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SOFA — an Open Source Framework for
Medical Simulation

J. ALLARD * S. COTIN® F. FAURE® P.-J. BENSOUSSAN F. POYER®
C. DURIEZP H. DELINGETTEP and L. GRISONP

aCIMIT Sm Group - Harvard Medical School
P INRIA - Evasion, Alcove, and Asclepios teams

Abstract. SOFA is a new open source framework primarily targeted at meslica
ulation research. Based on an advanced software archigeittallows to (1) create
complex and evolving simulations by combining new algorithmghaigorithms
already included in SOFA; (2) modify most parameters of the sitier — de-
formable behavior, surface representation, solver, caings; collision algorithm,
etc. — by simply editing an XML file; (3) build complex models fraimpler ones
using a scene-graph description; (4) efficiently simulagedynamics of interacting
objects using abstract equation solvers; and (5) reuse @sily eompare a vari-
ety of available methods. In this paper we highlight the keyoepts of the SOFA
architecture and illustrate its potential through a sesfesxamples.

1. Introduction

Computer-based training systems offer an elegant solttighe current need for bet-
ter training in Medicine, since realistic and configuralskarting environments can be
created. This can bridge the gap between basic training aridrming the actual inter-
vention on patients, without any restriction for repeétivaining. However, in spite of
the impressive developments in the field of medical simotatsome fundamental prob-
lems still hinder the acceptance of this valuable technplogaily clinical practice. In
particular, the multi-disciplinary aspect of medical siation requires the integration,
within a single environment, of leading-edge solutionsri@aa as diverse as visualiza-
tion, biomechanical modeling, haptics or contact modelifigs diversity of problems
makes it challenging for researchers to make progress uifgpareas, and leads rather
often to duplication of efforts.

1.1. Objectives

For the past few years, there have been a few attempts atndesigoftware toolk-

its for medical simulation. Examples include SPRING [7]PSi [3], VRASS [4], or

SSTML [1]. These different solutions aim at the same goalviging an open source
answer to the various challenges of medical simulationareseand development. Al-
though our aim is identical, we propose a different apprp#ttfough a very modular
and flexible software framework called SOFA. This open seframework allows inde-
pendently developed algorithms to interact together withcommon simulation while
minimizing the development time required for integration.



The main objectives of the SOFA framework are:

Provide a common software framework for the medical sinnute¢ommunity
Enable component sharing / exchange and reduce develofiment
Promote collaboration among research groups

Enable validation and comparison of new algorithms

Help standardize the description of anatomical and biorueichl datasets

Our main overall goal is to develop a flexible framework whi@imizing the im-
pact of this flexibility on the computation overhead. To askithese objectives, we have
developed a new architecture that implements a series aeptm described below.

2. The SOFA architecture

The SOFA architecture relies on several innovative corséptparticular the notion of
multi-model representation. In SOFA, most simulation components — deformable mod-
els, collision models, instruments, etc — can have sevepaesentations, connected to-
gether through a mechanism called mapping. Each repréieentan then be optimized
for a particular task — e.g. collision detection, visuaii@a — while at the same time im-
proving interoperability by creating a clear separatiotwieen the functional aspects of
the simulation components. As a consequence, it is podsiliiave models of very dif-
ferent nature interact together, for instance rigid bgdiegormable objects, and fluids.
At a finer level of granularity, we also proposelecomposition of physical models —
i.e. any model that behaves according to the laws of physiaesr-a set of basic compo-
nents. This decomposition leads for instance to a representafiorechanical models as
a set of degrees of freedom and force fields acting on theseekegf freedom. Another
key aspect of SOFA is these of a scene-graph to organize and process the elements

of a simulation while clearly separating the computation tasks from thesgibly par-
allel scheduling. These concepts not only characterizeAS6dFalso provide a mean to
address the goals described in section 1.1.

2.1. High-Level Modularity

Any simulation involves, to some extent, the computatiovisfial feedback, haptic feed-
back, and interactions between medical devices and anedbstiuctures. This typically
translates into a simulation loop where, at each time stfisions between objects are
detected, deformation and collision response are compatetithe resulting state can
be visually and haptically rendered. To perform each ofdtagions, the various algo-
rithms involved in the simulation rely implicitly on diffent data structures for the sim-
ulated objects. In SOFA we explicitly decompose an objetct viarious representations,
in such a way that each representation is more suited towpaditizular task — render-
ing, deformation, or collision detection. Then, these espntations are linked together
so they can be coherently updated. We call the link betwessetrepresentationsyap-
ping. Various mapping functions can be defined, and each mappihgssociate a set
of primitives of a representation to a set of primitives ie thther representation (see
Figure 1). For instance, a mapping can connect degreesaafdre in a Behavior Model
to vertices in a Visual Model.
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Figure 1. lllustration of the multi-model representation in SORAft: possible representations for a simu-
lated object, with the Behavior Model controlling the upelaf the other representations through a series of
mappingsRight: examples of these representations for a liver model. Notiwe the Visual Model is more
detailed than the Behavior Model and how the Collision Madéés on a very different representation.

2.2. Fine Grain Modularity

One of the most challenging aspect of medical simulatiomésdomputation, in real-
time, of accurate biomechanical models of soft-tissuesh®uwdels being computation-
ally expensive, many strategies have been used to impraw@uation times or to re-
duce the complexity of the original model: linear elasticdals have often been used in-
stead of more complex non-linear representations, magsgspethods as an alternative
to finite element methods, etc. Each of these simplificatiodgsces drawbacks, yet the
importance of these drawbacks depends largely on the ddntexkich they are applied.
It becomes then very difficult to choose which particularmoetis most likely to provide
the best results for a given simulation.

To address this issue in SOFA we have introduced, for the \Behilodel, a finer
level of granularity than what is described in section 2.hisTpermits for instance to
switch from one solver to another in order to see the changeriiormance or robustness
of the simulation, or to test different constitutive modéltiese changes can be done
in a matter of seconds, without having to recompile any ofcae, by simply editing
an XML file. To achieve this level of flexibility, we have defohe series of generic
primitives, orcomponents, that are common to most physics-based simulations;
Mass, For ce Fi el d, andSol ver .

The DoF component describes the degrees of freedom, and theiatiees, of the
object. This includes positions, velocities, accelerajas well as other auxiliary vec-
tors. ThemMass component represents the mass of the object. Dependingeandtel,
the mass can be represented by a single value — all the DoEsheasame mass, a vector
— the DoFs have a different mass, or even a matrix as used iplerrfinite element
models. TheFor ce Fi el d describes both internal forces associated with the corstit
tive equations of the model, and external forces that carppkeal to this object. A va-
riety of forces are currently derived from the abstract Edfield representation, includ-
ing springs, linear and co-rotationnal FEM [5,6], Mass-S@m and Smoothed Particle
Hydrodynamics (SPH). Thsol ver component handles the time step integration, i.e.
advancing the state of the system from titiie timet 4+ At¢. To this end, the solver sends
requests to the other components to execute operationsasushmmation of forces,
computation of accelerations, and vector operations obties such ag = z + v - At.
Currently SOFA integrates explicit Euler and Runge-Kutto#ers, as well as implicit
conjugate-gradient based Euler solver [2].



2.3. Scene Graph Representation

Building and maintaining the relations between all the edeta of a simulation can be-
come quite complex. Reusing concepts from the graphics aortyn we decided for a
homogeneous scene-graph representation, where each menjp® attached to a node
of a tree structure. While components are user-defined anbeaxtended at will, in-
ternal nodes are all the same. They only store pointers tolthoal components, as well
as their parent and children nodes. This simple structuablen to easily visit all or a
subset of the components in a scene, and dependencies batareponents are han-
dled by retrieving sibling components attached to the samde nFor instance, Ror ce

Fi el d component can access theF component by getting its pointer from the node.
The scene-graph can also be dynamically reorganized,ialicfer instance the creation
of groups of interacting objects. Such groups can then beegeed as a unique system of
equations by the solver, thus permitting to efficiently Hardiff contact forces. Another
advantage of using a scene-graph is that most computatesfaimed in the simulation
loop can be expressed as a traversal of the scene-graphravgssal is called aaction

in SOFA. For instance, at each time step, the simulatior $satpdated by sending an
Ani mat e action to allSol ver components. Eackol ver then forwards requests to the
appropriate components by recursively sending actiorfsimits sub-tree.
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Figure 2. Left: two interacting bodies. The DoFs are shown as cirdes, the forces as lines. A solid line
describes an internal force, a dotted line an external f®ht: graph associated to the scene on the left. The
nodes of the scene-graph, shown as stars, allow to modetwsedgroups of components.

To illustrate the modularity in SOFA and the use of a sceraplgr we consider
the example illustrated in Figure 2. In this example, twodated objects — a rigid
square and a simple Mass-Spring model — move through spdavantually collide. To
compute the motion and deformation of the objects, we neeééfioe for each of them
a set of DoFs and a set of internal and external forces DbRecomponent of the mass-
spring model corresponds to the mass-points, while for itjid bbject it corresponds
to the position and orientation of the center of mass. Thiglies different data types
for the DoFs of each object — a set of 3D vectors for the masagpnd a 3D vector
with a quaternion for the rigid object. Contacts betweerectyj are possible through
Collision Models associated with each object. The Coltiditodel for the mass-spring
object consists of a set of vertices coincident with the Doibie object. The Collision
Model for the rigid object — the square shape in Figure 2 —g&lly attached to the
body reference frame through a Mapping. T¥ppi ng component is responsible for
propagating the motion of the rigid body to the vertices af @ollision Model, and
when collision occurs, the contact forces applied to thdisioh Model are propagated
back to the DoFs of the rigid body object. Since the verticethe Collision Model
do not coincide with the DoFs of the rigid object, we attachnthto a different node
of the scene-graph. However, as their motion is totally @efiby the rigid body, they



are not independent so this new node is created as a chile ofgid body node. The
interaction force acts on the collision model verticeseimehdently of whether they are
actual or mapped DoFs. At this point, actions can be propdgatough the scene-graph
to simulate both objects as a combined mechanical system.

3. Resaults

We present here several examples of simulations develged 8OFA. These examples
illustrate the diversity and flexibility of the SOFA framerkoin particular the ability to
have objects with different behavior interact together. Mé®» demonstrate some early
results on the validation of algorithms used for simulatileformable structures.

L aparoscopic Simulation: the primary target for SOFA being Medical Simulation, we
have developed an early prototype of a laparoscopic siioanlaystem in which the
liver and intestines are modeled as deformable models wi@nthe manipulated using
a laparoscopic instrument and can collide with the ribs]lastiated in Figure 3. The
modularity of the SOFA architecture allows us to easily expent different constitutive
models for the organs. In this example the liver is modeled es-rotational FEM and
the intestines as a spring-based FFD grid. The separattarebe Visual, Collision, and
Behavior models allows us to generate visually appealimgisitions at interactive rates.
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Figure 3. Simulation of laparoscopic surgery using SOFA at interactates (about 50Hz).

Quantitative validation and comparison of algorithms: comparing algorithms for
soft-tissue deformation only makes sense if they are coadpagainst reference mod-
els issued from the real world. To this end, we have built &ndgr using silicon gel of
known material properties, and then applied controlledstramts to this object as it was
being CT scanned. The resulting surface obtained afterérpagressing is illustrated in
Figure 4. This surface was used as a Visual Model to whictouarBehavior Models
were assigned — mass-spring, co-rotational FEM, and liREM. It then becomes very
easy to visually and quantitatively assess the accuradyeofdrious models.

Chain Links: handling interactions between heterogenous models izepim stability
issues. To test the robustness of different algorithms wperxented with falling chains
where each link uses a different Behavior Model, as illusttén Figure 5. No constraints
between links were pre-defined, instead we relied on collisietection and stiff contact
forces to handle the contacts. Using implicit integratondisng dynamically-created
groups of interacting objects resulted in a stable simuati



Figure4. Left: surface of an actual soft cylindrical object compamd mass-spring, co-rotational FEM, and
linear FEM models, under the same constraints. Right: a fluideteddn SOFA using a SPH method.
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Figure5. Animation of a chain combining a FEM model, a mass-spring modekdrid, and a rigid body.

4. Conclusion and Future Work

The SOFA framework currently integrates, in the same enwirent, a variety of different
algorithms, from springs and co-rotational FEM models t®FReformation grids, as
well as implicit and explicit solvers, and several collisidetection methods, such as
continuous or proximity-based algorithms. Our framewdslo@upports hard constraints
and stiff interaction forces, using implicit or multi-stegplicit integrators that handle
dynamically-created groups of interacting objects. Otumriiwork includes the support
for multi-processing, topological changes, and haptidiieek. The SOFA web site,
www.sofa-framework.org, can be visited for more information on our most recent tesul
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