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REFERENCE TO RELATED APPLICATION

This application claims priority of U.S. Provisional Appli-
cation Ser. No. 60/018,037, filed May 21, 1996, and U.S.
patent application Ser. No. 08/854,375 filed May 12, 1997
which is a continuation of U.S. patent application Ser. No.
08/543,606, filed Oct. 16, 1995, now U.S. Pat. No. 5,629,
594, which is a continuation-in-part of U.S. patent applica-
tion Ser. No. 08/257,070, filed Jun. 9, 1994, now U.S. Pat.
No. 5,459,382, which is a divisional of U.S. patent appli-
cation Ser. No. 07/984,324, filed Dec. 2, 1992, now U.S. Pat.
No. 5,389,865, the entire contents of all of which are
incorporated herein by reference.

FIELD OF THE INVENTION

This invention relates generally to force-feedback and
haptic devices and, in particular, to the authoring of world
models which incorporate haptic and visual integration.

BACKGROUND OF THE INVENTION

Specialized force-feedback devices originated in the
1960’s with the introduction of teleoperations, wherein,
typically, a smaller controller or master robot was moved by
an operator to control the movements of a larger slave robot.
Forces detected at the slave were then fed back to the
operator through actuators at the location of the master. Such
prior art is discussed in U.S. Pat. Nos. 5,389,865, 5,459,382
and 5,629,594 to Jacobus, et al, and also described else-
where in the literature.

In the late 1980°s, NASA funded several programs using
force feedback devices which were not identically config-
ured as miniature versions of a slave device. This advance
enabled an operator such as an astronaut to control a number
of different space-based robots and cranes from a “univer-
sal” controller. To realize this concept, the master controller
was logically connected to the slave through a network of
computers which were capable of translating the master
kinematics typically into Cartesian coordinates and from
Cartesian to slave kinematics (and back again).

With such computer translation in place on the master side
of the system, it becomes possible to send inputs from the
master, be it a joystick, wheel, yoke, or other type of
manipulator, to a simulated slave rather than to a real one,
and to accept forces from the simulation for application to
the master as well. The simulation need not represent a real
device, like a crane or robot, but may be a simulated vehicle,
weapon or other implement. The simulation may also reside
in a person performing a task in a virtual world such as
walking, handling objects, and touching surfaces. Such
innovations are among those disclosed in the patents refer-
enced above.

As force-feedback technology proliferates, haptic inter-
faces will need to accommodate numerous different control-
lers and environments. The issued patents referenced above
disclose multi-degree of freedom controllers for use in
various representative configurations, including totally self-
contained configurations. At the same time, tools and tech-
niques will need to be created to provide consistency in
developing and improving haptic applications.

Toward these ends, co-pending U.S. application Ser. No.
08/859,157 provides means for adjusting behavioral
attributes associated with haptic device control, whether
during development or execution, and co-pending U.S.
application Ser. No. 08/861,080 discloses architectures and
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features relating to “browsers,” wherein common geometri-
cal descriptions are shared among visual and haptic render-
ing functions. Both of these applications are incorporated
herein in their entirety by reference. The need remains,
however, for methods, data structures, and control strategies
to organize the development of world models driven by
these integrated haptic/visual environments.

SUMMARY OF THE INVENTION

The present invention resides in authoring tools which
allow a user to create or import existing geometry files,
attach haptic or other attributes to the object components of
the files, and browse file contents in final or intermediate
states of composition. The final edited world files may be
written to disk or exported over networks, preferably in
standardized formats, including hyperlinks over the world-
wide web, to applications programs which incorporate
visual, haptic, and/or sound capabilities, enabling other
users view, touch, attached to, and manipulate the objects.

In a preferred embodiment, the invention incorporates a
distinct set of facilities for reading, writing, browsing,
navigating, and/or editing databases which encode hierar-
chical geometric data, so as to combine surface attribution
and touch or haptic attribution. To enhance these functions,
visual/haptic avatar may be provided to assist in designating
a user’s position in the virtual world being edited.

Applied forces may be used to aid a user in a number of
ways, including the following:

moving a point to a particular discrete grid position (snap
to grid);

moving to a geometrical object control point of feature
(end points of a line, center of a circle, radius of a circle,
control points of a b-spline, etc.);

to resist stretching or compression of a feature (i.e.,
programmable stiffness or elasticity);

to resist user actions (through viscosity, friction, repulsive
force);

to help in aligning a new object with respect to an existing
one (with or without knowledge of coordinate values needed
for most equivalent operations); or to support material
removal, as in carving or scraping operations.

Forces may also be used to demark the locations of menu
items, dialog response locations, and icons (similar to use of
forces to aid in locating control points or grid locations), or
to maintain orientation or positional constraints while per-
forming another operation.

The invention further supports the use of transform and
object hierarchy for coding haptic world and object
databases, as well as machine independent program descrip-
tion languages for haptic authoring system communications
interfacing and control algorithms, independent of
computer/operating system, control device type and com-
munications systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 presents basic elements associated with a haptic/
visual authoring tool;

FIG. 2 is a flow-chart representation of a method of the
invention;

FIG. 3 is a diagram which shows an avatar interacting
with a virtual object, generating responsive forces;

FIG. 4 illustrates primitive force generating objects and
their descriptive parameters;

FIG. 5 illustrates haptic/visual browser object hierarchical
description files;
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FIG. 6 shows where files for browsing may be located,

FIG. 7 is a diagram which depicts data flow from an input
file to an API to a rendering engine;

FIG. 8 illustrates static versus dynamic entity processing;

FIG. 9 is an oblique drawing used to illustrate fixed and
movable objects, transform chains and coordinate point
definitions;

FIG. 10 illustrates force generation from object surface
penetration;

FIG. 11 depicts a transform and object hierarchy for a
typical haptic device;
FIG. 12 illustrates flying in six degrees of freedom;

FIG. 13 shows pushing, rolling, and opening as examples
of force-based tasks;

FIG. 14 shows how an avatar may be moved so as to snap
to a grid or feature point;

FIG. 15 illustrates how alignment may be maintained
during motion according to the invention;

FIG. 16 is a force-texture map;
FIG. 17 illustrates a door-hinge motion constraint set; and

FIG. 18 is a diagram used to convey operating systems
and computer systems independence.

DETAILED DESCRIPTION OF THE
INVENTION

U.S. Pat. Nos. 5,459,382, 5,389,865 and 5,629,594 dis-
close devices and methods for providing users with a touch
or tactile interface into a virtual world including virtual
objects; that is, objects which are not real, but rather, are
defined by a computer, model or simulation. The present
invention builds on these teachings by facilitating tactical
interaction with geometric objects described within a virtual
world representation using a geometric probe logically
attached to the haptic or tactile device (FIG. 1). This touch
support representation is synchronized with a comparable
representation of the world for visualization or graphical
rendering, thereby enabling the world to be both seen and
touched. Extending this analogy to nomenclature associated
with visualization, the generation of forces from the act of
touching virtual objects is referred to herein as haptic
rendering, and the act of both touching and viewing the
objects (or other data) is referred to as haptic browsing.

FIG. 2 presents the basic elements of a haptic/ visual
browser according to the invention, and FIG. 3 is a flow
chart which represents an attendant method. In particular,
FIG. 3 shows how a physical device may be connected
through a control arrangement to a simulated or virtual
environment. Position, velocity, and/or acceleration are
measured at the controller (and therefore also from the user),
and these values are sent to a computer controller bound to
a virtual geometrical element or “probe.” This probe, which
may be alternatively referred herein as an “avatar,” moves
through the virtual environment, occasionally approaching
or touching elements having mathematically described
geometries within the environment.

When the avatar collides with a virtual object (FIG. 4), the
collision event generates response forces, which, in turn,
cause the controller to move to updated position, velocity,
and acceleration states, thereby conveying the collision
event to the user by providing a feeling for the objects
associated with the collision. This process, referred to as
haptic rendering, generates forces based upon geometric
descriptions and touching point locations. Note, however,
that an actual collision can be replaced by proximity, entry
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into/out of a field, such as magnetic or gravimetric, or entry
into a new medium, such as from air to water. In addition,
since avatar (and haptic device or controller) position,
velocity, and acceleration states are made available to the
virtual reality simulation, the avatar position and other
simulated state changes can be stimulated through user
motion and collision events.

Concurrently with maintaining avatar and static geometry
data, the geometry data is preferably also used to generate
three-dimensional, viewable imagery. Although conven-
tional visual rendering is well known, unique to this
invention, are processes associated with haptic rendering,
including the way in which such rendering is synchronized
with visual rendering so as to effect a multi-media (i.e.,
touch and sight) immersive virtual reality.

The concept of geometrical database browsing arises in
part from the recognition that the geometric data which is
loaded into the virtual world, thus initializing it, described as
a hierarchy of objects may be described as statements or
records in files (FIG. 5). As shown in FIG. 4, such data may
represent simple objects, polygon arrays, and/or b-spline
patches. As files, which may take the form of a collection or
records or a single record, an object description can be read
into memory for instantiation into the virtual world (by
sending parsed forms of these records to the haptic rendering
processing routines or the visual rendering processing
routines), can be moved to different spots or named locations
within the files system, or can be sent over a network (FIG.
6). Haptic/visual browsing is the function of reading the
geometry description files from any source and causing
them, under user direction, to be rendered visually in a
haptic sense, and optionally, with sound generation or other
characteristics as well.

The actual form of the geometrical database can be
application-specific, as in the case of many CAD/CAM
system databases, or can represent an industry standard such
as DXF (the AutoCAD exchange format), IGES or PDES
(industry standard graphics and product design formats),
and/or VRML (a standard graphics format used to represent
objects and object hierarchies for downloading and brows-
ing over the Internet World Wide Web—typically in con-
junction with HTML, the World Wide Wed Hypertext Mark-
Up Language). Since the external file format is translated
into a common internal form through format-specific
translators, the methods described herein are format-
independent, and include all representative forms.

This invention discloses methods associated with the
creation of data structures and other elements which include
haptic (i.e., relating to touch), visual and perhaps other
information. As disclosed in co-pending U.S. application
Ser. No. 08/861,080 a haptic browser will typically include
a database reading/parsing function (FIG. 3), a geometry
instantiation function for static and dynamic entities, a
simulation core for creating behaviors of dynamic entities, a
rendering function for visual, haptic, and possibly sound
entities, and a user(s) interactions function which allows the
user to move freely within the virtual environment being
browsed and potentially attach to one or more dynamic
entities in the world.

The database reading function can acquire information
from files local to a particular computer, as would be typical
in browsing a 3D CAD/CAM file, or may acquire the input
from over a network such as the Internet. In any case, the file
or data will be coded in a standard geometrical file format,
including DXF (AutoCAD exchange format); IGES or
PDES (industry standard CAD/CAM formats); or VRML
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version 1.0 or 2.0 (exchange formats for geometrical data
supplied over the World Wide Web). The parsing portion of
the reader converts the file format into specific data items
needed to be instantiated, or to hand-off data describing
geometrical elements to the haptic rendering system previ-
ously described, or a visual rendering system such as
Microsoft Direct3D or OpenGL from Silicon Graphics.

FIG. 5 shows a conceptual graphics file format showing
a hierarchical object description which might be used by
such a browser. Attached to each item is a property list
describing item visual and haptic characteristics. The haptic
browser differs from a normal visual browser in the inclu-
sion of the haptic characteristics in these object description
files.

If the VRML format is used, one data item allowed in the
data format is a hyperlink or URL (FIG. 5) The URL allows
logical connection to another VRML or HTML file located
on the same computer or another somewhere else over the
Internet on the World Wide Web. In this way, traversal of
VRML URLSs (which are attached as properties of specific
objects in the virtual world) can effect traversal from loca-
tion on the World Wide Web to another (as well as providing
entry points into HTML text documents as well).

FIG. 5 shows a conceptual graphics file format including
a hierarchical object description. Attached to each item is a
property list describing item visual and haptic characteris-
tics. The haptic browser differs from a normal visual
browser in the inclusion of the haptic characteristics in these
object description files.

If the VRML format is used, one data item allowed in the
data format is a hyperlink or URL (FIG. 5) The URL allows
logical connection to another VRML or HTML file located
on the same computer or another somewhere else over the
Internet on the World Wide Web. In this way, traversal of
VRML URLs, which are attached as properties of specific
objects in the virtual world, can effect traversal from loca-
tion on the World Wide Web to another, as well as providing
entry points into HTML text documents.

The geometric instantiation portion consists of a code
segment which takes values supplied by the parser and
makes the application programmer interface calls (API)
necessary to create the geometrical entities within the ren-
dering systems, both haptic and visual (FIG. 7). For static,
or non-moving entities the calls can be made once for
efficiency when a new virtual world segment is being
created. However, for each dynamic entity, new calls are
needed for every movement of change to be created (FIG. 8).

These changes to dynamic objects are signaled by exter-
nal message packets from other simulations in a distributed
simulation environment, by interaction with the user through
the haptic interface device, or by internal simulation code in
the simulation core. Motion of dynamic objects requires a
simulation evaluation system similar to that originally dis-
closed in U.S. Pat. No. 5,459,382. However, the results
include changes in dynamic object parameters, rather than
haptic device output forces. These changes can be manifest
at haptic device force outputs if the haptic device is attached
to a particular changing dynamic object. Similarly, this
attachment process can allow direct control of the attached
virtual object through motion of the haptic input device
itself.

Controls which provide direct computation of forces in
accordance with the interaction of the device position point
relative virtual surfaces, such as those described the U.S.
Pat. No. 5,459,382, rely on computation algorithms capable
of generating forces from planes and conic sections. Exten-
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sions to all forms of parametric surfaces, would be apparent
to one of skill in the art of computer graphics, including
voxel descriptions, arrays of polygons (which may be
defined as several planes bounded by lines or edges), and
point cloud representations (FIG. 4).

A more detailed description of the way in which geo-
metrical elements are represented in one embodiment may
be expressed through the use of two main types of controls.
The transform control (abbreviated XFM) computes the
transformation matrix responsible for transforming one
coordinate system to another. In this manner, a chain of such
transforms can be assembled to specify the kinematics of a
given haptic device (FIG. 9). The object control (abbreviated
OBYJ) contains information describing an object in the scene.
If the object is placed by the composite device transform
mentioned before, the object’s position in the scene will be
specified by the device orientation.

To create other objects in the scene, other transforms can
be created that do not depend upon the device; that is, they
may be fixed to a world coordinate space, as shown in FIG.
9. Other objects can also be created and positioned using
these transforms. In this manner, a world of objects and their
positioning transforms is created, with objects moving as
dictated by the device, while other move of their own accord
at constant velocity (dead reckoning). Other objects might
not move at all, or may move because of an attachment to
another moving object.

Often it is desirable to move the device without moving
the controlled object, much like lifting the mouse when you
have run out of mouse pad. Each transform has the capa-
bility to detach itself from its controlling axis so that it does
not move with the device, but when it is reattached, it will
move to the new position of this axis. To avoid this, the
transformations can be based on position changes or deltas
rather than positions. In this way, when the device is
reattached, the transform will pick up where it left off when
it was detached.

The simulation control (abbreviated SIM), monitors the
objects in the world that are specified as avatars (moving
objects), and determines if they are contacting any other
objects in the scene. If so, contact forces are calculated and
passed down the tree of transforms that position the avatar
object (FIG. 9). Each of the transforms can then decide if it
is attached to a device axis, in which case it would generate
the appropriate force on that axis in accordance with haptic
rendering.

Although all objects may be represented as polyhedrons,
this is not the most efficient way to haptically render certain
objects whose geometries are well defined and simple. To
speed up the process of contact detection, a bounding box is
placed around the object to more rapidly rule out distant
objects. The defining parameters, as well as the contact
detection method and the bounding box generation, is
described below for a number of primitive objects. Some of
these objects are shown in FIG. 4, along with indications as
to relevant object description parameters.

Further elaboration of the haptic rendering process for
each avatar may involve the following steps.

For each servo loop:

1. Compare the actual servo rate to the desired servo rate.
Calculate the number of sub-loops that need to occur
during the current servo loop in order to reach this
desired rate. Using the beginning and ending axis data,
compute the position deltas for each sub-loop.

In each sub-loop:

Update data for each object and transform.
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For each avatar:

A. The position of the proposed god point gets assigned
to be the avatar current location in absolute coordinates. The
god point has no mass, so it will move all the way to the
avatar if there are no obstacles.

For each object:

1. Check proposed god point against absolute bounding
cube. Transform the proposed god point into the
object’s relative coordinate frame. Check against rela-
tive bounding box. If the current object is a polyhedron,
check individual polygon bounding boxes.

2. If there is contact, separate deformable/non-
deformable.

3. Non-Deformable: Construct a path from this object’s
god point to the current proposed god point. If this
relative path crosses the object, remove the component
of the path that is in the direction of the surface normal
to get a new non-contacting path. Compute the new
proposed god point as the object god point+non-
contacting path. Store the surface normal so that other
non-deformable contacts do not allow motion in this
direction either. Alter motion of object and any objects
connected to this one by springs. Transform proposed
god point back to absolute coordinates.

4. Deformable: Construct a path from this object’s god
point to the avatar location. If the path crosses this
object, remove the component of the path that is in the
direction of the surface normal to get the path of the
object god point. If there are other avatars touching this
object, determine if the object god point for this avatar
should be affected. If so, attract the object god point
toward the other avatar. Deform the object based on
vector from object god point to avatar. Alter motion of
object and any objects connected to this one by springs.
Transform proposed god point back to absolute coor-
dinates.

5. After all objects have been checked for god point
contact, move the god point to the modified proposed
god point. Update all non-deformable contacted
objects’ object god points by transforming the final god
point into each one’s relative coordinate frame.

. Loop through all contacted objects. Compute the pen-
etration delta between the avatar and the object god
point. Calculate smooth surface vector, if required, by
polyhedron smoothing.

7. Refer to next object in list.

B. Force between avatar and object god point will be
determined by K, p times the penetration delta and K, v times
the difference in their velocities. Add texture info to force
vector (FIG. 10).

C. Repeat the procedure for the required number of
sub-loops to complete the overall servo loop.

D. Apply the force at the avatar to the device.

One purpose of the haptic authoring tool is to create data
structures such as that shown in FIG. 5, which may then
viewed through the browser. Thus, the authoring tool
according to this invention preferably includes browser
functionality for display as a subset (FIGS. 1 and 2). In
addition, the authoring tool includes read-in functions for
additional graphics formats (for instance, DXF and IGES for
an authoring tools which might extend primary support for
VRML file reading and writing), direct user graphics editing
facilities, and user interfaces for attaching attributes to
specific portions or groupings of the geometrical data.

Attribute specifications (i.e. properties like color,
stiffness, hardness, frictions, etc.) are specified in the author-
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ing tool interface using attribute controls for haptics (and
visuals) like those described in co-pending U.S. application
Ser. No. 08/859,157. Geometrical object editing facilities
may take advantage of interaction methods common in
CAD/CAM systems and other graphics editors (like
ProEngineer, BRL CAD, Alias/Wavefront, etc.) Attribution
control or designation is similar to methods used for word
modeling tools like Multigen, however are extended to
support haptic attribute attachment (FIG. 7).

As shown in FIG. 2, there are four primary components to
the inventive haptic authoring tool, which may be summa-
rized as follows:

Input & Output—Reads and writes world descriptions
with haptic attributes.

Display—Displays world in various ways to the user.

Navigation—Moves through the world.

Editing—Allows users to modify objects in the world,
with an emphasis on haptic attributes.

In addition, developers may wish to mix haptic authoring
according to this invention with other visual or sound
authoring tools as part of a comprehensive world creation.
Accordingly, although haptic authoring is optimized with
respect to haptic content, in the preferred embodiment it also
include native support for other modalities like sight or
sound. As such, although this description focusses on haptic
architectures, it should at all times be kept in mind that the
invention is expandable to support fully functional world
creation including visual, audible, and other attributes.

Haptic Authoring Input & Output

Haptic authoring according to this invention is preferably
compatible with various world and object description
formats, including open standards such as VRML. To acco-
modate proprietary world descriptions, the user may rely on
a converter from the proprietary format to an open standard
(typically available from within a proprietary authoring tool
or CAD system). The world description file may already
contain haptic attributes (such as stiffness or hardness). The
haptic authoring tool writes out the world description file to
the same open standard (such as VRML) as was read,
however, it adds certain haptic attributes, as shown in FIGS.
5and 7.

The following object description formats are currently
anticipated for use in haptic authoring and/or browsing
(FIG. 4):

Sphere

Box

Cylinder

Cone

Polygonal Model

NURBS (and other related parametric spline

representation)

Voxel (and other related volume representations)

For object and scene representations not specified, the
system preferably performs a conversion to a supported
representation that most closely approximates the unsup-
ported format items.

Scene hierarchies are also an essential component of
scene descriptions, and are also essential to haptic browsing
and authoring. These are also preferably supported by the
haptic authoring tool (FIGS. 5, 7, and 11). In keeping with
the open standards of the industry, a standard parser is
suggested so that developers can easily read and write haptic
syntax format.

Haptic Authoring Display or Haptic Browser

The visual display of the authoring tool provides the basic
functionality found in many other similar authoring tools.
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Various visual rendering modes such as wireframe, shaded
polygons, and texture mapping, are implemented. If the
developer does not have access to a force-feedback devel-
opment device, visual cues may be provided to represent the
haptic attributes of object in the scene.

In addition to an end-user display, a hierarchical repre-
sentation is preferably displayed and presented to the author
as well, as shown in FIG. 11. This may take the form of a list
or tree-like structure that represents the scene description,
and gives the author a precise method of manipulating all
elements in the scene. This hierarchical structure, which
may reside in memory, on a network, or in a file, is converted
from a storage format to appropriate calls to the visual and
haptic applications developer interface (API), and then ren-
dered as indicated previously and in U.S. application Ser.
No. 08/861,080.

Haptic Authoring Navigation

A developer using a force-feedback device during haptic
authoring can navigate through a scene with sight and touch
much as the end user of a haptic browser. As in visual
navigation, modes such as walk and fly are preferably made
available with respect to a standard 2 degree-of-freedom
tracking device such as a mouse. Greater degrees of freedom
offer additional metaphors for moving throughout a scene,
however. For instance, flying can include motion in at least
six distinct degrees of freedom, X, Y, Z, and pitch, roll, and
yaw, as shown in FIG. 12. As shown in FIGS. 10 and 13,
haptic touch of specific objects in the world can also activate
response forces and can accomplish pushing, rolling, or
opening tasks.

Haptic Authoring Editing

Central to haptic authoring is editing, which provides the
ability to choose objects and individual surfaces of objects.
Once selected, various haptic attributes of the object may be
set as described in the next section. Attribute editing may be
as simple as modifying a text entry of a number or as
complex as the attribute setting capabilities described in
U.S. application Ser. No. 08/859,157, which discloses the
use of physical or graphics sliders, knobs, or other value
generating graphical user interface (GUI) elements.

Haptic authoring according to this invention also prefer-
ably provides the capability to create, modify, and delete
objects. As mentioned above, when using a force-feedback
device, interesting new force-feedback cues may be used to
aid the developer in manipulating and modifying the scene
and objects. Some representative haptic cues include:

1. The use of forces to aid the user in moving a point to

a particular discrete grid position (literally, ‘snap’ to
grid—see FIG. 14).

2. The use of forces to aid the user in moving to a
geometrical object control point of feature (end points
of a line, center of a circle, radius of a circle, control
points of a b-spline, etc).

3. The use of forces to resist stretching or compression of
a feature (i.e. programmable stiffness or elasticity)—
this would typically be implemented by a resistance to
move a feature control point.

4. The use of forces (viscosity, friction, repulsive force) to
resist the action of material addition (adding a new
object over an old one with force resisting at the point
of contact. This makes it easy to align the objects along
a mutual boundary or side without knowledge of coor-
dinate values needed for most equivalent operations
using conventional CAD systems) or material removal
(resistance to separation of two objects, or even depic-
tions of carving or scraping operations to remove
virtual material from virtual objects which would be
analogical to physical removal of material from physi-
cal objects).
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5. The use of forces to demark the locations of menu
items, dialog response locations, and icons (similar to
use of forces to aid in locating control points or grid
locations).

6. The use of force to maintain orientation or positional
constraints while performing another operation (for
instance, if one were to move a virtual building, one
might want to have the orientation, up, left, right to be
maintained according to the gravity vector and the
orientation of a city block structure; that is, X and Y
would not be constrained but Z would be constrained
by ground contacts—see FIG. 15).

While the haptic author may individually set each
attribute listed below, an important aspect of the editing
process includes the selection from a pre-existing library of
previously created groupings of attributes and their values.
For example, a ‘hardwood surface’ may have a specific
texture attribute (forces defined in an array located relative
to a surface coordinate system—see FIG. 16) combined with
a specific elasticity setting and a static/dynamic friction
values. The authoring tool allows the author to create these
groupings of settings, save them, and use previously created
groupings.

In addition, higher level kinematic simulation models
such as “hinge,” which is a set of relationships that describe
the motion and feel of a hinge as used on doors (FIG. 17),
may be inserted by the author, with the authoring tool
linking the author’s control function parameters to the
attribute setting mechanisms already included. This complex
building of an object from simpler elements represents an
object oriented construction method, and allows complexity
encapsulation while supporting complex combinations.

Summary of Important Haptic Attributes

Haptic attributes specify the characteristics of an object
that are ‘displayed’ or rendered by the force-feedback
device, much as the color attribute is used to specify how the
object is displayed visually. It is important to note that these
haptic attributes are specified in a platform-independent
manner (for any potential haptic device configuration),
focusing on the essential concepts of the haptic interaction.
The actual interpretation and implementation of these forces
are determined by the specific platform and device capa-
bilities.

The following haptic attributes represent a wide variety of
physical interactions that a force-feedback device can render
to a user. However, as will be apparent to one of skill, the
concept of a haptic attribute and the way in which it attaches
to object geometry generalizes to attributes not explicitly
discussed herein. Not also that the attributes are specified at
a high level, hiding the issues of low-level force-feedback
control theory already described in U.S. Pat. Nos. 5,459,382,
5,389,865 and 5,629,594 using names and parameters that
are intuitive to the developer. All attributes are attached to
objects, though a particular object need not be visible from
a particular haptic or visual view point, in order to exist in
the world database and allow for the attachment of haptic
attributes.

Currently there are at least five categories of attributes.
Certainly this list of attributes will increase as more capa-
bilities are added to specific scene description languages.

Interior Attributes—that describe forces once the user’s
avatar (the avatar is an object attached to the position
specified by the haptic interface device’s end point—i.e. is
in some sense the user’s persona in the virtual world) is
inside a object (such as viscosity).

Surface Attributes—that describe force for when the user
is in contact with the surface of a object (such as hardness).
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Charge Attributes—that describe repulsive and attractive
forces that may cover an area around the object (such as
gravity).

Physical Attributes—attributes such as mass and its spe-
cific location in an object.

Constraint Attributes—attributes such as connection to
other objects, and restricted area of motion.

Interior (Volume) Specifications

Viscosity—provides a sluggishness, such as various types
of liquid.

Force/Torque—A constant vector of force/torque within
the objects frame of reference.

Vibration—A periodic force that is parameterized
(amplitude, frequency, etc.)

Effects—A playback of a force sample.

Surface (Geometric) Specifications

Elasticity—Resistance to penetration by Haptool

Deformation—Ability of a surface to retain its shape from
penetration by Haptool

Adhesiveness—Attraction of surface to Haptool when in
contact.

Static Friction—Resistance to initial lateral movement
when Haptool is in contact with object.

Dynamic Friction—Resistance to continued lateral move-
ment when Haptool is in contact with object.

Thickness—Determines internal and surface regions for
Haptool penetration.

1 dimensional Omni-directional Texture—provides feels
such as ‘gritty” across an entire object, independent of the
users direction of movement.

1 dimensional Uni-directional Texture—same as above
except dependent of users direction of movement across
surface of object, such as a ‘ridges’.

2 dimensional Surface Texture—similar to texture map-
ping in 3D graphics, provides complete control over surface
feels.

Charge Specifications

Charge Type—User defined type

Charge Position—Vector specifying location within
objects frame-of-reference of the charge.

Charge Value—Actual magnitude of charge, including
sign.

Charge Scalar—Scalar component of equation defining
the force generated between 2 charges of the same type.

Charge Exponent—Exponential component of equation
defining the force generated between 2 charges of the same
type.

Physical Specifications

Mass Value—Point-mass magnitude.

Mass Offset—Vector specifying location of point mass
within objects frame-of-reference.

Inertial Tensor

Constraint Specifications

Spring—Classic Spring-and-Damper representation.

Attachment—Type and its specification. Point, Line, or
Plane.

Haptic Authoring - Avatar Specification

The avatar represents a user(s) in the virtual three dimen-
sional space. The simplest implementations use the key-
board and mouse to directly navigate through the three
dimensional space, with no explicit avatar representation.
Alternatively, the user attaches to an iconic object which is
moved through interaction with the haptic device. This
iconic object is the avatar.

The user’s avatar may take a variety of representations in
the virtual space. It may be something as complex as a model
of a car or human, or as simple as a hand or a wand.
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Regardless of the object, the object has a defined set of
allowed motions that the user uses to navigate and interact
with the world and object in it.

In addition to the avatar, the user has a variety of input
devices to control the avatar and to control non-avatar
interactions (such as menus, buttons, etc.). These input
devices subset to mouse and keyboard, and include more
complicated conventional input devices (touch pads,
digitizers, light pen, etc.). Furthermore, the user use a
force-feedback or haptic device, which allows for output
through the device to also be displayed to the user through
touch or pressure.

Transform Hierarchy

One important purpose of haptic authoring is to enable an
author to define the mapping between the avatar and the
control device for both input and output. At the core of this
mapping is a concept used in three-dimensional scene
descriptions, namely, the hierarchy of matrix transforms
which translate and rotate components or objects from the
fixed ground plane coordinate system. Once the user has
specified this mapping, the avatar pointing/position output
will be in the standard virtual world coordinates and thus
will map to location fields contained in object description
formats.

By representing both the avatar and a device as a hierar-
chy of matrix transforms, a mapping or associations of
transforms from one to the other is possible. FIG. 11 shows
an example object and a control device, their hierarchical
transforms, and the association between them.

The haptic authoring tool presents the user with the
transform hierarchy of a object and a device to intuitively
allow for the specification of associations through a point-
and-click type interface.

For each transformation in the hierarchy of transforms,
there are a set of attributes that the user may specify. First,
consider haptic device transforms. Each transform is asso-
ciated with, at most, a single axis(1 degree of freedom) of a
device. However, multiple transforms maybe attached to the
same axis. These attributes determine how the input/output
of each axis of the device determines the associated trans-
forms matrix.

The following attributes are defined for each device
transform:

Parent—Parent transtormation.

Axis # —the physical axis that the transform is associated
with for input and output.

Control Type—1 of three types position, velocity, or
acceleration.

Degree of Freedom—The degree-of-freedom in Cartesian
space X,y,z,rotx,roty,rotz that is associated to the Axis #

Low thresh—low thresh for control type, raw positions

High thresh—high thresh for control type

position scaling k—Ilinear scaling term for raw position
read in.

position scaling e—exponential scaling term for raw
position read in.

force scaling k—linear scaling term for force sent out.

force scaling e—exponential scaling term for force sent
out.

In terms of object transform attributes, each object may be
connected to the world coordinate system through a trans-
form chain with the following attributes;

Parent—parent transformation.

Mode—indicates which matrix of the object transforma-
tion is modified: delta, relative, or absolute (delta is when the
object is an offset from the prior position, relative is when
the transform is expressed relative to its parent, and absolute
is when the transform is expressed absolute).
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Additional Issues in Haptic Authoring Architecture

Each haptic browser file produced by the authoring tool
can stand alone or can include URL links which provide for
the inclusion of entire haptic browser files from the same, or
other, locations over a network like the World Wide Web.
These URLs are links to potentially complete subworlds or
objects and can be made from within the authoring tool (with
view verification through the authoring systems’ slave
browser). The browser file can include dynamic objects with
attached simulation or behavior descriptions (as in VRML
2.0), or as in VRML 1.0 can be totally static. The visual
rendering of object components if performed in the conven-
tional manner by visual rendering systems such as those
included in Direct3D or OpenGL. However, the haptic
rending component is accomplished using the data
structures, methods, and procedures described herein.

Operating system and computer independence may be
achieved through several methods, as shown in FIG. 18.
First is use of a language for coding software which is
available on each computer architecture supported, namely
C and C++. Tuning to the specific machine of algorithms
may be accommodated through configuration files which
define constants, pre-computed forces and force sequences,
and device geometry/characteristics. Operating system func-
tions which differ, or are not built-in, may be coded sepa-
rately. The graphics/haptics browser file formats can and, for
the most part, are, defined for manipulation by any computer
type. File format definitions for VRML, DXF, IGES, and
PDES are defined in a standard way across industry users.
These policies allow for platform independent operations of
the force feedback system.

We claim:

1. A method of haptic authoring, comprising the steps of:

developing a database describing one or more virtual

objects in a virtual world, the database including geo-
metric data facilitating object visualization;

assigning haptic attributes to one or more of the virtual

objects; and

providing an interface enabling a user to both view and

feel the objects to which the haptic attributes have been
assigned.

2. The method of claim 1, further including the step of
providing facilities for navigating and editing the database.

3. The method of claim 1, wherein the database is
substantially encoded in a standard graphics format.

4. The method of claim 1, wherein the database and
interface are co-resident on the same computer system.

5. The method of claim 1, wherein the database and
interface are resident on different computer systems in
communication over a network.

6. The method of claim 5, wherein the computer systems
communicate through hyperlinks.

7. The method of claim 1, wherein the objects include
both static and dynamic objects.

8. The method of claim 1, including one or more haptic
attributes which resist stretching and compression to simu-
late object stiffness and elasticity.

9. The method of claim 1, including one or more haptic
attributes enabling a new object to be positioned relative to
an existing object with a resistive force at a point of contact
between the two objects.

10. The method of claim 9, wherein the resistive force is
viscosity.

11. The method of claim 9, wherein the resistive force is
friction.

12. The method of claim 9, wherein the resistive force is
repulsion.
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13. The method of claim 1, including one or more haptic
attributes associated with material removal.

14. The method of claim 1, including one or more haptic
attributes which demark the locations of menu items, dialog
response locations, and icons.

15. The method of claim 1, including one or more haptic
attributes which maintain orientation or positional con-
straints while performing multiple operations.

16. The method of claim 1, further including the step of
using a transform and object hierarchy for coding haptic
world and object databases.

17. A method of haptic authoring, comprising the steps of:

providing a computer system including a memory and a

display device;

storing, in the memory, a database including information

which describes an object viewable on the display
device;

assigning a haptic attribute to the object in the database;

providing a visual/haptic avatar;

using the avatar to:

a) visualize a user’s position relative to the object, and
b) interact with the object through touch; and

editing the haptic attribute until achieving a desired

tactical interaction using the avatar.

18. A method of haptic authoring in response to a user
position and orientation, comprising the steps of:

providing a computer system including a memory and a

display device;

storing, in the memory, information relating to a three-

dimensional virtual world, the information including
the description of a virtual object in terms of geometri-
cal surface data enabling the object to be viewed on the
display device, along with one or more attributes relat-
ing to touch;

providing an avatar with multiple degrees of freedom

enabling user position and orientation to be visualized
on the display device in conjunction with the virtual
object;

determining user-applied force from the user position and

orientation;

mapping the user position, orientation and applied force

into the virtual world to determine interactions between
the user and the virtual object;

generating a virtual reality force field in response to the

interactions as a function of the stored attributes relat-
ing to touch;

directing a tactile force on the user through the avatar in

response to the virtual reality force field;

editing the database until achieving a desired tactical

force.

19. The method of claim 18, further including the steps of:

defining a three-dimensional grid with discrete grid posi-

tions with respect to the virtual world; and

moving to a particular discrete grid position in response to

the user position, orientation and applied force.

20. The method of claim 18, wherein the object includes
a control feature, the method further including the step of:

snapping to the control feature in response to the user

position, orientation and applied force.

21. The method of claim 18, wherein the control feature
is an end-point.

22. The method of claim 18, wherein the control feature
is the center of the object.

23. The method of claim 18, wherein the control feature
is a control point of a b-spline.
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24. An interative method for haptic authoring using an
authoring tool software application, the method comprising:

reading a description file on a computer system by said
authoring tool software application, said description
file including a haptic attribute;

rendering said haptic attribute to a user using a force
feedback device to allow said user to physically feel
said haptic attribute, said rendering provided by said
authorizing tool software application;

modifying said haptic attribute using said authoring tool

software application, said modifying based on input
from said user;
rendering said modified haptic attribute to said user using
said force feedback device to allow said user to physi-
cally feel said modified haptic attribute, said rendering
provided by said authoring tool software application;

repeating said modifying and rendering until said haptic
attribute has a desired feel to said user; and

writing an output description file including said modified

haptic attribute having said desired feel, said writing
performed by said authoring tool software application.

25. A method as recited in claim 24 wherein said haptic
attribute is specified by a high level name and parameters
and written to said output description file using said high
level name and parameters.

26. A method as recited in claim 24 wherein said descrip-
tion file includes data describing graphical objects in a
graphical environment.

27. A method as recited in claim 24 wherein said descrip-
tion file includes data describing the location or shape of
graphical objects in a graphical environment.

28. A method as recited in claim 26 wherein said haptic
attribute is associated with one of said graphical objects.

29. A method as recited in claim 24 wherein said descrip-
tion file is downloaded from a location on the World Wide
Web.

30. A method as recited in claim 24 wherein said haptic
attribute includes a viscosity parameter related to a simu-
lated viscosity displayed by said force feedback device.

31. A method as recited in claim 24 wherein said haptic
attribute includes a stiffness parameter related to a simulated
stiffness displayed by said force feedback device.

32. A method as recited in claim 24 wherein said haptic
attribute includes a friction parameter related to a simulated
friction displayed by said force feedback device.

33. A method as recited in claim 24 wherein said haptic
attribute includes a texture parameter related to a simulated
texture displayed by said force feedback device.

34. A method as recited in claim 24 wherein said haptic
attribute includes a hardness parameter related to a hardness
of a simulated wall displayed by said force feedback device.

35. A method as recited in claim 24 wherein said haptic
attribute includes a vabration parameter related to a simu-
lated vibration displayed by said force feedback device.

36. A method as recited in claim 24 wherein said haptic
attribute can be defined as an interior attribute which
describe a feel of the inside of a graphical object.

37. A method as recited in claim 24 wherein said haptic
attribute can be defined as a surface attribute which describe
a feel of the surface of a graphical object visually displayed
by said authoring tool software application.

38. A method as recited in claim 24 wherein said haptic
attribure includes an attractive parameter related to a simu-
lated attractive force displayed by said force feedback
device with respect to a particular graphical object visually
displayed by said authoring tool software application.
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39. A method as recited in claim 24 wherein said haptic
attribure includes a repulsive parameter related to a simu-
lated attractive force displayed by said force feedback
device with respect to a particular graphical visually dis-
played by said authoring tool software application.

40. A method as recited in claim 24 wherein said modi-
fying includes selecting one of a plurality of objects pro-
vided in a graphical environment and assigning a haptic
attribure to said selected object.

41. A method as recited in claim 40 wherein said selecting
is based on input from said force feedback device used by
said user.

42. A method as recited in claim 41 wherein a haptic cue
is provided to said user that indicates said selection has
occurred.

43. A method as recited in claim 42 wherein a graphical
object is displayed representing said user’s presence in said
graphical environment for selecting said objects in said
graphical environment.

44. A method as recited in claim 40 wherein said modi-
fying further includes assigning haptic attributes to indi-
vidual surfacs of said selected object.

45. A method as recited in claim 24 wherein said output
description file is sent to a browser for parsing and display.

46. A method as recited in claim 25 wherein said haptic
attribure is specified in a platform-independent manner.

47. A method as recited in claim 24 wherein said render-
ing said haptic attribute and said modified haptic attribute to
said user is performed when an interaction with a graphical
object occurs in a displayed graphical environment.

48. A method as recited in claim 24 further comprising
providing a user interface for said authoring tool software
application that uses force feedback cues to aid said user in
knowing when objects are picked.

49. A method as recited in claim 24 further comprising
providing a user interface for said authoring tool software
application that uses force feedback cues to aid said user in
physically snapping to grids displayed by said authoring tool
software application.

50. A method as recited in claim 26 further comprising
providing a user interface for said authoring tool software
application that uses force feedback cues to aid said user in
physically snapping to vertex points in said graphical envi-
ronment.

51. A method as recited in claim 26 further comprising
providing rendering modes including at least one of
wireframe, shaded polygon, and texture mapping rendering
modes.

52. An interative method for haptic authoring using an
authoring tool software application, the method comprising:

setting a haptic attribute to be experienced by a user as a

physical feel, said setting based on input from a user in
said authoring tool software application;

rendering said haptic attribure to a user through a force

feedback device to allow said user to physically feel
said haptic attribute, said rendering provided by said
authoring tool software application;

modifying said haptic attribute using said authoring tool

software application, said modifying based on input
from said user;

rendering said modified haptic attribute to said user

through said force feedback device to allow said user to
physically feel said modified haptic attribute, said
rendering provided by said authoring tool software
application;

repeating said modifying and rendering until said haptic

attribute has a desired feel to said user; and
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writing said modified haptic attribute having said desired
feel to a description file, said writing performed by said
authoring tool software application.

53. A method as recited in claim 52 wherein said haptic
attribute includes at least one of a viscosity parameter, a
stiffness parameter, a friction parameter, a texture parameter,
a hardness parameter, and a vibration parameter, each of said
parameters related to a simulated force sensation provided
by said force feedback device.

54. A method as recited in claim 52 wherein said descrip-
tion file includes a plurality of objects, and wherein said
setting inlcudes selecting one of said plurality of objects
includes in said graphical environment and then assigning a
haptic attribute to said selected object.

55. A method as recited in claim 52 wherein said modified
haptic attribute is rendered to said user immediately after
said modification to shorten said authoring process.

56. A method as recited in claim 52 wherein said descrip-
tion file includes geometric data describing objects to be
displayed visually.

57. A method as recited in claim 52 wherein said descrip-
tion file describes a 3D environment for presentation over
the World Wide Web.
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58. A method of haptic authoring, comprising;:
providing a computer system including a memory and a
display device;
storing, in said memory, a database including information
which describes a first graphical object viewable on
said display device;
assigning a haptic attribute to said first graphical object in
said database;
providing a visual user-controlled second graphical
object;
using said user-controlled second graphical object to:
a) determine a user’s position relative to said first
graphical object, and
b) interact with said first graphical object through
touch, said touch provided with a force feedback
device manipulated by a user, and
editing said haptic attribute based on input from said user
until a desired tactile interaction using said second
graphical object is achieved.

* * * Ed *



