. For each geometrical pattern, several different values of prescribed displacements were defined. Thereby, the
magnitude as well as the spatial orientation of displacements were perturbed in order to achieve a possible bias-free set of BVP problems.

Finite difference modeling of material compressibility

In this work, we focus on modeling a homogeneous isotropic medium, which is described by a single material parameter - the Poission's ratio
ranging between ve [0,0.5]. To simulate the behavior of materials with different compressibility, FDM solutions were generated for three
distinctive values of v = 0,0.25,0.49 that correspond to high, moderate, and low compressibility, respectively. Accordingly, three sets
of FDM solutions were used for the training of three different models. Figure 3 shows examples of two FDM solutions corresponding to
v = 0and v = 0.49 for a simple BVP given by the displacement of the central image pixel. As one can see that patterns of displacement fields
for low and high-compressible materials show distinctive differences. In particular, the low-compressible medium exhibits vortices due to vol-
ume preservation that are absent in the deformation pattern of the high-compressible material.

Forward Linel2D-Net models

Forward Linel2D-Net models were trained to predict the displacements of the entire image domain from the displacements that were defined
on some partial (Dirichlet) image regions with the prescribed displacement. The architecture of Linel2D-Net is described in Table 4. Figure 4
shows an example of automatically generated BVP, including boundary conditions and displacements, as well as FDM solutions for high (v =

0)andlow (v = 0.49) compressible material models. For the training of forward Linel2D-Net models, three matrices (i.e., images) including (i)
X-, (ii) Y-components of the displacement field as well as (i) the type of boundary conditions cumulatively defining the BVP were used as the
input. The output for training the forward model was defined by two matrices corresponding to (i) X- and (i) Y-displacement components for
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Figure 3. An example of FDM solutions or linear elastic BVP for two different values of the Poissons’s ratio » = 0 and » = 0.49 corresponding to high-
and low-compressible material approximation

From left to right: a BVP with prescribed boundary displacement in the middle of the image, FDM solution for the Poisson'’s ratio » = 0 (high compressibility) and
v = 0.49 (low compressibility). As one can see, a higher degree of volume preservation in the case of low-compressible material leads to the emergence of
distinctive vortex pattern of the image displacement. For the sake of better visualization, displacement vectors are visualized for every 5th pixel of the
128x128 image only.
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Figure 4. Examples of automatically generated linear elastic BVPs and their numerical solutions using FDM for different values of the Poisson’s ratio
v=0andv = 0.49

(A) Boundary displacements defined on Dirichlet pixels of the 128x128 image domain.

(B) Dirichlet regions generated by embedding random shapes and patterns into the grid of 16 32x32 cells (see gray lines).

(C and D) FDM solutions of the BVP (i.e., whole-image displacement) for high (v = 0) and low (v = 0.49) compressible material models.

all image pixels, which were then compared vs. the ground truth FDM solution. The models were evaluated against FDM predictions of “un-
seen” but principally similar BVPs as in the training set, i.e., random geometrical patterns of boundary conditions and corresponding displace-
ments (i.e., patch-wise parallel displacement vectors on every Dirichlet region). Our experimental results show that the model predictions
exhibit high similarity with the reference FDM solutions. Table 1 summarizes the performance of forward Linel2D-Net models by a direct com-
parison of model prediction against 10500 “unseen” FDM solutions, including mean average errors in the magnitude and spatial orientation
of predicted displacements. Our results indicate that the low-compressible material model exhibits, in average a slightly higher deviation
from the reference FDM solution compared to high-compressible material emulations. Figure 5 shows an example of the displacement field
predicted by high- and low-compressible Linel2D-Net models compared to the reference FDM solution from Figure 4.

Inverse Linel2D-Net models

For training inverse Linel2D-Net models, two matrices, i.e., (i) X- and (i) Y-components of the displacement from FDM solutions (rf. Figures 4C
and 4D), were used as input for predicting (i) X- and (i) Y-components of the boundary displacements as well as (iii) the boundary conditions (rf.
Figures 4A and 4B). Consequently, the inverse model is implemented as a consistent reversal of the forward case. Thereby, components of

Table 1. Evaluation of forward Linel2D-Net models on 10500 FDM solutions of “unseen” BVPs

Models MAE . SDimag MAEy; SDy;r
Forwardy = 0.49 0.007 0.0025 4.84 4.00
Forwardv = 0.25 0.0052 0.0019 3.97 3.49
Forward v = 0 0.0066 0.0028 5.08 5.02
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Figure 5. Examples of forward Linel2D-Net predictions for the BVP from the example pair of BVP - FDM solution shown in the previous figure.
(A and B) Whole-image displacements for high (? = 0) and low (v = 0.49) compressible material approximations for the BVP from Figure 4.
(C and D) Color map of differences between displacement magnitudes predicted by Linel2D-Net vs. FDM.

boundary displacements are sought as floating point numbers, while the boundary conditions in the output are predicted as probabilistic
values ranging between 0 and 1 indicating the confidence score by the classification of two possible categories: prescribed (Dirichlet) or
free boundary conditions. Table 2 summarizes the performance of inverse Linel2D-Net models by comparison vs. 10500 “unseen” BVPs
including mean average errors in the magnitude and spatial orientation of predicted displacements of Dirichlet regions as well as the accuracy
of the prediction of their geometrical location and shape. Compared to the performance of forward models, inverse Linel2D-Net exhibits
higher deviations from original displacements, both with regarding to magnitude and spatial orientation. However, the inverse model is
capable of consistently predict boundary conditions from the whole-image displacement with a high accuracy of over 99% for types of ma-
terial models. Figure 6 shows examples of inverse predictions of boundary displacements and conditions from the whole-image displacement
field which was previously computed using FDM as a solution of the forward BVP.

Verification of inverse predictions using forward finite difference

The results from Table 2 indicate that the inverse predictions exhibit high deviations from the ground truth BVP. However, it is well known that
different boundary conditions can cause similar solutions of physical BVPs, especially with increasing distance from the source. To re-evaluate

Table 2. Evaluation of inverse Linel2D-Net models

Models MAE 29 SDpmag MAE;, SDgi BC Accuracy [%] BC F1 [%]
Inversev = 0.49 0.014 0.013 4.04 6.10 99.87 99.93
Inversev = 0.25 0.013 0.007 5.57 11.06 99.89 99.94
Inversev = 0 0.0081 0.0046 5.89 9.91 99.89 99.94
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Figure 6. Examples of inverse Linel2D-Net predictions for the inverted BVP from Figure 4

(A and D) Boundary displacements predicted by the inverse Linel2D-Net model for high (v = 0) and low (v = 0.49) compressible material approximations.
(B and E) Boundary conditions predicted by the inverse Linel2D-Net model cf. Figure 4.

(C and F) Color maps of differences between displacement magnitudes predicted by Linel2D-Net vs. FDM.

the accuracy of predicted boundary conditions and displacement, they were again used as an input for the forward FDM scheme in order to
predict the resulting displacement field for the entire image domain. The resulting displacement field was then compared vs. the FDM pre-
diction using the original BVP. This verification study demonstrated a high similarity in the resulting whole-image displacements from both
original and inversely predicted boundary conditions. The statistical analysis of this verification is summarized in Table 3. Figure 7 shows and
example of the verification of whole-image displacement computed from inversely predicted vs. original BVP.

Linel2D-Net performance on completely new boundary value problems

In addition to previously “unseen” but principally similar BVPs from the set of automatically generated, random geometrical patterns and
boundary displacements, Linel2D-Net was exemplary evaluated on completely different, manually generated and somewhat more realistic
BVPs, see Figure 8. Figure 9 shows four examples of such BVPs including the cases of obstacle-free and obstacle containing elastic domains
with two different values of the Poisson’s ratio » = 0 and v = 0.49. Differently from fully automated random BVPs used for model training,
these BVPs were drafted manually. As one can see the model is capable of reproducing the distinctive differences in behavior of high-
and low-compressible materials (rf. Figure 8). However, predictions of the Linel2D-Net for low-compressible model approximation (v =
0.49) are less accurate compared to predictions of the high-compressible model (v = 0). Compared to the performance of Linel2D-Net
on totally random BVPs, the predicted displacement field in the case of these structurally very different BVPs exhibits larger deviations
from the reference FDM solution (MAE = 0.017, STD = 0.014). Thereby, predictions of the low-compressible material model exhibit larger
deviations from the reference FDM solution compared to high-compressible material emulation using Linel2D-Net. Similar to the forward
Linel2D-Net inverse prediction, it also exhibits higher deviation in the case of low-compressible material as shown in Figure 10. However,
the geometrical pattern of boundary conditions could still be estimated in this example with a very high accuracy of 100% for high (v =
0) and 99.93% for low (v = 0.49) compressible material models.

Table 3. Evaluation of FDM scheme of inverse predictions compared against the ground truth FDM solutions

Models MAE a9 SDrag MAE;, SDyir
Inversev = 0.49 0.0065 0.0036 2.01 1.37
Inverser = 0.25 0.0056 0.0031 1.13 1.36
Inversev = 0 0.0034 0.0018 2.21 1.85
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Figure 7. Evaluation of inverse Linel2D-Net predictions

(A and B) Whole-image displacement fields computed using FDM from boundary conditions that were predicted by the inverse Linel2D-Net model (cf. Figure 6).
(C and D) Color maps of differences between displacement magnitudes predicted by the Linel2D-Net model vs. FDM for high (v = 0) and low (v = 0.49)
compressible material approximations.

Performance of Linel2D-Net solver vs. finite difference

The performance of the Linel2D-Net vs. FDM solver was compared using 150 randomly selected BVPs. Generating solutions with the Linel2D-
Net solver for 128x128 BVPs is 33x times faster than solving them with the FDM scheme. If the grid size is increased, computational time in-
creases exponentially, which is not the case with the Linel2D-Net solver. The inverse FDM solutions are calculated from the displacement field
of the entire image by inverting the stiffness matrix.

Example of inverse analysis of synthetic tissue deformation

To demonstrate the possible biomedical application of Linel2D-Net, an inverse analysis of synthetic 2D tissue deformation was performed.
For this purpose, a synthetic pattern of 2D cell tissue layer was used, see Figure 11A. The boundary conditions were defined by the uniform
displacements of five selected cells with the same magnitude but random spatial orientation, Figure 11B. Next, the displacement field for the
whole image (cell pattern) was computed using the forward FDM simulation, Figure 11C as well as Video S1 in Supplementary Materials.
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Figure 8. Examples of FDM solutions of linear elastic BVP with mixed boundary conditions for different values of the Poisson'’s ratio
(A and B) A BVP given by the horizontal displacement of the red bar within an otherwise obstacle-free elastic domain.
(C and D) FDM solutions of the BVP (a, b) for the Poisson's ratio » = 0 and v = 0.49.

(E and F) BVP given by the horizontal displacement of the red bar and two circle obstacles.

(G and H) FDM solutions of the BVP (E,F) for the Poisson’s ratio » = 0 and v = 0.49.
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Figure 9. Examples of forward Linel2D-Net solutions for different BVPs and material properties

(

(v = 0)and low (v = 0.49) compressible elastic medium.
(C and D) Color map of absolute difference in the displacement magnitude between FDM (Figures 8C and 8D) and Linel2D-Net solutions (A and B) for» = 0 and
v = 0.49.

(E and F) Displacement vectors predicted as a solution of the BVP from Figures 8E and 8F by two Linel2D-Net models trained to emulate the behavior of high (v

A and B) Displacement vectors predicted as a solution of the BVP from Figures 8A and 8B by two Linel2D-Net models trained to emulate the behavior of high

0) and low (v = 0.49) compressible elastic medium.

(G and H) Color map of absolute difference in the displacement magnitude between FDM (Figures 8G and 8H) and Linel2D-Net solutions (E, F) forv = Oandv =
0.49. As one can see the high compressibility (v = 0.49) model exhibits larger deviations from the reference FDM solutions compared to the low compressibility
model (v = 0).

Finally, the inverse Linel2D-Net model was applied for the reconstruction of the boundary conditions from the whole image displacement
field. As a result of the inverse Linel2D-Net prediction, the correct location and area of five cells as well as their displacements, were estimated.
Figure 11D shows the color map of differences between the magnitude of the original (Figure 11B) and inversely predicted boundary displace-
ments of five selected cells. This feasibility example demonstrates that the inverse Linel2D-Net model can be used for the contact-free esti-
mation of material properties of target structures (for example, biological tissues) by the observation of their deformation in image time-se-
ries. The video depicting the deformation of a few selected cells causing the whole medium to deform is provided in Video S1.

Linel2D-Net demo tool

The Linel2D-Net solver is available as a pre-compiled demo tool along with the example data and brief user guidelines from https://ag-ba.
ipk-gatersleben.de/Linel2DNet.html.

DISCUSSION

In this study, we presented a surrogate neural network approach to solving arbitrary 2D linear elastic boundary value problems defined on a
regular grid (image) domain. Differently from the majority of previously published works, our approach is based on training CNN models on a
combination of not only physically but also geometrically variable sets of reference numerical solutions. Our results show that such surrogate
model solve forward as well as inverse linear elastic BVPs, which are significantly more efficient but still sufficiently accurate compared to the
conventional iterative techniques (here: FDM, in particular). On 128x128 images, the Linel2D-Net achieves a nearly real-time performance and
does not require additional domain discretization, which makes it an attractive tool for straightforward application to high-content high-
throughput model-based image analysis. In the case of forward BVPs, the Linel2D-Net models can reproduce linear elastic material behavior
with a very high accuracy which in the case of deformable imaging applications, is practically indistinguishable from reference FDM solutions.
Further, the spectrum of prescribed boundary value includes zero as well as non-zero displacement, which allows the solving of BVPs including
combinations of moving and fixed (obstacle) boundary structures. Our strategy of handling forward models is handy in applications which
requires high-performance real-time simulations that are highly demanded in machine vision systems, digital-twins, and so forth. In the
case of inverse modeling, the Linel2D-Net models are not as accurate as the forward Linel2D-Net models in reconstructing the boundary
displacements. However, it is capable of reconstructing the BVPs that reproduce almost the same solution for the entire domain as the orig-
inal BVPs. While the reconstruction of boundary displacements undergoes stronger deviations from the original BVPs, boundary conditions
can be reconstructed with a surprisingly high accuracy of more than 99%. Rapid discovery of boundary displacements and conditions from
observed linear elastic deformations of the whole-image domain, could be of great interest for a large manifold of reverse engineering prob-
lems, for example, in biomedical imaging, where the problem of the inverse reconstruction of biological triggers frequently emerges. Both
forward and the inverse models exhibit high accuracy by comparison to the reference FDM solutions crossover all types of materials, whereby
the largest deviations were observed for low-compressible material approximation with the Poisson’s ratio » = 0.49. Our models appear to
perform well with examples that are not a part of the training set, however, BVPs with extremely deviating boundary conditions are associated
with larger errors in model predictions. The major limitation of the present implementation is the restriction to a relatively small and fixed
image size (128x128), even though, it can still be applied to larger image domains by means of subsampling to the 128x128 grid followed
by the subsequent interpolation of the solution on higher resolution images. While the focus of the present study was put on modeling linear
elastic, quasi-geometric BVPs, extensions to more complex non-linear elastic, non-homogeneous materials and/or a larger set of BVPs
including the estimation of domain forces, stress and not only displacements are principally possible and straightforward in implementation
using the same data-driven approach. For applications demanding a significantly finer resolution of large spatial domains or irregular domain
discretization (e.g., arbitrary point clouds) alternative approaches such as those suggested in>® should be taken into consideration.

Limitations of the study

Both forward and inverse Linel2D-Net models were trained with and can process only image domain of the size 128x128. The image of any
other resolutions has to be rescaled to 128x128 or the FDM ground truth solutions have to be regenerated for retraining the DNN model on
the new domain size completely anew including both forward and inverse BVPs. Especially for significantly larger domains, it can become a
computationally expensive task. By retraining DNN models on the new domain size, the hyperparameters of the DNN model may have to be
readjusted as well as in order to obtain the optimal results of model predictions.
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Figure 10. Examples of inverse Linel2D-Net solutions for different BVPs and material properties

Left and middle columns: boundary displacements and boundary conditions predicted by the inverse Linel2D-Net model from the whole-image displacement
fields in Figures 8C, 8D, 8G, and 8H for two different values of the Poisson'’s ratio (v = 0) and low (v = 0.49).

(A, D, G, and J) boundary displacements, (B, E, H, and K) boundary condition predicted by Linel2D-Net and (C, F, |, and L) color maps of differences in the absolute
displacement magnitude between the original boundary displacements and the boundary displacement predicted by the inverse Linel2D-Net. Similar to
observations in Figure 9, the low compressibility (v = 0.49) inverse model exhibits larger deviations from the reference FDM solutions compared to the high
compressibility model (v = 0).
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Figure 11. Example of inverse analysis of cell tissue proliferation using Linel2D-Net

(A) 2D pattern of synthetic 2D cell culture, (B) boundary conditions given by displacements of five selected cells, (C) forward simulation of the whole image/tissue
displacement using FDM (see also quasi-dynamic visualization in Video S1), (D) color map of differences between the original (B) and Linel2D-Net predicted
boundary displacements.
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Table 4. Comparison of parameters of Linel2D-Net vs. original U-Net

Parameters Proposed DNN model U-Net

Contracting path kernels 7x7 3x3

Expansive path kernels 3x3 2x2

Stride 2x2 1x1

Padding Unpadded padded with zeros
Depth 2 4

Filters (24, 48, 96, 192, 384,768,1536) (64, 128, 256, 512, 1024)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data
Example data & compiled models This paper Image Analysis Group, IPK Gatersleben.

https://ag-ba.ipk-gatersleben.de/Linel2DNet.html

Software and algorithms

Tensorflow Open source package for machine https://www.tensorflow.org/
learning and Al from Google

Keras Python package https://keras.io/

Scikit-learn Python package https://scikit-learn.org/stable/

Python Python Software Foundation https://www.python.org/

Matplotlib Python package https://matplotlib.org/

Numpy Python package https://numpy.org/

RESOURCE AVAILABILITY

Lead contact

Further Information and requests for resources should be directed to and fulfilled by the lead contact, Evgeny Gladilin (email: gladilin@ipk-

gatersleben.de).

Materials availability

This study did not generate new unique materials.

Data and code availability

e This paper does not report original code
e The examples of FDM data and compiled models used in the study have been mentioned in the key resources table. Additional infor-

mation will be available from the lead contact upon request.

METHOD DETAILS

2D Lamé-Navier PDE of the linear elasticity

In this work, we focus on a linear elastic material approximation which is described by the linear stress-strain relationship

a(e) = Ce,

(Equation 1)

where ¢ is the stress tensor, ¢ is the strain tensors and C is the tensor of elastic constants. In the case of homogeneous and isotropic material,
Equation 1 can be explicitly written as

o(e) = Atr(e) 1+2 ne, (Equation 2)
where A and u are the so-called Lamé material constants. In the range of relatively low strains (i.e. typically max(e) <0.05), the strain tensor is
the linear function of displacement

1 T .
€ = E(Vu +Vu'), (Equation 3)
and Equation 1 takes the form a partial differential equation with respect to the displacement (the so-called Lamé-Navier PDE)
uAu+ (A+u)graddivu= —f (Equation 4)

where u is the displacement vector, f is the 'right-hand side’ vector of force density acting on the 2D spatial domain. Alternatively, to the pair
Lamé constants (4, u), another two material parameters, - the Young's modulus or E and the Poisson'’s ratio or v describing the material stiff-
ness and compressibility, are more frequently used in material science:

iScience 27, 109519, April 19, 2024 15


mailto:gladilin@ipk-gatersleben.de
mailto:gladilin@ipk-gatersleben.de
https://ag-ba.ipk-gatersleben.de/Linel2DNet.html
https://www.tensorflow.org/
https://keras.io/
https://scikit-learn.org/stable/
https://www.python.org/
https://matplotlib.org/
https://numpy.org/

¢? CellPress iScience
OPEN ACCESS

) - A E_ w(3A+2u)
T2(+u) T T M

(Equation 5)

In the case of a one-material problem and boundary forces that are given implicitly as prescribed boundary displacements (i.e. f = 0 and
U = Ugnown + Uunknown), Equation 4 takes a quasi-geometric form

Au +

! graddivu=0 (Equation 6)
1—2v
with the displacement u as a single variable and the Poisson'’s ratio v as single material parameter. Non-trivial solutions of Equation 6 exist
when prescribed displacements on the inner of outer boundaries of the material domain are defined. Boundary conditions defined by pre-
scribed displacements on some parts of the material domain are known as Dirichlet boundary conditions. Regions with no prescribed
boundary displacements are termed as Free boundary conditions. The problem of finding unknown values of target variables (here: XY
components of the 2D displacement vector) by solving Equation 4 for the given boundary conditions is known as the Boundary Value Prob-
lem (BVP).

Fundamental solution of the 2D Lamé-Navier PDE

Analytical solutions of Equation 4 are known only for some special cases with particularly simple and symmetric spatial domains and boundary
conditions. One such special solution is known for the case of an infinite medium under the impact of the (Dirac-impulse shaped) point force
density,

f(r) = 6(r — r) (Equation 7)

where ' is the radius vector pointing to the source of force application and r is the radius vector of any other point of the infinite elastic me-
dium. The solution of Equation 4 for the case of the Dirac-shaped right hand side is known as the fundamental solution of 2D Lamé-Navier PDE
and is given by™

1 1 .
uj = BE(T — ) [(3 — 4v)in (?) dj+ri Fj} (Equation 8)

wherer = r(x, y) is the radius vector pointing to 2D coordinates (x, y) of the elastic medium and é; denotes the Kroneker delta symbol (§; = 0
ifi#jand 6; = 1ifi = j). The fundamental solution describes an abstract case of an infinite medium, however, the composition of displace-
ments within a finite subdomain of the infinite elastic continuum is of practical interest for this study as it can be used for evaluation of nu-
merical solutions.*

Numerical solution of the 2D Lamé-Navier PDE using FDM

Equation 6 with arbitrary boundary conditions can be solved using numerical methods only. In this work, the Finite Different Method on the
regular 2D image grid is applied for this purpose. In particular, the FDM approximates the derivatives by differences between the variable
values between neighbor grid nodes, i.e.,

du _ u(i+1) — u(i)
dx — x(i+1) — x(i)
duu(i+1) — 2u(i)+u(i — 1)

(Equation 9)

A (x(i+1) = x(i))?
Pu u(i+1,j+1) — u(i+1,j — 1) — u(i — 1, j0)+ui — 1,5 — 1)
dxdy 4(x(i+ 1) — x(N(y(*T) — y(i)

where (i, ) are indices of the nodes in the Euclidean system of image pixel coordinates (x,y). In the case of a quasi-geometrical (pure displace-
ment), linear elastic plane strain problem (2D) the FD scheme of the Lamé-Navier PDE takes the following form

201 = ») Uc(i+1,)) = 2u,(i, j)+uc(i — 1,)) (1= ) U (i, j+1) = 2u(i, j)+ue(i,j — 1)}

Ax? Ay?
N uy (i1, j+1) — u (i+1,j — 1) — uy (i = 1, j+D)+u, (i = 1,5 — 1)] 0
4AxAy o
(i, j+1) = 2u,(i, j)+u,(i,j — 1) (i41,]) — 20, (i, j)+u, (i — 1)) (Equation 10)
uy (i, j+1) — 2u, (i, j)+uy(i,] — uy(i+1,)) — 2u, (i, j)+u, (i — 1,j
2(1 = v) |2 v +(1 - 20| oy }
N Ue(i+T1,j+1) = ue(i+1,j — 1) — ux(i = 1, j+D)+ux(i — 1,5 — 1) _0
4AxAy -

The FDM scheme transforms the continuous second-order 2D Lamé-Navier PDE to the linear system of equations with respect to unknown
values of xy-components of the displacement:
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Au=b>b (Equation 11)

where A is a sparse symmetric and positive definite matrix (the so-called stiffness matrix), b is the right-hand side vector resulting from the
implementation of known boundary conditions, and u is the vector of unknown displacements. Further details on the FDM discretization
scheme for 2D Lamé-Navier PDE and its numerical implementation can be found in Supplementary Materials. In the case of a single-material
problem the Equation & contains only one material parameter, - the Poisson’s ratio (v € [0,0.5]) describing the material compressibility. In this
work, three distinctive values of » = 0,0.25,0.49 were chosen for the simulation of high, moderate, and low compressible material behavior,
respectively.

Generation of BVP image datasets

A large set of pair-wise BVP and FDM solutions of 2D Lamé-Navier PDE with various boundary conditions is required to train an unbiased DNN
model. For this purpose, a set of totally 10500 BVPs with different geometrical patterns of boundary conditions and prescribed displacements
values is generated. To avoid potential biases due to particular spatial orientation and location of automatically generated patterns, BVP im-
ages are subjected to augmentation by geometrical transformations including image rotations and displacements. In order to normalize
different BVPs, the maximum value of the displacement magnitude was set to one. Accordingly, the components of the displacement vector
were calculated as follows,

Ux
Uy

= |u| cos(a)

= |ul sin(«),

where |u] = | /uZ+u? is the displacement magnitude and the angle of spatial orientation « takes random values between 0 and 27 which is
again assigned uniformly for all displacement in the subdomains. The BVPs are assigned with displacement of variable magnitude. Thereby,
the zero displacement magnitude corresponds to the cases of fixed regions (obstacles) that do not move but still have an effect on the sur-
rounding displacement field. Three different datasets of the same size 10500 BVPs corresponding to three distinctive values of the Poisson’s
ratio were generated for training models.

Reformulation and implementation of U-Net as a surrogate DNN solver

Our approach to the solution of linear elastic BVPs is based on the U-Net architecture which has been widely used for image segmentation
tasks.”" The original U-Net architecture was modified to enable the prediction of 2D displacements within a finite domain where the neural
network acts as a surrogate model instead of numerical solvers. For this task, the neural network models have to be trained in such a way that
the unknown function g; should match the ground truth gf. Adapt the original U-Net to the task, a few modifications have been introduced in
this work. The batch normalization replaces the dropout layer in our study which fastens the training process and improves stability by stan-
dardizing the input distribution for every mini-batch. Batch normalization helps avoid internal covariance shifts caused by the change in the
input distribution to the model every time which makes the hidden layers to adapt the new distribution.’® This shift affects the time taken for
the model to reach the global minimum thereby reducing the speed of the training process. The relu activation function is used across the
hidden layers and in the final layer tanh activation function is used to map the values between -1 and 1. U-Net by default works with unsigned
integer values, in our work we have changed the setting to floating point values so that the neural network can handle the decimal as well as
negative values. Since the problem is defined as a prediction problem, the loss function used is the mean squared error given as

N
Lyse = argﬁminlN Z ((g:6) — q,*)2 (Equation 12)
=1

where g is the ground truth value on the i-th image pixel, g is the predicted value for the given network parameter § and N is the number of
image pixels. The modifications of the original U-Net architecture used in this work are summarized in Table 4.

Forward and inverse DNN solvers

Two basic types of problems are known in computational physics. Forward problems consist in finding a solution for the entire domain from
some boundary conditions typically given on partial domain boundaries. Accordingly, training of the forward model is performed by passing
boundary conditions and prescribed boundary displacements defined on the image grid (i.e. BVP images) as input and FDM solutions of
these BVPs to the output of the U-Net. Consequently, our approach is purely data-driven and does not rely on physical equations as a
part of the training process.

Inverse problems are posed in opposing direction: boundary conditions have to be traced back from the FDM solution defined on the
entire domain. In general, the prediction of inverse solutions represents a more challenging and intrinsically ambiguous problem, since
different boundary conditions may, in general, lead to similar or even the same solutions of a BVP. For example, two BVPs with different values
inside the Dirichlet domain will lead to the same solution, since only boundary values are principally determining for the solution according to
the integral theorems. Numerical solving of inverse problems is also known to be computationally more expensive and requires a substantial
reformulation of the solving scheme. In contrast, within the scope of this framework, the task of inverse prediction is trivially addressed by
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reversing the input and output from the forward model. That is: the sparse boundary conditions defined on some partial domain boundary has
to be predicted from the global solution of 2D Lamé-Navier PDE defined on the entire image domain.

Training DNN models

The training of both the forward and the inverse models were implemented using Python 3.8 and Tensorflow 2.0 with Keras API. For loading
dataset and other useful utility operations, the Numpy,*® Scikit-image,”” and OpenCV"° were used. The forward models and the inverse
models were trained with a GPU system running with Linux Operating System which has the following configurations, NVIDIA A100 SXM4
- 80 GB RAM. The models were trained with a split of 80:20. Initially, the weights of the model were assigned in random with zero mean
and standard deviation of 0.05°" and the Adam optimizer® is used. The models were trained for 2000 epochs with a learning rate of 1e-4
and a batch size of 64.

Validation of model predictions

The predictions of both the forward and inverse models are validated against the ground truth (i.e. FDM solution) using the mean average
difference (MAE) and standard deviation (SD) calculated for both magnitude and orientation Equation 13,

N
MAE g = 1N > 7u? = u|

i=1
N o
MAEg: = ;> o — o

(Equation 13)

In addition to the above validation metrics, inverse models are validated for the prediction of boundary conditions (BC) against the ground
truth data. In the ground truth BVPs, the boundary conditions take binary values O (Free) or 1 (Dirichlet). In the inverse prediction, the values of
boundary conditions are initially assessed in terms of probabilities ranging between 0 to 1 that indicate the level of model confidence for
identification of the Dirichlet BC. Binary classification of pixel BC to either Free or Dirichlet BC is done using the probabilistic threshold
> 0.5 for the Dirichlet BC. Boundary conditions are validated using the F1 score calculated from the binary classification confusion matrix
as Equation 14

_ 2% (Precision * Sensitivity)

F1 — ——
Precision+Sensitivity

(Equation 14)

where Precision and Sensitivity are given as,

True Positive

Precision = — —
True Positive+False Positive’

True Positive (Equation 15)

Sensitivity = — — .
Y= True Positive+ False Negative
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