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1
GRAPHICAL OBJECT INTERACTIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/432,362 filed on Nov. 3, 1999 now
abandoned which claims priority from U.S. Provisional
Patent Application 60/106,904 filed on Nov. 3, 1998. This
application also claims priority from co-pending U.S. Pro-
visional Patent Application 60/220,302 filed on Jul. 24, 2000
and U.S. Provisional Patent Application 60/273,311 filed on
Mar. 1, 2001. All of the above-listed applications are incor-
porated herein by reference in their entireties.

BACKGROUND

The present invention relates to the interaction of graphi-
cal objects in a graphical environment.

A user may interface with electronic and mechanical
devices in a variety of applications, and the need for a
natural and informative interaction is a constant concern.
For example, in one application, a user may interface with
computer devices to interact with computer-generated envi-
ronments, such as virtual reality environments, including
games, surgical simulations, and application programs.
Computer input devices such as mice and trackballs are
often used to control a graphical image, such as a cursor,
within a graphical environment and provide input in these
applications.

The graphical image may be a graphical representation of
a portion of the user or of an instrument being engaged by
the user. This representation may be an abstraction, such as
a pointer cursor that interacts with a graphical user interface,
or more realistic representation, such as a graphical surgical
instrument being used in a simulated surgical procedure.
With either representation, the user may control the posi-
tioning of the graphical image and may cause the graphical
image to interact with graphical objects within the graphical
environment. When this interaction is not realistic, the
simulation may be disconcerting to the user. For example, a
user may cause a graphical instrument to abut a barrier.
However, the user may view the graphical instrument pen-
etrating the graphical barrier, thereby reducing the realism of
the simulation.

In some interface devices, force feedback and/or tactile
feedback is also provided to the user, collectively known
herein as “haptic feedback.” For example, haptic versions of
joysticks, mice, gamepads, steering wheels, or other types of
devices can output forces to the user based on events or
interactions occurring within the graphical environment,
such as in a game or other application program. In a virtual
reality simulation, it is often desirable to graphically repre-
sent a user or a portion of the user in the graphical envi-
ronment and to allow the user to realistically interact with
the graphical environment. However, even with these haptic
devices, the forces may be insufficient to prevent the inter-
face device from allowing, for example, the graphical instru-
ment from penetrating the graphical barrier.

SUMMARY

To overcome the deficiencies of the prior art, it is desir-
able to provide an interface device that improves the inter-
action of a user with a graphical environment. It is further
desirable to provide an interface device that displays a
realistic interaction between a graphical image and a graphi-
cal object.
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The present invention satisfies these needs. In one aspect
of the invention, a method of controlling the display of an
articulated graphical image in a graphical environment com-
prises sensing manipulation of a user object, controlling the
displayed position or shape of the articulated graphical
image in relation to the sensed manipulation, and when the
articulated graphical image interacts with a graphical object,
changing the relationship between the displayed position or
shape of the articulated graphical image and the sensed
manipulation.

In another aspect of the invention, a method of controlling
the display of a graphical image in a graphical environment
comprises sensing manipulation of a user object, controlling
the displayed position or shape of the graphical image in
relation to the sensed manipulation, and when the articulated
graphical image interacts with a graphical object, changing
the relationship between the displayed position or shape of
the graphical image and the sensed manipulation by calcu-
lating a position or shape of the graphical image using an
algorithm using numerical methods.

DRAWINGS

These features, aspects, and advantages of the present
invention will become better understood with regard to the
following description, appended claims, and accompanying
drawings which illustrate exemplary features of the inven-
tion. However, it is to be understood that each of the features
can be used in the invention in general, not merely in the
context of the particular drawings, and the invention
includes any combination of these features, where:

FIG. 1 is a schematic diagram of a simulation system
according to the present invention;

FIGS. 2a through 2c¢ are schematics of an interaction
between a graphical image and a graphical object having
first constraints;

FIGS. 3a through 3¢ are schematics of an interaction
between a graphical image and a graphical object having
second constraints;

FIGS. 4a through 4c¢ are schematics of an interaction
between a graphical image and a graphical object having
third constraints;

FIGS. 5a through 5c¢ are schematics of an interaction
between a graphical image and a graphical object having
fourth constraints;

FIGS. 6a through 6c¢ are schematics of an interaction
between a graphical image and a graphical object having
fifth constraints;

FIGS. 7a through 7c¢ are schematics of an interaction
between a graphical image and a graphical object having
sixth constraints;

FIGS. 8a through 8¢ are schematics of an interaction
between a graphical image and a graphical object having
seventh constraints;

FIG. 9 is a schematic view of a simulation system having
a computer controller;

FIG. 10 is a schematic view of a simulation system with
a communication bus; and

FIG. 11 is a schematic of the components of a version of
the simulation system.

DESCRIPTION

The present invention relates to interactions with graphi-
cal objects such as graphical objects generated during com-
puter simulations. More particularly the invention relates to
computer simulations involving the control of a graphical
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image, such as a graphical image that is an articulated
graphical representation of a portion of a user or an object
under the control of a user. Although the process is illus-
trated at least partly in the context of controlling a graphical
hand, the present invention can be used in other simulation
and computer interactive processes and/or to control other
graphical images and should not be limited to the examples
provided herein.

FIG. 1 is a schematic illustration of a simulation system
100 according to the invention. The simulation system 100
is capable of generating, for example, a simulated graphical
environment. A display 105 provides the graphical environ-
ment 110 to a user. Within the graphical environment 110 is
a graphical image 115. The graphical image 115 may be, for
example, a cursor or other graphical object, the position,
movement, and/or shape of which is controllable. For
example, the graphical image 115 may be a pointer cursor,
a character in a game, a surgical instrument, a view from the
end of a surgical instrument, a representative portion of the
user, or the like. Also within the graphical environment is a
graphical object 120 such as a ball, as shown, or any other
graphical representation including another graphical image
that may be controlled by the user or by another user. A
controller 125 in communication with the display 105 is
capable of generating and/or controlling the graphical envi-
ronment 110, for example by executing program code
including an application program related to the simulation.
A user object 130 is manipulatable by a user, and the
manipulation of the user object 130 controls the position,
orientation, shape and/or other characteristic of the graphical
image 115 within the graphical environment 110, for
example by directly correlating a position of the user object
130 with a displayed position of the graphical image 115 or
by correlating a position of the user object 130 with a rate
of movement of the graphical image 115. Either the entire
user object 130 may be manipulatable by the user or a
portion of the user object 130 may be manipulatable relative
to another portion of the user object 130. For example, the
user object may be a surface that is engaged by one or more
hands of a user, such as a joystick, a mouse, a mouse
housing, a stylus, a knob, an elongated rigid or flexible
member, an instrumented glove, or the like and may be
moveable in from one to six degrees of freedom.

Optionally, haptic feedback may be provided to the user
to increase the realism of the virtual reality environment. For
example, when a predetermined event occurs within the
graphical environment 110, such as an interaction of the
graphical image 115 with the graphical object 120, the
controller 125 may cause an actuator 135 to output a haptic
sensation to the user. In the version shown, the actuator 135
outputs the haptic sensation to the user object 130 through
which the sensation is provided to the user. The actuator 135
and the user object 130 may be part of a haptic interface
device 140. The actuator 135 may be positioned in the haptic
interface device 140 to apply a force to the user object 130
or to a portion of the user object. For example, the haptic
interface device 140 may comprise a user object 130, such
as a mouse housing, having an actuator 135 within the user
object 130, such as a vibrating motor within the mouse
housing, or the haptic interface device may comprise a user
object 130, such as a mouse, that is mechanically linked to
an actuator 135. Alternatively, the actuator 135 and the user
object 130 may be separate structures, and the actuator 135
may provide a haptic sensation directly to the user, as shown
by the phantom arrow in FIG. 1.

The actuator 135 may provide the haptic sensation
actively or passively. For example, the actuator 135 may
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comprise one or more motors coupled to the user object 130
to apply a force to the user or to the user object 130 in one
or more degrees of freedom. Alternatively or additionally,
the actuator 135 may comprise one or more braking mecha-
nisms coupled to the user object to inhibit movement of the
user or the user object 130 in one or more degrees of
freedom. By haptic sensation it is meant any sensation
provided to the user that is related to the user’s sense of
touch. For example, the haptic sensation may comprise
kinesthetic force feedback and/or tactile feedback. By kines-
thetic force feedback it is meant any active or passive force
applied to the user to simulate a force that would be
experienced in the graphical environment 110, such as a
grounded force applied to the user or the user object 130 to
simulate a force experienced by at least a portion of the
graphical image 115. For example, if the graphical image
115 is positioned against a surface, a barrier or an obstruc-
tion, the actuator 135 may output a force against the user
object 130 preventing or retarding movement of the user or
the user object 130 in the direction of the barrier or obstruc-
tion. By tactile feedback it is meant any active or passive
force applied to the user to provide the user with a tactile
indication of a predetermined occurrence within the graphi-
cal environment 110. For example, a vibration, click, pop, or
the like may be output to the user when the graphical image
115 interacts with a graphical object 120. Additionally,
tactile feedback may comprise a tactile sensation applied to
approximate or give the illusion of a kinesthetic force. For
example, by varying the frequency and/or the amplitude of
an applied vibration, variations in surface textures of dif-
ferent graphical objects can be simulated or by providing a
series of clicks when a graphical image penetrates an object,
resistance to the penetration can be simulated. For example,
in one version a kinesthetic force sensation, such as a spring
force, may be applied to the user whenever the graphical
image 115 engages the graphical object 120 to simulate a
selectively deformable surface. Alternatively or additionally,
a tactile sensation, such as a pop, may be applied to the user
when the graphical image 115 is moved across a surface of
the graphical object 120 to simulate a texture of the graphi-
cal object 120.

With either a haptic or a non-haptic interface 140, the
display of the graphical image 115 within the simulated
graphical environment 110 may be controlled to closely
simulate realism. For example, in one type of a graphical
environment, such as a Windows™ operating system, the
position of a graphical image, such as a pointer cursor, may
be directly related to the position of a user object 130 as the
graphical image moves throughout the graphical environ-
ment. In this type of graphical environment, the graphical
image may be displayed as overlaying graphical objects in
the graphical environment. In another type of graphical
environment, such as the one shown in FIG. 1, the graphical
image 115 may be representative of a physical object, such
as a portion of a user or an instrument, and the graphical
object 120 may be representative of another physical object.
Thus, it may be desirable to allow the graphical image 115
and the graphical object 120 to interact in a more realistic
manner than an overlay. For example, as the graphical image
115 contacts the boundary of the graphical object 120, the
graphical image 115 may be displayed as contacting the
outer surface of the graphical object 120 rather than pen-
etrating it, even as the user object 130 is manipulated to
otherwise cause the graphical image 115 to further penetrate
the graphical object 120. Therefore, the relationship between
the manipulation of the user object 130 and the displayed
position of the graphical image 115 changes as the graphical
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image 115 interacts with the graphical object 120. An
example of breaking the mapping of a graphical image is
disclosed in U.S. Pat. No. 6,028,593, which is incorporated
herein by reference in its entirety.

In one version of the invention, constraints may be
assigned to the graphical image 115 and/or the graphical
object 120 to control the interactions within the graphical
environment 110. For example, the objects may be selected
to be hard and impenetrable. With this setting, when the
graphical image 115 intersects the graphical object 120, the
display of the graphical image 115 is held at the point of
intersection. Additionally, the display of the entire graphical
image 115 may be altered based on the interaction with the
graphical object 120. For example, if the graphical image
115 is moving toward the graphical object 120 and an end of
the graphical image 115 intersects the graphical object 120,
that point of intersection may be displayed as remaining in
contact with the graphical object 130 and the simulated
inertia of the graphical image 115 may cause the graphical
image to rotate. Additional constraints or variables, such as
friction, mass, etc. may be selected or preset to further
increase realism.

In one version, the graphical image 115 may represent an
articulated body. For example, as shown in FIG. 1, the
graphical image 115 may comprise a first portion 145
attached to a second portion 150 at a pivot 155. This
articulation adds complexity to the kinematic system thereby
increasing the computational requirements for realistically
controlling the display of the graphical image 115, particu-
larly during interaction of the graphical image 115 with the
graphical object 120. In addition, constraints may be applied
to the articulated graphical image 115, such as range of
pivotal motion, surface characteristics, etc.

FIGS. 2a through 2c illustrate a first interaction between
an articulate graphical image 115 and a graphical object 120.
The graphical image 115 is initially in the position shown in
FIG. 2a. The user then manipulates the user object 130 to
cause the graphical image 115 to move toward the graphical
object 120 in the direction of the arrow 160. FIG. 26 shows
the graphical image 115 initially contacting the surface of
the graphical object 120. Due to the direction of movement
and to the shape of the graphical image 115, contact is first
made between the first portion 145 of the graphical image
115 and the graphical object 120. At this position, the
relationship between the positioning of the display of the
graphical image 115 and the manipulation of the user object
130 is changed to account for the interaction of the graphical
image 115 with the graphical object 130. If the simulation
does not account for inertia of the graphical image 115 and
does not account for continued manipulation of the user
object 130 in the direction of the arrow, then the display of
the graphical image 115 may be held at the position shown
in FIG. 24 until the user object 130 is manipulated to cause
the graphical image 115 to move in a direction other than in
the direction of the arrow 160. In one version, the simulation
accounts for inertia and/or continued manipulation of the
user object 130 to further control the display of the graphical
image 115, based on kinematics and constraints. For
example, if the rotational stiffness about pivot 155 is
selected to be relatively high and the amount of friction
between the surfaces of the graphical image 115 and the
graphical object 120 are set to be high, then the momentum
of the movement of the graphical image 115 may cause the
image to rotate and to cause the second portion 150 to
contact the graphic object 120, as shown in FIG. 2c.

FIGS. 3a through 3¢ show an interaction similar to the
interaction of FIGS. 2a through 2¢, but with different
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constraints or variables selected or programmed. In this
example, the rotational stiffness about the pivot 155 is very
low allowing for easy rotation of the first portion 145 of the
graphical image 115 relative to the second portion 150. FIG.
3a shows the initial position of the graphical image 115,
which is the same as in FIG. 2a. The graphical image 115 is
then caused to move in the direction of the arrow 160 to the
graphical object contacting position shown in FIG. 35,
which is substantially the same as that shown in FIG. 2b.
However, FIG. 3¢ shows the displayed effects of the differ-
ent constraints. Because the pivot 155 is more freely allowed
to rotate, the inertia of the second portion 150 continues
generally in the direction of the arrow 160 causing a
straightening of the graphical image 115. If there is sufficient
inertia and/or sufficient continued manipulation of the user
object 130 and/or sufficiently low friction between the
surfaces of the graphical image 115 and the graphical object
130, then the graphical image 115 may continue on to a
position where it is no longer in contact with the graphical
object 120. Optionally when this occurs, the relationship
between the user object and the displayed graphical image
115 may be restored to the relationship before initial contact
was made.

FIGS. 4a though 4c¢ and FIGS. 5a through 5¢ illustrate
additional examples of graphical image 115 and graphical
object 120 interactions. FIG. 4a shows an articulated graphi-
cal image 115 in an initial position that is then caused by user
object 130 to move in the direction of arrow 165. The
graphical image 115 first contacts the graphical object 120 as
shown in FIG. 4b. In the version of FIG. 4, a relatively low
stiffness rotational pivot 155 and/or a low coefficient of
friction is selected or programmed. Thus, the inertia or
continued movement in the direction of arrow 165 may
cause a spreading of the graphical image 115 to the position
shown in FIG. 4¢. In the version of FIGS. 5a through 5¢, the
rotational stiffness is increased and/or the frictional coeffi-
cient is increased. Accordingly, the initial position shown in
FIG. 5a and the first contact position shown in FIG. 556 are
substantially the same the that shown in FIGS. 4a and 4b,
respectively. However, the different constraints cause a
different resulting display shown in FIG. 5S¢ where the inertia
or user controlled force do not create a sufficient simulation
force to overcome the stiffness of the pivot and/or the
frictional force and to cause spreading of the graphical
image 115.

The interaction may additionally or alternatively allow for
dynamic interaction between the graphical image 115 and
the graphical object 120. For example, the simulated energy
of the graphical image 115 may cause the graphical object
120 to be displaced in accordance with selected or pro-
grammed constraints. In display of the graphical image 115
when it is in contact with the dynamically responsive
graphical object 120 may be in accordance with the con-
straint solver and then revert back to being directly con-
trolled by the user object 120 when there is no longer contact
between the graphical image 115 and the graphical object
120.

In one version, the user object 120 allows the user to
control the shape of the articulated graphical image 115. For
example, the user object may control the rotation of the first
portion 145 relative to the second portion 150 of the graphi-
cal image 115 about the pivot 155. FIG. 6a shows an initial
position of an articulated graphical image 115. A user causes
the first portion 145 and the second portion 150 to rotation
about pivot 155 and to contact a graphical object 120, as
shown in FIG. 6b. At this point further manipulation of the
user object 120 does not cause the portions 145,150 to
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penetrate into the graphical object 120. Instead the display
is held in the position shown in FIG. 6b. Alternatively, the
momentum of the rotation of the continued manipulation of
the user object 130 may be used in conjunction with selected
or programmed constraints or variables to show a resulting
interaction of the graphical image 115 with the graphical
object 120. For example, in the version of FIGS. 6a through
6c, a sufficiently low coefficient of friction is selected that
results in the graphical image 115 sliding off the graphical
object 120 as shown in FIG. 6¢. In FIGS. 7a-7c, the
coeflicient of friction is higher, and the graphical image 115
does not slide off the graphical object 120 as shown in FIG.
7c. In another version, as shown in FIGS. 8a through 8¢, the
graphical object 120 may be selected or programmed to be
deformable, and the constraint solver can take the deform-
ability of the graphical object 120 into account when cal-
culating the display, as shown in FIG. 8c.

It has been discovered that by changing the relationship
between the graphical image 115 and the manipulation of the
user object 130 when the graphical image 115 interacts with
a graphical object 120 a more realistic computer simulation
results. When a user attempting to cause the graphical image
115 to abut a barrier, for example, it is desirable to not
display the image as penetrating the barrier, if those are the
desired constraints. By preventing the display of this pen-
etration, the user feels more immersed in the graphical
environment and does not significantly notice that his or her
manipulation of the user object 130 has exceeded its target.
Furthermore, it has been discovered that by having an
articulated image that is capable of contacting the graphical
object 120 at two or more points separated by an articula-
tion, the realism of the interaction is even further enhanced.
This allows the articulated graphical image to behave in a
more natural manner in its interaction with the graphical
object 120.

The controller 125 may be a computer 151, or the like,
such as the computer shown in FIG. 9. In one version, the
computer 151 may comprise a processor and may be able to
execute program code. For example, the computer may be a
personal computer or workstation, such as a PC compatible
computer or Macintosh personal computer, or a Sun or
Silicon Graphics workstation. The computer 151 may be
operable under the Windows™, MacOS, Unix, or MS-DOS
operating system or similar. Alternatively, the computer 151
can be one of a variety of home video game console systems
commonly connected to a television set or other display,
such as systems available from Nintendo, Sega, or Sony. In
other embodiments, the computer 151 can be a “set top box”
which can be used, for example, to provide interactive
television functions to users, or a “network-" or “internet-
computer” which allows users to interact with a local or
global network using standard connections and protocols
such as used for the Internet and World Wide Web. The
computer 151 may include a host microprocessor, random
access memory (RAM), read only memory (ROM), input/
output (I/O) circuitry, and/or other components of computers
well-known to those skilled in the art. The computer 151
may implement an application program with which a user is
interacting via peripherals, such as interface device 140
and/or user object 130. For example, the application pro-
gram can be a simulation program, such as an interactive
digital mockup of a designed feature, a medical procedure
simulation program, a game, etc. Specifically, the applica-
tion program may be a computer aided design or other
graphic design program, an operating system, a video game,
a word processor or spreadsheet, a Web page or browser that
implements, for example, HTML or VRML instructions, a
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scientific analysis program, or other application program
that may or may not utilize haptic feedback. Herein, for
simplicity, operating systems such as Windows™, MS-
DOS, MacOS, Linux, Be, etc. are also referred to as “appli-
cation programs.” The application program may comprise
an interactive graphical environment, such as a graphical
user interface (GUI) to allow the user to input information
to the program. Typically, the application provides images to
be displayed on a display screen 156 and/or outputs other
feedback, such as auditory signals. The computer 151 is
capable of generating a graphical environment 110, which
can be a graphical user interface, game, simulation, such as
those described above, or other visual environment. The
computer 151 displays graphical objects 120, such as
graphical representations and graphical images, or “com-
puter objects,” which are not physical objects, but are logical
software unit collections of data and/or procedures that may
be displayed as images by the computer on display screen
156, as is well known to those skilled in the art. The
application program checks for input signals received from
the electronics and sensors of the user object 130, and
outputs force values and/or commands to be converted into
haptic output for the actuator 135. Suitable software drivers
which interface such simulation software with computer
input/output (I/O) devices are available from Immersion
Corporation of San Jose, Calif. Display screen 156 can be
included in the computer and can be a standard display
screen (LCD, CRT, flat panel, etc.), 3-D goggles, or any
other visual output device.

In one version of the simulation system 100, the user
object 130 comprises an instrumented glove 161. Within or
on the instrumented glove 161 are one or more sensors that
are capable of detecting a manipulation of the glove. A
signal indicative of the detected manipulation is provided to
the computer 151, optionally through glove sensor interface
166, to control the position, orientation, and/or shape of the
graphical image 115, which may be for example a graphical
hand 170 as shown in the version of FIG. 9.

The position of the instrumented glove 161 may be used
to control the position of the graphical hand 170 in the
graphical environment 110. The position of the instrumented
glove 161 may be detected by one or more position sensors
adapted to detect the position of the instrumented glove 161
in one, two, or three dimensions. The position sensor may
include a grounded link connected to the instrumented glove
161. Alternatively, the position sensor may detect the posi-
tion of the instrumented glove 161 in space, without being
physically connected to a reference. For example in one
version, the instrumented glove 161 comprises a Polhe-
mus™ or Ascension™ electromagnetic position sensor to
detect the three dimensional position of the instrumented
glove 161 in space. The position sensor generates a signal
related to the position of the instrumented glove 161 and the
signal is provided to the computer 151. The computer 151
then controls the display of the graphical hand 170 in
proportion to the signal according to a first relationship
when the graphical hand 170 is not in contact with a
graphical object 120. In one version, the displayed position
of the graphical hand 170 is directly related to the position
of the instrumented glove 161.

The orientation of the instrumented glove 161 may alter-
natively or additionally be used to control the graphical hand
170. An orientation sensor may be provided to detect the
absolute or relative rotation of the instrumented glove 161
about one, two, or three orthogonal axes. As with the
position sensor, the orientation sensor may be grounded or
may be able to detect rotation in space. A signal related to
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the orientation of the instrumented glove 161 is then pro-
vided to the computer 151 which uses the signal to corre-
spondingly control the display of the graphical hand 170.
Accordingly, the rotation of the instrumented glove 161
about an axis results in a displayed rotation of the graphical
hand 170 about an axis, for example a parallel axis. In one
version, a single sensor may be used to detect both position
and orientation. For example, a Polhemus™ or Ascension™
sensor may be used to detect the position of the instrumented
glove 161 in six degrees of freedom. The computer 151 may
then use the six degree of freedom signal to control the
displayed position and orientation of the graphical hand 170.

Alternatively or additionally, the shape of the graphical
hand 170 (or other graphical image 115) may be controlled
by a user manipulating the instrumented glove 161. For
example, one or more joint angle sensors may be provided
to sense rotation about a particular joint in the hand (or other
body part). The computer 151 may then control the display
of the graphical hand 161 in relation to the sensed motion
within the hand to, for example, show a corresponding
movement of the graphical hand 170. In this way, the shape
of the graphical hand 170 can be controlled to in response to
manipulation of the instrumented glove 161 by the user. For
example, a simulation may comprise the display of the
graphical hand 170 to simulate the movement of the user’s
hand, such as by showing the graphical hand 170 closing
and/or grasping when the user closes his or her hand or
makes a grasping motion. One or more joint angle sensors
175, as shown in FIG. 10, may be positioned to detect the
movement of a finger of the user. In another version, the
movement of a plurality of fingers may be detected. In a
relatively simple version, a single digital or analog sensor
detects either an open condition or a closed condition of the
user’s hand, and the computer 151 correspondingly displays
the graphical hand 170 either as being open or as being
closed or grasping an object in the graphical environment
110. In another version, the joint angle position sensor may
comprise an analog sensor that provides a variable signal by
which the display of the graphical hand 170 may be con-
trolled. The joint angle sensor may comprise one or more of
a stain gage, a fiber optic sensor, a potentiometer, or the like.

In one version, the instrumented glove 161 may comprise
both a position sensor and one or more joint angle sensors.
For example, the instrumented glove 161 may comprise a
CyberGlove™ available from Virtual Technologies, Inc. in
Palo Alto, Calif., and described in U.S. Pat. Nos. 5,047,952
and 5,280,265, both of which are incorporated herein by
reference in their entireties. In this version, individual joint
angle sensors 175 comprise two long, flexible strain gages
mounted back to back. The strain gage assemblies reside in
guiding pockets sewn over a particular joint. When the joint
is flexed, one of the strain gages of the corresponding pair
of gages is in tension, while the other strain gage is in
compression. Each pair of two strain gages comprise the two
legs of a half bridge of a common Wheatstone bridge
configuration. An analog multiplexer is used to select which
of the half bridge voltages is to be sampled by an analog-
to-digital converter. The maximum strain experienced by
each gage is adjusted by varying the thickness and elastic
modulus of the backing to which the gages are mounted. The
backing is selected to maximize the signal output without
significantly reducing the fatigue life of a gage.

In use, a user contacts the user object 130 to interact with
the graphical environment 110. In the version shown in FIG.
9, the user dons the instrumented glove 161 and moves all
or a portion of his or her hand to control the graphical hand
170 which mimics the motion of the user’s hand. For
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example, the user may move his or her hand to the left in
order to cause the graphical hand 170 to be rendered so as
to appear to touch the graphical object 120. In additional, the
user may slightly close and appropriately move his or her
hand to make the graphical hand 170 appear to grasp the
graphical object 120. When the graphical hand 170 engages
the graphical object 120, the relationship changes, as dis-
cussed above, to allow for display of the interaction to be
more realistic.

The realism of the simulation can be further increased by
providing an actuator 135 adapted to provide one or more
haptic sensations to the user during the user’s interaction
with the graphical environment 110. The actuator may either
provide the haptic sensation directly to the user or may apply
the haptic sensation to the user through the user object, for
example by applying a force to the surface of the instru-
mented glove 161. This allows the user to not only visualize
the graphical hand 170 contacting the graphical object 120,
but also to receive an indication through the user’s sense of
touch that the object has been contacted, thereby providing
a more immersive experience. The actuator 135 may com-
prise, for example, a finger forcing mechanism comprising
a tip portion adapted to contact a portion of the user’s finger.
The tip portion may be connected to a tendon which may be
pulled by an actuating mechanism to exert a force on the
finger. A force-augmenting structure may also be provided to
provide more realistic forces to the finger tip. In one
particular version, the haptic interface is a CyberGrasp™
device available from Virtual Technologies, Inc. and
described in U.S. Pat. Nos. 5,631,861 and 6,042,555, both of
which are incorporated herein by reference in their entire-
ties. The finger forcing mechanism may be worn on the hand
and applies computer-controlled force feedback to one or
more, preferably each, of the fingers. The haptic interface
140, which includes actuator interface 185, may be advan-
tageously used to simulate the interaction of the graphical
hand 170 and a graphical object 120. An instrumented glove
161 is worn to control the graphical hand 170. The user uses
his or her hand to grasp the graphical object 120 with the
graphical hand 170. The computer transmits force com-
mands to the actuating mechanisms associated with the
finger forcing mechanism so the user may “feel” the graphi-
cal object 120 in his or her fingertips. The computer may
also transmit force commands to the actuating mechanisms
associated with the finger forcing mechanism so the user
may also “feel” the graphical object 120 in his or her palm,
as disclosed in U.S. patent application Ser. No. 09/837,860
filed on Apr. 17, 201 which is incorporated herein by
reference in its entirety. Thus, both precision grasps, which
primarily use the finger tips, and power grasps, where an
object is held against a user’s palm, may be simulated. In
another version, the haptic interface may be provided by a
CyberTouch™ device available from Virtual Technologies,
Inc., and described in U.S. Pat. No. 6,088,017 which is
incorporated herein by reference in its entirety. Additionally
or alternatively, the haptic interface may comprise a Cyber-
Force™ device available from Virtual Technologies, Inc.
and described in U.S. Pat. Nos. 5,631,861 and 6,042,555 and
in U.S. Provisional Patent Application 60/191,047 filed on
Mar. 21, 2000, all of which are incorporated herein by
reference in their entireties. In this version, the haptic
interface 140 comprises a finger forcing mechanism and a
grounded force applying member attachable to the user at
the wrist, for example, the grounded force applying member
may be capable of applying forces in from one to six degrees
of freedom and may also be capable of detecting movement
in from one to six degrees of freedom.
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FIG. 10 shows how the electrical and mechanical signals
propagate through an embodiment of the simulation system
100. In this version, an actuating mechanism, such as a DC
servo motor causes the actuator to apply a force to the user.
The computer 151, or other controller or signal processor,
sends a digital value representing the desired actuation level
control signal to the digital-to-analog converter 190. The
analog output of the digital-to-analog converter 190 may
then be amplified by a variable gain amplifier 195 to produce
an analog voltage activation signal. This voltage is placed
across the servo motor, driving the motor a desired amount.
The voltage signal may alternately be converted to a current
activation signal for driving the motor at a desired torque.
The joint angle sensors 175 generate an analog signal related
to the relative angle of rotation of a joint. The signals from
the joint angle sensors 175 are passed through an analog-
to-digital converter 200 to provide digitized values to the
computer as a physical state signal. In the graphical envi-
ronment 110, the physical state signal may then cause
motion in a corresponding graphical hand 170. If the graphi-
cal hand 170 or a portion of the graphical hand 170 contacts
a graphical object 120 in a predetermined manner, a haptic
sensation is output to the user. For example, in one version,
the computer 151 calculates the force to be applied using
data related to the graphical object’s shape and/or compli-
ance. The computer 151 then causes an activation signal to
be sent to the forcing mechanism to convey haptic informa-
tion about that virtual force. The computer 151, digital-to-
analog converter 190, analog-to-digital converter 200, bus
205 and variable gain amplifier 195 may be elements of a
signal processor.

Another version of the simulation system 100 according
to the present invention comprises a user object 130 capable
of detecting the position of the hand of a user, but that does
not have to be worn like a glove. Instead, the user may place
his or her hand in contact with the user object 130 in order
to interact with the graphical environment 110. For example,
the user object 130 may comprise a mouse-type device
which is manipulatable in at least a planar workspace by a
user. This version is convenient and inexpensive to imple-
ment while still providing an advantageous virtual reality
experience to the user. In another version, the interface
device may comprise a haptic mouse device. U.S. Pat. Nos.
6,211,861, 6,100,874, 6,166,723, U.S. patent application
Ser. No. 09/585,741 filed on Jun. 2, 2000, and U.S. Provi-
sional Patent Application 60/224,584 filed on Oct. 11, 2000
describe versions of haptic mice and are incorporated herein
by reference in their entireties.

EXAMPLE

In one version, the present invention comprises a com-
puter readable medium housing program code programmed
to calculate the best displayed position of the graphical
image 115 during image interaction based on selected or
programmed constraints of the system. In one particular
version, the invention comprises a quadratically converging,
linearly scalable constraint solver and objective optimiza-
tion algorithm for haptics and graphics interaction. Alterna-
tively, the constraint solver may be used without the haptic
interaction. Any constraint that can be encoded mathemati-
cally can be used.

In one version, the constraint solver is based on numerical
methods. While the kinematic optimization problem is non-
linear in general, the present invention takes advantage of
key numerical aspects of the problem domain to achieve
high speed interaction with haptics or other types of devices
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suitable for incorporation into force control and graphics
display packages. In this version, the invention includes an
algorithm that is efficient for interactive manipulation and
sensitivity analysis. Standard iterative techniques that carry
cubic cost are often not suitable for virtual mechanical
systems. The present invention performs numerical opera-
tions on an underconstrained system, i.e. one in which the
mechanism can move. However, the constraints that may be
specified by a user can be redundant, and introduce singu-
larities. The pseudo-inverse of a non-rectangular, singular
matrix, is a complication in the solution step. The present
inventors have discovered that a ridge regression technique
is suitable and does not degrade the quadratically converg-
ing characteristics of the solution. The present invention
leverages a conjugate gradient algorithm to perform singular
matrix pseudo-inverse operations, designed to allow sparse
matrix operations throughout. The invention uses a linear-
time cost operation to allow for interaction with large
mechanical systems. Every step of the modified conjugate
gradient algorithm is performed in linear time. In one
version of the invention, the technique has multiple steps,
each of which has linear cost, so the total cost of the
algorithm is asymptotically linear. In one particular version,
the technique has at least five steps. The problem domain
allows the invention to convert a cubic cost iterative method
to one that has linear cost.

In this version, the invention comprises an algorithm
designed to possess one or more of the following numerical
properties that are exploitable for high-performance inter-
action: sparse, symmetric, positive, semidefinite (PSD), lin-
ear time, quadratically converging, singularity/consistency
analysis, good numerical conditioning, and regularization of
the iterations. These characteristics enable the algorithm to
achieve performance adequate for one or more of graphic
updates and haptic feedback.

In one version, a numerical method scales to very large
systems, and it does it in a general way. It has been tested for
use with a system with 105 constraints and 40 bodies, at
interactive rates, with matrices on the order of 400x300.
There is an animation of a surface—surface spatial cam
constraint system and finger grasping surface constraint
system, which shows the flexibility of our solver to incor-
porate a number of differently encoded constraint systems.
The objective determined by the inventors was to find the
best parameters, denoted by vector q, with the condition that
the physical assembly constraints are met. In other words, an
admissible configuration manifold,

Cl@)=0,

is moved along such that an objective f(q) can be mini-
mized.

The solution to this problem is to solve for the configurations
q. Undetermined, additional variables, the vector A, are
found such that

Vi=AVC.

It has been discovered that to find the best solution for f so
that the constraints are not violated, the derivatives of f and
C point in opposite, parallel directions, scaled only by the
vector A. In other words, the function f is as small as
possible without violating the constraint manifold. As will
be seen, solving Vf=-AVC requires evaluating the terms
VVS, VVC*hand VVC*C (which are not the Identity
matrix).
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The solution to Vf=-AVC can be thought of as minimizing

L=V{+\VC.

The optimization update for minimizing L=Vf+AVC, i.e.
solving VL.=0, makes use of derivatives up to second order.
For x=[q,A]7, the roots are found according to

Ax=—(VL(x)"'L(x).

More specifically, the following system is solved:

]z_

VVf+VVCTA T

o
c, 0 |lar

Vf+VCT/1}
v )

The terms may be augmented with additional objectives, or
merit, that further ensures the constraints are met,

L=Vf+A\VC+vCIC.

v is a diagonal matrix of weights. The update, used in the
final solution, becomes

VVf+VVCTA+wveTe of

G, 0

Vi+vca+wclc
c )

[

The change in q and lambda can be updated at kilohertz
rates. We can obtain AA can be obtained first, and then Aq
can be solved for.

(VVF+VVCTAWY CTC)AG+C TAN=—(f+VCTh+
Wweio

can be written as

HAg+C,TAN=b,
where b,=(f+VCTA+VCTC).
Ag=H'(-C_"Ah+b,)
can be substituted into the equation
CAq=by,
then the multipliers can be computed through

(CH'CHAN=D,,

Aq is then obtained from the earlier equation to complete the
optimization update. Each step can be carried out in linear
time through conjugate gradient (CG) iteration and sparse
vector-matrix products. The CG iteration uses a multiplica-
tion of a vector, say w, and a piecewise sparse matrix.
(C,H™'C,)w can be evaluated as C_(H™'(C,*w)). A vector
product with CqT or C, in linear time is straightforward.

This analysis requires a series of linear cost steps, result-
ing in a linear cost computation. This combination of
operations is uniquely applied in our system to interactive
grasping, interactive mechanical design, and surface—sur-
face contact interactions. The CG iteration requires a mul-
tiplication of a vector, say w, and a piecewise sparse matrix.
(C,H™'C,H)w can be evaluated as C (H™" (C,'w)). A vector
product with CqT or C, in linear time is straightforward.
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The computation, in summary, is as follows:

1. Evaluate AA through CG iteration on C (H™(C,")w).

a. Compute Wa:CqTW sparsely, in O(n).

b. Compute w,=H 'w_, sparsely, in O(n).

c. Compute w =C_w,, sparsely, in O(n)

2. Evaluate Vq:H"l(—CqT VA+b,) through a sparse
matrix-vector product CqT AMO(n)) and H™'w, (O(n)) prod-
uct. (the vector addition w d:—CqT Ah+b, is O(n)).

3. A subroutine allows the inverse of the Hessian matrix
to be multiplied by a vector in linear time. It is desired to
evaluate, for an arbitrary vector v,

—p-1
vy,=H'y,
or,
Hv,=v.

The desired result, v,, is obtained in linear time through CG
iteration as well. In practice, this matrix operation has good
performance; only 26 iterations are required in the steady
state due to coherence.

This subroutine is used in Step 1 and 2. Although the CG
iterations are nested in 1-b., the number of times that the
inner and outer CG iterate in the problem domain may be a
constant, so as to not affect the O(n) performance charac-
teristics by nesting the Hessian matrix CG inside the Newton
CG iteration.

In another version, refinements for increased numerical
performance in the problem domain may be utilized. For
example, the kinematic parameters q used in a system, and
any optimization system in general, may have differently
scaled units, such as meters and quaternion magnitudes. The
difference in magnitude will cause difficulties in the numeri-
cal conditioning of the system of equations. One approach is
to incorporate a model-based preconditioning algorithm that
can dynamically rescale the system for best performance.

In one version, the optimization updates can be written in the
form

MAgq=n

The system of equations can be reformulated as

MN(N~‘Ag)=n

N will contain a diagonal matrix of scaling factors. These
elements can be obtained from the columns of M because the
columns correspond to system parameters. This technique is
very efficient.

The improvement in performance gained in this technique
is very significant. When using the present invention, users
can rescale their CAD models, for example, at any time,
allowing the optimization algorithm to be insensitive to
parameter unit selection. In one version, the optimization
variables may include a quaternion component q, for defin-
ing orientation of each body. The elements of the quaternion
are not independent. The unit length constraint on quater-
nions and the first and second derivative tensors of this
constraint is included in the system.

For the unit length constraint q,-q,—1=0, the Jacobian and
Hessian-vector product are

J=2q,
H-vector), =21, 4 vector,

where vector is either the constraint or Lagrange multiplier
associated with the quaternion length condition.
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During grasping simulation, a sensed hand controls the
display of a graphical hand. Often, an assembly, such as a
force feedback assembly, cannot prevent movement of the
sensed hand beyond a simulated contact position of the
graphical hand with a graphical object. To improve grasping
simulation in this instance, the graphical hand may be
constrained against penetration into the graphical object. A
grasping assembly that includes a graphical hand that does
not penetrate a graphical object comprises a graphical hand
that matches the measured hand as closely as possible, but
does not violate its joint definitions or virtual assembly
constraints. A unilateral floating contact constraint is main-
tained between each finger segment of the graphical hand
and the closest point on the graphical object. The graphical
hand can lift away from the graphical object when the user’s
measured hand moves away.

In one version, the present invention encodes distance
objectives to measure the separation between each finger
part from the sensed finger part to the graphical finger part.
This measure is in Cartesian and quaternion space. When
more than one finger segment requires ghosting due to
penetration, the distance objectives are summed, and the
distance Jacobian and Hessians are populated. This
approach is well-defined because only the Jacobians and
Hessians of the objectives are used in the algorithm. Each
finger part has a separate column in the Jacobian and block
in the Hessian.

The present invention is useful in many applications. For
example, the invention may be used for one or more of
simulation of kinematic behavior of large mechanical
assemblies at force-control rates, optimal grasp simulation,
taking into account articulated body motion and hand pen-
etration into graphical objects, taking glove motion capture
data on an assembled hand (non penetrating, optimal hand)
for redisplay of a kinematically viable hand for training,
animation, modeling, etc., improved manipulation with a
mouse or other interface device, mechanical design optimi-
zation (select design variables on nonlinear problems, solve
for the “best” design during manipulation at interactive
rates), kinematic motion simulation for assemblies with
NURBS and subdivision surface constraints, such as spatial
cam-follower subassemblies, better grasp through floating
contact, unilateral surface constraints solving. In versions of
the invention, polygonal approximations of fingers and
grasped objects can be avoided.

FIG. 11 shows a schematic illustration of the interrela-
tionship between parts of the a version of the simulation
system 100. The software may be housed on a computer
readable medium which may comprise one or more of as
memory in the computer, a magnetic disk or tape, a compact
disk, a digital video disk, or the like. In one version, the
computer readable program may be downloaded to the
computer from a remote source via a networked connection.

While this invention has been described in terms of
several preferred embodiments, it is contemplated that alter-
ations, permutations and equivalents thereof will become
apparent to those skilled in the art upon a reading of the
specification and study of the drawings. For example, many
different types of haptic sensations can be provided with the
haptic interface of the present invention and many different
types actuators and user objects can be used, including the
use of two user objects to detect manipulation of both hand
of a user. Additionally, the interface device may be a master
device that also controls a slave device. Furthermore, certain
terminology, such as terms like x, y, z, left, right, up, down,
etc., has been used for the purposes of descriptive clarity,
and not to limit the present invention. Therefore, the
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appended claims should not be limited to the description of
the preferred versions contained herein and should include
all such alterations, permutations, and equivalents as fall
within the true spirit and scope of the present invention.

What is claimed is:

1. A method, comprising:

sensing a manipulation of an articulatable object config-

ured to be coupled to a host computer system that
includes a graphical environment;

updating data values associated with at least one of a

displayed orientation and a displayed shape of a graphi-
cal image in the graphical environment in relation to
the sensed manipulation;

changing a relationship between the sensed manipulation

and the at least one of the displayed orientation and the
displayed shape of the graphical image based on a
simulated interaction of the graphical image with a
graphical object; and

calculating one of the displayed orientation and the dis-

played shape of the graphical image,

wherein calculating includes using a quadratically con-

verging and linearly scalable constraint solver employ-
ing a ridge regression technique.
2. The method of claim 1, wherein calculating includes
using constraints to calculate the at least one of the displayed
orientation and the displayed shape of the graphical image.
3. The method of claim 1, wherein calculating includes
using numerical methods to calculate the at least one of the
displayed orientation and the displayed shape of the graphi-
cal image.
4. The method of claim 1, wherein the object is configured
to provide haptic feedback.
5. The method of claim 4, wherein the haptic feedback is
associated with the simulated interaction of the graphical
image and the graphical object.
6. A method, comprising:
sensing a manipulation of an articulatable object config-
ured to be coupled to a host computer system including
a graphical environment;

updating data values associated with at least one of a
displayed orientation and a displayed shape of a graphi-
cal image in the graphical environment in relation to
the sensed manipulation; and

changing a relationship between the sensed manipulation

and the at least one of the displayed orientation and
displayed shape of the graphical image by calculating
at least one of the displayed orientation and displayed
shape of the graphical image,

wherein the calculating includes using a quadratically

converging and linearly scalable constraint solver
employing a ridge regression technique.

7. The method of claim 4, wherein the object is configured
to provide haptic feedback.

8. The method of claim 7, wherein the haptic feedback is
associated with a simulated interaction of the graphical
image and the graphical object.

9. A method, comprising:

sensing a manipulation of an object configured to be

coupled to a host computer system including a graphi-
cal environment;

updating data values associated with at least one of a

position and a shape of an articulated graphical image
in the graphical environment based on the sensed
manipulation, the articulated graphical image having a
first image portion and a second image portion, the first
image portion being movable with respect to the second
image portion;
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changing a relationship between the sensed manipulation
and the at least one of the position and shape of the
articulated graphical image; and

calculating the at least one of the position and shape of the
articulated graphical image,

wherein calculating includes using a quadratically con-
verging and linearly scalable constraint solver employ-
ing a ridge regression technique.

10. The method of claim 9, wherein calculating includes

using constraints to calculate the at least one of the position 10

and the shape of the graphical image.

18

11. The method of claim 9, wherein calculating includes
using numerical methods to calculate the at least one of the
position and the shape of the graphical image.

12. The method of claim 9, wherein the object is config-
ured to provide haptic feedback.

13. The method of claim 12, wherein the haptic feedback
is associated with a simulated interaction of the graphical
image and the graphical object.
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