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Abstract What we found is that for commonly available devices,
the finest textures that can be reliably and accurately syn-
We discuss the properties of force-feedback haptic sim-thesized without special precautions are surprisingly and
ulation systems that fundamentally limit the re-creation of perilously coarse.
periodic gratings, and hence, of any texture. These in-
clude sampling rate, device resolution, and structural dy-
namics. Basic sampling limitations are analyzed in terms 2 Basic Sampling
of the Nyquist and the Courant conditions. The analysis
proposes that noise due to sampling and other sources in- || texture synthesis algorithms rely on a “generating
jected in the system may prevent it to achieve acceptablefynction” ¢(x) used to compute a force from a position.
performance in most operating conditions, unless special |t can be periodic, stochastic, or a mixture of both. To
precautions such as the use of a reconstruction filter, makeanalyze sampling effects, we must assume #{a) is
the closed-loop more robust to noise. The structural re- 1 given that it must be finitely sampled and then recon-
sponse of @HANTOM 1.0a device was such that no such - gtrycted during synthesis. Without loss of generality, we
filter could be found, and the system introduced heavy dis-a|so assumpy(z)| < 1, Vz, and that it is band-limited. For
tortion in gratings as coarse as 10 mm. The Pantograph thjs reason, itis sufficient to look at the case of a sinusoidal
Mark-II device having more favorable structural proper- grating. The observations made next extend to any peri-
ties could reliably create gratings between 1 and 10 mm.  qdic grating and to band-limited stochastic textures since
they can be decomposed in a finite sum of sinusoids.
Consider scanning a grating of spatial period at an
1. Introduction unknown velocityv. The system is sampled at ratg7 .
This is equivalent to sampling a progressive wave with
Texture is important in haptic simulations because, like Wave numbek: at a stationary point, see Figure 1.
frictional properties or shape, it is a key attribute of real
and simulated objects. In computer graphics, much work
was, and still is, aimed at texturing images, but in haptics,
despite much past research [16, 18, 9, 6, 19, 13, 17, 7], the —
question of realism has only been recently addressed [4]. ==
In this paper, we discuss the characteristics of a sys- . ) o
tem which set absolute limits on what can be rendered with Figure 1:Circles represent places where the grating is ide-
force feedback devices. Because these devices operate on ally sampled.
sampled data both in time and in space, artifacts can arise ) - ) ) )
when a user interacts with virtual objects using a mechan-  1here exists a critical velocityr at which the dis-
ical interface which necessarily interposes its own dynam- cretized grating vanishes,
ics between the object and the user’s fingers. 1
In general, the factors that limit the synthesis of tex- vr = - 1)
ture independently from any particular method are: sys-
tem sampling period, sensor noise (related to resolution),Precise reconstruction is possible onlyuif < vr, i.€e.
output torque resolution, device structural dynamics, andv < awvy. The Nyquist criterion states that to reconstruct
other factors such as backlash in the joints. a signal, we need > 2. If this condition is not met then

vT
- -
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the generating function cannot be reconstructed. The acExample 3 If we sample at 10.0 kHZ{= 10~4), for the
curacy of the reconstruction, however, is not guaranteeddevice to resolve movementsvat 0.1 m/s, its resolution

by the Nyquist criterion. We must pick a safer limit, since must be better than 10m 6 = 10~2).

the Nyquist rate can be approached only when using near-

ideal reconstruction filters. Since, typically, the electrome- ~ Therefore, a trade-off exists between device resolution,
chanical transfer function of the haptic device serves as asampling rate, scanning speed and grating period. We can
less-than-ideal reconstruction filter~ 10 provides area-  reconcile these observations by combining the safe ve-

sonable limit. In this condition, locity of Eq (4) given by the Nyquist criterion with the
critical velocity of Eq (6) given by the Courant condition
g(x(t)) = sin (27k x(t)) @) (o« = vT /4 is the Courant number) and find that, indeed,

the device should have a resolution such that

o

Output quantization can also cause similar problems. If
where ther; are the successive position samples measuredwe call b the smallest step of force that can be resolved,
atratel/7 by the device. When < v7, then the tempo- ~ we should impose that there are at leasteps within the
ral frequency isf = vk < 1/7 so the system operates far rendered force amplitudé:

from the Nyquist rate, that is:
®
@
These constraints can easily be extended to non-periodic

Example 1 Simulate a grating with a 1.0 mm pitch at textures by knowing the spectrum of the generating func-
1.0 kHz ¢ = 10°, T = 10-%). Staying sufficiently  tion.

far undervr requires the scanning speed to remain under ~ An estimate of how well the generating function can
0.1 m/s — a rather low speed by human standards. Sim-be reconstructed is found by considering that each mea-
ulating a finer pitch of 0.1 mm (grooves of a vinyl record) surement is made with an error épon the true position
would require the speed to remain under 0.01 m/s. r; =z + ;. Assuming thas; is small:

9(x) +0g/0x 6; = g(x) + € )
sin(2nk ) + 27 §; k cos(2wk z). (10)

can be well approximated by its discrete-time counterpart

gi(z;) = sin 27k ;) , 3

%

So far we assumed that the device measured iiper- 9(x +0;)
fectly. In practice, any device has limited resolution. Let's
consider that the device makes quantized measurements
with a resolutions, the smallest displacement at the tip that Thus, the discrete grating has an error term
can be reliably detected. By an analogous reasoning, in the
absence of a space reconstruction filter, then we would re-

quire to have at least ~ 10 samples within one spatial ) ) _ ) o
period: For a given device resolution the error is amplified if the

®) spatial period is smaller. This error is dominated by space

quantization whem is small,e ~ 27/ and by time quan-
tization whenwv is large:e ~ 27/« (Eqns (5) and (7)).

Q

|€loo = 2m k max |6;| = 27 6 k. (11)

Example 2 A device having a resolution of 10m (¢ =

10~?) at best can accurately reconstruct a 0.1 mm grating Example 4 Simulate a 1.0 mm grating with a device with
(k = 10~+), all other sources of error ignored. a resolution of 10um (6 = 10~°,k = 10%, 8 = 100).
i o . ] The relative error is 0.06, that is 6%. If we try to simulate
Since a haptic simulation system essentially solves a nu-g finer grating of 0.1 mm pitch = 10), the error become

merical problem discretized in time and space, it is subject oo, which is hardly acceptable. Sinéds random, the
to the Courant-Friedrichs-Lewy condition: simulation is noisy.

(6)

o> UcT, vo < ?,
3 Feedback Dynamics

which is equivalent to considering that the velocity can-

not be known better than one velocity quantafy . We While many results were found in the past by consid-

can conclude that increasing the sampling rate of the sim-ering a device to be a damped mass (a rigid body plus

ulation may not improve it, if the resolution of the device some dissipation), when it comes to simulating textures,

is not increased as well, while making it more difficult to it is clear that device behavior at high frequencies matters,

estimate velocity [14, 5]. and that the rigid body assumption may no longer hold.
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A texture simulation system operates in closed loop, and resonances can shift unpredictably. A systematic de-
hence, feedback control theory can be useful to analyzesign for a filter H would be difficult (+-synthesis, convex
its properties. Consider the classical set-up as in Figure 2optimization, or other methods), and if at all possible, will
[8, 1]. There,r represents an input to be trackedthe have to be conservative. The structural dynamics of a de-
output,d the noise injected in the system normalized at the vice, both amplify noise in the close-loop, and distort the
output, e the error, and often one adds an external distur- signal in open loop. Since itis hard to robustly compensate
bancen to the nominal command giving v. The loop is for structural dynamics beyond the first mode, this intro-
closed around a controll€F and a plantP. duce another fundamental limit. Callirfg, the frequency

of the first mode of the device:

n
T , 13

—0— C >O— P . ] ] .
,T 4 The generating function yields a force signal of max-
O=—— imum amplitudeA, the intensity of the resulting grating.
Linearizing g around a particular true position as in
Figure 2: System with feedback. Eq. (10) (small signal analysis), gives us a bl6ck- = 0)

corresponding to the slope of the texture generating func-
In texture simulation, sources fdr(encoder noise) and  tion times the intensity factod (the Jacobian of in the
n (numerical noise and other disturbances such as frictioncase of multidimensional texture simulation) plus a recon-
or analog-to-digital reconstruction noise) have been iden- struction filterf that is typically ignored (i.eH = 1):
tified in the preceding section. Two of these transfer func-

. i . . 0
tions are of particular importance, thatdfo y (transmis- C= Aa—gH (14)
sion functionT’) and that ofd to v. Calling L = PC, .
The finer the texture, the higher the instantaneous loop
ALY L v T C

T =, —=—=—— (12 gain, which varies with: for the simple grating (Eq. (10)).
d 1+1L d P 1+1L This introduces a new constraint that says that in order to
Similar manipulations would allow us to evaluate the effect keep the loop gain independent from any particular grat-
of n on the closed-loop system. ing, thenA must be reduced proportionally to Calling

We now relate the general diagram to the case of a hap-Ao the maximum acceptable stiffness (e.g. for stability):
tic texture simulation system as in Figure 3. In most in-
stances, actuators and sensors are co-locateR, repre- (15)
sents the device transfer function from motor current com-
mand to motor movement (including the amplifiers). _

While the closed-loop functiofi’ is crucial, what ul- 4 EXxperiments
timately matters is what the user feels, thus the system re- . . . ) )
sponse should be considered from the device tip (measured Ve applied the foregoing analysis using two haptic de-
with an accelerometer [10]). This corresponds to an Open_V|ces: thePHANTOM® from Sensable and the recently re-

loop transfer function? which is related to the displace- Puilt Pantograph Mk-Il [2], see Figure 4. THRIANTOM
menth of skin via a double integrator. (model 1.@\) is a haptic device designed to explorme Go-

jects which is frequently used in research laboratories. It

a has cable drives that provide torque amplification and is

v 1 ]k statically balanced [15]. The Pantograph is a direct-driven
> R g planar device designed to render surfaces [11].

n
ec”l~P .
” B

OQ=——>

Figure 3: Haptic simulation set-up.

The functionsR and P co-vary as a function of many
factors: as a function of the configuration, of the load, and
in particular, from the mere act of touching the device. This
is because devices naturally have structural characteristics
with high-Q resonances (e.g. [12, 3]), possibly also aris- Figure 4: Devices used for the experiment
ing from the motors [2]. Structural dynamics are uncertain

Sensabl@eHANTOM 1.0A Pantograph Mk-II
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4.1 Device Characterization

Sampling rate. The devices were both interfaced to a
personal computer (2.5 GHbzIv processor), via acl pro-
prietary interface for theHANTOM, and via a “hardware-
in-the-loop” pcI card from Quanser Inc. (Mode&l8) for

the Pantograph. The system was running RTLinux 3.2pre3
that enabled hard real-time sampling rates up to 100 kHz.
In all cases, however, the control loops ran at 10 kHz. We

found that at 10 kHz, 7 = 10~%) RTLinux ran the hard-
realtime thread with a period jitter never exceeding 0.5%.

Resolution. GivenA the vector ofp individual joint res-
olutions andJ(q) the device Jacobian, the resolution was
estimated using:

(I19(q) diag(A)1[]).  (16)

max

le{—-1,1}»

woo =

For thePHANTOM 1.0A (4,000cPRrRencoders and account-
ing for joint ratios), the nominal resolution was found to
vary between 40 and 70m, Figure 5. For the Pantograph
Mk-Il with 216 cpPrencoders, the nominal resolution was
found to vary between 9 and 18n, see Figure 5. Note
that, in essence, these figures express resolutibith are
guaranteed not to be achieved in practice

400 40 K /
300 12
60

63 11
100 80 \1 /
Ng /

-100 100 -
4100 100 40 20 0 20 40 60

Figure 5:The nominal resolution im of the PHANTOM
in the mid-sagittal plane (left) and of the Panto-
graph (right) plotted over their workspaces indi-
cated in millimeters.

Nevertheless, the safety fact@rfound in Section 2 is

not have enough resolution in the high frequencies where
displacements are vanishingly small.

For thePHANTOM, the condition where the device was
lightly loaded by a rubber-band (slightly taught to keep it
in place) is reported for all directions. It is also shown for
the z direction when it was loaded by a grip.

The results, Figure 6, indicate that the lowest structural
anti-resonance was around 30 Hz in thdirection and that
there was a resonance at 100 Hz onthexis. Naturally,
there were many others modes extending up to 700 Hz,
changing in frequency, magnitude, and Q, according to the
loading conditions.

Free response in Free response in

20 20 /\
Y I
SRR A A
-20 ‘ -20 %
10 100 1000 10 100 1000
Free response in Loaded response in
20 \ A 20 v
;N(\“--I N ‘,_/ 1
U 0
o
-20 -20
10 100 1000 10 100 1000

Figure 6: Response examples of theANTOM.

For the Pantograph, the first condition also was when
the plate was held with by a rubber-band, the second was
when a finger touched the plate lightly, and the third when
the finger pressed hard, see Figure 7. There were two dom-
inant resonances, one around 400 Hz (possibly introduced
by the motors) and one around 900 Hz. The second res-
onance is puzzling because it magnified instead of being
damped out when pushing harder on the plate.

greater than 10 for both devices for textures whose smallest

spatial period is 1 mm. Given 12 bit analog-to-digital con-
verters, theeHANTOM'’s force granularity varied between
13 and 20 mN for the Pantograph’s between 2 and 5 mN.

Structural Response. The devices were tested using
chirp excitation psp Technology Inc. system analyzer,
SigLab Model 20-22). An accelerometer (Analog Device;
model ADXL 250) was clamped to the distal end of the
PHANTOM using a light-weight fixture to minimize effects

on the response. For the Pantograph, the same accelerom-

40 '
\

£ 30
by Finger (press hard)
B 20[ Tt
E— 10/,,%4, Flln:g(:erj (jpress Ilghtly) ‘ [V
< L‘oos‘e‘r‘ubber band M

0 DMy dree !

700 400
Frequency (Hz)

40 1000

eter was embedded in the finger interface plate. This en- _
abled us to measure directly the open-loop transfer func-Figure 7:Dynamic response of the Pantograph. The three
tion R. We did not attempt to measufesince encoders do responses are shown offset by 10 dB for clarity.
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4.2 Effect of a reconstruction filter We rendered f(s) = Asin(2nks(t)), a one-
dimentional grating. For the Pantograph the force was al-

F_c(;r the PHANTOb'\l"’ candi?ate filtersH thath(.:lould ﬂm- h ways in thex direction and thes(t) was simplyz(t). For
vide a reasonable open loop response while making they, PHANTOM, the force was always radial from the first

closed loop more robust given the structural |mperfect|onsjoint and horizontal, and(t) was the distance from the

at 30 Hz and 100 Hz were found to introduce t00 much .t jnint axis. The grating was rendered with just motors
phase delay, making the system unstable. 2 and 3 (the force being always in the 4-bar plane) and

For the Pantograph, because the response was well bedepended mostly on theaxis dynamics because we kept

haved until 400 Hz, a filter could be empirically designed o position close to the neutral point. The values Aor
(Butterworth order 10, 400 Hz cut-off, ran at 10 kHz). \yhere(.9 N for the PHANTOM and0.4 N for the Panto-
With this filtgr, th.e Pantograph could in principle render graph, providing a conservative margin. These values
a1 mm grating with an error of 8% and a speed of 0.4 M/S. 515 provided similar tactile intensities as well as similar
Figure 8 shows the effect of adding the filter when ex- stability margins with the two devices.
ploring a 1 mm sinusoidal grating. Without it, the rendered In the following figures, the upper-left panels always
texture is essentially uncorrelated with ther). The left show the force command that corresponds to signial
panels show that the rendered acceleration is essentiall){:igure 3. The upper-right panel shows to corresponding
determined by the noise injected in the system. Itis mag- easured acceleration, sigmak s2h in Figure 3. In the

nified and almost exclusively concentrated in the 900 Hz nher nanels, the second trace plotted in dashed line shows
k?and, as shown by the accelerat|0_n spectrum. With the,.celeration in an orthogonal direction.
filter, the rendered texture, see the right panels, has the ex-

pected shape and most of its energy is in the correct fre-Coarse grating — slow speed.The examples corre-

quency band. sponded to slowly scanning a 10 mm grating which, in
principle, could be thought of providing the best case pos-
Acceleration (No filter) Acceleration (With filter)  sible. For thepHANTOM, while the force command was
03 not sinusoidal, as one should expect when moving slowly
01 through an oscillatory force field (in this frequency range,

the elasticity of the finger is significant), the resulting ac-
celeration bore little resemblance with the expected sig-
nal. We see that theHANTOM introduced high frequency
03 noise not present in the commanded signal. The Panto-
0 0.05 0.1 0 0.05 o1 graph showed the same overall behavior, but the shape of
Time (s) Time (s) the acceleration signal is much better.

0 0

-0.1

Coarse grating — fast speed.These examples used the

same grating, but this time, the experimenter attempted to
1t 1t move at a relatively fast speed. As expected, the force
command signal was then confined to a narrow band be-
cause the movement ‘punches through’ the grating, and

this was the case for both devices. For #@ANTOM,
105 105+ the rendering was acceptable in the direction of the move-
ment as shown by the magnitude spectrum of the accel-

0 500 1000 o | I'sa0 1000 eration. There was a noticeable defect in the orthogonal
direction where, somehow, significant energy spills over in
Figure 8:Pantograph: Effect of 400 Hz Butterworth filter: the 700 Hz range. The observed spectrum spread is the
Left without filter, right with the filter in the loop.  hallmark of a nonlinear system. The cross-talk in orthog-
onal directions also changes the signal frequency. For the
Pantograph, the rendering was nearly perfect.

Magnitude Spectrum Magnitude Spectrum

4.3 Comparative tests Fine grating — slow speed. These examples corre-

. ) sponded to the case of a 1 mm grating scanned at slow
We discuss here a sample of results for the two devices, forspeed. The force to be rendered by theaNTOM suf-

two grating periods (1 mm and 10 mm), and for two dif- fers from quantization noise (even i > 10) and some

ferent scanning speed ranges (from 0.06 m/s to 0.9 m/s)ngtapility in the 300 Hz range. This yielded an accelera-
yielding eight cases. In Figure 9 each force waveform that i signal which was essentially unrelated to the desired
was to be rendered is shown next to the corresponding aCtesult, since most of the signal energy was in the 600 Hz
celeration waveform. Under each panel also is the corre-pyand where in fact it should have been in the 100 Hz band.
sponding spectrum. For the Pantograph, the grating was faithfully reproduced.
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PHANTOM Pantograph
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Figure 9: Summary of the eight testing conditions for the two devices.
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Fine grating — fast speed. These examples used the mostlikely 10 or more)y a force reconstruction safety fac-
same 1 mm grating but scanned at fast speed. Go-tor (atleast 10)A the desired force amplitude the rendered
ing against what intuition would have suggested, for the grating,A, the maximum control stiffness, arig the first
PHANTOM, the commanded force was almost noise-free mode of the device, then Table 1 summarizes the limits that
with the exception of some harmonic distortion in the cannot be exceeded in order to make it possible to render a
700 Hz band. The rendered acceleration was also almosgiven grating with a given device. These limits do not guar-
distortion-free in the scanning direction but there was sig- antee that the grating question will be rendered correctly,
nificant cross-talk in an orthogonal direction. This can but if one of these limits is exceeded it is highly likely that
be explained by the fact that for this particular grating it will not be the case.

and scanning speed, the device operated in a band which

was free of structural modes for that direction but excited Table 1: Summary of limits.
modes in another. The Pantograph rendered the grating
faithfully. Scanning velocity limit ....... akvT<l

Low speed reconstruction limit  fkd <1

. . High speed reconstruction limit akd<1
4.4 Discussion gn sp

Force reconstruction limit . .. .. vb< A
These examples, among many others that cannot be dis-  Gain fimit ... e Ak < Ay
cussed here but which reveal a number of other effects, Device structural limit ... vk < Fo

clearly indicate that the rigid body assumption is not ac-
ceptable when rendering textures with medium-scale force
feedback systems. If the bandwidth inside which the sys-
tem can be considered a rigid body is sufficiently large,
then we can cut-off the response so that Condition (13)
holds, then as long as Conditions (5) and (7) hold, the ren-
dered texture will be accurate. Under any other circum-
stances we will run the risk of rendering a signal which
is quite different from what was programmedgdf). In
that, we concur with the opinion expressed in [4], that hu-
man studies about the perception of textures using system§
of designs and scales comparable to that of rhN-
TOM may have been tainted. By comparing the force sig-
nal to the acceleration, we have results that are algorithm-
independent and relate better to fundamental limits.

As an example, theHANTOM which, in principle, has
enough resolution in time and space to render correctly tex-
tures up to 1 mm was found to render incorrectly textures
as coarse as 10 mm. With another device, the Pantograph,
which has a much higher structural bandwidth, it was pos-
sible to find a reconstruction filter which robustified the
system under all reasonable operating conditions, although
finding optimal filters that can take into account both the
open loop and the closed loop behavior of a given haptic
ystem remains a daunting task.

This study also suggested a new performance measure
for haptic devices, namely the smallest grating that can be
rendered reliably. For theHANTOM, we were not able
to determine it. For the Pantograph, this number is around
1 mm, still a far cry indeed from what is needed to simulate
a realistic texture imitating surface finishes, such as that of

5 Conclusion wood, for example.

Using the analogy between scanning a texture and aACknOWIedgments
wave traveling at a variable speed, we used the Nyquist This research was supported in part by the Institute for
and the Courant conditions to derive relationships that stateRobotics and Intelligent Systems, and the Natural Sciences
the conditions under which a texture can possibly be ren-and Engineering Research Council of Canada. G. Campion
dered. The limits imposed by the sampling theory were is the recipient of #RECARNINCc. scholarship.
found to be insufficient to guarantee the correct render- The authors would like to thank Prof. Hong Z. Tan
ing of a texture in general. A haptic device is a mechani- of Purdue University for insightful comments on an early
cal system which cannot be approximated by a rigid body draft of this paper and the reviewers for their excellent sug-
when excited by fast signals. The Jacobian of the renderinggestions. The authors are indebted to Prof. David Ostry of
function essentially determines the gain in the closed loop, McGill University for letting us use his laboratorys1AN-
therefore the complete system is subject to the constraintstom, to Prof. Keyvan Hashtrudi-Zaad of Queen’s Univer-
of feedback dynamics when significant noise is injected in sity for showing us how to interface it; to Hsin-Yun Yao of
a system which is structurally non-robust. the Haptics Lab at McGill for custom-packaging the minia-
What we found can be summarized as follows. Given ture accelerometers, and to Andrew Havens Gosline also
k the spatial frequency of a grating, the system sam-  from the Haptics Lab for proof-reading the paper.
pling period,v the scanning velocityj the device resolu- The authors would like to acknowledge Seigo Ha-
tion, b the force resolutione a temporal safety factor (at rashima fromricoH Company for many keen discussions
least 2, most likely 10)7 a spatial safety factor (at least 2, on haptic textures.
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