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APPARATUS AND METHODS FOR HAPTIC 
RENDERING USING A HAPTIC CAMERA VIEW 

RELATED APPLICATIONS 

[0001] The present application is related to commonly 
oWned US. patent application entitled, “Apparatus and 
Methods for Haptic Rendering Using Data in a Graphics 
Pipeline,” by ItkoWitZ, Shih, Midura, Handley, and Good 
Win, ?led under Attorney Docket No. SNS-0l2 on even date 
herewith, the text of Which is hereby incorporated by ref 
erence in its entirety; the present application is also related 
to commonly-oWned international (PCT) patent application 
entitled, “Apparatus and Methods for Haptic Rendering 
Using Data in a Graphics Pipeline,” by ItkoWitZ, Shih, 
Midura, Handley, and GoodWin, ?led under Attorney 
Docket No. SNS-0l2PC on even date hereWith, the text of 
Which is hereby incorporated by reference in its entirety; the 
present application claims the bene?t of US. Provisional 
Patent Application No. 60/584,001, ?led on Jun. 29, 2004, 
the entirety of Which is incorporated by reference herein. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to haptic rendering 
of virtual environments. More particularly, in certain 
embodiments, the invention relates to the haptic rendering of 
a virtual environment using data from the graphics pipeline 
of a 3D graphics application. 

BACKGROUND OF THE INVENTION 

[0003] Haptic technology involves simulating virtual 
environments to alloW user interaction through the user’s 
sense of touch. Haptic interface devices and associated 
computer hardWare and softWare are used in a variety of 
systems to provide kinesthetic and/or tactile sensory feed 
back to a user in addition to conventional visual feedback, 
thereby affording an enhanced man/machine interface. Hap 
tic systems are used, for example, in manufactured compo 
nent design, surgical technique training, industrial modeling, 
robotics, and personal entertainment. An example haptic 
interface device is a six degree of freedom force re?ecting 
device as described in co-oWned US. Pat. No. 6,417,638, to 
Rodomista et al., the description of Which is incorporated by 
reference herein in its entirety. 

[0004] A haptic rendering process provides a computer 
based kinesthetic and/or tactile description of one or more 
virtual objects in a virtual environment. A user interacts With 
the virtual environment via a haptic interface device. Analo 
gously, a graphical rendering process provides a graphical 
description of one or more virtual objects in a virtual 
environment. Typically, a user interacts With graphical 
objects via a mouse, joystick, or other controller. Current 
haptic systems process haptic rendering data separately from 
graphical rendering data. 

[0005] The graphical rendering of 3D virtual environ 
ments has been enhanced by the advent of 3D graphics 
application programming interfaces (APIs), as Well as 3D 
graphics (video) cards. A programmer may create or adapt a 
3D graphics application for rendering a 3D graphics virtual 
environment using the specialiZed libraries and function 
calls of a 3D graphics API. Thus, the programmer avoids 
having to Write graphics rendering code that is provided in 
the API library. As a result, the task of programming a 3D 
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graphics application is simpli?ed. Furthermore, graphics 
standards have developed such that many currently-avail 
able 3D graphics applications are compatible With currently 
available 3D graphics API’s, alloWing a user to adapt the 3D 
graphics application to suit his/her purpose. Examples of 
such 3D graphics API’s include OpenGL, DirectX, and Java 
3D. 

[0006] In addition to 3D graphics API’s, 3D graphics 
cards have also improved the graphical rendering of 3D 
virtual objects. A 3D graphics card is a specialiZed type of 
computer hardWare that speeds the graphical rendering 
process. A 3D graphics card performs a large amount of the 
computation Work necessary to translate 3D information into 
2D images for vieWing on a screen, thereby saving CPU 
resources. 

[0007] While 3D graphics API’s and graphics cards have 
signi?cantly improved the graphical rendering of 3D 
objects, the haptic rendering of 3D objects in a virtual 
environment is a comparatively inef?cient process. Haptic 
rendering is largely a separate process from graphical ren 
dering, and currently-available 3D graphics applications are 
incompatible With haptic systems, since graphics applica 
tions are not designed to interpret or provide haptic infor 
mation about a virtual environment. 

[0008] Furthermore, haptic rendering processes are gen 
erally computation-intensive, requiring high processing 
speed and a loW latency control loop for accurate force 
feedback rendering. For example, in order to realistically 
simulate touch-based interaction With a virtual object, a 
haptic rendering process must typically update force feed 
back calculations at a rate of about 1000 times per second. 
This is signi?cantly greater than the update rate needed for 
realistic dynamic graphics display, Which is from about 30 
to about 60 times per second in certain systems. For this 
reason, current haptic systems are usually limited to gener 
ating force feedback based on single point interaction With 
a virtual environment. This is particularly true for haptic 
systems that are designed to Work With Widely-available 
desktop computers and Workstations With state-of-the-art 
processors. 

[0009] Thus, there is a need for increased e?iciency in 
haptic rendering. Improvement is needed, for example, to 
facilitate the integration of haptics With currently-available 
3D applications, to permit greater haptic processing speeds, 
and to enable the use of more sophisticated force feedback 
techniques, thereby increasing the realism of a user’s inter 
action With a virtual environment. 

SUMMARY OF THE INVENTION 

[0010] The invention provides systems and methods for 
using a “haptic camera” Within a virtual environment and for 
using graphical data from the haptic camera to produce 
touch feedback. The haptic camera obtains graphical data 
pertaining to virtual objects Within the vicinity and along the 
trajectory of a user-controlled haptic interface device. The 
graphical data from the camera is interpreted haptically, 
thereby alloWing touch feedback corresponding to the vir 
tual environment to be provided to the user. 

[0011] The ef?ciency of haptic rendering is improved, 
because the vieW volume can be limited to a region of the 
virtual environment that the user Will be able to touch at any 
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given time, and further, because the method takes advantage 
of the processing capacity of the graphics pipeline. This 
method also alloWs haptic rendering of portions of a virtual 
environment that cannot be seen in a 2D display of the 
virtual object, for example, the back side of an object, the 
inside of crevices and tunnels, and portions of objects that lie 
behind other objects. 

[0012] A moving haptic camera offers this advantage. 
Graphical data from a static camera vieW of a virtual 
environment can be used for haptic rendering; hoWever, it is 
generally true that only geometry visible in the vieW direc 
tion of the camera can be used to produce touch feedback. 
A moving camera (and/or multiple cameras) alloWs graphi 
cal data to be obtained from more than one vieW direction, 
thereby alloWing the production of force feedback corre 
sponding to portions of the virtual environment that are not 
visible from a single static vieW. The interaction betWeen the 
user and the virtual environment is further enhanced by 
providing the user With a main vieW of the virtual environ 
ment on a 2D display While, at the same time, providing the 
user With haptic feedback corresponding to the 3D virtual 
environment. The haptic feedback is updated according to 
the user’s manipulation of a haptic interface device, alloW 
ing the user to “feel” the virtual object at any position, 
including regions that are not visible on the 2D display. 

[0013] The invention provides increased haptic rendering 
ef?ciency, permitting greater haptic processing speeds for 
more realistic touch-based simulation. For example, in one 
embodiment, the force feedback computation speed is 
increased from a rate of about 1000 HZ to a rate of about 
10,000 HZ or more. Furthermore, the invention alloWs more 
sophisticated haptic interaction techniques to be used With 
Widely-available desktop computers and Workstations. For 
example, forces can be computed based on the interaction of 
one or more points, lines, planes, and/ or spheres With virtual 
objects in the virtual environment, not just based on single 
point interaction. More sophisticated haptic interface 
devices that require multi-point interaction can be used, 
including pinch devices, multi-?nger devices, and gloves, 
thereby enhancing the user’s haptic experience. Supported 
devices include kinesthetic and/or tactile feedback devices. 
For example, in one embodiment, a user receives tactile 
feedback When in contact With the surface of a virtual object 
such that the user can sense the texture of the surface. 

[0014] In one aspect of the invention, a method is provided 
for haptically rendering a virtual object in a virtual envi 
ronment. The method includes determining a haptic inter 
face location in a 3D virtual environment corresponding to 
a haptic interface device in real space. A ?rst virtual camera 
is positioned at the haptic interface location, and graphical 
data corresponding to the virtual environment is accessed 
from this ?rst virtual camera. Additionally, the method 
comprises determining a position of the haptic interface 
location in relation to one or more geometric features of a 
virtual object in the virtual environmentifor example, a 
surface, point, line, or plane of (or associate With) the virtual 
objectiby using graphical data from the ?rst virtual cam 
era. The method also includes determining an interaction 
force based at least in part on the position of the haptic 
interface location in relation to the geometric feature(s) of 
the virtual object. In one embodiment, the interaction force 
is delivered to a user through the haptic interface device. In 
a preferred embodiment, the position of the ?rst camera is 
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updated as the haptic interface location changes, according 
to movement of the haptic interface device. 

[0015] The invention also provides a tWo-pass rendering 
technique using tWo virtual cameras. For example, the 
invention provides methods using a ?rst virtual camera vieW 
dedicated for use in haptically rendering a 3D virtual envi 
ronment and a second virtual camera vieW for graphically 
rendering the virtual environment for display. Accordingly, 
in one embodiment, the invention includes the steps of 
positioning a second virtual camera at a location other than 
the haptic interface location and accessing graphical data 
from the second virtual camera corresponding to the virtual 
environment. In one embodiment, the second virtual camera 
is at a ?xed location, While the ?rst virtual camera moves, 
for example, according to the movement of the haptic 
interface location. 

[0016] Preferred methods of the invention leverage the 
processing capability of the graphics pipeline for haptic 
rendering. For example, graphical data corresponding to the 
vieW(s) from one or more virtual cameras is accessed from 
a graphics pipeline of a 3D graphics application. In one 
embodiment, the step of determining a position of the haptic 
interface location using data from the ?rst virtual camera 
includes determining a World-vieW transformation that maps 
coordinates corresponding to the haptic virtual environment 
(i.e. World coordinates) to coordinates corresponding to the 
?rst virtual camera (i.e. vieW coordinates). The World-vieW 
transformation can be customized for translating and rotat 
ing the camera to vieW the scene as if attached to the position 
of the haptic device’s proxy in the virtual environment (i.e. 
the haptic interface location). Additional transforms may be 
determined and/or applied, including a shape-World trans 
formation, a vieW-clip transformation, a clip-WindoW trans 
formation, a vieW-touch transformation, and a touch-Work 
space transformation. 

[0017] The invention also provides a method of determin 
ing What the vieW looks like from the “haptic camera.” 
Generally, in order to specify a 3D World-vieW transforma 
tion, a camera eye position and a look direction are needed. 
Thus, in one embodiment, the step of determining a World 
vieW transformation includes determining an eye position 
and a look direction. To determine the eye position, the 
position of the haptic interface location (i.e. the virtual proxy 
position) is sampled. In order to avoid undesirable jitter, the 
eye position is preferably updated only When the virtual 
proxy moves beyond a threshold distance from the current 
eye position. To determine the look direction, a vector 
representing the motion of the haptic interface location is 
determined. Preferably, the look direction is determined by 
the motion of the proxy and optionally by the contact 
normal, for example, if in contact With a virtual object and 
constrained on the surface of the contacted object. For 
example, When moving in free space, the look direction is 
the normalized motion vector. When in contact With a virtual 
object, the look direction becomes a linear combination of 
the normaliZed motion vector and the contact normal. 

[0018] In one embodiment, a vieW volume associated With 
the ?rst virtual camera is siZed to exclude geometric ele 
ments that lie beyond a desired distance from the haptic 
interface location. This involves culling the graphical data to 
remove geometric primitives that lie outside the vieW vol 
ume of the ?rst virtual camera. In one embodiment, hard 
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Ware culling is employed, Where primitives are culled by 
graphics hardware (i.e. a graphics card). In another embodi 
ment, culling involves the use of a spatial partition, for 
example, an octree, BSP tree, or other hierarchical data 
structure, to exclude graphical data outside the vieW volume. 
Both hardWare culling and a spatial partition can be used 
together. For example, Where the number of primitives being 
culled by the graphics hardWare is large, the spatial partition 
can reduce the amount of data sent to the hardWare for 
culling, alloWing for a more efficient process. 

[0019] The types of graphical data obtained from the ?rst 
virtual camera include, for example, data in a depth buffer, 
a feedback buffer, a color buffer, a selection buffer, an 
accumulation buffer, a texture map, a fat framebulfer, ras 
teriZation primitives, application programming interface 
input data, and/or state data. 

[0020] As the term is used herein, a fat framebulfer is also 
knoWn as and/or includes a ?oating point auxiliary buffer, an 
attribute buffer, a geometry buffer, and/ or a super buffer. Fat 
framebulfers are ?exible and alloW a user to store a Wide 

variety of different types of graphical data. A fat framebulfer 
can include, for example, vertex positions, normals, color, 
texture, normal maps, bump maps, and/or depth data. Fat 
framebulfers can be used as input in custom pixel and/or 
vertex shader programs that are run on graphics hardWare 

(i.e. on the graphics card). In one embodiment, a fat frame 
bulfer is used to capture vertex positions and normals. For 
example, in one embodiment, primitives are graphically 
rendered to a fat framebulfer, and pixel shading and/or 
vertex shading is performed using data from the fat frame 
bulfer in the haptic rendering of a virtual environment. In 
one embodiment, a deferred shading process is used to 
render graphics primitives to a fat framebulfer. 

[0021] It is possible to use graphics hardWare to graphi 
cally render virtual objects to a texture map instead of a 
buffer. Thus, throughout the speci?cation, Where graphical 
data is described as being stored in or read from a buffer, the 
data may alternately be stored in or read from a texture map. 

[0022] In one embodiment, determining the position of the 
haptic interface location using data from the ?rst virtual 
camera includes performing an intersection test to determine 
an intersection point and intersection normal in screen 
space, and transforming the coordinates of the intersection 
point and intersection normal from screen space to object 
space. Alternatively, the graphical data can be used to 
determine the closest geometric feature, such as a point, line 
or plane, to the virtual proxy via a projection test. These 
geometric queries are important for haptic rendering of 1D, 
2D, and/or 3D contacts and/or constraints. 

[0023] In another aspect, a system is provided for hapti 
cally rendering a virtual object in a virtual environment. The 
system comprises a graphics thread that generates a visual 
display of a virtual environment, a collision thread that uses 
input from the graphics thread to determine if a user-directed 
virtual proxy collides With a surface Within the virtual 
environment, and a servo thread that generates force to be 
applied to a user in real space though a haptic interface 
device according to input from the collision thread. 

[0024] In one embodiment, the graphics thread refreshes 
the visual display at a rate Within a range, for example, from 
about 5 HZ to about 150 HZ, or from about 30 HZ to about 
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60 HZ. Refresh rates above and beloW these levels are 
possible as Well. In one embodiment, the collision thread 
performs a collision detection computation at a rate Within 
a range, for example, from about 30 HZ to about 200 HZ, or 
from about 80 HZ to about 120 HZ. Computation rates above 
and beloW these levels are possible as Well. In one embodi 
ment, the servo thread refreshes the force to be applied 
through the haptic interface device at a rate Within a range 
from about 1000 HZ to about 10,000 HZ. Force refresh rates 
above and beloW these levels are possible as Well. In one 
embodiment, the servo thread includes a force shader. 

[0025] In yet another aspect, an apparatus is provided for 
providing haptic feedback to a user of a 3D graphics 
application. The apparatus comprises a user-controlled hap 
tic interface device adapted to provide a user input to a 
computer and to transmit force to a user. The apparatus also 
includes computer softWare that, When operating With the 
computer and the user input, is adapted to determine force 
transmitted to the user. The force transmitted to the user is 
determined by a process that comprises determining a haptic 
interface location in a 3D virtual environment corresponding 
to a location of the haptic interface device in real space and 
positioning a ?rst virtual camera substantially at the haptic 
interface location. Graphical data is then accessed using the 
?rst virtual camera. A position of the haptic interface loca 
tion in relation to a surface of a virtual object in the virtual 
environment is determined using the graphical data from the 
?rst virtual camera. Finally, an interaction force is deter 
mined, based at least in part on the position of the haptic 
interface location in relation to the surface of the virtual 
object. 

[0026] There may be any number of cameras in a given 
scene. For example, each individual virtual object in a scene 
may have its oWn camera; thus, the number of cameras is 
unlimited. This alloWs a user to adapt the camera vieW to 
best suit individual objects, Which alloWs for further opti 
miZation. For example, the camera position and vieW frus 
tum for objects that are graphically rendered (and/or hapti 
cally rendered) using the depth bulfer can be set differently 
than those rendered using the feedback buffer. In addition, 
there can be multiple haptic devices in a given scene. Each 
haptic device can have a different camera for each object, 
since the position and motion of the haptic devices Will 
generally be different. 

BRIEF DESCRIPTION OF DRAWINGS 

[0027] The objects and features of the invention can be 
better understood With reference to the draWings described 
beloW, and the claims. The draWings are not necessarily to 
scale, emphasis instead generally being placed upon illus 
trating the principles of the invention. In the draWings, like 
numerals are used to indicate like parts throughout the 
various vieWs. 

[0028] FIG. 1 is a block diagram featuring a method of 
haptically rendering one or more virtual objects in a virtual 
environment using data in a graphics pipeline, according to 
an illustrative embodiment of the invention. 

[0029] FIG. 2 is a schematic diagram illustrating a system 
for haptically rendering a virtual environment using data in 
a graphics pipeline, the diagram shoWing an interaction 
betWeen a 3D graphics application, a graphics application 
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programming interface (API), a 3D graphics card, and a 
haptics API, according to an illustrative embodiment of the 
invention. 

[0030] FIG. 3 is a schematic diagram illustrating a graph 
ics pipeline of a 3D graphics application, according to an 
illustrative embodiment of the invention. 

[0031] FIG. 4A is a schematic diagram illustrating a 
system for haptically rendering a virtual environment using 
data in a graphics pipeline, the system including a graphics 
thread, a collision thread, and a servo thread, according to an 
illustrative embodiment of the invention. 

[0032] FIG. 4B is a schematic diagram illustrating the 
system of FIG. 4A in further detail, according to an illus 
trative embodiment of the invention. 

[0033] FIG. 5 is a schematic diagram illustrating a servo 
thread of a haptics rendering pipeline, according to an 
illustrative embodiment of the invention. 

[0034] FIG. 6 is a schematic diagram illustrating a system 
for haptically rendering a virtual environment using data in 
a graphics pipeline, the diagram shoWing hoW third-party 
3D graphics application software is integrated With the 
system, according to an illustrative embodiment of the 
invention. 

[0035] FIG. 7 is a block diagram featuring a method of 
delivering interaction force to a user via a haptic interface 
device, the force based at least in part on graphical data from 
a virtual camera located at a haptic interface location, 
according to an illustrative embodiment of the invention. 

[0036] FIG. 8A is a screenshot of a virtual object in a 
virtual environment as imaged from a ?xed camera vieW, the 
screenshot indicating a haptic interface location, or proxy 
position, representing the position of a user in the virtual 
environment, according to an illustrative embodiment of the 
invention. 

[0037] FIG. 8B is a screenshot of the virtual object of 
FIG. 8A as imaged from a moving camera vieW located at 
the haptic interface location shoWn in FIG. 8A, Where 
graphical data from the images of either or both of FIG. 8A 
and FIG. 8B is/are used to haptically render the virtual 
object, according to an illustrative embodiment of the inven 
tion. 

[0038] FIG. 9 is a block diagram featuring a 3D transfor 
mation pipeline for displaying 3D model coordinates on a 
2D display device and for haptic rendering via a haptic 
interface device, according to an illustrative embodiment of 
the invention. 

[0039] FIG. 10 is a schematic diagram illustrating the 
speci?cation of a vieWing transformation for a haptic camera 
vieW, according to an illustrative embodiment of the inven 
tion. 

[0040] FIG. 11 is a schematic diagram illustrating the 
speci?cation of a look direction for use in determining a 
vieWing transformation for a haptic camera vieW When the 
position of a haptic interface location is constrained on the 
surface of a virtual object, according to an illustrative 
embodiment of the invention. 

[0041] FIG. 12 is a block diagram featuring a method for 
interpreting data for haptic rendering by intercepting data 
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from a graphics pipeline via a pass-through dynamic link 
library (DLL), according to an illustrative embodiment of 
the invention. 

[0042] FIG. 13 is a schematic diagram illustrating a 
system for haptically rendering a virtual environment using 
data intercepted from a graphics pipeline of a 3D graphics 
application via a pass-through dynamic link library, accord 
ing to an illustrative embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] Throughout the description, Where an apparatus is 
described as having, including, or comprising speci?c com 
ponents, or Where systems, processes, and methods are 
described as having, including, or comprising speci?c steps, 
it is contemplated that, additionally, there are apparati of the 
present invention that consist essentially of, or consist of, the 
recited components, and that there are systems, processes, 
and methods of the present invention that consist essentially 
of, or consist of, the recited steps. 

[0044] It should be understood that the order of steps or 
order for performing certain actions is immaterial so long as 
the invention remains operable. Moreover, tWo or more steps 
or actions may be conducted simultaneously. 

[0045] A computer hardWare apparatus may be used in 
carrying out any of the methods described herein. The 
apparatus may include, for example, a general purpose 
computer, an embedded computer, a laptop or desktop 
computer, or any other type of computer that is capable of 
running softWare, issuing suitable control commands, 
receiving graphical user input, and recording information. 
The computer typically includes one or more central pro 
cessing units for executing the instructions contained in 
softWare code that embraces one or more of the methods 
described herein. The softWare may include one or more 
modules recorded on machine-readable media, Where the 
term machine-readable media encompasses softWare, hard 
Wired logic, ?rmWare, object code, and the like. Addition 
ally, communication buses and I/ O ports may be provided to 
link any or all of the hardWare components together and 
permit communication With other computers and computer 
netWorks, including the internet, as desired. As used herein, 
the term “3D” is interpreted to include 4D, 5D, and higher 
dimensions. 

[0046] It is an object of the invention to leverage the 
processing poWer of modern 3D graphical rendering systems 
for use in the haptic rendering of a virtual environment 
containing, for example, one or more virtual objects. It is a 
further object of the invention to introduce a virtual camera 
in the virtual environment located at a haptic interface 
location, Which can be moved by a user. The vieW volume 
of this “haptic camera” can be siZed to exclude unnecessary 
regions of the virtual environment, and the graphical data 
can be used for haptically rendering one or more virtual 
objects as the user moves about the virtual environment. 

[0047] FIG. 1 is a block diagram 100 featuring a method 
of haptically rendering one or more virtual objects in a 
virtual environment using data in a graphics pipeline of a 3D 
graphics application. The method shoWn in FIG. 1 includes 
three main stepsiaccessing data in a graphics pipeline of a 
3D graphics application 102; interpreting data for use in 


















