Haptic rendering of sharp objects using lateral forces

Otniel Portillo-Rodriguez, Carlo Alberto Avizzano, Massimo Bergamasco,
Gabriel Robles-De-La-Torre

Abstract — Achieving realistic rendering of thin and spatially
sharp objects (needles, for example) is an important open
problem in computer haptics. Intrinsic mechanical properties
of users, such as limb inertia, as well as mechanical and
bandwidth limitations in haptic interfaces make this a very
challenging problem. A successful rendering algorithm should
also provide stable contact with a haptic virtual object. Here,
perceptual illusions have been used to overcome some of these
limitations to render objects with perceived sharp features. The
feasibility of the approach was tested using a haptics-to-vision
matching task. Results suggest that lateral-force-based illusory
shapes can be used to render sharp objects, while also
providing stable contact during virtual object exploration.

1. INTRODUCTION

N important, open problem in computer haptics [1,2] is

the force-feedback-based rendering of thin objects such
as needles and, in general, of objects with spatially sharp
physical features. During interaction with force-feedback
virtual objects, important high-frequency spatial information
about sharp features is lost due to mechanical and
bandwidth limitations of force-feedback interfaces. This
makes it challenging to produce adequate, stable haptic
rendering of thin, sharp haptic objects.

It has been found that force-feedback information alone
can elicit complex perceptions relating to haptic texture and
shape [3-7]. Such perceptions can be considered as haptic
perceptual illusions of texture and shape. This article
explores the feasibility of using one of these perceptual
phenomena to render haptic surfaces with spatially sharp
surface features. In this article, lateral forces [5,6] have been
used to design haptic surfaces with sharp, illusory bumps. A
haptics-to-vision matching task has been used to assess
human perception and performance during user exploration
of these surfaces, as well as during the exploration of
surfaces with real, sharp surface features.

The principal motivation of this work is creating a
framework to exploit haptic illusions to modify user
perception and help overcome physical limitations of haptic
interfaces when rendering sharp objects. In this way it would
be possible, for example: a) to render complex geometries,
b) to allow manipulation of micro features, ¢) to improve the
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stability of the contact with virtual objects.

II. METHODS

A. Experimental setup

Subjects interacted with the virtual surfaces and made
judgments about them. They used a GRAB haptic interface
[8-10] (Fig. 1) through a thimble-like attachment in which
they inserted the index finger of their right hand. The GRAB
interface allows users to touch 3D virtual surfaces with the
index fingertip while moving their hand along a desktop
workspace. As the user moves his/her finger over the virtual
surface, he/she feels contact forces at the fingertip and can
experience the virtual surface’s geometric features (such as
corners, surface edges, curvature, etc.), distinguish sizes and
distances and understand spatial relationships between
elements.

Fig 1. Experimental setup. Subjects explored the haptic virtual surfaces
through a GRAB interface. A thimble-like manipulandum was used. During
exploration, subjects listened to broadband noise to mask auditory cues.
Subjects closed their eyes during whole exploration. After exploring the
haptic surfaces, the profiles of four different surfaces (Fig. 3) were
displayed on the computer monitor.

During the experiments, subjects’ were instructed to
maintain their finger inserted into the thimble at all times.
By doing this, they avoided any kind of accidental contact
with other parts of GRAB. At the beginning of a trial, the
experimenter moved GRAB’s thimble to the starting
position at the right side of GRAB’s workspace (Fig. 4).
Subjects were instructed to explore the virtual surface by
sliding their finger sideways (left-right) along the virtual
surface. Subjects explored the virtual surface at their own
pace. There was no time limit to explore the surface, but
subjects were encouraged to proceed with some speed.
Before they started exploring the surface, subjects closed
their eyes. They kept them closed during the exploration. To
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mask auditory cues to the interface’s operation, subjects
listened to broadband noise through headphones. Fig. 2
shows the architecture of the experimental setup.

During the experiment, a series of computer-generated
haptic surfaces were presented to the subjects. The surfaces
were not presented in any particular order. Each presentation
of a surface defined a trial. The shape of the surface
changed from trial to trial. Subjects experienced different
qualities about the surfaces, such as their texture and shape.
They were asked to concentrate on perceiving how the shape
of the surface felt like.
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Fig 2. Experiment’s Architecture.

When subjects finished haptically exploring each shape,
they matched the haptic shape to a visually displayed profile.
A set of shape profiles was visually shown to subjects on a
computer screen (Fig. 3). Each profile had a number.
Subjects used a computer keyboard to enter the number of
the profile that they believed to be closest to the profile of
the shape that was haptically explored. If they were not
completely certain about the shape, subjects were instructed
to give their best guess. The following variables were saved
during the experiment: trajectory of GRAB’s thimble during
exploration, trial exploration time, haptic shape presented
and visual shape matched. A test consisted of 90 trials, and
typically lasted for 25 minutes.

B. Subjects

Ten right-handed subjects ages 21-37 participated in the
experiment. All subjects had previous experience with
haptic interfaces, but were naive as to the purpose of the
experiment. Subjects did not self-report any hand injury or
disease. All subjects gave informed consent prior to testing.
The experimentation was approved by PERCRO’s review
board. The participation was voluntary and the subjects had
the right to withdraw their consent or discontinue
participation at any time.

C. Haptic Surfaces

Five different haptic surfaces were used in this experiment:
1) a sinusoidal segment, 2) a sinusoidal segment with a
lateral-force-based [5,6] illusory Gaussian shape, 3) a
sawtooth segment, 4) a sinusoidal segment with a small
sawtooth bump, and 5) a sinusoidal segment with a small
Gaussian bump. The force-feedback and geometrical
features of each surface are described below. A surface was
rendered with lateral (along the x-axis, Fx, see Fig. 4) and
vertical forces (along the y-axis, y(x), see Fig. 4). The
vertical forces were servoed to maintain the vertical position
of the haptic manipulandum as close as possible to the target
geometry of each surface. Vertical forces thus depended on
the forces applied vertically by subjects during exploration.
Lateral forces, however, did not depend on subjects’ applied
force, unlike previous experiments on the perceptual role of
lateral forces [6]. However, it has been found that perception
of haptic shape can be elicited through lateral forces that are
independent of vertical force applied [5].
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Fig. 3. Surface profiles that were visually displayed to subjects after
exploring each haptic surface. Subjects chose the shape that best matched
the haptically explored surface. Profile 1 was a sinusoidal segment. Profiles
2-4 showed different objects with sharp features. Profile 2 was a sinusoidal
segment with a Gaussian-shaped bump. Profile 3 was a sinusoidal segment
with a small, sawtooth bump. Profile 4 was a large sawtooth segment.
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Fig. 4. Reference system of the GRAB.

The wvirtual surfaces were displayed within a 0.31m
workspace along the interface’s x-axis (Fig. 4). Two vertical
virtual walls delimited the workspace. The virtual surfaces
were centered at ¢, which was randomly varied from trial to
trial from 0.52m to 0.67m.. All sinusoidal segments were
generated with a spatial period T= 0.1 m, and amplitude A=
0.01 m. All Gaussian shapes had a width @= 0.003 m. The
haptic rendering was performed at 2.5 kHz.



The definition of the haptic shapes follows. This definition
describes the force and geometrical features that defined the
shapes, including the workspace location in which these
features appeared. Outside of such workspace locations, a
flat haptic surface was rendered as a default. In what
follows, x is the position of the subject’s fingertip along the
X-axis.

C.1 Sinusoidal segment (“SineSeg”, Fig. 5, case A).
The geometry of this shape was defined by:
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The lateral forces (x-force direction) were given by
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C.2 Sinusoidal segment with lateral-force-based Gaussian
surface (“SineLFGauss” , Fig. 5, case B).
This shape consisted of SineSeg plus a lateral-force-based
illusory Gaussian shape [5,6], which was positioned at the
highest point of SineSeg. The geometry of SineLFGauss was
the same as that of SineSeg (described above).
3
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The lateral forces of this surface were also those of SineSeg
plus the Gausssian component:
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Otherwise, Y, (x)=F,=0- A value of /=0.01 m was chosen

based on previous experiments with this type of stimulus
[5,6].

C.3 Sawtooth segment (“Saw”, Fig. 5, case C).
The slope of the sawtooth is equal to the maximum slope of

SineSeg, ,, _+47, which occurs at v=c+ L . With these
!

parameters, the Sawtooth segment was defined by:
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In both cases, if y,(x)<0 then y (x)=F, =0.

C.4 Sinusoidal segment

(“SineSaw”, Fig. 5, case D).
The sinusoidal component of this surface is also SineSeg.
The small sawtooth bump has a slope equal to the greatest
slope of SineGauss (below) which occurs at:

with small sawtooth bump
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If $,(x)=0 then y J(X)=F,=0. The geometric and lateral

components forces of the small saw tooth bump are
yz(x)and F, respectively, which are defined as follow:
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C.5 Sinusoidal segment plus small Gaussian bump
(“SineGauss”, Fig. 5. case E).

The sinusoidal component is SineSeg. The small Gaussian
bump is generated by geometrical and lateral forces with

k=0.00285 m.
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Fig. 5. Sample haptic virtual surfaces, here centered at ¢ = 0 m.



III. RESULTS

Table 1 shows subject performance in the haptics-to-vision
matching task. This table shows the frequency with which a
given haptic surface was matched to one of the visual
profiles shown in Fig. 3. This frequency is expressed as a
percent of the overall matching performance for all subjects.

Subjects consistently matched the haptic surface
SineSeg to the sinusoidal shape (Row 1, Column 1).
However, subjects’ matching performance was completely
different when exploring SineLFGauss (Row 2, Column 2).
Note how SineSeg and SineLFGauss had the same
geometry.

It is striking how the Saw haptic surface was very
frequently matched to the sinusoidal shape segment (Row 3,
Column 1). But the converse was not true: the haptic
sinusoidal segment (SineSeg) was rarely matched to the
sawtooth segment (Row 1, Column 4). This helps highlight
the difficulties of consistently rendering a good sawtooth
shape by using a literal approach. Even though the stimulus
had an approximation to a real, sharp edge, the results
suggest that subjects did not perceive an object with a sharp
feature.

This contrasts with subjects’ matching performance for
SineLFGauss (Row 2). This haptic surface was rarely
confused with the sinusoid. It was sometimes classified into
different categories by some subjects, but overall it was
mostly matched to the sinusoidal surface with a small
Gaussian bump (Fig. 3, Profile 2) and to the sinusoidal
surface with a small sawtooth bump (Fig. 3, Profile 3). This
suggests that SineLFGauss was perceived by subjects as a
sinusoidal segment with a sharp feature (Fig. 3, Profiles 2
and 3), rather than as a large sawtooth shape (such as the
one in Fig. 3, Profile 4).

TABLEI
Haptic Matched Visual Shape
Shapes (%o, all subjects)
1.Sinusoidal [ 2.Sinusoidal 3 Sinusoidal | 4.Sawtooth
(Fig2.1) and small and small (Fig2.4)
Gaussian sawtooth
(Fig2.2) (Fig 2.3)
1.SineSeg 96.7 2.2 0.0 1.1
(Fig. 4.A)
2.SineLFGauss 6.1 28.9 48.9 16.1
3.Saw 45.6 14.4 3.3 36.7
(Fig. 4B)
4.SineSaw 4.4 16.7 68.9 10.0
(Fig. 4.C)
35 SineGauss 6.1 60.0 94 24.5
Fig. 4D)

Average Haptic to Visual matching for all subjects. The highlighted cells
indicate the visual shapes to which the haptic shapes should be ideally
matched. For each haptic shape, the difference in matching performance is
statistically significant (ANOVA, p<0.01)

In contrast to the matching performance for the haptic
Saw (Table 1 row 3), haptic surfaces SineSaw and
SineGauss were rarely matched (44 % and 6.1 %
respectively) to the visual sinusoidal segment (Column 1,
rows 4 and 5). This suggests that the perception of sharp

features depends on the context in which they are presented.
For example, when exploring haptic shapes SineLFGauss,
SineSaw and SineGauss, there was a decrease in force as
the top of the sinusoidal position of the stimuli was reached,
and then the sharp feature or the Gaussian lateral force
provided a large increase in force. Compare this to the
constant forces experienced when ascending/descending the
slopes of Saw (see “Haptic Shapes” in Methods). This may
not be surprising from the perceptual point of view, but it is
potentially useful for haptic rendering purposes. Finally,
subjects consistently matched SineSaw and SineGauss to the
equivalent visual shapes: 68.9 % and 60 % of the time,
respectively.

Subjects’ finger trajectories during object exploration
were compared to the ideal geometries of each haptic
surface through Mean Squared Errors (MSEs). This allowed
examining how close subjects’ finger trajectories were to the
geometry of each stimulus. Fig. 6 shows a typical trajectory
when exploring a SineSaw stimulus. Subjects’ finger
trajectories had a slight vertical offset relative to the ideal
geometry of the objects. This was due to the finite stiffness
used (which in this experiment was set to 2 N/mm). The
offset was eliminated before computing MSEs. MSEs were
calculated within the range x e (c-0.025m,c¢+0.025m).
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Fig. 6. An user’s fingertip trajectory while exploring a
SineSaw shape (Subject 1, trial 34).
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Fig. 7. Trajectory data corrected for vertical offset and ready for MSE
computation.



MSE analysis is summarized in Table 2. Results are
expressed as a percent of the trials in which a given
trajectory was closest to the geometry of a haptic shape. For
example, consider all the trials in which SineSeg was
explored by subjects (Table 2, row 1). Table 2 shows that in
98.33% of those trials, subjects’ finger trajectories were
closest to the ideal SineSeg geometry. The table also
indicates that, very rarely, subjects’ finger trajectories were
closest to the ideal geometries of Saw, SineSaw or
SineGauss.

TABLEII

Haptic Shape Closest geometry match of exploration
explored (percent of totalttll"?z;llfcfsfzg.ch haptic shape)
1.SineSeg | 2.Saw | 3.SineSaw 4.SineGauss
1. SineSeg (Fig. 4.A) 98.33 0.56 0.56 0.56
2. SineLFGauss 91.67 1.67 4.44 2.22
3. Saw (Fig. 4.B) 1.11 92.78 1.11 5.00
4. SineSaw (Fig. 4.C) 15.00 26.67 56.11 2.22
S. SineGauss (Fig. 4.D) 2.22 36.67 21.11 40.00

Comparison of the exploration trajectories used by subjects to the geometry
of the haptic shapes. Note that SineLFGauss stimuli had the same geometry
as the Sinusoidal segment (SineSeg). For each haptic shape, the difference
in the trajectories followed is statistically significant (ANOVA, p<0.01).

Table 2 helps assess the difficulty to render the
geometry of some sharp features. While rendering the
geometry of SineSeg and Saw was simple, this was not the
case for SineSaw and SineGauss (rows 4 and 5). Subjects’
finger trajectory when exploring SineSaw and SineGauss
did not, in general, closely follow the target geometry of
these surfaces. In contrast, rendering the geometry of
SineLFGauss was possible (row 2). As mentioned above,
SineLFGauss had the same geometry as SineSeg (a smooth
sinusoid), but was consistently matched to visual shapes
with sharp features. The difficulties to render the geometry
of SineSaw and SineGauss suggest that maintaining surface
contact with these objects during exploration was made
difficult by the surfaces’ sharp features, which is something
commonly observed when rendering these in general. In
contrast, Table 2 suggests that good surface contact with
SineLFGauss (the surface with an illusory Gaussian bump)
was simply achieved.

Two major points are suggested by Table 2 also. The
first is that the geometry of Saw was accurately rendered
(Table 2, Row 3, Column 2), but this did not result in
subjects consistently matching this haptic surface to the
visual Sawtooth profile (Table 1, Row 3, Column 4). In
contrast, the haptic Saw was consistently matched to the
sinusoidal visual profile (Table 1, Row 3, Column 1). This
suggests that accurate rendering of the geometry of sharp
objects does not always result in subjects perceiving the
sharp features of objects.

The second major point is that, even when the geometry
is not very accurately rendered (perhaps due to unstable
contact with the surface of the object due to spatially sharp
features), subjects still could be able to perform an accurate

haptic to visual match. This is suggested by the matching
performance for SineSaw (Table 1, Row 4, Column 3).

IV. DISCUSSION AND FUTURE WORK

The results suggest that lateral-force-based haptic shape
illusions (such as the one used in SineLFGauss) can be
combined with a smooth object geometry to haptically
render sharp features of objects. The results also suggest that
this can be achieved while maintaining a stable contact with
the object, which is what happens, in general, during haptic
interaction with real objects with spatially sharp features. It
is not possible to stress enough the desirability of such stable
interaction with haptically rendered, spatially sharp objects,
particularly in applications such as surgery simulators.
However, the variability found during haptic to visual
matching for SineLFGauss suggests that there are more
factors determining subject perception in these cases. For
example, subjects may have had a bias toward choosing one
of the three visual figures, or perhaps subjects’ expectations
regarding the haptic features of stimuli were modulated by
the visual shapes. More research is needed to clarify these
possibilities.

Nevertheless, the data suggest that the approach is
promising, and that perceptual illusions may help overcome
some intrinsic limitations of haptic rendering methods due to
inertial properties of limbs and mechanical limitations of
interfaces, for example. The use of haptic illusions, in
particular lateral-force-based ones, suggests a variety of
other, different methods to render sharp features. One of
these methods is schematically described in Fig. 8. Here, an
object with a smooth geometry (a rectangle with smooth
corners), is combined with two illusory, lateral-force-based
“holes” [5,6] (represented in Fig. 8 by two ellipsoidal
segments). The net result could be, perceptually, a very
sharp corner, schematically depicted in Fig. 8 by the curve
formed by the two ellipsoidal segments. However, as
happened with SineLFGauss in our experiment, a user’s
spatial trajectory when exploring such an object would be
smooth (along the square in Fig. 8), to help ensure contact
stability.

", ~

Fig. 8. An alternative haptic rendering method for sharp corners: two
illusory “holes” (ellipsoidal segments) are used to perceptually create a very
sharp corner (top left corner of the square) when exploring an object with
smooth geometry (square). See text for details.



REFERENCES

[1] Basdogan, C. and M. A. Srinivasan (2002). Haptic Rendering in Virtual

Environments. Handbook of Virtual Environments. K. Stanney.
London, Lawrence Earlbaum, Inc.: Chapter 6, pp. 117-134.

Hayward, V., Astley, O. R., Cruz-Hernandez, M., Grant, D. Robles-De-
La-Torre, G. Haptic Interfaces and Devices. Sensor Review 24(1):16-29
(2004).

Minsky, M (1995) Computational Haptics: The Sandpaper System for
Synthesizing texture for a force-feedback display. Ph.D. dissertation,
Massachusetts Institute of Technology.

Morgenbesser, H.B., & Srinivasan, M.A. (1996). Force shading for
haptic shape perception. Proceedings of the ASME Dynamic Systems
and Control Division, DSC-Vol. 58, 407-412.

Robles-De-La-Torre,G. & Hayward, V. (2000). Virtual Surfaces and
Haptic Shape Perception. Proceedings of the Haptic Interfaces for
Virtual Environment and Teleoperator Systems Symposium, ASME
International Mechanical Engineering Congress & Exposition 2000,
Orlando, Florida, USA.

Robles-De-La-Torre, G. & Hayward,V. (2001). Force Can Overcome
Object Geometry In the perception of Shape Through Active Touch.
Nature 412 (6845):445-8.

Ho PP, Adelstein BD, Kazerooni H (2004). Judging 2D versus 3D
Square-Wave Virtual Gratings. Proceedings of the 12th International
Symposium on Haptic Interfaces for Virtual Environment and
Teleoperator Systems (HAPTICS'04) pp. 176-183.

Avizzano, C.A.; Marcheschi, S.; Angerilli, M.; Fontana, M.;
Bergamasco, M.; Gutierrez, T.; Mannegeis, M. (2003). A multi-finger
haptic interface for visually impaired people. Proceedings of the 12th
IEEE International Workshop on Robot and Human Interactive
Communication. 31 Oct.-2 Nov. 2003 Page(s):165 - 170 .

Avizzano C.A., Marcheschi S., Bergamasco M. Haptic Interfaces:
Collocation and Coherence Issues (2004). In Proc. of Multi-point
Interaction in Robotics and Virtual Reality Workshop, IEEE
International Conference in Robotics and Automation.

[10]1glesias, R.; Casado, S.; Gutierrez, T.; Barbero, J.I.; Avizzano, C.A.;

Marcheschi, S.; Bergamasco, M. (2004). Computer graphics access for
blind people through a haptic and audio virtual environment.
Proceedings.of the 3rd IEEE International Workshop on Haptic, Audio
and Visual Environments and Their Applications.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


	To appear, IEEE RO-MAN 06, U: 
	K: 



