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program includes two separate loops—one for updating
graphics and the other for displaying force. The graphics
update rate is maintained around 30 Hz, although it
decreases slightly during the rendering of texture-
mapped objects or deformable surfaces. We provide hap-
tic rendering examples for four types of objects:

(a) Rigid smooth objects: The number of polygons of
each polyhedron we tested ranges from hundreds
to thousands. (See Table 1.) It can be seen that
the haptic servo rate is approximately constant
even if the number of polygons is increased by
approximately 5,000 times.

(b) Texture-mapped objects: Figure 8(a) shows the

simulation of a doughnut with texture mapping.
In this simulation, an image-based haptic-textur-
ing technique is used to map 2-D periodic waves
onto the surface of the object. The users were
able to feel the texture of the object when the
surface of the object was explored with a haptic
device.

(c) Dynamic objects: Multiple objects whose dynamics
are governed by the equations of the motion are
simulated. (See Figure 8b.) Dynamical equations
are solved using the Euler integration technique,
and the state of each object is updated at every
iteration. The user can manipulate the objects to

Figure 8. Examples of haptically rendered 3-D objects that can be touched and felt through a haptic interface: (a) textured
object , (b) objects with dynamics, (c) deformable object. The small ball in the figures represents the cursor (called the ideal haptic

interface point, or IHIP).

Table I. Haptic Rendering Rates for Various 3-D Rigid and Smooth Objects

Object 1 Object 2 Object 3 Object 4

Number of vertices 8 239 902 32402
Number of lines 18 695 2750 97200
Number of polygons 12 456 1800 64800
Haptic servo rate
(kHz) !12 to 13 !11 to 12 !11 to 12 !9 to 10

The results were obtained with a Dual Pentium II, 300 MHz PC running two threads and equipped with an advanced
graphics card (AccelECLIPSE from AccelGraphics). Servo rate results are based on rendering 3-D objects for at least 3
min. Rendering test is repeated at least three times for each object.
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Today’s Agenda

• Rendering the illusion of a bump 

• Force shading 

• Textured surfaces

[From C.-H. Ho et al., Presence 8(5), 1999.]



The Virtual Bump

A haptic illusion?



Bump Demo



What did you experience?

• Is the plane flat? 

• Or is it curved?



What did you experience?

• Is the plane flat? 

• Or is it curved?

It’s both!
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7  HAPTIC CONTROLLER

Reliance on a virtual proxy reduces the task of  the haptic
servo controller to minimization of the error between the
configuration of the proxy and position of the haptic device.
Reducing position error of a mechanical system is a problem
which has been discussed extensively in the robotics literature
[6]. In our current implementation we rely on a simple
operational space proportional derivative (PD) controller [13].
As all modeling effects are achieved by the movement of the
proxy, controller gains and other parameters can be set by sole
consideration of the properties of the mechanical system.
The low-level control loop may be separated from the
contact/proxy update loop to guarantee stability of the system
even in the presence of a large number of objects. By running
the control loop at a high fixed clock rate, stability is easier to
ensure and the fidelity of the haptic display degrades
gracefully as the complexity of the environment is increased. If
the proxy update procedure is unable to maintain the same rate
as the controller, objects feel “sticky.” While this effect may
not be desirable, it is preferable to permitting unstable and
dangerous behavior of the haptic device.

8  RESULTS

Our haptic library has been successfully tested on a large
number of polygonal models, including some containing more
than 24,000 polygonal primitives. In our tests the client
computer was a SGI Indigo2 High Impact running IRIX 6.2 and
the haptic server was a 200Mhz Pentium Pro running Linux
2.0.2. Communication between computers was made through a
standard ethernet TCP/IP  connection. The haptic device
employed was a ground based PHANToM manipulator. This 3-
degree-of-freedom force-feedback device has sufficiently high
stiffness, low inertia and low friction for high fidelity force
display. The server produced stable results with position gains
over 1800 Newtons/meter  with no artificial damping. The
proxy update loop computation time is approximately O n(lg )
where n is the number of polygons. This slow asymptotic
growth is the consequence of the dependence of the proxy’s
movement on only its local environment. In contrast, the
rendering time for a graphic display, where the entire world
may be visible at one time, is inherently O n( ) .
The current system is adept in modeling a large number of
geometric models.  Some examples are shown in Figures 9,10
and 11. Figure 9 shows a VRML model of an AT-AT from Star
Wars containing over 11,000 polygons. The high level interface
simplifies the implementation of applications like VRML
browsers.  Figure 10 shows a VRML model of the classic
teapot, composed of 3416 triangular surfaces. Force shading is
used to model the apparently curved surfaces of the underlying
polygonal model. Figure 11 shows a sample test application
where the user can click virtual buttons to select a variety of
geometrical models with numerous different surface
characteristics. These models can be moved to make them
contact or overlap one another, creating possibly thousands of
unexpected new intersections, edges, and corners.
In all cases, the location of the virtual proxy, rather than finger
position, is displayed to the user, further adding to the sense of
rigidity of the modeled environment [26].

Figure 9: Haptic AT-AT (11088 polygons)

Figure 10: Force Shaded Teapot (3416 polygons)

Figure 11: Interactive Haptic Environment
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A Virtual Sphere

Represented as a polygonal mesh



Rendered Sphere

• What do these spheres feel like with the god-object algorithm?

“flat” shaded “smooth” shaded



The Problem

• Polygonal representations 
decompose objects into flat, 
piecewise (faceted) surfaces 

• The plane projection used in the 
god-object algorithm always 
renders a normal direction force 

• How do we fix this?



The Solution

• Many polygonal models will have 
associated vertex normals to 
facilitate smooth shading 

• We can interpolate the vertex 
normals for haptic rendering 

• Haptics equivalent of the Phong 
shading technique 



The Solution

• But how do we integrate this 
with the proxy algorithm?



Proxy Rendering Solution #1

polygon to another to explore the shape of a polyhe-
dron.) To minimize this problem, we project the HIP to
the object surface along the direction of the interpolated
normal vector (N

=

S). The distance between the projected
HIP and the current HIP is then used to determine the
magnitude of the force. (See Figure 6.) This method
works well when the penetration of HIP is small com-
pared to the size of the polygon. If the penetration
depth is larger than the length of the edge of the con-
tacted polygon, the users can still feel the existence of
the edges. Force shading should be implemented appro-
priately depending on the geometry of the object that is
being represented. It should be turned on to minimize
the effects of artificial edges created by the polygonal
representation, whereas it should be turned off when the
objects have natural edges (e.g., the force-shading tech-
nique should be used to smooth the lateral surfaces of a
circular cylinder made of polygons and not for the flat
ends.)

4.2 Friction

As mentioned earlier, friction can be simulated by
adding a lateral force vector to the normal force vector.
We extended the friction model proposed by Salcudean
and Vlaar (1994) and Salisbury et al. (1995) to simulate

various types of bumpy frictional surfaces by changing
the static and dynamic friction coefficients at different
spatial locations and to improve the perception of object
surfaces. We can simulate static and dynamic friction
such that the user feels the stick-slip phenomenon when
he/ she strokes the stylus of a haptic device over the ob-
ject surface.

Our model has two types of friction states: sticking
and sliding. During the sticking and sliding states, the
static and dynamic friction coefficients are used, respec-
tively. When the first collision is detected, the contacted
point is stored as the sticking point and the friction state
is set as the sticking state. When the users move the HIP,
a tangential resistive force is applied to the user. The
magnitude of the tangential force is decided by the linear
elastic law (F

=

s ! ksx
=, where ks is proportional to the static

friction coefficient, and x= is the vector from the IHIP to
the sticking point). If the tangential force is larger than
the allowable static friction force (the normal force times
the static friction coefficient), the friction state is
changed to the sliding state and the sticking point is up-
dated and moved to a new location. The location of the
new sticking point is on the line between the old sticking
point and the IHIP. The distance from the IHIP to the
new sticking point is calculated using the inverse of lin-
ear elastic law (x= ! F

=

d/kd, where kd is proportional to
the dynamic friction coefficient, F

=

d is the friction force
that is equal to the normal force times the dynamic fric-
tion coefficient). It should be noted that kd is smaller
than ks, as is the case for real objects. Unlike the method
described in Salisbury et al. (1995), we keep the state in
the sliding state, instead of switching to the sticking
state, following the movement of sticking point. The
reason is that, if we change back to the sticking state
right after moving the sticking point, we observed that
the feeling of dynamic friction is lost. In the next itera-
tion, we calculate the tangential force (F

=

d ! kdx
=). If this

force is larger than the dynamic friction force (the nor-
mal force times the dynamic friction coefficient), we
know that the user intends to keep moving the HIP in
the same direction, and, therefore, we keep the state in
the sliding state and use the method mentioned above to
move the sticking point to a new position. However, if
the force (Fd) is smaller than the dynamic friction force

Figure 6. The direction and magnitude of force with force-shading
technique. Before applying force shading, the vector from HIP to IHIP is

used to determine the force. After applying the force-shading technique,

the vector from HIP to the projected HIP is used to compute the force.
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[From C.-H. Ho, C. Basdogan & M. Srinivasan, Presence 8(5), 1999.]
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be solved easily using Lagrange multipliers as is described by
Zilles in [27] to find the new sub-goal. Since at most three
planes can be active at one time, the entire solution can be
found in O m( )  time, where m is the original number of
constraint planes. Once the new sub-goal is found, the iteration
may continue.
Each iteration reduces the distance between the proxy and the
user’s position, thus ensuring that the movement of the proxy
will be stable if the input from the user is stable.

4  FORCE SHADING

Most graphic interfaces permit the specification of surface
normals on the vertices of polygonal surfaces. This information
is used to alter the lighting model on the surface to give it the
appearance of being smooth [11,21]. Morgenbesser and
Srinivasan [19] were the first to demonstrate that a similar
haptic effect may be created. Their solution changes the
direction of the normal force while retaining the magnitude
caused by the penetration of the original polygonal surface.
While this technique produces compelling shading effects, it is
unclear how to extend this approach to deal with multiple
intersecting shaded surfaces or additional surface effects, such
as friction or texture.
Our force shading approach handles situations involving
multiple intersecting, shaded surfaces that are in contact with
the proxy at the same time. These situations arise, for
example, when two force-shaded cylinders are placed side by
side. In addition, the shading effect is created solely by moving
the position of the proxy, thus helping to guarantee solution
stability.
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Figure 5: Two Pass Force Shading with Supplied Normals

When a polygonal surface with user specified normals is
encountered a new local surface normal is calculated by
interpolating the normals from the vertices of the polygon.
Since the required interpolation weights have already been
computed as part of the collision detection process, this
determination requires little additional computation.  This
interpolation is very similar to that required for Phong shading
in computer graphics applications [21].  The interpolated
normal specifies a new constraint plane going through the
contact point. The algorithm proceeds by first finding a new
sub-goal using the interpolated planes instead of the original
constraint planes. This sub-goal is then treated as the user’s
finger position and a second pass of the update procedure is
performed to obtain the final sub-goal configuration for this
iteration. This second pass is performed using the actual (non-
interpolated) constraint planes. While this approach is slightly
more computationally expensive than previous efforts [19,23],
it properly considers the effect of all constraint surfaces in both
passes and produces the correct result even if multiple force
shaded surfaces exist. This process is illustrated in Figure 5.
If the sub-goal configuration is above all the true constraint
planes after the first pass, the sub-goal is first projected back
onto the nearest true constraint plane. This ensures that the
new sub-goal point will always be on the object surface and
that surface effects like friction and texture will be handled
correctly.
Note that force shading may increase the distance between the
user’s finger position and the position of the proxy. This
increase implies that the surface is active and can add energy
to the haptic/user system. In graphic models the interpolated
and the true surface normals typically differ by less then 30°. In
this case, the added energy is very small, and is not noticed by
the user. In all of our tests the motion was stable.
The difference between the force shaded surface and a flat
surface is illustrated in Figure 6. In both figures the difference
between the actual user position and the position of the virtual
proxy are shown as the user’s finger follows a circular path
around a ten-sided polygonal approximation of a circular
object.

Figure 6: Effect of Flat (a) vs. Force Shaded (b) surface on
proxy motion

As seen in Figure 6(a), a strong discontinuity occurs when the
proxy finally reaches an obstacle edge. In Figure 6(b), surface
normals have been specified on the vertices. The resulting
movement of the proxy shows that the resultant force is always
perpendicular to the interpolated circular object. This is what
would be expected if the user were moving around a perfectly
circular object. Although the proxy remains on the polygonal
surface the motion of the proxy is continuous and therefore the
resultant force feels smooth to the user.

[From D. Ruspini, K. Kolarov & O. Khatib, ACM SIGGRAPH, 1999.]
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be solved easily using Lagrange multipliers as is described by
Zilles in [27] to find the new sub-goal. Since at most three
planes can be active at one time, the entire solution can be
found in O m( )  time, where m is the original number of
constraint planes. Once the new sub-goal is found, the iteration
may continue.
Each iteration reduces the distance between the proxy and the
user’s position, thus ensuring that the movement of the proxy
will be stable if the input from the user is stable.

4  FORCE SHADING

Most graphic interfaces permit the specification of surface
normals on the vertices of polygonal surfaces. This information
is used to alter the lighting model on the surface to give it the
appearance of being smooth [11,21]. Morgenbesser and
Srinivasan [19] were the first to demonstrate that a similar
haptic effect may be created. Their solution changes the
direction of the normal force while retaining the magnitude
caused by the penetration of the original polygonal surface.
While this technique produces compelling shading effects, it is
unclear how to extend this approach to deal with multiple
intersecting shaded surfaces or additional surface effects, such
as friction or texture.
Our force shading approach handles situations involving
multiple intersecting, shaded surfaces that are in contact with
the proxy at the same time. These situations arise, for
example, when two force-shaded cylinders are placed side by
side. In addition, the shading effect is created solely by moving
the position of the proxy, thus helping to guarantee solution
stability.
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When a polygonal surface with user specified normals is
encountered a new local surface normal is calculated by
interpolating the normals from the vertices of the polygon.
Since the required interpolation weights have already been
computed as part of the collision detection process, this
determination requires little additional computation.  This
interpolation is very similar to that required for Phong shading
in computer graphics applications [21].  The interpolated
normal specifies a new constraint plane going through the
contact point. The algorithm proceeds by first finding a new
sub-goal using the interpolated planes instead of the original
constraint planes. This sub-goal is then treated as the user’s
finger position and a second pass of the update procedure is
performed to obtain the final sub-goal configuration for this
iteration. This second pass is performed using the actual (non-
interpolated) constraint planes. While this approach is slightly
more computationally expensive than previous efforts [19,23],
it properly considers the effect of all constraint surfaces in both
passes and produces the correct result even if multiple force
shaded surfaces exist. This process is illustrated in Figure 5.
If the sub-goal configuration is above all the true constraint
planes after the first pass, the sub-goal is first projected back
onto the nearest true constraint plane. This ensures that the
new sub-goal point will always be on the object surface and
that surface effects like friction and texture will be handled
correctly.
Note that force shading may increase the distance between the
user’s finger position and the position of the proxy. This
increase implies that the surface is active and can add energy
to the haptic/user system. In graphic models the interpolated
and the true surface normals typically differ by less then 30°. In
this case, the added energy is very small, and is not noticed by
the user. In all of our tests the motion was stable.
The difference between the force shaded surface and a flat
surface is illustrated in Figure 6. In both figures the difference
between the actual user position and the position of the virtual
proxy are shown as the user’s finger follows a circular path
around a ten-sided polygonal approximation of a circular
object.

Figure 6: Effect of Flat (a) vs. Force Shaded (b) surface on
proxy motion

As seen in Figure 6(a), a strong discontinuity occurs when the
proxy finally reaches an obstacle edge. In Figure 6(b), surface
normals have been specified on the vertices. The resulting
movement of the proxy shows that the resultant force is always
perpendicular to the interpolated circular object. This is what
would be expected if the user were moving around a perfectly
circular object. Although the proxy remains on the polygonal
surface the motion of the proxy is continuous and therefore the
resultant force feels smooth to the user.

[From D. Ruspini, K. Kolarov & O. Khatib, ACM SIGGRAPH, 1999.]
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be solved easily using Lagrange multipliers as is described by
Zilles in [27] to find the new sub-goal. Since at most three
planes can be active at one time, the entire solution can be
found in O m( )  time, where m is the original number of
constraint planes. Once the new sub-goal is found, the iteration
may continue.
Each iteration reduces the distance between the proxy and the
user’s position, thus ensuring that the movement of the proxy
will be stable if the input from the user is stable.

4  FORCE SHADING

Most graphic interfaces permit the specification of surface
normals on the vertices of polygonal surfaces. This information
is used to alter the lighting model on the surface to give it the
appearance of being smooth [11,21]. Morgenbesser and
Srinivasan [19] were the first to demonstrate that a similar
haptic effect may be created. Their solution changes the
direction of the normal force while retaining the magnitude
caused by the penetration of the original polygonal surface.
While this technique produces compelling shading effects, it is
unclear how to extend this approach to deal with multiple
intersecting shaded surfaces or additional surface effects, such
as friction or texture.
Our force shading approach handles situations involving
multiple intersecting, shaded surfaces that are in contact with
the proxy at the same time. These situations arise, for
example, when two force-shaded cylinders are placed side by
side. In addition, the shading effect is created solely by moving
the position of the proxy, thus helping to guarantee solution
stability.
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When a polygonal surface with user specified normals is
encountered a new local surface normal is calculated by
interpolating the normals from the vertices of the polygon.
Since the required interpolation weights have already been
computed as part of the collision detection process, this
determination requires little additional computation.  This
interpolation is very similar to that required for Phong shading
in computer graphics applications [21].  The interpolated
normal specifies a new constraint plane going through the
contact point. The algorithm proceeds by first finding a new
sub-goal using the interpolated planes instead of the original
constraint planes. This sub-goal is then treated as the user’s
finger position and a second pass of the update procedure is
performed to obtain the final sub-goal configuration for this
iteration. This second pass is performed using the actual (non-
interpolated) constraint planes. While this approach is slightly
more computationally expensive than previous efforts [19,23],
it properly considers the effect of all constraint surfaces in both
passes and produces the correct result even if multiple force
shaded surfaces exist. This process is illustrated in Figure 5.
If the sub-goal configuration is above all the true constraint
planes after the first pass, the sub-goal is first projected back
onto the nearest true constraint plane. This ensures that the
new sub-goal point will always be on the object surface and
that surface effects like friction and texture will be handled
correctly.
Note that force shading may increase the distance between the
user’s finger position and the position of the proxy. This
increase implies that the surface is active and can add energy
to the haptic/user system. In graphic models the interpolated
and the true surface normals typically differ by less then 30°. In
this case, the added energy is very small, and is not noticed by
the user. In all of our tests the motion was stable.
The difference between the force shaded surface and a flat
surface is illustrated in Figure 6. In both figures the difference
between the actual user position and the position of the virtual
proxy are shown as the user’s finger follows a circular path
around a ten-sided polygonal approximation of a circular
object.

Figure 6: Effect of Flat (a) vs. Force Shaded (b) surface on
proxy motion

As seen in Figure 6(a), a strong discontinuity occurs when the
proxy finally reaches an obstacle edge. In Figure 6(b), surface
normals have been specified on the vertices. The resulting
movement of the proxy shows that the resultant force is always
perpendicular to the interpolated circular object. This is what
would be expected if the user were moving around a perfectly
circular object. Although the proxy remains on the polygonal
surface the motion of the proxy is continuous and therefore the
resultant force feels smooth to the user.

[From D. Ruspini, K. Kolarov & O. Khatib, ACM SIGGRAPH, 1999.]
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Shading Demo



How do we do this in 

three dimensions?



Barycentric coordinates
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Barycentric Coordinates
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4 Hap tic Display of Su r face Pr oper ties

When we explore objects in the real world, we sel-
dom contact smooth, frictionless surfaces. Therefore, in
addition to the shape of objects, surface property is an-
other important factor that could increase the natural-
ness of VEs. In our simulations, surface properties are
separated into two different categories: texture and fric-
tion. From a computational viewpoint, texture is expen-
sive to represent as shape. However, both friction and
texture can be simulated by appropriate perturbations of
the reflected forces. The major difference between the
friction and the texture simulation via a haptic device is
that the friction model creates only lateral forces and the
texture model modifies both the lateral and normal
forces.

The simulation of static and dynamic friction gives
users the feeling as if they are stroking the surface of
sandpaper (Salisbury et al., 1995). By changing the
mean value of the friction coefficient and its variation,
we can efficiently simulate various surfaces (Siira & Pai,
1996; Green & Salisbury, 1997). Textures can be simu-
lated by simply mapping bumps and cavities onto the
surface of objects. Minsky (1995) presented a method to
simulate 2-D haptic textures by perturbing the direction
of reaction force. In contrast to the simulation of surface
properties that add roughness to a smooth surface, the
force-shading technique (Morgenbesser & Srinivasan,
1996; Basdogan et al., 1997; Ruspini et al., 1997) elimi-
nates the surface roughness. When the objects are repre-
sented as polyhedrons, the surface normal and the force
magnitude are usually discontinuous at the edges. By
using the force-shading technique, we can reduce the
force discontinuities and make the edges of polyhedral
object feel smoother.

4.1 Fo rce Shading

During haptic rendering, we can compute the
point of contact and retrieve information about the con-
tacted primitive from the database. To compute the
shaded force vector, we consider only the vertex normals
of the original unshaded surface. In this regard, if the
contacted primitive is a vertex, the normal of the vertex

is used directly as the normal of the collision point. If the
contacted primitive is a line, the normal at the collision
point is the average of the normal of the line’s two
neighboring vertices, weighted by the inverse of the dis-
tance from the collision point to the vertices. If the con-
tacted primitive is a polygon, because our objects are
made of triangles, the collision point will divide the col-
lided triangle into three subtriangles. (See Figure 5.) We
then calculate the normal (N

=

S) at the collision point by
averaging the normals of the vertices (N

=

i) of the con-
tacted polygon, weighted by the areas Ai of the three
subtriangles (Equation 1).

N
=

S !

!
i!1

3

Ai · N
=

i

!
i!1

3

Ai

(1)

Although the interpolation of the vertex normals makes
the normal vector N

=

S continuous at the edges, the user
can still feel the existence of the edges due to the discon-
tinuities in the force magnitude. (Because of the limited
position-tracking ability of the user, the depth of pen-
etration is not held constant while the operator moves
the probe of a haptic device from the surface of one

Figure 5. The collision point (IHIP) divides the collided triangle into
three subtriangles. The point in the center is the collision point. Points 1,

2, and 3 are the three vertices of the triangle. N
=
i’s are the normals of

the vertices, Ai’s are the areas of subtriangles, and N
=
s is the normal at

the collision point.
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Barycentric Interpolation

• On a triangle mesh, we can 
interpolate using barycentric 
coordinates of the contact point: 

• where Ai is area of sub-triangle

[From C.-H. Ho, C. Basdogan & M. Srinivasan, Presence 8(5), 1999.]
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can still feel the existence of the edges due to the discon-
tinuities in the force magnitude. (Because of the limited
position-tracking ability of the user, the depth of pen-
etration is not held constant while the operator moves
the probe of a haptic device from the surface of one

Figure 5. The collision point (IHIP) divides the collided triangle into
three subtriangles. The point in the center is the collision point. Points 1,

2, and 3 are the three vertices of the triangle. N
=
i’s are the normals of

the vertices, Ai’s are the areas of subtriangles, and N
=
s is the normal at

the collision point.
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Textured Surfaces



Texture Images

• We can use the barycentric 
coordinates of the contact point 
to index a texture image 

• Just like texture mapping in 
graphics! 

• But what properties are we after 
for haptic rendering? 
- We can’t feel colour!



Normal Maps



Height Fields / Bump Maps



Computing normals from height maps

h(u, v)

F

rh

rh ⇡ 1

2�


h(u+ �, v)� h(u� �, v)
h(u, v + �)� h(u, v � �)

�



Can we apply our 
normals directly?

F = krP � rDkm̂ ???



Tangent Space

We need surface tangents!



Tangent Directions

• Can be computed from vertex 
texture coordinates (u, v) 

• I’ll omit the details of the 
derivation here 

• CHAI3D has a function that will 
do this for you

[From learnopengl.com]

https://learnopengl.com/Advanced-Lighting/Normal-Mapping


Perturbing the surface normal without tangents

• If we can define a texture “height” function in 3D space, and its gradient: 

• We can compute the perturbed normal directly from the gradient of h(x, y, z)

h(x, y, z)

m = n̂�rh+ (rh · n̂)n̂

rh =
@h

@x
x̂+

@h

@y
ŷ +

@h

@z
ẑ



One more issue…

F



One more issue…

F

F =

(
(d�Kh)n̂+Khm̂ if d � Kh

dm̂ otherwise

???



What about a 

friction map?



Textures

in a modern visual renderer



Summary

• This week, we learned how to render surfaces beyond the flat, slippery plane 

• Friction: rendering surfaces with both static and dynamic coulomb friction 

• Shading: rendering smooth surfaces from faceted polygonal models 

• Textures: rendering textured surfaces by image lookup


