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Title: METHOD AND SYSTEM FOR INTERACTIVE
SIMULATION OF MATERIALS

CROSS REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Patent Application
60/790,093, filed April 8, 2006, the contents of which are incorporated by reference.

FIELD OF THE INVENTION

[0002] This invention relates to computer simulations. More specifically, it
relates to a method and system for simulation of materials with combined rigid and
flexible componeénts, ahd a mettiod of aligning hardware components for interacting
with virtual objects.

BACKGROUND OF THE INVENTION

[0003)  Simulation has many applications. It is used to design and prototype
products. It is used to engineer and test materials and designs. It is used for training
and education. It is used to create content for various forms of entertainment,
animation, and virtual reality. It is also used in medicine; medical simulators include
those used for making diagnostics of diseases and medical conditions, and for
simulating surgery and surgical téchniques. It is used in robotics. And simulation is
used for marny othér purposes.

[0004]  Simulation affords users the benefits of experience without the risk.
Simulation can also be used to more effectively train users by increasing the number
and variety of situations with which they come into contact. Simulation also allows
research and exploration in new and meaningful ways. Users can repeat a given
process many times to determing a best approach, each time trying a different
method.

[0005]  The practice of simulation is usually categorized by methodology. The
most popular methods are rigid-body simulation, flexible-body simulation, and finite
element analysis.

[0006] Rigid-body simulation is the practice of simulating an object using a group
of point-masses, each point-mass having an unchanging distance from the other
point-masses in the group. The entire group can be represented by a single position --
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the position of the group’s center-of-mass -~ and a single orientation. Rigid bodies
can be connected to each other by constraints or forces. The motion of a rigid body is
described by changes in its center-of-mass position and its orientation.

[0007]  Flexible-body simulation (or spring and dashpot simulation) is the practice
of simulating an object using individual point-rasses connected by idealized springs.
Each spring has associated parameters, and applies equal-and-opposite forces to the
masses at each of its ends. The spring attempts to maintain a specified distance
between its masses. The motion of a flexible bodj is described by changes in the
positions of each of the body’s point-masses.

[0008]  Finite €lement analysis (or FEA) is the practice of simulating an object
using similarly shaped elements. A finite element model (or FEM) is composed of
volumetric elements, such as tetrahedra, each having associated parameters and
equations of motion. A group of elements and their parameters are used to describe a
system of equations to be solved. The motion of a finite element model is described
by the deformations of its elements.

[0009]  In an interactive simulation, object positions are computed and displayed
mary times per second to give the appearance of motion. The term frame-rate is
defined as the number of tiines per second the objects are displayed.

[0010] A limitation of rigid-body simulations is that they do not allow the
simulation of soft objects. They are restricted to rigid objects and rigid or flexible
links beétween these objects.

{0011] A limitation of flexible-body simulations is that they have difficulty
simulating rigid or semi-rigid objects. As sptings are made stiffer, instabilities arise,
and their equations become increasingly difficult to solve at interactive frame-rates.

[0012]  Another limitation of flexible-body simulations is that they simulate
rotations by propagating translations across a network of springs. This makes the
rotation of a body dependent upon the spring network and the number of steps used
to advance the simulation in time. The fewer the number of springs, and the more
steps used, the faster the apparent rotation occurs.

[0013] A limitation of FEA simulations is that they do not allow interaction with
simulated objects, due to the time required for computation. Allowing interaction
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with simulated objects is desirable in that it provides modalities for approaching
tasks in the industries that use simulators, and might allow simulators to be used in
new industries.

[0014]  Another limitation of FEA is the requirement that FEM objects be
composed of homogeneously-shaped elements, which makes their creation more
difficult, error-prone, and in certain situations, impossible. A more desirable method
is an unstructured approach, whereby objects may be made any shape, dimension, or
topology. . A

[0015]  There are newer simulation technologies which allow for interaction with
soft objects. One limitation of some of these technologies is the necessity to
precornpute certain aspects of the model’s response to forces, or to make certain
variables unchangeable. This makes it difficult to generate objects, or to change the
characteristics of existing objects, while the simulation is running,

[0016]  Another limitation of certain newer interactive soft-body simulation
technologies is their inability to simulate materials that respond to forces in a
nonlinear manner. Each object must be made of material or elements whose force-
response is linéar in nature.

[0017]  Another limitation of certain newer interactive soft-body simulation
technologies is the necessity that objects or elements be composed of homogeneous
materials. This does not allow objects composed of heterogeneous materials to be
simulated efficiently.

[0018]  Another limitation of some soft-body technologies is the necessity that
objects be made up of incompressible elements, which limits the kinds of materials
that can be simulated.

[0019]  Yet another limitation of some soft-body simulation technologies is an
inability to simulate materials that are not in equilibrium. This precludes simulating
objects with active, dynamic properties, such as those that change shape when
stimulated by an electrical current.

[0020]  There are a number of other problems specifically associated with
interactive material simulations. Research has typically been done in the component

areas of collision detection, collision response, rigid-body simulation, and flexible-
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body simulation. Barriers to a general-purpose interactive material simulation have
historically included:

» The amount of data to be computed in order to achieve a reasonable
simulation

» The complexity and number of calculations necessary

» Lack of appropriate numerical methods to bring to bear on the simulation

+ Lack of methods to calculate real-time collisions between irregular moving
surfaces

» Lack of expertise in the calculation of forces between colliding flexible
bodies

« The inability to derive solutions to the motions of complicated dynamic
models at interactive rates.

[0021]  There have been attempts to solve some of these problems. For example,
U.S. Patent No. 7,050,955, entitled “System, method and data structure for simulated
interaction with graphical objects,” that issued to Carmel et al., teaches “Object
simulation and interaction of and between computer-generated or graphical objects in
a virtual space includes neutral scene graphs, data structures and procedures for using
such graphs and data structures.

[0022] U.S. Patent No. 6,714,901, entitled “Electronic device for processing
image-data, for simulating the behaviour of a deformable object,” that issued to
Cotin et al. teaches “An electronic device for processing image data, particularly
image data pertaining to medical procedures, includes a user interface with force
feedback (4) corresponding to tool reactions, a "collision" module (18) for estimating
a point of intersection between a straight line embodying a displacement derived
from the action of the tool arid a surface mesh of a given object, and an internal
forces module (16) which estimates internal forces exerted on nodes of a first part of
at least a volume mesh of the object, on the basis of a displacement applied on nodes
pertaining to the surface mesh containing a point of intersection, of boundary
conditions, and of node tensors and link tensors, from matrices of rigidity, and a
reaction module (20) for determining the reaction force of the object corresponding
to its deformation estimated on the basis of the internal forces, such that the force
generated by the user interface (4) is balanced by reaction force.”

[0023]  U.S. Patent No. 6,560,658, entitled “Data storage device with quick and
quiet modes,” that issued to Singer et al. teaches “Techniques are provided herein for
reducing vibrations in various modes of a dynamic system. One such technique
comprises incorporating vibration limiting and sensitivity constraints into a partial
fraction expansion equation model of the system so as to reduce vibrations to specific
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levels. Another technique comprises shaping a command determined using the partial
fraction expansion equation model to produce a desired output. The entire command
may be shaped or only selected portions thereof which produce vibrations. Another
technique involves commanding in current to produce saturation in voltage. By doing
this, it is possible to command voltage switches. The times at which the switches
occur can be set to reduce system vibrations. Other techniques are also provided.
These include varying transient portions at the beginning, middle and/or end of a
move and using Posicast inputs, among others.”

[0024] U.S. Patent No. 6,486,872, entitled “Method and apparatus for providing
bassive fluid force feedback,” that issued to Rosenberg teaches “A method and
apparatus for interfacing the motion of an object with a digital processing system
includes a sensor for detecting movement of the object along a degree of freedom. A
passive pneumatic or hydraulic damper is coupled to the object to provide a damping
resistance to the object along the degree of freedom and resist a movement of the
object. The damping resistance is provided by regulating the control of a fluid with a
digital computing apparatus, thus providing a low-cost, low-power force-feedback
interface that is safe for the user. The damper and sensor provide an
electromechanical inteiface between the object and the electrical system. A gimbal or
other interface mechanism can be coupled between the damper and the object. The
interface is well suited for simulations or video games in which an object such as a
joystick is moved and manipulated by the user.”

[0025]  U.S. Patent No. 6,314,473, entitled “System for removing selected
unwanted frequencies in accordance with altered settings in a user interface of a data
storage device,” that issued to Singer et al., teaches “Techniques are provided herein
for reducing vibrations in various modes of a dynamic system. One such technique
comprises incorporating vibration limiting anid sensitivity constraints into a partial
fraction expansion equation model of the system so as to reduce vibrations to specific
levels. Another technique comprises shaping a command determined using the partial
fraction expansion equation model to produce a desired output. The entire command
may be shaped or only selected portions thereof which produce vibrations. Another
technique involves commanding in current to produce saturation in voltage. By doing
this, it is possible to command voltage switches. The times at which the switches
occur can be set to reduce system vibrations. Other techniques are also provided.
These include varying transient portions at the beginning, middle and/or end of a
move and using Posicast inputs, among others. *
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[0026] U.S. Patent No. 6,300,937, entitled “Method and apparatus for controlling
force feedback for a computer interface device,” that issued to Rosenberg teaches “A
method and apparatus for controlling and providing force feedback using an interface
device manipulated by a user. A microprocessor is provided local to the interface
device and reads sensor data from sensors that describes the position and/or other
information about an object grasped and moved by the user, such as a joystick. The
microprocessor provides the sensor data to a host computer that is coupled to the
interface device by a communication bus that preferably includes a serial mterface

In a "host-controlled" embodlment the host computer calculates force values using
the sensor data and other parameters of a host application program and sends the
force values to the local microprocessor, which directly provides the force values to
actuators to apply forces to the user object. In a "reflex" embodiment, the host
computer sends high level supervisory commands to the local microprocessor, and
the microprocessor independently implements a local process based on the high level
command for reading sensor data and providing force values to the actuators using
sensor data and other parameters.”

[0027]  U.S. Patent No. 6,211,848, entitled “Dynamic holographic video with
haptic interaction,” that issued to Plesniak et al., teaches “A user is able to interact
with and modify an electronic holographic image using a force-feedback (or haptic)
device, which is capable of sensing and reporting the 3D position of its hand-held
stylus and "displaying" appropriate forces to the user. Thus, a user can feel and
modify specified shapes in the haptic workspace. The haptic workspace is precisely

. registered with the free-standing, spatial image displayed by a holographic video
(holovideo) system. In the coincident visuo-haptic workspace, a user can see, feel,
and interact with synthetic objects that exhibit many of the properties one expects of
real ones, and the spatial display enables synthetic objects to become a part of the
user's manipulatory space.”

[0028]  U.S. Patent No. 6,113,395, entitled “Selectable instruments with homing
devices for haptic virtual reality medical simulation,” that issued to Hon teaches
“Invention is apparatus for using selectable instruments in virtual medical
simulations with input devices actuated by user and resembling medical instruments
which transmit various identifying data to the virtual computer model from said
instruments which have been selected; then, said apparatus assist in creating full
immersion for the user in the virtual reality model by tracking and homing to
instruments with haptic, or force feedback generating, receptacles with which said
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instruments dock by means of a numerical grid, creating a seamless interface of
instrument selection and use in the virtual reality anatomy.”

[0029] U.S. Patent No. 5,882,206, entitled “Virtual surgery system,” that issued to
Gillio teaches “A virtual surgery system or virtual testing system provides a
simulation or test based on image data. A simulator combined with a real exam
requires simulation tasks by a test taker. Additionally, a surgical procedure may be
simulated using 1mage data of a patient in devices simulating the physwal
instnimenits a surgeon uses in performing the actual procedure, for example The user
input device, such as a mouse, three dimensional mouse, joystick, seven dimensional
joystick, full size simulator, etc., can be used in a virtual simulation to move through
the image data while the user looks at the data and interaction of the input device
with the image data on a display screen. Force feedback can be provided based on
physical constraint models (of the anatomy, for example), or based on edge and
collision detection between the virtual scope or virtual tool used by the operator and
walls or edges of the image data in the image space. The virtual simulator may be
used as a teaching, training, testing, demonstration, or remote telesurgery device, for
example.

[0030] U.S. Patent No. 5,704,791, entitled “Virtual surgery system instrument,”
that issued to Gillio teaches “A virtual surgery system or virtual testing system
provides a simulation or test based on image data. A simulator combined with a real
exam requires sirhulation tasks by a test taker. Additionally, a surgical procedure
may be simulated using irhage data of a patient in devices simulating the physical
instruments a surgeon uses in performing the actual procedure, for example. The user
input device, such as a mouse, three dimensional mouse, joystick, seven dimensional
joystick, full size simulator, etc., can be used in a virtual simulation to move through
the image data while the user looks at the data and interaction of the input device
with the image data on a display screen. Force feedback can be provided based on
physical constraint models (of the anatomy, for example), or based on edge and
collision detection between the virtual scope or virtual tool used by the operator and
walls or edges of the image data in the image space. The virtual simulator may be
used as a teaching, training, testing, demonstration, or remote telesurgery device, for
example.”

[0031]  U.S. Patent No. 5,739,811, entitled “Method and apparatus for controlling

human-computer interface systems providing force feedback,” that issued to
Rosenberg teaches “A méthod and apparatus for controlling and providing force
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feedback using an interface device manipulated by a user. A microprocessor is
provided local to the interface device and reads sensor data from sensors that
describes the position and/or other information about an object grasped and moved
by the user, such as a joystick. The microprocessor provides the sensor data to a host
computer that is coupled to the interface device by a communication bus that
preferably includes a serial iriterface. In a "host-controlled" embodiment, the host
computer calculates force values using the sensor data and other parameters of a host
application program and sends the force values to the local microprocessor, which
directly pfovi'des the force values to actuators to apply forces to the user object. In a
"reflex" embodiment, the host computer sends high level supervisory commands to
the local microprocessor, and the microprocessor independently implements a local
process based on the high level command for reading sensor data and providing force
values to the actuators using sensor data and other parameters.”

[0032] U.S. Published Patent Application No. 2005/0046629, entitled “Animation
method of deformable objects using an oriented material point and generalized spring
model,” that was published by Jeong et al. teaches “Disclosed is an animation
method of deformable objects using an oriented material point and generalized spring
model. The animation method comprises the following steps of: modeling a structure
of a deformable object into oriented material points and generalized springs;
initializing forces and torques acting on the material points, calculating the forces
acting 6n the material points owing to collision of the material points and gravity,
calculating the spring forces and torques acting on the material points, obtaining new
positions and postures of the material points; updating positions, velocities, postures
and angular velocities of the material points based upon physics, and displaying and
storing updated results. The oriented material point and generalized spring model of
the invention contains the principle of the conventional mass-spring model, but can
animate deformable objects or express their structures in more intuitive manner over
the conventional mass-spring model. Also, the material point and generalized spring
model of the invention can express elongate deformable objects such as hair and
wrinkled cloth, which cannot Be expressed in the prior art, so as to animate features
of various objects.”

[0033]  U.S. Published Patent Application No. 2003/00883 89, entitled “Long
elements method for simulation of deformable objects,” that was published by
Balaniuk et al. teaches “Long Elements Method (LEM) for real time physically based
dynamic simulation of deformable objects. The LEM is based on a new meshing
strategy using long elements whose forms can be straight or arbitrary, The LEM

-8-
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implements a static solution for elastic global deformations of objects filled with
fluid based on the Pascal's principle and volume conservation. The volumes are
discretised in long elements, defining meshes one order of magnitude smaller than
meshes based on tetrahedral or cubic elements. The LEM further combines static and
dynamic approaches to simulate the same deformable medium, allowing modeling a
three-dimensional internal state at any point inside the deforming medium from a
reduced number of explicitly updated elements. Complex elastic and plastic
deformations can be simulated i in real time with less computatlonal effort. The LEM
is partlcular]y useful in real time virtual interactions, soft tissue modeling, and '
graphic and haptic rendering.”

[0034]  U.S. Published Patent Application No. 2002/0180739, entitled “Method
and apparatus for sithulating soft object movement” that was published by Reynolds
et al. teaches “Movement of a soft body is simulated by defining its surface as an
arbitrary mesh of points connected by edges. Each point is represented as a point
mass, subject to conventional laws of motion. The simulator represents forces acting
on the point masses, namely skin forces connecting pairs of point masses and
volumetric forces for maintaining relative positions with no net linear or rotational
forces on'the soft body.”

[0035]  In a paper entitled “Virtual Reality Vitrectomy Simulator,” published by
Paul F. Neumann, Lewis L. Sadler, and Jon Gieser M.D. in the Proceedings of the
First International Conference on Medical Image Computing and Computer-Assisted
Intervention, 1998, pp. 910-917 teaches “In this study, a virtual reality vitrectomy
simulator is being developed to assist Ophthalmology residents in correcting retinal
detachments. To simulate this type of surgery, a three dimensional computer eye
model was constructed and coupled with a mass-spring system for elastic
deformations. Five surgical instrumerits are simulated including: a pick, blade,
suction cutter, laser, and drainage needle. The simulator will be evaluated by a group
of fellows and retinal surgeons with a subjective Cooper-Harper survey commonly
used for flight simulators.”

[0036]  Inan IEEE paper entitled “Deformable models: physical based models
with rigid and deformable components,” published by Demetri Terzopoulous and
Andrew Witkin, in IEEE Computer Graphics and Applications, Nov. 1988, pp. 41-
51 teaches “This article develops an alternative formulation of deformable models.
We decompose deformations into a reference component, which may represent an
arbitrary shape, and a displacement component allowing deformation away from this

-9.
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reference shape. The reference component evolves according to the laws of rigid-
body dynamics. Equations of nonrigid motion based on linear elasticity govern the
dynamiics of the displacement component. With nonrigid and rigid dynamics
operating iri unison, this hybrid formulation yields well-conditioned discrete
equations, even for complicated reference shapes, particularly as the rigidity of
models is increased beyond the stability limits of our prior formulation. We illustrate
the application of or deformable models to a physically based computer animation
project.”

[0037]  Thus, it is desirable to have a general-purpose interactive material
simulation that solves most or all of the problems discussed above.

-10-
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SUMMARY OF THE INVENTION

[0038] In accordance with preferred embodiments of the present invention, some
of the problems associated with simulating materials are overcome. A method and
system for simulation, display, and interaction with materials is provided.

[0039] The method and system provide improved flexible simulation, the ability
to combine rigid and flexible simulation, a collision-detection method for simulating
materials, and a hardware and software configuration which allows a user to interact
directly with simulated objects with combined rigid and flexible components.

[0040] The foregoing and other features and advantages of preferred
embodiments of the present invention will be more readily apparent from the
following detailed description. The detailed description proceeds with references to
the accompanying drawings.

“11-
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BRIEF DESCRIPTION OF THE DRAWINGS

[0041]  Preferred embodiments of the present invention are described with
reference to the following drawings, wherein:

[0042] FIG. 1A is a block diagram of an exemplary simulation system;

[0043] FIG. 1B is a digital photograph illustrating a portion of an actual
exemplary simulation system; :

[0044]  FIG. 2 is a flow diagram illustrating a method for simulating rigid, semi-
rigid, and flexible components of materials;

[0045] FIG. 3 is a flow diagram illustrating an exemplary method used for Step 28
of the Method of FIG. 2;

[0046]  FIG. 4 is a block diagram illustrating a combination of rigid-body motion and
deformation to a sinitilated body;

[0047]  FIG. 5. is a block diagraim illustrating a simulated body composed of
components with associated masses;

[0048]  FIG. 6 is a block diagram illustrating changes in a component’s force-
transmission value;

[0049].  FIG. 7 is a block diagram illustrating standard or orientsition-preserving
springs that can be used to model a deformable body;

[0050]  FIG. 8 is a block diagram illustrating a body’s local coordinate system or
UVW space;

[0051] FIG. 9 is a block diagram illustrating a shape change in a body, motivated by
an external force, such as a collision with another object;

[0052]  FIG. 10 is a block diagram illustrating a shape change in a body, motivated
by an internal force, such as a contraction or extension;

[0053]  FIG. 11 is a block diagram illustrating a screen shot of a shape change in a
body, motivated by an external force;
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[0054] FIG. 12 is a flow diagram illustrating a method for simulating collisions

between an entity or entities;

[0055] FIG. 13 is a flow diagram illustrating a method for use of orientation-
preserving springs for creating a permanent or semi-permanent shape change in a

material or body; and

[0056] FIG. i4 is a flow diagram illustrating a method for normalizing a damping
value of a spring. .

-13 -
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DETAILED DESCRIPTION OF THE INVENTION

[0057] FIG. 1A is a block diagram illustrating an exemplary simulation system
10. The exemplary system 10 includes one or more computers 12 with one or more
processors or central processing units (CPUs) with one or more computer displays 14
(two of which are illustrated). The computer display 14 may include any of a

" windowed graphical user interface ("GUI") 16 with 'multiple windows, or ane or
more simulation views 19, to a user. One or more databases 18 (one of which is
illustrated) include data in various digital data formats. The databases 18 may be
integral to a memory system on the computer 12 or in secondary storage such as a
hard disk, floppy disk, optical disk, or other non-volatile mass storage devices. The
computer 12 and the databases 18 may be in communications with and accessible via
one or more cominunications networks 20.

[0058] In one embodiment, exemplary simulation system 10 includes additional
components. Tracking devices 11 may be connected to the one or more computers
12. Stereoscopic glasses 17 and tracked devices 11 may be worn by a user. Position-
tracking devices 13 (e.g. haptic devices etc.) are connected to one or more
computers 12. (Position-tracking and haptics may be embodied in the same device,
or a positioni-tracking device can be used in place of a haptice device.) As is known
in the simulation arts, a haptic device 13 allows a user to interact with a computer 12
by receiving tactile feedback. The haptic devices 13, computer display 14, and
tracking devices 11 are physically connected and fixed at specific distances and
orientations with respect to each other using a rigid harness 15.

[0059])  The one or more computers 12 may be replaced with client terminals in
communications with one or more servers, or with personal digital/data assistants
(PDA), laptop computers, mobile computers, Internet appliances, one or two-way
pagers, mobile phones, or other similar desktop, mobile or hand-held electronic

devices.

[0060]  The tracking and tracked devices 11 and haptic or position-sensing devices
13 may be connected to one or more computers 12 via USB or its variants, IEEE
1394/FireWire, serial, parallel, PCI, PCI-express or other card, or other wired or
wireless methods of connectivity.

-14 -



WO 2007/117586 PCT/US2007/008554

[0061]  The tracking and tracked devices 11 and haptic or position-sensing devices
13 may operate using wired or wireless electrical, mechanical, electromechanical,
magnetic, solid-state or other technologies not limited to magnets, magnetic fields,
lenises and other optics, light-emitting diodes, filters, visible-spectrum and infrared

. light, lasers, motors, gears, sensors, encoders, and transducers, combined with other
methods not limited to analog-to-digital converters, data-transmission protocols and
operating-System and application software layers.

[0062] Stereoécopic glasses 17 may operéte using linear or circular ﬁolarization
filters, colored lenses, LCD shutters, or other means. Glasses may also be absent
from the system entirely. In this case, stereoscopy can still be achieved if the
computer display 14 uses an autosteréoscopic technology, such as barrier-strips.

[0063] FIG. 1B is a block diagram illustrating a digital photograph 21 of a portion
of an actual exemplary simulation system 10. This digital photograph 21 does not
illustrate one or more computers 12.

[0064] The zero or more communications networks 20 may include, but are not
limited to, the Internet, an intranet, a wired Local Area Network (LAN), a wireless
LAN (WiLAN), a Wide Area Network (WAN), a Metropolitan Area Network
(MAN), Public Switched Telephone Network (PSTN) and other types of
communications networks 20.

[0065] The communications networks 20 may include one or more gateways,
routers, or bridges. As is known in the art, a gateway connects computer networks
using different network protocols and/or operating at different transmission
capacities. A router receives transmitted messages and forwards them to their correct
destinations over the most efficient available route. A bridge is a device that connects
networks using the same communications protocols so that information can be
passed from one network device to another.

[0066] The communications networks 20 may include one or more servers and
one or more web-sites accessible by users to send and receive information useable by
the one or more computers 12, The one or more servers, may also include one or
more associated databases for storing electronic information.

[0067] Pieferred embodiments of the present invention devices and interfaces that
are compliant with all or part of standards proposed by the Institute of Electrical and
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Electronic Engineers (IEEE), International Telecommunications Union-
Telecommunication Standardization Sector (ITU), European Telecommunications
Standards Institute (ETSI), Internet Engineering Task Force (IETF), U.S. National
Institute of Security Technology (NIST), American National Standard Institute
(ANSI), Wireless Application Protocol (WAP) Forum, Bluetooth Forum, or the
ADSL Forum. However, netwoik devices based on other standards could also be
used. IEEE staridards can be found on the World Wide Web at the Universal
Resource Locator (URL) “www.ieee.org.” The ITU, (formerly known as.the
CCITT) standards can be found at the URL “www.itu.ch.” ETSI standards can be
found at the URL “www.etsi.org.” IETF standards can be found at the URL
“www.ietf.org.” The NIST standards can be found at the URL “www.nist.gov.” The
ANSI standards can be found at the URL “www.ansi.org.” Bluetooth Forum
documents can be found at the URL “www.bluetooth.com.” WAP Forum
documents can be found at the URL “www.wapforum.org.” ADSL Forum
documents can be found at the URL “www.adsl.com.”

[0068] The communications networks 20 may include a layered architecture. As
is known in the art, the Open Systems Interconnection (OSI) reference model is one
layered architecture that standardizes levels of service and types of interaction for
compuiters exchanging information through a communications network. The OSI
refeérence model separates network device-to-network device cornmunications into
seven protocol layers, or levels, each building-and relying--upon the standards
contained in the levéls below it. The OSI reference model includes from lowest-to-
highest, a physical, data-link, network, transport, session, presentation and
application layer. The lowest of the seven layers deals solely with hardware links;
the highest deals with software interactions at the application-program level.

[0069]  The layered architecture may also include an Internet layered architecture
comprising a physical layer, a data-link layer, a network layer comprising the
Internet Protocol (IP) transport layer ¢comprising the Transmission Control Protocol
(TCP) or User Datagram Protocol (UDP), and an application layer. However, the
present invention is not limited to this embodiment and architectures can also be used
to practice the invention.

[0070] The communications networks 20 may include, but is not limited to, data

networks using the Transmission Control Protocol (TCP), User Datagram Protocol
(UDP), Interiet Protocol (IP) and other data protocols. The communications
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network 20 may also include a public or private bus (e.g., USB, etc.) or be connected
direcfly via wired or wireless connections.

[0071]  Asis know in the art, TCP provides a connection-oriented, end-to-end
reliable protocol designed to fit into a layered hierarchy of protocols which support
multi-network applications. TCP provides for reliable inter-process communication
between pairs of processes in network devices attached to distinct but interconnected
networks. For more information on TCP see Internet Engineering Task Force
(ITEF) Requesf For Comments (RFC)-793, the contents of which are incorporated

hetein by reference.

[0072] As is know in the art, UDP provides a connectionléss mode of
communications with datagrams in an interconnected set of computéer networks.
UDP provides a transaction oriented datagram protocol, wheére delivery and duplicate
packet protéection are not guaranteed. For more information on UDP see IETF RFC-
768, the contents of which incorporated herein by reference.

[0073]  Asis known in the art, IP is an addressing protocol designed to route
traffic within a network or between networks. IP is described in IETF Request For
Comments (RFC)-791, the contents of which are incorporated herein by reference.
However; more fewer or other protocols can also be used on the communications
network 19 and the present invention is not limited to TCP/UDP/IP.

[0074])  An operating environment for devices and interfaces of the present
invention include a processing system with one or more high speed Central
Processing Unit(s) (CPU), zero or more high speed Graphical Processing Unit(s)
(GPU), zero or more high speed audio processing unit(s) (APU), or other processors
and one or more memories. In accordance with the practices of persons skilled in the
art of computer programming, the present invention is described below with
reference to acts and symbolic representations of operations or instructions that are
performed by the processing system, unless indicated otherwise. Such acts and
operations or instructions are referred to as being “computer-executed,” “CPU
executed”, “GPU executed”, “APU executed”, or “processor executed.”

[0075] It will be appreciated that acts and symbolically represented operations or
instructions include the manipulation of electrical signals by the CPU, GPU, APU, or
other processor(s). An electrical system represents data bits which cause a resulting
transformation or reduction of the electrical signals, and the maintenance of data bits
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at memory locations in a memory system to thereby reconfigure or otherwise alter
the processor's operation, as well as other processing of signals. The memory
locations where data bits are madintained are physical locations that have particular
electrical, magnetic, optical, or organic properties corresponding to the data bits.

[0076]  The data bits may also be maintained on a computer readable medium
including magnetic disks, optical disks, organic memory, and any other volatile (e.g.,
Random Access Memory (RAM)) or non-volatile (e g., Read-Only Memory (ROM))
mass storage system readable by the CPU, GPU, APU or other processor(s). The
computer readable medium includes cooperating or interconnected computer

- readable medium, which exist exclusively on the processing systei or be distributed
among multiple interconnected processing systems that may be local or remote to the
processing system.

[0077]  In one embodiment of the invention, the communications networks 20
include wireless and wired interfaces. The wired and wireless interfaces may include
secuiity fedtures.

[0078]  The wired inteifaces include wired interfaces and corresponding
networking protocols for wired connections to the Public Switched Telephone
Network (PSTN) or a cable television network (CATV) including HDTV that
connect the network devices 12 via one or more twisted pairs of copper wires, digital
subscriber lines (e.g. DSL, ADSL, VDSL, etc.) coaxial cable, fiber optic cable, other
- connection media or other connection interfaces. The PSTN is any public switched
telephone network provided by AT&T, GTE, Sprint, MCI, SBC, Verizon and others.

[0079] In one embodiment of the present invention, the wireless interfaces include
but are not limited to, an IEEE 802.11a, 802.11b, 802.11g, 802.11n, 802.15.4
(ZigBee), 802.16a, 802.16g, “Wireless Fidelity” (Wi-Fi), “Worldwide
Interoperability for Microwave Access” (WiMAX), ETSI High Performance Radio
Metropolitan Area Network (HIPERMAN) “RF Home,” Bluetooth or other types of
wireless interfaces. However, the present invention is not limited to such wireless
interface and other types of wireless interfaces can also be used.

[0080]  In another embodiment of the present invention, the wireless mesh
network device 14, 16, 18, 22 includes a wireless sensor device that comprises an
integral or separate Bluetooth and/or infra data association (IfDA) module for
wireless Bluetooth or wireless infrared communications.
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[0081]  Asis known in the art, an 802.11b is a short-range wireless network
standard. The IEEE 802.11b standard defines wireless interfaces that provide up to
11 Mbps wireless data transmission to and from wireless devices over short ranges.
802.11a is an extension of the 802.11b and can deliver speeds up to 54M bps.
802.11g deliver speeds on par with 802.11a. However, other 802.11xx interfaces can
also be used and the present invention is not limited to the 802.11 protocols defined.
The IEEE 802.11a, 802.11b and 802.11g standards are incorporated herein by
‘referénce.

[0082]  As is known in the art, Wi-Fi is a type of 802.11xx interface, whether
802.11b, 802.11a, dual-band, etc. Wi-Fi devices include an RF interfaces such as
2.4GHz for 802.11b or 802.11g and 5GHz for 802.11a. More information on Wi-Fi
can be found at the URL “www.weca.net.”

[0083]  As is known in the art, 802.15.4 (Zigbee) is low data rate network standard
used for mesh network devices such as sensors, interactive toys, smart badges,
remote controls, and home automation. The 802.15.4 standard provides data rates of
250 kbps, 40 kbps, and 20 kbps., two addressing modes; 16-bit short and 64-bit IEEE
addressing, support for critical latency devices, such as joysticks, Carrier Sense
Multiple Access/Collision Avoidance, (CSMA-CA) channel access, automatic
network establishment by a coordinator, fully handshaked protocol for transfer
reliability, power management to ensure low power consumption for multi-month to
multi-year battery usage and up to16 channels in the 2.4GHz ISM band (Worldwide),
10 channels in the 915MHz (US) and one channel in the 868MHz band (Europe).
The IEEE 802.15.4-2003 standard is incorporated herein by reference. More
information on 802.15.4 and ZigBee can be found at the URL “www.ieee802.org”
and “www.zigbee.org” respectively.

[0084]  As is known in the art, WIMAX is an industry trade organization formed
by leading communications component and equipment companies to promote and
certify compatibility and interoperability of broadband wireless access equipment
that conforms to the IEEE 802.16XX and ETSI HIPERMAN. HIPERMAN is the
European standard for metropolitan area networks (MAN).

[0085] The IEEE The 802.16a and 802.16g standards are wireless MAN
technology standard that provides a wireless alternative to cable, DSL and T1/E1 for
last mile broadband access. It is also used as complimentary technology to connect
IEEE 802.11XX hot spots to the Internet.
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[0086] The IEEE 802.16a standard for 2-11 GHz is a wireless MAN technology
that provides broadband wireless connectivity to fixed, portable and nomadic
devices. It provides up to 50-kilometers of service area range, allows users to get
broadband connectivity without needing direct line of sight with the base station, and
provides total data rates of up to 280 Mbps per base station, which is enough
bandwidth to simultaneously support hundreds of businesses with T1/El-type
connectivity and thousands of homes with DSL-type connectivity with a single base
station. The IEEE 802.16g provides up to 100 Mbps.

[0087] The IEEE 802.16e standard is an extension to the approved IEEE
802.16/16a/16g standard. The purpose of 802.16¢ is to add limited mobility to the
current standard which is designed for fixed operation.

[0088] The ESTI HIPERMAN standard is an interoperable broadband fixed
wireless access standard for systems operating at radio frequencies between 2 GHz
and 11 GHz.

[0089]  The IEEE 802.16a, 802.16e and 802.16g standards are incorporated herein
by reference. More information on WiMAX can be found at the URL
“www.wimaxforum.org.” WiMAX can be used to provide a WLP,

[0090] The ETSI HIPERMAN standards TR 101 031, TR 101 475, TR 101 493-1
through TR 101 493-3, TR 101 761-1 through TR 101 761-4, TR 101 762, TR 101
763-1 through TR 101 763-3 and TR 101 957 are incorporated herein by reference.
More information on ETSI standards can be found at the URL “www.etsi.org.”
ETSI HIPERMAN can be used to provide a WLP.

[0091]  Asis known in the art, Bluetooth is a short-range radio frequency
technology aimed at simplifying communications among network devices and
between network devices. Bluetooth wireless technology supports both short-range
point-to-point and point-to-multipoint connections. The Bluetooth Specification, GL
11102, March 2005, prepared by the Bluetooth SIG, Inc. is incorporated herein by
reference.

SECURITY AND ENCRYPTION

[0092] Devices and interfaces of the present invention may include security and
encryption for secure communications and secure recording, transmission and
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display of medical information. Privacy is required for certain types of medical
information cdllected, stored and displayed for medical patients. For example, in
association with the Health Insurance Portability and Accountability Act of 1996
(HIPAA), the U.S. Department of Health and Human Services (HHS) issued the
regulations Standards for Privacy of Individually Identifiable Health Information .
For most covered entities, compliance with these regulations, known as the “Privacy
Rule,” was required as of April 14, 2003). The security and encryption described
herein is used to protect such privacy and other types of meglical patient privacy.

[0093] Devices and interfaces of the present invention may include security and
encryption for secure communications. Wireless Encryption Protocol (WEP) (also
called “Wired Equivalent Privacy) is a security protocol for WiL.ANs defined in the
IEEE 802.11b standard. WEP is cryptographic privacy method, based on the Rivest
Cipher 4 (RC4) encryption engine, used to provide confidentiality for 802.11b
wireless data.

[0094]  As is known in the art, RC4 is cipher designed by RSA Data Security, Inc.
of Bedford, Massachusetts, which can accept encryption keys of arbitrary length, and
is essentially a pseudo random number generator with an output of the generator
being XORed with a data stream to produce encrypted data.

[0095]  One problem with WEP is that it is used at the two lowest layers of the
OSI model, the physical layer and the data link layer, therefore, it does not offer end-
to-end security. One other problem with WEP is that its encryption keys are static
rather than dynamic. To update WEP encryption keys, an individual has to manually
update a WEP key. WEP also typically uses 40-bit static keys for encryption and
thus provides “weak encryption,” making a WEP device a target of hackers.

[0096] The IEEE 802.11 Working Group is working on a security upgrade for the
802.11 standard called “802.11i.” This supplemental draft standard is intended to
improve WiLAN security. It describes the encrypted transmission of data between
systems 802.11X WiLANs. It also defines new encryption key protocols including
the Temporal Key Integrity Protocol (TKIP). The IEEE 802.11i draft standard,
version 4, completed June 6, 2003, is incorporated herein by reference.

[0097]  The 802.11i is based on 802.1x port-based authentication for user and

device authentication. The 802.11i standard includes two main developments:
Wireless or Wi-Fi Protected Access (WPA) and Robust Security Network (RSN).
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[0098] WPA uses the same RC4 underlying encryption method as WEP.
However, WPA uses TKIP to improve security of keys used with WEP. WPA keys
are derived and rotated more often than WEP keys and thus provide additional
security. WPA also adds a message-integrity-check function to prevent packet
forgeries.

[0099] RSN uses dynamic negotiation of authentication and selectable encryption
methods between wireless access points and wireless devices. The authentication
schemes proposed in the draft standard include Extensible Authentication Protocol
(EAP). One proposed encryption method is an Advanced Encryption Standard
(AES) encryption method.

[00100] Dynamic negotiation of authentication and encryption methods lets RSN
evolve with the state of the art in security, adding methods to address new threats and
continuing to provide the security necessary to protect information that WiLANs

carry.

[00101] The NIST developed a new encryption standard, the Advanced Encryption
Standard (AES) to keep governinent information secure. AES is intended to be a
stronger, more efficient successor to Triple Data Encryption Standard (3DES). More
information on NIST AES can be found at the URL “www.nist.gov/aes.”

[00102] As is known in the art, DES is a popular symmetric-key encryption
method developed in 1975 and standardized by ANSI in 1981 as ANSI X.3.92, the
contents of which are incofporated herein by reference. As is known in the art,
3DES is the encrypt-decrypt-encrypt (EDE) mode of the DES cipher method. 3DES
is defined in the ANSI standard, ANSI X9.52-1998, the contents of which are
incorporated herein by reference. DES modes of operation are used in conjunction
with the NIST Federal Information Processing Standard (FIPS) for data encryption
(FIPS 46-3, October 1999), the contents of which are incorporated herein by
reference.

[00103] The NIST approved a FIPS for the AES, FIPS-197. This standard specified
“Rijndael” encryption as a FIPS-approved symmetric encryption method that may be
used by U.S. Government organizations (and others) to protect sensitive information.
The NIST FIPS-197 standard (AES FIPS PUB 197, November 2001) is incorporated

herein by reference.
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[00104] The NIST approved a FIPS for U.S. Federal Government requirements for
information technology products for sensitive but unclassified (SBU)
comimunications. The NIST FIPS Security Requirements for Cryptographic Modules
(FIPS PUB 140-2, May 2001) is incorporated herein by reference.

[00105] As is known in the art, RSA is a public key encryption system which can
be used both for encrypting messages and making digital signatures. The letters
RSA starid for the names of the inventors: Rivest, Shamir and Adleman. For more
information on RSA, see U.S. Patent No. 4,405 ,829, now expired, incorporated
herein by reference.

[00106] As is known in the art, “hashing” is the transformation of a string of
characters into a usually shorter fixed-length value or key that represents the original
string. Hashing is used to index and retrieve items in a database because it is faster to
find the item using the shorter hashed key than to find it using the original value. It is
also used in miany encryption methods.

[00107] Secure Hash Method (SHA), is used for computing a secure condensed
representation of a data r'nességé or a data file. When a message of any length < 25
bits is input, the SHA-1 ‘prOduces a 160-bit output called a “message cii'gest.” The
message digest can then be input to other security techniques such as encryption, a
Digital Signature Method (DSA) and others which generates or verifies a security
mechanism for the message. SHA-512 outputs a 512-bit message digest. The Secure
Hash Standard, FIPS PUB 180-1, April 17, 1995, is incorporated herein by reference.

[00108] Message Digest-5 (MD-5) takes as input a message of arbitrary length and

_produces as output a 128-bit "message digest” of the input. The MD5 method is
intended for digital signatiire applications, where a large file must be "compressed"
in a secure manner before being encrypted with a private (secret) key under a public-
key cryptosystem such as RSA. The IETF RFC-1321 , entitled “The MDS5 Message-
Digest Method” is incorporated here by reference.

[00109] As is known in the art, providing a way to check the integrity of
inforination transmitted over or stored in an unreliable medium such as a wireless
nétwoik is a prime necessity in the world of open computing and communications.
Mechanisms that provide such integrity check based on a secret key are called
"message authentication codes" (MACS). Typically, message authentication codes
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are used between two parties that share a secret key in order to validate information
transmitted between these parties.

[00110] Keyed Hashing for Message Authentication Codes (HMAC) is a
mechanism for message authentication using cryptographic hash functions. HMAC is
used with any iterative cryptographic hash function, e.g., MD5, SHA-1, SHA-512,
etc. in combination with a secret shared key. The cryptographic strength of HMAC
depends on the properties of the underlying hash function. The IETF RFC-2101,
entitled “HMAC: Keyed-Hashing for Meésage Authentication” is inéorporated here
by reference.

[00111] As is known in the art, an Electronic Code Book (ECB) is a mode of
operation for a “block cipher,” with the characteristic that each possible block of
plaintext has a defined corresponding cipher text value and vice versa. In other
words, the same plaintext value will always result in the same cipher text value.
Electronic Code Book is used when a volume of plaintext is separated into several
blocks of data, each of which is then encrypted independently of other blocks. The
Electronic Code Book has the ability to support a separate encryption key for each
block type.

[00112] As is known in the art, Diffie and Hellman (DH) describe several different
group methods for two parties to agree upon a shared secret in such a way that the
secret will be unavailable to eavesdroppers. This secret is then converted into various
types of cryptographic keys. A large number of the variants of the DH method exist
including ANSI X9.42. The IETF RFC-2631, entitled “Diffie-Hellman Key
Agreement Method™ is incorporated here by reference.

[00113] However, the present invention is not limited to the security or encryption
techniques described and other security or encryption techniques can also be used.

[00114] Asis known in the art, the HyperText Transport Protocol (HTTP) Secure
(HTTPs), is a standard for encrypted communications on the World Wide Web.
HTTPs is actually just HTTP over a Secure Sockets Layer (SSL). For more
informaiton on HTTP, see IETF RFC-2616 incorporated herein by reference.

[00115] As is known in the art, the SSL protocol is a protocol layer which may be

placed between a reliable connection-oriented network layer protocol (e.g. TCP/IP)
and the application protocol layer (e.g. HTTP). SSL provides for secure
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communication between a source and destination by allowing mutual authentication,
the use of digital signatures for integrity, and encryption for privacy.

[00116] The SSL protocol is designed to support a range of choices for specific
security methods used for cryptography, message digests, and digistal signatures.
The security method are negotiated between the source and destingation at the start
of establishing a protocol session. The SSL 2.0 protocol specification, by Kipp E.B.
Hickman, 1995 is incoroporated herein by reference. More information on SSL is

avaxlable at the URL See * netscape com/eng/security/SSL. 2. htm ”

[00117] Asis known in the art, Transport Layer Security (TLS) provides
communications privacy over the Intemet. The protocol allows client/server
applications to communicate over a transport layer (e.g., TCP) in a way that is
designed to prevent eavesdropping, tampering, or message forgery. For more
information on TLS see IETF RFC-2246, incorporated herein by reference.

MATERIAL SIMULATION METHOD

[00118] FIG. 2 is a flow diagram illustrating a method for simulating rigid, semi-
rigid, and flexible components of materials. At Step 24, positions of an entity, and
optionally any of orientations, velocities, and accelerations, are obtained from a
predetermined model. At Step 26, plural forces and optionally torques are calculated
on the entity using any of the obtained or previously calculated positions,
orientations, velocities, and accelerations. The plural forces and torques may be
calculated from the combined effects of any of gravity, friction, iriteraction with
other entities, interactions within a single entity, collision with other entities,
interaction with objects controlled by a user holding, wearing, or manipulating a
haptic or other device, or other forces, these forces affecting the combined rigid and
flexible components of the entity. At Step 28, one or more positions, velocities, and
optionally accelerations of the entity are calculated using the previously calculated
plural forces, and optionally, torques. At Step 30, the calculated one or more
positions, and optionally any of velocities and accelerations of the entity are used to
display a two-dimensional (2D) or three dimensional (3D) simulated view of a
representation of the entity or sub-portion thereof. The 2D or 3D simulated view
may include a view of the components of the entity. Steps 26-30 are repeated as
many times as necessary.
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[00119] Method 22 is illustrated with one exemplary embodiment. However, the
preserit invention is not limited to such an embodiment and other embodiments can also
be used to practice the invention.

[00120] Inone exemplary embodiment, the following notation illustrated in Table 1
is used. However, the present invention is not limited to such an embodiment and other
embodiments can also be used to practice the invention.

Notation

Vectors are inbold and scalars are in ifalics . Some scalars may also be vectors in other
embodiments.

L refers to a spring's current length
L, refers to a spring’s rest length
¢ refers to a spring’s damping

k refers to a spring’s stiffness
m refers to a component’s mass

m; is the mass of the body’s /" component

m, is the body's rigid mass

n is the number of components belonging to the body
¥ refers to a component’s force-transmission value
t is the simulation time-step

trans, is the force-transmission value of the body’s /" component
trans, is the body’s force-transmission value

M, is the coefficient of static friction

M, is the coefficient of kinetic friction

G is the gravity vector: {0,-9.8,0}

I is the inverse of the body's inertia tensor

L is the body’s vector angular momentum

L in the context of an orientation-preserving spring, the spring’s current orientation and
length

L, an orientation-preserving spring's rest orientation and length

L refersto a spring’s unitized current direction
f, is the vector force acting on the body's " component

f‘ is the unit-vector x-axis of the body’s orthonormal basis reference frame

f 5 is the unit-vector y-axis of the body’s orthonormal basis reference frame
fz is the unit-vector z-axis of the body’'s orthonormal basis reference frame
T is the vector torque acting on the body

T, is the vector torque acting on the body's " component

¥ is a unitized vector

® is the body’s vector angular velocity

@ is the body’s vector angular acceleration

@(?) is the body's current vector angular velocity

(¢ — At) is the body’s vector angular velocity at the previous time-step
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X, is the vector position of the body’s i component

X, is the vector position of the body’s center of mass

x?"""' is the vector position of the body’s /" component relative to X,

xlfef is the vector position of the body's component in the body’s uvw space
x’,"’""’f‘”'"e" is the vector position of the undeformed body’s i component

undeformed
r

X is the vector position of the undeformed body’s center of mass

5(,. is the vector velocity of the body's " component without angular velocity

X, Is the vector velocity of the body’s center of mass

i{f.’“’" is the vector velocity of the body’s /" component relative to X,

x{ is the deformable vector acéeleration of the body’s i component

X/ is the rigid vector acceleration of the body’s " component without angular acceleration

X7 is the vector angular velocity of the body’s /" component, converted to linear velocity

i

% ;:enlrifugal
w coriolis

X; is the vector acceleration of the body’s

is the vector acceleration of the body’s " component due to centrifugal forces

" component due to coriolis forces

q('cf),lcol) is a unit quaternion representing rotation by the vector angular velocity

index!

s/ is the body’s index1" componént conneécted to its /" orientation-preserving spring

f

57 is the body’s index2"™ component connected to its /" orientation-preserving spring

] ,.L" is the vector rest-lerigth of the body’s /" orientation-preserving spring

Table 1.

[00121]  Asis known in the art, a dashpot is a pneumatic device such as a piston
assembly, or other similar device whose motion is dependent on the flow
characteristics of a fluid to which a foice has been applied. A spring is an elastic
device that flexes when a force is applied to it and returns to its original shape when
the force is released. Spring and dashpot models may be used herein to simulate

materials.

[00122]  In such an exemplary embodiment, at Step 24, an initial set of (x,y,z)
positions and other characteristics of an entity to be simulated using a spring-and-
dashpot miodel are obtained. In one embodiment the initial set of positions is
obtained from a commercial modeling software package. However, the present
invention is not limited to obtaining a set of initial (x,y,Z) positions and other
characteristics from a commercial modeling software package, and other methods
can also be used to obtain the initial positions and characteristics of the entity,
including, but not limited to, generation of the positions and characteristics using a
programmatically-defined method, specification of the positions and characteristics
using data gathered from a scanning device such as an MRI, CT, or laser scanner,
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specification of the positions and characteristics via user interaction, user inputs or a
combination thereof of methods.

[00123] As is known in the simulation arts, a haptic interface is a device which
allows a user to interact with a computer by receiving tactile feedback. This feedback
is achieved by applying one or more degrees of force to a device held or worn by the
user, at one or more points on the device, along any of the x, y, and z axes, and
optlonally one or more torques, each about an axis of rotation at a pomt on the
device. There are two main types of hapnc devices: devices that allow a user to
“touch” and manipulate objects in three dimensions (3D), and devices that allow
usets to “feel” the textures of 2D objects. 3D haptic devices are more often used for
surgical and other types of simulations, in robotic applications (e.g., remote operation

in hazardous environmients), and in videogames.

[00124]  Velocities, optionally accelerations, and zero or more other quantities are
calculated or obtained for each of the components. In one exemplary embodiment,
Step 24 includes the steps illustrated in Table 2. However, the present invention is
not limited to such an exemplary embodiment and more, fewer and other steps and
other embodiments can also be used to practice the invention.

1. Read a model’s data, including vertex positions, polygens, and vertex colors, from a
data file exported from a modeling software package.
2. Create a body composed of components whose positions are at the vertices of the
model.
3. Use the unclamped vertex color values (Red, Green, Blue, and Alpha) to assign
these properties to each of the components:
a. Red value = mass
b. Green value = spring stiffness (k)
c. Blue value = spring damping (c)
d. Alpha value = force-transmission
- 4. Create an internal orientation-preserving spring for each polygon-edge, unless the
edge’s end-vertices both have force-transmission values of 1; in this case, the
vertices are rigidly coupled, and internal spring forces will have no effect, sa na spring
is created. Assign a stiffness value to each orientation-preserving spring as an

average of the spring's two end components’ stiffnesses, £3£2  increased in

kl+k2
2

_rier2’
2

Next, assign the spring’s damping. The damping value of each end component
represents a critical-damping ratio, where 0 is undamped, 1 is critically-damped, and

> 1 is overdamped. Average the two components’ associated damping values, ”—'"—2‘—‘2
Calculate the critical damping value with respect to the components’ reduced

mim2

mass, \/4k = , and assign the spring's actual damping value using the

proportion to the average force-transmission, 212, using the formula: N

formula: €132 . [4k ”';'IL";,ZZ In an alternate embodiment, do a weighted average of the
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k, ¢, and r values using the sizes of the components’ relative masses.

5. Calculate the body’s center of mass.

6. Assign the body a default orthonormal basis reference frame using the world-
coordinate x, y, and z axes.

7. Calculate each component’s position in the default reference frame, or its uvw
coordinates, by computing its position minus the ¢enter of mass’s position.

8. Create veldcities and optionally accelerations for each component by initfalizing them to
zero, or by specifying them interactively, or manually, or a pre-determined automated
method, or by another method.

9. Repeat steps 1-8 as many times as there are bodies.

Table 2.

[00125] At Step 26, plural forces and optionally torques are calculated on the
entity using any of the obtained or calculated positions, orientations, velocities and
accelerations. The plural forces may include forces from any of gravity, friction,
interaction with other moving or nonmoving entities, interactions originating from
within an entity, collisions with other entities, collisions within an entity, interaction
with entities controlled by a nser holding, wearing, or in any way manipulating a
haptic or other device, or other forces. These forces affect the combined rigid and
flexible components of the entity simultaneocusly.

[00126] In one exemplary embodiment, Step 26 includes one or more of the forces
illustrated in Table 3. However, the present invention is not limited to such an
exemplary embodiment and other embodiments can also be used to practice the
invention.

1. Add forces and torques:
a. Gravity: f, =Gm, and T, = x>¥ xf,
b. Bounding plane: e.g., if X, < floorheight , apply
S =~k (floorheight — X, ) — € X, in the negative y-direction, and
T, = xf"dy % {0,~ 1,0} . There are six planes implemented: a floor, a celling,

and four walls, each oriented along a positive or negative x, y, or z axis.
c. Coulomb friction for the floor: if X; < floorheight , compute

f;xormal = fx' ° {0,1,0}. If f;wrmul >0 » compute kmngcm = {xix ’0’ xiz} If

X

< Ko.apply £, = p 1., X,. Otherwise, apply f, = 1, f

fangent normal xi *
. — g hody
In'both cases, T, = x;*” xf,.

d. Constant: f, =f and T, = xf"’dy xf,.

constant
e. Tangent V= {0,0,1}xx;°”, f, = ¥ magnitude . and T, = x?*¥ xf,.
f. spring: f, =L(-k(L—L,)—c (X oo =X pica ) ANAT, = X7 x £,

applied positively to one end component and negatively to the other.

9. Internal Orientation-Preserving Spring:
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f.=(-k(L-L,)—c (i:;,,dm - J':J‘,m, )}, applied positively to one end

component and negatively to the other, and T, = 0.

h. External Orientation-Preserving Spring:
f,=(-k@L-Ly)- c(i(s;,,d,,z - Xs‘,,,m, )and T, = xf"d" xf,, applied
positively to one end component and negatively to the other.

i. Haptics: When the user's effector touches a bady, temporary external orientation-
preserving springs are created between the user's effectar-position and
components near the point of contact. The springs move the body and provide
force-feedback to the user.

Table 3.

[00127] At Step 28, one or more of any of positions, orientations, velocities, and
accelerations are calculated for the entity using the calculdted plural forces.

[00128] FIG. 3 is a flow diagram illustrating an exemplary Method 32 used for
Step 28 of Method 22 of FIG. 2. However, the present invention is not limited to
using Method 32 and more, fewer and steps and other methods or steps can be used

to practice Step 28.

[00129]  In one exemplary embodiment, the Method 32 includes the steps
illustrated in Table 4. However, the present invention is not limited to such an
exemplary embodiment, and more, fewer, and other steps and other embodiments

can also be used to practice the invention.

1. Deform cdmponents' positions and advance velocities of an entity including a body;
accumulate the body's rigid translation and torque.

n
m, = Z mtrans, calculate the rigid portion of the body’s mass
1

o f,
x,.f =—(1—trans;) calculate the acceleration of each component due to deformation
mi

ur _ %
X‘- =
m

trans, calculate the rigid acceleration of each component
r

Ax, =%;t+1%]/t*  calculate the change in position of each component due to

deformation
AX; = x,f t calculate the change in velocity of each component due to
deformation
n
Ax, = Z—;—i,’tz calculate the body’s change in position for use later _
1
n
Ax, = Z Xt calculate the body’s change in velocity
1
n
T= ZT, calculate the torque on the body
1
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2. Calculate the body’'s angular velocity and angular acceleration.

Z m;trans;
trans, =~ - calculate the force-transmission of the body as a ratio in the range 0-
2.,
1
1
AL = ttrans, t calculate the body’s change in angular momentum
o=I"L calculate the body’s angular velocity

@ = o) —o( — At) calculate the body's angular acceleration, for use later

3. Advance the components’ rigid positions, rotations, and velocities, and deform
cormponents' positions and advance velocities due to coriolis and centrifugal forces.

xf"“" =X, —X, calculate the position of éach component relative to the center of
mass

)'(f."”"’ =X, —X, calculate the velocity of each component relative to the center of
mass _

X2 =@xxr¥ calculate the angular velocity of each component as linear velocity

ife"”iﬁ‘g“' =@ x xf""" +oxx;” calculate the centrifugal acceleration of each component

X7 =2 (@ xX*?) calculate the coriolis acceleration of each component

calculate the change In position of each component due to the body's change in position, the
centrifugal and coriolis actelerations, and the body's angular velacity

AX; = AX, trans, — 5 (X" 4 3577 (1 — trans, )t* + q(, jo])x[*Y — xv

calculate the change in velocity of each component due to the body’s change in velocity and
the centrifugal and coriolis accelerations

AX, = AX, trans, — (X84 x5l )1 — trans, )t

4. Change the body's orientation-preserving spring rest vectors.
n
inml
— _1
- n
>,
1

x,’ef = xﬁ‘"def"""“ - x‘,‘""zf"’m"d recalculate each component’s uvws if plastic deformation,

contraction, extension, denting, bending, stretching, or other
shape-change is required

X calculate the position of the body's center of mass

r

use each component’s position relative to the center of mass...
body _ F F F
" =f,7), +£,(x}7), +£,(x]),
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...to calculate the rest length and orientation of each orientation-preserving spring

— o boil body
S;Lo = x:gm{xz' - xs;nda\
¥ -

Table 4.

[00130] FIG. 4 is a block diagram 34 illustrating a combination of rigid-body
motion and deformation to a simulated body. Forces impact the rigid-body motion
and the deformation of the simulated body simultaneously. Dashed bold dots and
lines represent the body before forces have been applied and solid bold-dots and lines
represent the body after the forces have been applied. According to the laws of
physics, the method conserves the body’s physical properties (including linear and
angular momentum) in the absence of external forces.

[00131] FIG. 5 is a block diagram 36 illustrating a simulated body composed of
components with associated masses. A simulated body is composed of components,
each component having an associated parameéterized force-transmission value.

[00132] . FIG. 6 is a block diagram 38 illustrating changes in a component’s force-
transmission value. In Step 1, a time-varying parameéter’s value is used as input to a
specified function. In Step 2, the function’s value is calculated. In Step 3, the
transmission value is affected by an output of the function.

[00133] FIG. 7 is a block diagram 40 illustrating standard or orientation-
pteserving springs that can be used to model a deformable body.

[00134] * FIG. 8 is a block diagram 42 jllustrating a body’s local coordinate system
or UVW space. The global coordinate system is referred to as “world space.” A
body’s components’ locations in UVW space are generally different from the body’s
components’ locations in world space. The components in world space move and
deform. The components in UVW space generally do not. The components in UVW
space are used to specify both a body’s undeformed shape and the rest lengths and
orientations of its springs. The solid dots and lines in the rightmost drawing
illustrate a deformed body in world space superimposed over the undeformed body
in UVW space.

[00135]  FIG. 9 is a block diagram 44 illustrating a shape change in a body. A
shape change such as plastic deformation, dent, or wrinkle is simulated by modifying
the body’s undeformed shape in UVW space, and its springs’ rest lengths and
orientations, in response to the change in shape of the body in world space due to
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external forces. From left to right, the diagram illusirates the body’s components in
UVW space, the body’s componénts in world space, the body’s deformation in world
space due to external forces, and the resulting change in the body’s components in
UVW space.

[00136] FIG. 10 is a block diagram 46 illustrating another type of shape change in
abody. A shape change such as a muscular contraction or extension is simulated by
successively modifying the body’s undeformed shape in its UVW space over time
and conseqﬁently modifying its spring:s’ rest lengths and orientations.

[00137] Returning to FIG. 2, at Step 30, the calculated one or more positions, and
optionally any of velocities, accelerations, and orientations of the enfity are used to
display zero or more two-dimensional (2D) or three-dimensional (3D) simulated
views of one or more representations of the entity or sub-portion thereof. 2D or 3D
simulated views may include views of the combined rigid and flexible components
of the entity.

[00138] FIG. 11 is a block diagram illustrating an actual screen shot 48 of a shape
change in a body from 49 to 49° motivated by an external generated force using the
method and system described herein.

[00139] FIG. 12 is a flow diagram illustrating a Method 50 for simulating
collisions between entities. At Step 52, one or more forces and torques are obtained
using a pre-determined method. At Step 54, one or more pre-determined collision
detection methods ate applied to detect collisions between the simulated objects. At
step 56, forces are generated to create collision-free objects. At Step 58, force-
transmission values are optionally modified in response to the collisions or other
events. At step 60, rigid and flexible masses are calculated.

[00140] A method of collision detection between arbitrary surfaces has been
cieated. In one embodiment, the tethod uses parallel graphics hardware to perform
point collision calculations, and reads the resulting data into host CPU memory. It
enables the calculation of signed differences between two surfaces at a programmer-
specified precision. This method provides speed and indifférence to the type of
geometry; complex and irregular surfaces are no more computationally expensive
than simple cylinders and spheres. In another embodiment, the method of collision
detection does not use parallel graphics hardware. This method provides
indifference to the type of geometry being used.
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[00141] Method 50 is illustrated with one exemplary embodiment. However, the
present invention is not limited to such an embodiment and other embodiments can
also be used to practice the invention.

[00142] In one embodiment, Method 50 is included in Method 32 of FIG. 3.
However, the present invention is not limited to such an embodiment and other
embodiments can also be used to practice the invention.

[00143] In this embodiment, Step 52 is equivalent to the E:orrespo'nding step in
Method 32.

[00144] At Step 54, one or more pre-determined collision detection methods are
applied to detect collisions between the simulated objects.

[00145] At Step 56, forces are generated to create collision-free objects. In one
embodiment, forces are created to push the colliding objects apart. However, the
present invention is not limited to such an embodiment and other embodiments can
also be used to practice the invention.

[00146] At Step 58, force-transmission values are optionally modified in response
to the collisions or other events. This step has the effect of transmitting more or less
force from the collision or other events to the rest of the components of the body,
which is in turn expressed as rigid motion.

[00147] At step 60, rigid and flexible masses are calculated.

[00148]  In one embodiment, the pre-determined method step 60 is equivalent to
its corresponding step in Method 32 of FIG. 3. However, the present invention is not
limited to such an embodiment and other embodiments can also be used to practice
the invention.

{00149]  The handling of forces and masses in the simulation methods described
herein create a composite simulation method combining flexible and rigid-body
simulation. It is possible, using a combination of rigid-body and flexible methods, to
create: (a) flexible bodies that exhibit more accurate rotation; (b) composite
structures of rigid, semi-rigid, and flexible components; and (c) specification of the

- rigidity of a structure (or substructure) with one or more simple interpolation or
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force-transmission parameters, where fully flexible entails a parameter value of 0.0,
and fully rigid, 1.0.

[00150] Rigid-body simulation is concerned with inflexible materials, calculating
the central position and rotation of a group of nodes. It is inexpensive to calculate
from a numerical standpoint, and therefore desirable for real-time simulation.
Flexible-body simulation, using springs and nodes, is cheapest to calculate from a
numerical standpoint when the springs are not too stiff. It is generally difficult to
simulate eveit semi-rigid materials at interactive rates if there are great numbers of
nodes. In the method disclosed herein, we split forces into rigid and flexible portions
that are applied to any component with a nonzero force-transmission value in a body.
Part of the force applied to such a component will be applied to the other components
in the body. The force is split into iigid and flexible portions, and the resulting rigid
motion is applied to the other components in ratios that conserve physical properties,
such as the body’s momentim, and its center-of-mass position in the absence of
external forces. Also, the ratio into which the rigid motion is split can be different for
each component in the body, so that the rigidities of each of the individual
components in the body can vary. This method makes it easier to simulate stiff and
semi-rigid materials than with traditional spring-and-dashpot methods.

[00151]  Spring-dashpot simulation models are typically hard to integrate
accurately. Several springs connected to a single component, when excited by forces
(such as those in a collision), will give rise to either large counter-forces, which
require small time-steps to resolve, or high-frequency vibrations, which also require
small time-steps to resolve. Small time-steps are the enemy of real-time simulation.
To create 3D structures, springs must be attached to nodes in a lattice, the most
efficient of which is a tetrahedral lattice. In a best-case scenario, the number of
springs attachéd to a component in such a lattice will be somewhere between three
and twelve, each potentially pushing the component in a different, competing
direction.

[00152] A more efficient method is obtained by using orientation-preserving
springs to simulate flexible bodies. Multiple orientation-preserving springs attached
to a component work in concert, rather than in competition. It has been determined
experimentally that orientation-preserving spring formulation allows the simulation
of a 3D structural lattice at about a cost of half, and sometimes as little as 8%, of its
original computation. Another more important effect of the formulation is that
orientation-preserving springs can be used to simulate muscle and other materials
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that expand, contract, or otherwise change shape; these materials are difficult to
miodel because they contain both directed force and mechanical properties that are
not addressed by standard spring equations, whereas orientation-preserving springs

inicorporate both.

[00153] FIG. 13 is a flow diagram illustrating a Method 62 for use of orientation-
pieserving springs for creating a permanent or semi-permanent shape change in a
material or body. At Step 64, one or more 0nentat10n—preserv1ng sprmgs are used
between components of an entity. At Step 66, a rest-vector of the one or more
orientation-preserving springs is modified. The one or more rest-vectors of the
orientation-preserving springs are modified as a result of any of: a) one or more
collisions, b) a plastic change in a material due to internal or external forces, c) a
responsé to user input, or a combination thereof.

[00154] FIG. 14 is a flow diagram illustrating a Method 68 for assigning a
normalized damping value of a spring, the normalized value being defined by a value
such that no damping maps to a zero value, underdamping maps to values less than
one, critical-damping maps to the value one, and overdamping maps to values greater
than one. As an initialization Step 70, normalized damping values are assigned to a
spring’s end-components. To compute the damping of a spring, at Step 72, the
masses of the components at the spring’s ends are obtained. At Step 74, the reduced-’
mass of the springs’ end-components is calculated. At Step 76, one or more
unnormalized (or actual) damping value of the spring are calculated using the
assigned normalized damping values of the spring’s end-components and the reduced
mass of the end-components.

[00155] Methods 62 and 68 may be used independently or substituted for steps in
other methods described herein that use orientation-preserving springs and damped
springs respectively.

[00156] The method and system described herein can use orientation-preserving
springs that are differentiated by type. Different formulations are used depending
upon whether an orientation-preserving spring is internal or external to a body.

[00157] The method and system exhibits at least some of the following features.

The method and system may have additional features, and is not limited to the
features described here.
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[00158] Interaction: allowing a user and the simulation to mutually act upon each
other, at time intervals small enough to be perceived as continuous.

[00159] Direct manipulation: giving a user the perception that he or she is
interacting with an actual object that is present in the same space as the user (as
opposed to the perception that the object is on a display screen connected to a

computer.)

[00160] Variable hardness: the abilitylfor the simulation to specify, control, or
change the force response of a body or sub-portion thereof, by allowing interpolation
between aspringlike force response and a rigid force response.

[00161] Improved stability: increasing the step-size used to stably simulate bodies,
thereby speeding up the simulation. This is done by using improved equations and
numerical methods, by reducing the number of springs necessary to construct a body,
and by changing the way forces are used to simulate a body.

[00162] Decreased data requirements: allowing a body to be simulated using
fewer elements than traditional methods.

[00163] More accurate rotation: inethods for calculating body rotations that are
improvements over those inherent in spring and dashpot simulations.

[00164] Adherence to conservation laws: obeying the laws of physics, thereby
making it possible to apply standard forces to simulated materials without modifying
their equations or translating them into another form.

[00165]  Anisotropy: the ability of a body's masses to have different responses, in
both their force-transmissions and the springs' various parameters, depending
upon the direction a mass is pushed relative to the body.

[00166] Heterogeneity: the ability of one body to contain several different

materials, including those that are of different hardness. Also, the ability of different
bodies to represent materials of different hardness.

[00167] Volume and/or area preservation: where either the surface-area of a
deformable body remains constant, or its volume remains constant. In the method
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and system, volume or area can be preserved or ignored. This allows the simulation
of both incompressible and compressible materials.

[00168]  Structural neutrality: where no ordering, connéctivity, élement size,
shape, distance, or any specific layout need be imposed when creating a body.
Bodies can be created from point, linear, surface, or volumetric data in any number
of ways.

[00169] Lack of precomputatioh: where no precomputed data is required to
simulate a body.

[00170] Nonlinearity: the ability to simulate materials that have nonlinear force
responses.

[00171] Dynamic properties: the ability to simulate objects that are not in
equilibrium. Examples include stretching, bending, expansion, extension, and

contraction.

EXAMPLE DATAFLOW and WORKFLOW FOR SIMULATION SYSTEM

COMPONENTS OF AN EXEMPLARY SIMULATION SYSTEM 10
+ 3D model data, representing the object(s) to be simulated
+ A computer on which to run the simulation

+ Mechanical material properties data, possibly gathered in advance, that contain
any of mass, elastic, and other properties of the materials to be simulated

» Instrumentation that associates material properties data with each of the 3D
models

= Physical simulation code that causes the 3D models to react appropriately to
internal and external stimuli

e Adisplay engine similar to that used in the videogame and animation industries;
used by the computer to draw the 3D models over and over again at a frame-rate
of 20 times a second or more

» Display devices such as screen(s) or monitor(s) on which to display the 3D
models

e Haptic devices that sense hand or other motion from a user and “push back”,
allowing the feel of material resistance and motion

e Head-tracking hardware to let the computer know from where the user is looking,
and tell the display engine to render the object(s) from that point of view
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* Stereoscopic glasses 17 or other 3D display hardware to give the illusion of depth

» Positional audio to generate sound associated with the imagery

Table 5.

[00172] What follows is how an exemplary system 10 works, routes and uses
various data, and renders various modes of output to a user. However, the present
invention is not limited to such an exemplary embodiment and other embodiments
can also be used to practice the invention.

[00173]  First, 3D model data is created by an artist in a modeling package on a
computer, or alternately acquired onto the computer using a scanner, such as laser
range scanner, computed tomography (CT) imager, magnetic resonance imaging
(MRI) device, or another method. The result is a data file or files.

[00174]  If scanned data is acquired, a preprocessing step is used to compute
triangulated model data via a segmentation method or alternate method. The result is
a data file or files.

[00175] A database of material properties is created. The data can be acquired
using manual input, measurement instruments, MRI, CT, ultrasound, previously
published data, or other methods.

[00176] The material properties and 3D model data are loaded into a computer
simulation program.

[00177] Methods, manual or interactive specification from a user, pre-calculated
data maps, or other methods are used to associate the material property data with the
3D model data. The 3D models are instrumented with any of rigid, semi-rigid, and
flexible components for physical simulation, using the material properties as a guide.
The result is either a data file or files, or an internal data structure or structures
associating components of the 3D model data with material property data.

[00178]  The simulation program then uses the instrumented 3D models to run a

simulation 22 of the materials in the model, utilizing mathematical and physics
equations to determine how the materials should move.
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[00179]  The comiputer simulation program continually gathers input from the user
via haptic 13 and tracking devices 11 attached to the computer 12,

[00180] The computer simulation program continually displays a representation of
the 3D model data to a user on a computer monitor or projection screen 14. The
representation may be displayed stereographically 19, continuously generating a
separate image for each of the user’s eyes. The models are drawn on the display 14 at
a frame-rate of 20 times per second or more. The user’s head position is tracked 11,
and the computer 12 draws the models from the user’s point of view; in combination
with 3D glasses 17, this gives the illusion that objects are “really there”, as the user
can look around and into them.

[00181] A representation of tool(s) (also a 3D model) is drawn along with the 3D
model data. When the user moves a haptic or position-sensing device 13, the position
of the device is sensed and used to reposition the tool model.

[00182] The computer simulation program continuously simulates the motion of
and updates the 3D model data using the methods described herein. It uses the input
from the user and the material property data, along with other forces specified in the

simulation, such as gravity, to generate forces which move the model.

[00183]  The computer simulation program also continuously outputs haptic force
data to the haptic devices 13 attached to the computer 12, allowing the user to feel
the 3D model and its movements. Collisions are calculated between the tool model
and the 3D models in the simulation. As the forces in the simulation are computed,
the ones affecting the tool are sent to the effectors in the haptic device 13 and the
user feels the effectors’ pushing and pulling as the resistance and motion of the
models.

[00184] The computer simulation program may also output audio, including
continuous and event-based, positional and environmental, and other forms. The
audio may be used as cues, for providing information and giidance, as music, and for

other reasons.
[00185] The program may also use the user’s spoken audio as commands,

requests, communication with other users, and for other reasons. Commands may
also be typed via a keyboard, or issued in other ways.
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[00186] Because the interactions are simulated, visuals may be augmented with
informational displays, such as highlighting where contact occurs between an object

and a tool, and other methods.

{00187} The method and system described herein allow the creation of a
mathematical simulation of materials, and a representation of the contact forces that
occur during real-world situations. The simulated material components may be
generated from any of point, surface (e.g., modeling software, laser range scanner,
stereo video capfure device, 3D digitizer, or other device), volumetric (e.g., CT,
MR, or other device), and mechanical material properties data. A force-transmission
value is computed for each component. The method and system allows virtual
representations of models to be constructed and used in a simulation 10. The
resulting contacts with the simulated objects may be seen and felt by a user, as if they
were interacting with real objects, via computer-generated visuals 19 and haptic
(touch) feedback 13.

[00188]  An off-line simulation, during which interactive user input may not be a
component of the simulation, and neither real-time nor any other display of the
materials is required, can also be effected.

[00189] It should be understood that the programs, processes, methods and system
described herein are not related or limited to any particular type of computer, display,
or network system (hardware or software), unless indicated otherwise. Various
combinations of general purpose, specialized or equivalent computer components
including hardware, software, and firmware and combinations thereof may be used
with or perform operations in accordance with the teachings described herein.

[00190] In view of the wide variety of embodiments to which the principles of the
present invention can be applied, it should be understood that the illustrated
embodiments are exemplary only, and should not be taken as limiting the scope of
the present invention. For example, the steps of the flow diagrams may be taken in
sequences other than those described, and more fewer or equivalent elements may be
used in the block diagrams.

[00191] The claims should not be read as limited to the described order or
elements unless stated to that effect. In addition, use of the term "means" in any
claim is intended to invoke 35 U.S.C. §112, paragraph 6, and any claim without the
word "means" is not so intended.
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[00192]  Therefore, all embodiments that come within the scope and spirit of the
following claims and equivalents thereto are claimed as the invention.

-42.



WO 2007/117586 PCT/US2007/008554

LCLAIM:

1. A method for simulating rigid, semi-rigid, and flexible components of
materials compiising:

obtaining a plurality of ény of positions, velocities, and accelerations of
components of an entity; |

calculating a plurality of forces and optionally torques on the entity using any of
the obtained positions, velocities, and accelerations; and

calculating one or more of any of positions, velocities, and accelerations of the
entity using the calculated plurality of forces and optionally torques, and one or more

force-transmission parameters.

2. The method of Claim 1 further comprising a computer readable medium
having stored therein instructions for causing one or more processors to execute the steps

of the method.

3. The method of Claim 1 wherein the obtaining step includes securely obtaining
the plurality of any of positions, velocities, and accelerations of the entity simulated

using a combination of a rigid-body method and a spring-and-dashpot method.

4. The method of Claim 1 wherein the obtaining step includes securely obtaining
the plurality of any of positions, velocities, and accelerations of an entity simulated using

a combination of a rigid-body method and a finite-element method.

5. The method of Claim 1 wherein one or more flexible components of an entity

are simulated using hookian springs.
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6. The method of Claim 1 wherein one or more flexible components of an

entity are simulated using orientation-preserving springs.

7. The method of Claim 1 wherein one or more flexible components are

simulated using a plurality of different types of orientation-preserving springs.

8. The method of Claim 7 wherein the plurality of different types of
orientation;pre‘serving springs include using different types of simulated orientatiori-
preserving springs depending upon whether or not an orientation-preserving spring is

internal or external to the body or bodies of an entity.

9. The method of Claim 8 wherein the internal orientation-preserving springs

do not apply torques to their body or bodies.
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10. The method of Claim 1 wherein the step of calculating one or more of any
of positions, velocities, and accelerations using the calculated forces and one or more
fofce-tfaﬁsnﬁséion parameters includes c;alculaﬁng, for each body of an entity or entities:

‘a first portion of the body’s mass that moves in a rigid manner, and by
inference, a second .p'ortion of the mass of the body that deforms independently of the
body, using force-transmission parameters associated with each of the components of
the body;

a partial acceleration of eac.:h component of the body that is
independent of the motion of the body as a whole, and a partial acceleration of each
component that is due to the acceleration of the body as a whole;

an indep;e‘ndent change in position and velocity of each of the
compornents of the body, due to a deformation (A);

| a change in positibn and velocity of the body as a whole, due to a rigid
motion (B); o

* aposition and velocity of each of the components of the body relative
to the body’s center-of-mass; and

an actual change in position and velocity of each of the components of

' the body, including both (A), (B), aﬁd each component’s force-transmission

parameter.
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11. The method of Claim 1 wherein the step of calculating one or more of any
of positions, vel‘ocities, and accelerations using the calculated torques and one or more
force-transmission parameters includes calculating, for each body of an entity or entities:

a total torque on the body;

an amount of force-transmission of the body;

a body’s change in angular momentum, involving the force-
transmission of the body;

a body’s angular velocity (A) and angular acceleration;

a linearized angular velocity of each of the components of the body;

optionally, centrifugal and coriolis accelerations of each of the
components of the body (B);

a change, due to rotation, in position and velocity of each of the
components of the body, including (A), optionally (B), and each component’s force-
transmission parameter; and

optionally, a change in orientation of the body’s orthonormal basis

reference frame.

12. The method of Claim 6 wherein rest length(s) and orientation(s) of one or

more orientation-preserving springs are changed over time.

13. The method of Claim 1 wherein force-transmission parameter(s) of one or

more components of an entity are changed over time.
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14. The method of claim 13 wherein the change in the force-transmission
parameter of one or more components of an entity is due to any of:
a) physical properties of a material under compression,
b) response to external forces,
c) tables of data or functions residing in a computer database or memory,
- d) response to user input, -

or a combination thereof.

15. The method of Claim 1 wherein the entity includes a component of a

human body.

16. The method of Claim 15 wherein the component of the human body

includes any of muscle, bone, and connective tissue.:

17. The method of Claim 1 wherein the obtaining step includes obtaining one
or more of any of positions, velocities, and accelerations of one or more haptic devices
that sense any of positional information, rotational information, hand motion, and
other motion from a user input and return one or more push-back forces to the user,
allowing the feel of any of resistance, collision, penetration, separation, cutting,
tearing, breakage, and other motions of one or more materials of a simulated entity or

entities.
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18. The method of Claim 1 wherein orientation-preserving springs are used for
creating dynamic motion in a material or body, comprising:
using one or more orientation-preserving springs between components
of an entity; and
changing a rest-vector of one or more orientation-preserving springs

over time.

19. The method of Claim 18 wherein one or more rest-vectors of the
orientation-preserving springs are changed over time according to any of:

a) predetermined key-frame positions,

b) tables of data or functions residing in a computer database or memory,

¢) response to user input,

or a combination thereof.

' 20. The method of Claim 1 further comprising displaying the calculated one or
more positions, and optionally any of velocities and accelerations of the entity as a
two-dimensional (2D) or three dimensional (3D) simulated view of a representation of

the entity or sub-portions thereof.

21. The method of Claim 1 further comprising storing physical information
about a 3D model in its color data, such that each component of a four-component
color maps to one of the physical quantities of mass, stiffness, damping, and force-

transmission.
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22. A method for use of orientation-preserving springs for creating a
permanent or semi-permanent sﬁape change in a material or body, comprising:
using one or more orientation-preserving springs between components
of an entity;-and
modifying a rest-vector of the one or more'o’fientation—preserving

springs.

23. The method of Claim 22 wherein the one or more rest-vectors of the
orientation-preserving springs are modified as a result of any of:

a) one or more collisions,

b) a plastic change in a material due to internal or external forces,

¢) a response to user input,

or a combination thereof.

24. A method for specifying and using a normalized value for calculating a
damping value of a spring, comprising:

defining and assigning to a spring a normalized value representing damping of
the spring, such that a normalized value of zero represents an absence of damping, a
normalized value of less than one represents underdamping, a normalized value of
one represents critical damping, and a normalized value of greater than one represents
overdamping; and

using the assigned normalized value to calculate the spring’s actual damping
value, so that the spring exhibits the damping response specified by the normalized

value.
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25. A system for providing absolute positional and rotational registration of

and 'rigi‘dly connecting an entity comprising in combination:

one or more display devices, optionally attached to a mecharical
linkage by which the one or more display devices are dynamically repositioned during
a simulation, the-new positions optionally being dynamically reported in real time by
mechanical or other sensors for use in the simulation; and

one or more position-sensing devices, optionally attached to a
mechanical linkage by which they can be dynamically repositioned during a
strhulation, the new positions optionally being dynamically reported in real time by

mechanical or other sensors for use in the simulation.
26: The system of Claim 25 wherein the position-sensing device is also a

haptic device.

27. The system of Claim 25, further comprising allowing absolute positional
and rotational registration of and including one or more of any of eye- and head-

tracking devices.
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28. A system for simultaneously simulating rigid and flexible components of

an entify, comprising in conlbi‘nation:

means for simulating flexible components of an entity using
orientation-preserving springs;

means for simulating flexible, rigid, and semi-rigid components of the
entity using one or more force-transmission parameters;

means for applying a pre-determined collision detection method to
detect collisions between any of one or more representations of haptic or position-
sensing devices, one or more entities, and one or more subcomponents of one or more
entities, to create collision-free representations of haptic or position-sensing devices,
entities and subcomponents; and

means for displaying a representation of the collision-free components
as a two-dimensional (2D) or three-dimensional (3D) simulation view of each entity

or subportions thereof.

29. The system of Claim 28, further comprising means for rigidly connecting,
optionally dynamically moving during a simulation, and registering with respect to
each hardware component of the simulation, including one or more display devices,

one or more position-sensing devices, and optionally one or more tracking devices.
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30. A system for simultaneously simulating rigid and flexible components of
an entity, comprising in combination:

means for obtaining or calculating a plurality of positions, velocities, and
optionally accelerations for combined rigid and flexible components of an entity using
a spring and dashpot model;

means for calculating a plurality of forces and optionally torques on the entity -
usiing any of the obtained positions, velocities, and accelerations;

means for calqulating one or more of any of positions, velocities, and
accelerations of the entity and its components using the calculated plurality of forces
and optionally torques; and

means for displaying a two-dimensional (2D) or three-dimensional (3D)
simulation view, wherein the view may contain a representation of any of one or more

entities, their components, or subportions thereof.

31. The system of Claim 30, further comprising means for rigidly connecting,
optionally dynamically moving during a simulation, and registering with respect to
hardware components of the simulation, including one or more display devices, one or

more position-sensing devices, and optionally one or more tracking devices.
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