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Abstract. Numerous models have been developed to describe the me-
chanical behavior of soft tissue in virtual reality medical environments.
Very high credibility must be established before clinicians trust these
simulations for diagnostic or treatment. Validating models to obtain the
right compromise between accuracy and computational efficiency for
the targeted medical application is a long, costly and time-consuming
task. We have developed a freely available open-source framework for
helping scientists in the difficult problem of evaluating and comparing
biomechanical models in a more systematic and automatic manner.
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Introduction

In virtual simulators, deformable models can be assessed by matching a reason-
able degree of visual realism. However, for medical application where diagnostics
or treatments are involved, it is necessary to move from subjective validation
to objective and quantified error assessments. Verification and validation (V&V)
methods produce evidences that a computerized model is sufficiently accurate for
its intended use. These methods have gained momentum these last years in the
domain of biomechanical simulation as shown by the number of recent reviews
[1,2,3]. The verification phase determines if a model implementation accurately
represents the developer’s mathematical representation of the problem whereas
the validation phase determines the degree to which the model is an accurate
representation of the reality [1]. In the modeling cycle, the mathematical model
includes all mathematical modeling data and equations needed to describe the re-
ality of interest and the computational model is the implementation of the math-
ematical model (see Figure 1). As V&V in soft tissue modeling mainly concern
validation, this paper will focus on this problem. The V&V tasks addressed in this
paper are in bold in Figure 1. For a more complete description of the V&V tasks
please refer for example to [1,2]. As shown in Figure 1, validation assessments are
always made on the computational model. In the remaining, the term “model”
refers to the computational model which contains not only the code but also all
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Figure 1. Modeling cycle and V&V tasks. Figure 2. Framework overview.

the modeling assumptions of the mathematical model. Validation is performed
by comparing verified simulation results to real data. Real data can be obtained
in-vitro (e.g. Truth Cube [4]) or in-vivo (e.g. post-operative data). In-vitro data,
even if very difficult to obtain, are easier to collect and allow a better control
of boundary conditions compared to in-vivo data. In-vivo data are the closest
approach to medical reality but are extremely difficult to obtain. One of the main
challenge of validation is to collect good references (control of boundary condi-
tions, material, accuracy of the experiment). Due to the lack of real references,
validation studies are often incomplete. As these references are quite rare, valida-
tion is also often performed by comparing in-house computations to commercial
software (e.g. ANSYS, Abaqus, Comsol) which can be considered as “silver” stan-
dards [5]. These commercial software are considered verified because they were
tested against large database of analytical benchmark problems and are known
to accurately represent reality.

There are numerous implementations of deformable models. These codes can
be developed in-house, by other scientists (e.g. SOFA [6] or Artisynth [7]) or
by commercial software. In the remaining, software and libraries containing soft
tissue models implementations are named “simulation engine”. The heterogene-
ity of these simulation engines together with the heterogeneity of modeling tech-
niques (discrete modeling, e.g. mass-spring, or continuous modeling, e.g. contin-
uum mechanics with Finite Element Method (FEM) resolution) makes it difficult
to compare models. Nevertheless, comparisons between models are crucial for de-
termining the relevance of a model for a given medical application depending on
a targeted level of compromise between computational efficiency and accuracy.

This paper presents a generic framework to help evaluation and comparison
of soft tissue modeling techniques. It is based on a practical analysis of the valida-
tion process: as validation mainly concerns comparisons between computational
models and references, we propose to consider the model globally and test the
simulation results against different types of references (accurate simulations or



real experiments). As implementations of models can be found in different sim-
ulation engines, one of the aims of our framework is to ease the access to these
simulation engines, so that researchers can compare and choose the one that best
fit their needs. The second main objective is to simplify sharing of real references
and simulations results.

1. Methods and Material

Our framework has four key concepts (see Figure 2): (1) constitutive elements
of a simulation and simulation results are described by a set of generic XML
languages to achieve interoperability between different simulation engines and
modeling techniques, and also to ease sharing of simulation and experimental
results; (2) simulations are computed by simulation engines thanks to a plug-in
mechanism; (3) a large set of quantitative metrics can be automatically computed
to test models against references or against themselves; (4) a reference database is
built from references (simulation results or real experiments). These key concepts
are described in the next subsections.

1.1. Generic Description

In order to build a comparison framework which can be used for all types of sim-
ulation and biomechanical models we built a generic and extensible description of
a simulation. This description is based on the generic languages defined in [8] to
describe physical model (PML) and loads (LML). PML stands for Physical Model
markup Language. It is an XML language designed to describe soft-tissue and
structures as physical objects independently of the method (discrete, continuous,
...). LML stands for Load Markup Language. It is an XML language designed to
describe forces or displacements applied to a model for a given time, direction
and intensity. A new XML language is introduced in this paper, named MML for
Monitoring Markup Language. MML is composed by two distinct parts, MMLin
and MMLout. MMLin is a generic description of a simulation. It encapsulates
PML and LML and add description for monitored quantities, simulation parame-
ters (e.g. integration step) and stability criterion (see section 1.3). MMLin docu-
ments are used as inputs for our framework. MMLout is a generic description for
both simulation and real experiments outputs. This common description allows
results of a simulation to be included in the database in order to be used as refer-
ence for other simulations. Comparison can therefore be made against validated
simulation results or real experiments for validation or against previous versions
of the currently tested model (for example in order to test the effect of a given
change). MML description of a reference can then be simply and easily shared.
Figure 3 represents a single hexahedron under gravity as an example of a
simple MML description. Position of nodes, elements and constitutive law are
described in the PML document. The fixed bottom nodes and gravity force are
described in the LML document. The MMLin document contains these two doc-
uments, simulation parameters, the chosen simulation engine (e.g. SOFA), the
monitored quantities (only position of nodes here) and stability criterion (thresh-
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Figure 3. MML description of a simple hexahedron under gravity.

old on the displacement of nodes between two iterations). Simulations results
(position of nodes for each time step) are described by the MMLout document.

1.2. Simulation Engines

Simulation steps are computed by external libraries or software. This allows our
framework to test models implemented on various platforms. We have currently
developed a rather complete plug-in for SOFA which can not only compute simu-
lations from MML description for various model types but can also export SOFA
files to MML. This helps to reduce time for creating the generic description when
a simulation is already available in SOFA format. A simpler ANSYS plug-in have
also been developed which can launch a simulation from MML description.

1.8. Metrics

Soft tissue deformation models have to be tested in term of accuracy and/or com-
putational cost. Therefore, two groups of metrics can be distinguished: accuracy
and computational efficiency metrics.

Accuracy metrics have to quantify errors between a computational model and
a reference (numerical or from real data). Soft tissue models generally are 3D
points linked together by a mesh. Only a few examples of possible metrics are
given here. In order to quantify the difference with a reference, point to point
comparisons can be used if the two objects have the same structure (e.g. Relative
Energy Norm (REN) [3]). If structures are different, points set comparisons can
be used (e.g. Hausdorff distance). If a mesh exists, surface and volume differences
as well as surface distances can be used.

In order to evaluate the computational cost, we currently use three quantities:
The Frame Per Second (FPS), the time to reach stability and the total compu-
tation time. FPS is a common indicator largely used in the Computer Graphics
community to assess the computational efficiency and, especially, if a model can
compute real time deformations. Even if the simulation is computed at a high
FPS rate, a model cannot be used for constant interactions if it needs a high
number of iterations to reach stability. Therefore, a stability criterion has to be
defined and the time to reach stability has to be tested.
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Figure 4. Workflow to add the Truth Cube [4] experiment in the database. a) PML generation
from initial CT image. b) LML generation from experimental setup. ¢) MMLin generation with
stability criterion added. d) MMLout generation from final CT image.

1.4. Implementation

MML framework current version contains approximately 30k lines of C++ code
including two simulation plug-ins (SOFA and ANSYS), and a graphical user in-
terface. It is freely available as part of the CamiTK open-source project under
LGPL license (http://camitk.imag.fr).

2. Results

This section will describe how to add a real reference into the database and how
to use it to perform a validation study on various models from different simulation
engines.

2.1. Integration of a New Reference

In this section, the Truth Cube [4] experiment is considered as an example to
explain how a new reference can be integrated in the database. The Truth Cube is
a silicon cube of known constitutive law and rheology where 7x7x7 teflon spheres
are embedded. The CT scan imaged experience consists in fixing the base of the
cube whereas the top is compressed with a 14.6 mm displacement. The workflow
to add the new reference from the experimental setup and medical imaging is
described in Figure 4. Initial image of the cube is segmented and reconstructed
in 3D in order to capture the initial geometry (PML document, Figure 4.a).
Experimental setup is analyzed to describe boundary conditions (LML document
Figure 4.b). MMLin document is generated (Figure 4.c) using a threshold on
displacements between two iteration times as stability criterion. The deformed
positions, segmented from the final CT, are integrated into the simulation results
description (MMLout document, Figure 4.d) and will be used for comparison
purpose. The same workflow can be used for other types of references.

2.2. Validation and Comparison Study

The new reference is used to perform an example of validation study on various
models computed from different simulation engines. The MMLin document gener-
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Figure 5. 3D color scale of a the REN metric displayed in our framework. (a) SOFA mass-spring.
(b) SOFA Hexahedra FEM. (c) ANSYS. (d) Reference, deformed Truth Cube internal data.
Unused external surface is displayed in wire-frame.

Table 1. Quantitative metrics automatically computed from the three simulations. (a) SOFA
mass-spring, (b) SOFA Hexahedra FEM, (c) ANSYS. The table shows: average Frame Per
Second (FPS), time to reach stability, total computation time, Relative Energy Norm (REN)
against reference and point to point distance to reference.

Model FPS Timfg ‘to (.)omp. . REN (%) . Distance (mm)
stability (s) time (s) | min. max. avr. min. | max. | avr.
(a) 52.3 19.4 3.71 7.50 | 146.33 | 38.83 | 0.61 6.00 | 2.90
(b) 21.3 12.2 5.73 7.68 43.56 22.19 | 0.18 | 4.63 | 1.89
(c) n.a. n.a. 21.1 6.24 43.71 16.79 | 0.24 3.77 | 1.42

ated in the previous section is used as input to describe the same exact simulation
for all models. The two simulation engines used are: SOFA (version 1.0, November
2, 2011 public svn version) and ANSYS (version 12). SOFA is used to compute
two different biomechanical models: a FEM hexahedra corotational algorithm [9],
and a more classic discrete mass-spring network, both using an implicit conju-
gate gradient integration method. In ANSYS, the FEM hexahedra are modeled
using the SOLID45 element and default solver and parameters were used. For
both FEM simulations, the Young’s Modulus was set to 15.3kPa and the Poisson
ratio to 0.49. As reference and models have the same structure, point to point
metrics are used. Figure 5 shows the REN between models and reference. The
external surface is not used because the Truth Cube experiment only provides
data for the internal beads. More quantitative measurements of various metrics
are shown on Table 1. FPS and time to reach stability are not relevant for ANSYS
as equilibrium is independently determined inside the software. The quantitative
measurements show the importance of comparing methods in term of accuracy
and computational efficiency as FEM based models used in this example are more
accurate but slower than mass-spring. Nevertheless, even if mass-spring is faster,
it is also less stable as shown by the time to reach the chosen stable state.

3. Conclusion

In this paper we proposed a generic framework for comparing and evaluating dif-
ferent modeling techniques. Comparisons are possible against (1) validated soft-
ware and in-vitro or in-vivo experiments for validation, (2) other development



versions of the model for testing assumption changes and (3) between models.
The framework helps comparisons of models from different simulation engines by
wrapping a comparison layer on top of them.

The common description of simulation outputs and references makes it pos-
sible to add new simulation results or real experiments in the reference database.
These descriptions can be easily shared between research teams. We hope this
can help to fill the lack of references for V&V. Adding simulation results in the
database also allows scientists to test improvements of their models against pre-
vious versions. The Truth Cube experiment is a good illustration of how a real
experiment can be added from medical imaging in spite of the fact that this
reference is not perfectly suitable for accurate validation because its boundary
conditions are not well controlled. We encourage researchers to add their own
experiments in the database.

We also presented how a validation and comparison study can be performed
using our framework. This simple study shows the usability of the framework for
comparing different modeling techniques from different platforms. Even though
verification tasks were not addressed here, comparisons of numerical results with
verified commercial software based on the same mathematical model are also
possible.

Future works will include improving the MMLout description to take experi-
mental uncertainty into account and including metrics reflecting this uncertainty.
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