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Abstract: We describe the implementation details of a real-time surgical simulation system
with soft-tissue modeling and multi-user, multi-instrument, networked haptics. The
simulator is cross-platform and runs on various Unix and Windows platforms. It is written
in C++ with OpenGL for graphics; GLUT, GLUI, and MUI for user interface; and supports
parallel processing. It allows for the relatively easy introduction of patient-specific anatomy
and supports many common file formats. It performs soft-tissue modeling, some limited
rigid-body dynamics, and suture modeling. The simulator interfaces to many different
interaction devices and provides for multi-user, multi-instrument collaboration over the
Internet. Many virtual tools have been created and their interactions with tissue have been
implemented. In addition, a number of extra features, such as voice input/output, real-time
texture-mapped video input, stereo and head-mounted display support, and replicated
display facilities are presented.

1. Introduction
The benefits of computer-based surgical simulation have been widely discussed and
quantitatively demonstrated by many researchers[1]. The benefits include the ability to
broaden surgical training by easily providing different training scenarios, including
anatomical variations (gender, size), pathologies (diseases, trauma), and operating
environment conditions (emergency room, microgravity, battlefield). In addition to these
benefits, the ability to objectively quantify surgical performance[2] and perhaps simulate
the result of an intervention has been cited as a major benefit and drawn the attention of
surgical societies as a future means of precertification. Besides these benefits, the potential
to accelerate the acquisition of baseline surgical skills through the use of computer-based
simulation has also been identified[3]. Perhaps the most important feature of all is that
computer-based simulation can realize all these benefits without risk to any real patients.
Because of these benefits, many research groups in academia, government, and industry
have been developing simulators for some time[4-13]. Each group must instill the clinical
knowledge of the surgeon through the engineering technology of the computer scientist in
order to realize a working and usable system. However, the technical knowledge required
to produce such a simulator spans many subdisciplines including graphics, algorithm
design, numerical integration methods, collision detection, networking, user interface
design, and mechanical engineering. Replicating this wide breadth of technical knowledge
is difficult and, for many clinical groups, represents an insurmountable obstacle to the
production of a complete, functioning, useful simulator. Moreover, within other groups
with broad engineering skills, achieving expertise in each of the areas required and
developing their own software for each of these tasks can also increase costs and the time
before the realization of a working simulator.
If the surgical simulation community instead had a common framework of shared code,
then the time to realization of a working simulator would be shortened, and the barrier to
entry for clinical groups of more limited engineering resources would be lessened. In
essence, the entire surgical simulation community would work together on a common
platform, sharing their individual expertise, and thereby accelerate the production, and
ultimately adoption, of computer-based surgical simulators.

However, the challenges of building one simulator that could be used for many
applications are great. Such a simulator would run the risk of trying to be everything to
everyone and perhaps end up providing nothing to anyone. Beyond these factors, the
technical challenge of producing a real-time, haptic-rate simulator is extraordinarily
difficult in itself.
We have developed a surgical simulation framework named Spring. This evolving
framework was designed to be a general simulator with a broad base of technological
features and a broad range of potential applications, with the emphasis on real-time
performance. During its production, we have developed a number of applications to ensure
that the system is usable and useful for application. It is our goal to release this code to the
surgical simulation community in open source form to, at the least, provide a useful
example code to compare implementation details with others. At most, we hope that other
groups may use it as a common framework in which to insert their expertise and enable the
sharing of all our talents with the wider community.
2. Methods
The Spring surgical simulator code is cross-platform and runs on Unix (Sun Solaris, SGI
Irix, and Linux) and Windows (98, NT, 2000) platforms. It is written in C++ and uses
OpenGL for graphics; GLUT[14], GLUI[15], and MUI[16] for user interface; and supports
parallel processing using the pthreads facility of POSIX. It allows for the relatively easy
introduction of patient-specific anatomy and supports many common file formats,
including SMF[17], Wavefront OBJ, VRML, Mesh, and Cyberware formats. It performs
soft-tissue modeling[18], some limited rigid-body dynamics, and suture modeling[18]. The
simulator interfaces to many different interaction devices and provides for multi-user,
multi-instrument collaboration over the Internet in latency-dependent or latency-moderated
modes. Many surgical and non-surgical virtual tools have been created and their
interactions with tissue have been implemented. Collision detection is provided through an
enhanced[19] bounding-sphere algorithm[20]. In addition, extra features such as voice
input/output, real-time texture-mapped video input, stereo and head-mounted display
support, and replicated display facilities are implemented.
2.1 Architecture
An overview of the architecture is provided in Figure 1. It consists of a main program
(Spring), an object representation structure (ObjectArray class, with individual Objects
comprising arrays of Nodes (vertices), Edges (springs), Faces (triangles), and Tetra
(tetrahedral) elements that are cross-linked), an abstraction of tracking/haptic devices
(Sensor class) with the individual interface subclasses including networked devices, a
collision detection subsystem (BoundingSphere), and other features (Voice I/O,
DisplayReplicator, etc).
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2.2 Main Program
The main program (Spring) contains code for interfacing to the operating system
(through GLUT, GLUI, MUI, Posix) and contains callback functions for keyboard, mouse,
and other input. In addition, it contains the main display and simulation functions and all
menu creation routines. Finally, it also has the ability to create objects and interface to the
(optional) voice I/O and DisplayReplication subsystems. In essence, it contains the main
thread(s) of control, data structures, and interface routines.
2.3 Anatomy Acquisition
Anatomy can be introduced from many sources and is provided by reading in world
description files, containing lists of objects and their attributes. These data could be
acquired from serial-section, volumetric (CT, MR), or surface scans (Cyberware),
segmented using any tools[21], followed by mesh generation and reduction (Qslim[17], or
others). Once the geometry is built using these tools, the world description file is produced,
which allows one to specify all the individual objects in the world to be created, as well as
their attributes. The attributes for each object consist of the geometry information itself,
graphical attributes (textures, material properties, etc), simulation properties (dynamics,
numerical method, spring constants, etc), collision detection and resolution attributes
(detection method, faces to consider, etc), and other attributes. In this way, a single file can
be used to set all parameters for a particular simulation and points to other files, in
standard, industry-wide formats (where available), for the individual information.
2.4 Object Representation
The world description information is used to create objects with the given properties.
Each object contains attributes as listed above and also contains arrays of Nodes, Edges,
Faces, and Tetras. Note that, for a particular object, it may not contain all of these elements.
Blood could be modeled as a particle system and represented as an object consisting only
of Nodes. A suture is modeled as an object with only Nodes and Edges. Most 3D objects
can be modeled with Nodes, Edges, and Faces, while Tetras are presently only required for
some forms of cutting and volume preservation. An extrusion algorithm is also
implemented to provide some 3D structural dynamics from a surface-only mesh.
2.5 Simulation Core
The core simulation code within each object processes the dynamics of each object
(deformable, rigid-body, or suture dynamics) at every simulation timestep. Providing rigidbody kinematics within a dynamic solver is an open area of research, therefore limited
support is currently provided. Suture dynamics are modeled by considering the suture to be
comprised of short, linear segments (edges), forming an articulating object. This
articulating object has constraints imposed by its contact with other objects (virtual
instruments, tissue, other points of collision) and computes the locations of intermediate
nodes as a weighted, bi-directional follow-the-leader algorithm[18].
For deformable objects the simulation system considers the nodes as point masses and
edges as spring/dampers to form a 3D mesh for mass-spring simulation. These edges can be
considered as linear, piece-wise linear, or non-linear 1D springs/dampers. While we
currently do not provide support for torsional springs[22], their introduction would be
straightforward. Each edge can have different spring and damping coefficients and the
nodes can provide different mass distributions to provide for some support of anisotropic,
heterogeneous tissues.

For deformable objects, a number of numerical methods have been implemented. The
traditional Euler and Runge-Kutta (2nd and 4th order) have been implemented. In addition, a
quasi-static method, appropriate for heavily damped tissues and low interaction velocities,
assumes the tissue to always be in static Numerical Method
Node updates Edge updates
per second
per second
equilibrium and ignores dynamic inertial and Euler
178,000
530,000
damping forces for a corresponding increase Runge-Kutta 2nd order 97,000
288,000
th
46,000
136,000
in simulation performance. Other simulation Runge-Kutta 4 order
Quasistatic
220,000
651,000
methods are also under development. Table 1: Performance of Numerical Integration Techniques
(5000 node, 15000 edge, 10000 face object)
Relative performance numbers for each
method is given in Table 1.
An open area of research in soft tissue deformation concerns taking as large an
integration step size as possible[23], while maintaining stability of the numerical method.
To address this issue, we have produced an antidivergence feature that, when numerical
divergence is detected, continues to halve the step size of the numerical method until
stability is acheived. While this violates the time-accurate goal of the simulation, it was
judged more important to maintain stability under such degenerate conditions.
Other features include tracking the region of deformation and only processing within
this region in order to provide a significant (possibly order of magnitude) increase in
performance[18]. This is accomplished by breadth-first ordering the nodes from a point of
interaction into levels, processing the nodes in this level-based order, then ceasing
computation when a level has no nodes that move more than a threshold. These regions
may increase to include other levels as the deformation increases, or decrease in size as the
nodes of the object at a particular level return to rest.
This scheme allows for many objects, each with large geometries, to be on the screen
with high resolution graphical display, while the simulation is only processing what is
needed. In addition, the simulation can use the information of the extent of the deformed
region for other purposes, such as to indicate to the collision detection system to update its
structures for those nodes.
Volume preservation code is also provided for each object. Based on this attribute, the
object can decide to disable volume preservation or perform global volume preservation
(compute object volume at each timestep and induce a corresponding force on each node in
the direction of its normal), or to preserve volume within the deformed region alone.
Finally, it is also possible to produce links between objects. In this way, for example, an
object with deformable dynamics (skin) could be linked to an object with rigid-body
kinematics (bone). This is accomplished through the use of tie-nodes: the skin has a node
which exists in the same position as a node in the bone and the two nodes can thereby pass
forces between their respective objects.
2.6 Sensors
A Sensor is an abstraction of a 6D tracking and/or haptic device. It contains a position in
3D space, along with orientation information (rotation matrix) and contains an array of
floating-point activation values to store information from any buttons, handles, or other
controllers associated with the device. A sensor can be linked to a particular object
(typically a virtual instrument) and, when that object is updated, it will be transformed by
the sensor data. In addition, the activation values can be used to specify hinge angles (for
example, to indicate and display how opened or closed the scissors are) or
telescoping/plunger depth (for a syringe or resectoscope handle) for the object’s subparts
(the subpart id is denoted by a field in each Node).
We functionally classify instruments into a number of different categories, based upon
their methods of operation. Instruments are single pieced (e.g., scalpel, dilator, probe),
hinged (scissors, endoscopic scissors, graspers), multihinged (3-prong grasper- where we
specify each hinge’s location, axis of rotation, and activation value upon which it depends),

dependent-hinged (hand, multiaxis endoscopic grasper- where the location of one hinge is
dependent upon another), telescoping (resectoscope, syringe- with one part that slides in
relation to another), lasso (resection loop- with a part that constricts based upon the
activation value) and multitools (with working channels for the insertion of tools of the
kinds stated above). Note that these classifications merely define how the instrument
articulates based upon its activation values. We will later discuss the interactions of these
tools with other objects.
The Sensor superclass is inherited by subclasses that communicate with their individual
devices. These include non-haptic devices such as electromagnetic trackers (Ascension
Flock-of-Birds and pcBird, Polhemus FasTrak), inertial trackers (Intersense InterTrax),
armature-based trackers (Immersion Microscribe), composite devices (Virtual
Technologies/Immersion CyberGlove) or a computer mouse. Haptic devices supported
include devices from Immersion (3GM, Laparoscopic Impulse Engine, Bimanual
Laparoscopic Device) and SensAble Technologies (Phantom).
Because many devices can only be interfaced through methods available only on PC
platforms, and due to the desire to have the simulation capable of running on the most
appropriate (perhaps non-PC) hardware, the system also provides for a network-based
module that communicates with a sensor or hapticserver program running on a different,
perhaps dedicated computer over the network. In this way, we can decouple the interfacing
restrictions of these devices from the simulation itself.
In either case, this method of network-based sensor- and hapticservers inherently
provides for multi-user and multi-instrument interaction and supports collaborative
procedures. However, when performing a collaboration at some distance, it is necessary to
also replicate the display of the simulation, as described in section 2.10 below.
2.7 Collision Detection
Over time, a number of collision detection methods were implemented. First, a nodenode force-sphere model was introduced. Later, static partition methods, Axis-Aligned
Bounding Boxes[24], and Oriented Bounding Boxes[25] were implemented. While these
methods worked well in many cases, a more general scheme that better supported
deformable objects was sought. For this reason, we moved to a Bounding Sphere
algorithm[20], with enhancements for deformable objects[19]. The generality of this
method, and its fast update capability, provided a reasonable tradeoff for many cases. As
with any hierarchical method, ultimately the detection method decomposes to testing
collisions between primitive elements, such as face-face (surface collisions), edge-face
(suture wrapping over vessel), edge-edge (suture wrapping onto itself), etc.
To further increase performance, a number of other enhancements were made. First,
each node within the bounding sphere tree can be individually enabled. In this way, large
portions of the tree can effectively be ignored when appropriate. In order to easily support
this, a world description file can identify the list of faces to be used for collision detection.
Moreover, objects (virtual instruments) can be created to have internal faces which are
invisible to the user, but upon whom the collision detection system relies. In this way,
virtual instruments can be very detailed graphically, but a dramatic decrease in the number
of collision detection tests can be realized, leading to large performance increases[26].
Finally, a fast path within the collision detection subsystem was created to provide a quick
rejection test for appropriate applications.
When a collision is detected, the collision detection subsystem places, in each colliding
object, a collision pair list denoting the details of the collision (which primitive elements
collided, the intersection point if available). In this way, the collision detection subsystem
merely provides a general service of detection and enables a more general system for
collision response.

2.8 Collision Resolution/Interactions
As each object is processed by the simulation and any collisions noted, each object’s
collision handling routine is called. A probing interaction (pick, dilator, hand) induces an
instantaneous displacement of the deformable faces to resolve the collision (relying on the
antidivergence algorithm to ensure stability in degenerate cases). Grasping tools (forceps,
endoscopic graspers) attract nodes of the surface to the tool tip when that tool is active,
with the rest of the object is processed as a probing interaction as above. Piercing (needle,
syringe) subdivides the surface at the point of entry of the tool tip, with the rest of the
object considered as a probing interaction (hence, the tip of the syringe is “sharp” and
pierces into tissue, while the rest of the syringe merely bumps the tissue upon interaction).
Cutting interactions[28] (scalpel, scissors, endoscopic scissors) have edges that are
denoted as sharp. When one of these edges comes in contact with the tissue, the tissue is
cut and the mesh subdivided. If a non-sharp edge or face comes in contact with the tissue,
then a probing interaction is produced (the back of a scalpel can be used to probe, while the
cutting edge can be used to slice the tissue). A cauterizing interaction (roller ablator, loop
cautery), when active and in contact with tissue, progressively yellows, browns, then
blackens the area of contact by changing the color of the contacted faces and using blended
textures to achieve the desired graphical result.
In each case, the collision resolution algorithm processes each of the elements of the
collision pair list, performs their interaction function, and computes the resulting haptic
force of that interaction upon the tool. Then, the interaction forces are averaged to calculate
the overall force vector that should be realized upon the virtual instrument.
2.9 Display
A number of display devices are supported. Traditional CRT-based displays in
monoscopic or stereoscopic (using CrystalEyes or NuVision glasses) modes are supported.
In addition, projection displays, such as the Immersive WorkBench (FakeSpace), as well as
custom displays such as the Surgical WorkBench[29] are supported. Head-mounted
displays are also supported, where user-based tracking is achieved by tying the viewing
position to one of the Sensors. In this way, we can integrate user-based tracking into the
environment as easily as we integrate other tracking and haptic devices. In addition, by
attaching the viewing location to a sensor linked to an instrument, we can trivially obtain
an endoscopic view from any given instrument
2.10 Other features
As briefly stated above, the system also supports a number of other features. Voice input
and output is achieved by Spring connecting to a voiceserver computer over the network. In
this way, the user can select surgical instruments by speaking their name and indicating
other commands in an easy, hands-free manner.
A mechanism for replicating the display of the simulation is required for collaborative
viewing. A DisplayReplicator class can, at each screen refresh, copy the data from the
screen (in stereo or monoscopic modes), compress it, and send it to a remote client to view
the live (possibly stereo) video imagery of the simulation at real-time rates.
In other applications, it is sometimes necessary to receive live video and texture map
this video data in real-time within the environment. Therefore, Spring can also connect to a
videoserver to receive live video and texture map that data live onto an object.
Finally, in surgical simulation, sometimes other senses besides vision and tactile are
necessary in order to reproduce the experience of a particular surgical procedure. For this
reason, limited support for audio output is also provided.

3.0 Applications
A number of applications have been developed during the production of this simulator,
including a microsurgery simulator[30,31]; a clinically evaluated, haptic-rate hysteroscopy
simulator[26,27] simulating cervical dilation, endometrial ablation, and resection of
intrauterine polyps; an intraoperative assistance environment with an advanced system for
surgical assistance with voice input and output and virtual “hanging windows” for the live
display of CT data, vital signs, and live endoscopic video; a surgical simulator for rat
dissection and astronaut training system[32] with hand-based interaction with objects in the
virtual environment; and its use for patient-specific surgical planning[33,34]. New
applications under development include a colonoscopy simulator[35], a stent placement
simulator), as well as a cleft-lip surgery simulator.
4.0 Conclusion
We have sought to develop a generalized framework for surgical simulation that can
support the requirements of many surgical simulation applications. The simulator has been
refined and enhanced during the development of a number of applications and supports
multi-instrument, generalized interactions with networked haptics within a collaborative,
multi-user environment. We hope that the description presented here enhances the
discussion of the technical details of simulation and leads to the greater proliferation of
surgical simulation applications.
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