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ABSTRACT

This paper addresses haptic rendering for large skts resulting
from CFD (Computational Fluid Dynamics) applicasonWe

present a new haptic interaction technique for mauendering
of isosurfaces. This method is based on an exiginogess [1].
This contribution makes it possible to take intccamt 3D

regions presenting high frequency data. In additiaith this

techniqgue we can explore and understand complex fieids

without having any intermediate geometrical repméstion (such
as the polyhedral mesh provided by Marching Culid$)| thus

having a very fast haptic rendering loop. Lastlg led several
psychophysical studies to assess the interesti®fntiethod for
isosurface haptization.
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1. INTRODUCTION

Due to recent advances in computing, computatiomalels tend
to supplement the laboratory experiments by sirmdatvery
complex systems. They give access, on one harfiglds which
were inaccessible in the laboratory (e.g. evoligiohthe climate),
and on the other hand to certain situations notlyeasder
controlled in real life (e.g. temperatures closetlie absolute
zero). Comprehension of the studied phenomenon igmph
meticulous analysis of the simulation results repnéed by a
multidimensional matrix.

Haptic Volumic

Various exploration methods were developed in otd@rovide a
set of intuitive tools for exploring and understamyithe data set.
In CFD, various desktop applications are used talyae data
generated by numerical simulations. These solutayascentered
on the visual rendering [6]. Virtual Reality (VRnimersive
visualization approaches improve these solutionsaiging a
stereoscopic feedback in large scale display enmiemnts.
Physicists can naturally observe the CFD data byigating

intuitively in the immersive environment. They aaloserve all the
details of the scene by just approaching elementzlived on the
isosurface.

Figure 1. Visual representation of a CFD simulation

However, these methods remain limited. They doexpioit all
the potential of human perception and interactidhis limits
their effectiveness. In such approaches, based onlywisual
feedback, too much data are presented to the bsemgh this
sole channel. This leads to an overflow of this alitgd and may
confuse the user [19]. Fig. 1 illustrates this pdin presenting at
the same time three isosurfaces, some streamiirtea 2D slice.

It is known that humans take advantage of all sgnsloannels to
investigate and interpret their environment. Faattheason we
propose a multimodal VR approach which reinforcesd a
supplements the virtual feedback by adding theibapnhdering
for the data analysis. In medical data (computerography and
magnetic resonance imaging) exploration, haptididaeks can
enhance the feeling of presence and improve corapsitn for a
quicker task execution and a more accurate datgsis¢5] [17]
[27]. In addition, haptic feedback is very intenegt for the



perception of local information such as curvaturesextures of
objects.

Currently, there are various methods for hapticlezimg of data
sets [6]. However, these dedicated techniques remai easily
applicable to simulations such as CFD applicatiohgh display
important data variability. Our work presents a f@ptic volume
rendering method. This method enables the exptoratf data
sets presenting regions with high gradients withemy gestural
constraint as regards specific directions that satgrithms
usually imposed. This new method combines a haptlome
rendering method [1] with a collision detectionhteimjue [23].

This paper is structured in the following way. Thext section
describes our data. Section 3 summarizes a statbeo&rt on
haptic rendering of data sets and presents thdgmstrelated to
our CFD data. Section 4 details this new appro&ettion 5 is
devoted to the evaluation of this technique. Intisac6 we
conclude the paper and introduce our future work

2. DATA SET PRESENTATION

In order to justify our approach we need to desctlie specific
data set we are working with. These data resulinfie wind-
tunnel simulation in a cavity. This simulation isitially
composed of 3D rectilinear grids of velocities akes of
259x127x128 units. Based on these velocities, wmpce
several useful fields, such as vorticity. This @m¢he measure of
the rotational speed around each axis. It playisnportant part in
the study of vortices in the cavity. The same gfmsthe Q
Criterion field, which is another variable to approach vasic
from the vorticity, is extracted the shear compdneo as to
retain only the rotational part of vorticity. Anosurface ofQ
Criterion highlights specific tubular structures in the flevich
are closely studied by physicists. The last veyeldsed field we
computed is theHdlicity field. This consists in projecting the
rotational speed on the velocity vector. It repnesdielices along
the direction of the flow. The sign of this fieleemends on the
rotation direction

Figure 2. The cavity with a transversal vorticity isosurface.

The specificity of the studied data set is its megular sampling.
Physicists don’t need the same simulation precigiothe entire
cavity. Fig. 2 presents the cavity shape integgadin isosurface.

Over this data set, we chose to build a spacetipaitig tree to
speed up computations. Since we are rendering téirrear 3D
grid, an axis-aligned space partitioning schemensete perfectly
fit the needs. The volumetric nature of the griade us toward an
octree approach for spatial partitioning. This téghe was
adapted to the specific non-regular sampling (8)g.
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Figure 3. Grid partitioning

We recursively divide the volume space into eigkis-aligned
sub spaces, until the point where we can only sidbelithe
volume over one or two dimensions, creating foureeen two
children instead of the classical eight ones wesh@v the upper
levels of the tree. These cases arise when onendiareis smaller
than the other on the full grid, even when thesae power-of-
two. Every cell of this tree stores minimum and mraxm values
of the field existing in its sub-hierarchy.

The specific hierarchical structure built on topoafr data is the
root of many optimizations, in both visual and hapeéndering of
the data set. We can quickly access a particutpomeof the data,
and determine if an isosurface is going to go tghoa specific
cell or not, thus enhancing the isosurface exwactind surface
proximity for collision detection.

strong variation area:

Figure 4. 2D slice representing values repartition

Lastly, we emphasize the high frequencies of dat@emted by
the CFD simulation. On figure 4, we can apprec&t2D slice
representing the values distribution of one comporef the
velocity vector. On this slice, maximum values epresented in
red while minimum values are blue. In the middletted cavity,
we notice a gradual variation of the color. In thise we have a
smooth variation of the data, while at both endthefcavity, the
abrupt passage of the red to blue evidences abougsvariations
of data present in these regions. Actually, thasedones contain
high gradients.

In the next section we present a brief state ofadmbut the
haptization methods used in large data sets explara

3. RELATED WORK

Traditionally, haptic rendering is used, in VR apations, to
simulate realistic contacts with virtual objects. domprises
generally two engines: a collision detection engioe avoid
objects interpenetration and a dynamic engine topede the
force resulting from the interaction.

Within the framework of large data sets exploratide aim is to
transfer to the user a force in order to inform laibout the local
volumetric data. Indeed, the haptic feedback haspthtential to
improve the understanding of data sets [8] [27]this direction,
various data type fields (scalars, vectors and ues} were



explored and analyzed using our sense of toucthdrfollowing

subsection, we present the related work in this alomWe

classify these techniques in two main groups, serfand volume
rendering techniques [11].

3.1 Hapticsurfacerendering

In surface rendering approaches, the haptic feédsaased to
simulate the response of touching a virtual surfate operator
uses the epistemic function to touch a surfaceitikeal world.

Several techniques were developed in this classathods. The
first approach consists to extract an explicit esgntation of the
global surface. ThéMarching Cube algorithm [14] is the most
common algorithm for the computation of this geaiwat

envelope. Once the surface is generated, the higadback is
calculated through a classic collision detectiondaie coupled
with penalty based method [17] [18]. The main latin of this
method is the relation between computation time alada
volume, this limits its application to non compldata.

The local intermediate representation presentsiiao to this
constraint. This method used a local runtime serfastimation
that required less memory than global represemtatio [12] the
voxel data in a neighborhood of the probe posii®nsed to
generate isosurfaces through points with similansig values.
With this method, real time updating is possibleduse the
surface is generated on the fly, what reduces anotally
preprocessing time and memory used.

Chen et al. [4] proposed with the same approachaptich
rendering method for isosurfaces without an expligbsurface
extraction. In this algorithm, a virtual plane ised as an
intermediate representation of the isosurface tmpede the
interaction force applied to the haptic interface.

In [9] Itkis et al. used a directional constraiatgrovide intuitive
exploration modes for volumetric data sets; thiethm restricts
the user motion in specified directions. For exampd guide the
user in a vector field data, the proxy can be caimgtd along a
streamline. In such model, any effort to move thptlt interface
in a direction perpendicular to the current oriéntaof the field
results in a strong opposing force.

To produce natural haptic feedback with solid cotegCompu-

ted Tomography data), Lundin et al. [16] constrp&rpendi-

cularly a proxy according to the gradient vectarntkermore, the
displacement of the proxy (virtual effector) relatito the probe
(real effector) is used to simulate the surfacetaxin Thanks to
this method, material properties like friction ffstéss and surface
penetrability can thus simulate interactions witift and hard

tissue.

Finally, in this class of approaches, the haptparesentation can
be generated with implicitly defined surfaces, Wih volumetric
description, as suggested in [11] [24], or with NRER (Non-
Uniform Rational B-Spline) as described in [26].uEh on the
basis of this representation, Salisbury et al. [24ploit the
tangent plane to the surface at the contact poirtompute the
haptic feedback resulting from the interaction tewaface defined

by equatior§(p)=0.

3.2 Hapticvolumerendering

In volume rendering approaches, there is a diedation between
the data and the computed force. Here, the hapedhbfack is

estimated through a vector-valued function (tranffaction) of
the volumetric data, computed at the end effectsitipn (%robe)-
It is also possible to consider the end effectdodity (Vprone), in
the transfer function, to calculate the final fo(Eg. 1.).

Ffb = F(Xprobeivprobe) (1)

The mapping of the field value on a viscosity assttrated in Eq.
2., provides a simple way to correlate the fieltugaon the end
effector velocity {iscosity mapping).

Iffb = _T(go(xprobe)'vprobe (2)

»(Xrobe) rEPresents the field value at end effector pasitiith

this transfer function the field value is transthtes a viscosity to
the user. The generated feedback is thus propatftitm the
exploration speed. In [3] Bartz et al. translat@ra-computed
distance field to the user according to this metaph

The viscosity mapping is suitable to inform about the value
distribution in the volume but is not relevant fbe analysis of a
specific point. This limitation was highlighted b4viles and
Ranta in [2]. Since the force feedback is diregtlgportional to
the probe velocity(Vyone.), the low speedx,qne0) required by
point analyze will produce a force feedback clasedro Fg~0).

The gradient scalar is also used in some worksderao inform
about the relative distribution of the scalarshia volume.

Ffb = T((D(Xprobe)'D(D(Xprobe) (3)

During the year 1993, Iwata et al. in [10] suggestetechnique
for the understanding of a scalar field variatiBuring the field
exploration, a constant direction force proportiotmathe field
value at the probe position is transmitted to teeruWith this
metaphor the haptic interface is attracted or gmli{according to
the sign of the transfer function) by regions hgvitigh scalars
value. The generated feedback is very suitabledumes having
low frequency data, producing a soft push towamfgions of
interest. However, if the magnitude of the attraetiorce is too
high, or in the case of high frequency data, utsthbhavior can
occur in the form of vibrations.

While projecting the end effector velocity onto tlyeadient
vector, Pao et al. in [22] produce a viscosity fesk only in the
direction of the gradient

|j ﬂxprobe)

D ﬂxprobe)

The viscosity feedback generated with this funciféhis linked
to the scalar distribution in the volume. Due t@ thiscosity
component which absorbs the haptic interaction gnethis
technique provides a better stability than the igratd model
proposed in Eq. 3. However, the same problems evivkéEq. 2)
still remained since the feedback depends on theite of the
users movements. In ([13] [21] [22] they illusthtthis model
with various data type fields The evaluations oinfRsdahl et al.
in [25] let to compare various Pao's methods. Thierk
concludes that within a scalar field framework, tBeavity
Scalars method is best suitable to identify a chosen valtgle
the Viscosity Scalar method is best to identify zones containing a
range of values.

_lifb = _T (ﬂ Xprobe) 'vprobe (4)




Lastly, let us quote Avila's work [1]. With this ried, it is

possible to haptically examine all the data voluwne part of it
like an isosurface. The force resulting from thelumme

exploration is perceived like a retarding force astiffness
proportional to the field intensity. The force ispeessed in the
following way:

F=S+R ®)

In this equationS is related to the stiffness and is consequently

directed according to the volume gradient at theberposition,
while R expresses the environment viscosity opposed thapéc
interface motion (Fig. 5). For isosurface renderitigs method
expresses the retarding and the stiffness foraesttyi from the
volume data. The penetration distance is thus esptke by an
approximation of the distance to an isosurface edgegpvia field
value differences. To render the collision withisosurface, they
consider the upped; and the lowerd;, values representing the
virtual thickness of the surface. Then, the rendleferce is
computed, only when the value at the probe posiobetween
the valuesl; andd;, as expressed in (6) (7) (8).

S=f_(d)xN ©)
R=f (d)xV )
e Cl d__‘g if (di<d<dj)
fs(d) = 0 €ese
(8)

C2¢(d-d;)+C2 if (di<d<dj)

fr(d):{o else

—

Figure 5. Representation of various components of the force F.

4. CONTRIBUTION

An isosurface is the 3D generalization of an iségon This is
the geometric representation of all the points mgna defined
value ¢he isosurface threshold). Isosurfaces are used to explore
the internal structures of volumic data in numerdissiplines. In
CFD applications, this representation allows engfis¢o analyze
data presenting the same features (pressure, teloeic.).
Considering the importance of isosurfaces in variguientific
and industrial domains, and the fact that haptiery suitable for
local information rendering, our contribution aimet the
utilization of the haptic modality to enhance thergeption of
these objects. Hence, we propose in this papewaapproach for

the haptization of isosurface because related warkalyzed
above are not adapted to the CFD specificationadtfition to the
real time constraint (in order to insure interaetisurface
exploration), the haptic computation must be rolaunst stable (to
not disturb users in their analysis of the datj $dbreover, the
haptic interaction should not constrain the useeésture in a
specific direction, (one must be capable of exphprall parts of
the explored object). Unfortunately, as evoked jmesly, the
majority of existing methods [1] [13] [21] [22] ar®t adapted to
high frequency data variation (spatial frequendydrthermore,
explicit surface based techniques [14] take comalle

computing time; some other techniques are consttansed [5]
[15] [9] or dedicated to implicit surface represaign [11] [24].

In the next subsection we detail the solution pemgbfor the
haptic rendering of high gradient data.

» Upper bound (di)

|
s Lower bound () l@t,
|
Outside :
y :
y

4 | @tig
.// I
/ |
Inside :

Low frequency region | High frequency region

Figure 6. Movement from tj to tis1

4.1 Problematic

As already mentioned, the known methods do noteprteat the
same time the stability and the speed requiredumframework.

For this purpose we directed our work towards ttiepgation of
the Avila method. Indeed, without the stability plem with

isosurfaces having high gradients data, this meftredents the
best haptic feeling and the fastest computing fitje Thus, we
concentrated our work on the stability improvemehthe Avila

method

The Avila method can be summarized as follows

Load Field
Conpute Gradients on Field
For-each step of the haptic |oop
Get isovalue at current position : d
If( di <d<d)
Get gradient at current position
CGet speed at current position
Conpute S and R
F= S+ R
El se
F= 0
End- | oop

Let us underline that, the Avila method is basedhentest carried
out on the isovalue at the probe position. ldetdenote the
isovalue at the probe position; the isosurfacetéithby the values
d; (upper bound) and (lower bound) is detected if we have:

d, <d<d, )



However, we can note that, during the motion betwégo

iterations tandti.1, the crossing from one side to the other of the

isosurface (Fig. 6), results in the following cdiat:

det) <d
d(t,,,) >d,

(10)

The temporal discretization of the previous aldontdoes not
take into account this case because it does natldvahe time
interval between two consecutive time steps, bly totuses on
the current iteration. Hence when the upper andadver bound
isosurfaces are too close one to each other (ase of high
frequency regions see Fig 6), the Avila algorithmymot detect
the intersection. This method is thus not direethplicable to
data coming from CFD applications because theyllyspeesent
regions containing high gradients (high spatiadj@iency)

4.2 Proposed approach

The proposed approach is to overcome the timeedization by
taking into account the time step betwdemand t.,. Here, we
describe a new algorithm which combines the Avilaaptic
volume rendering method, with a collision detecti@echnique
based orthe proxy method for polyhedral representations [23].

This new method will enable us to explore high érency data. It
is based on the following metaphor:

Let d denote an isosurface threshold (di<d< d); during
displacements in a volume, we generate a force F each time we
cross the isosurface in a direct direction (cross). This force is
cancelled, when we cross this isosurface in the opposite direction
(uncross)

Upper bound (di) |
s Lower bound (dj) | t; .A
tis@D I
i+
Outside b : M
A3
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g ce |
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/ |
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Figure 7. Movements in different regions (high and low frequency)
of the data volume

Let us consider the diagram (Fig. 7) representhmy displace-
ments of a user in a data volume between the itsstaand ;3.
From t to t.,, the user’s hand travels from A to B. According to
the proposed metaphor there will be a not nullddfcat position

B, because at this moment we crossed the isosearferass). At
position C, there will be a not null Force, because we are still in
the lower part of the isosurface.

From t,, to t.3 the user’'s hand travels fro@ to D. At this

configuration the forcé; is null (equal to 0) because we crossed

the surface in the opposite directiamgross). We have to notice
that results would be quite different with tradité@ volumic
rendering methods [1] [10]. Indeed, none of thenulddranslate
the crossing of the isosurface during the displasgrbetweerA
andB. This lack of robustness is related to tightertimgkness of
the isosurface in this area containing high sp&géajuency data.

The following algorithm summarizes the suggestgur@gch:

Load Field
Conpute Gradients on Field
For-each step of the haptic | oop
For each point in the path
get isovalue at current position: d
ol d_ isovalue = new_isoval ue
new_i sovalue = d
I'f (new_isovalue > d,)

F= 0
Cross =0

Exi t

I'f (new_isovalue < d, < old_ isoval ue )
Cross=1

P, =Current position
P, = starting position
I = Intersection (PP, and | sosurface)
N gradient at |
Exi t
If (cross = 1)
Conpute T (project R on isosurface)
V = intersection (RT and isosurface)
F=S+R
End | oop
End- Loop

We can structure this algorithm into two princigaéps. In the
first one we check whether we crossed the isoseirfeinot, and
compute the intersection point with the isosurfatiee second
stage consists in determining the proxy positionomder to
compute the force resulting from the interaction.

4.2.1 Intersection test

To prevent the missing of intersection points vtk isosurface,
we will not only check the value at the currentipos but at all

points of our grid defining the movement. Hence far
displacement fronD (Departure point) t& (End point), we have
to approximate all point® defining the segmer{tED] and for

each pointP test whether the value at this poid¢P) is equal or
not to the isovalue threshold:

dP)=d,

To approximate all these points, we may use thesdilgam
algorithm adapted to the 3D [7]. Since we wantitwl fall the
points of the grid, the step increment of the atbar is the
minimum distance between two points of the grid. Hrow
whether an intersection is artss’ or an “uncross’, we have to
test the isovalue at the position just before titersection point.
Let B denotes this point; for at'oss’ case we must have:

d®)>d, (12)
If this condition is not verified, we consider that are in the
opposite case (13).

(11)



d®)<d,

When an intersection with the surface is deteatedcompute the
intersection point as follows:

(13)

Let | denote this intersection point, ad@) the value of the filed
at | sincel intersects the isosurface, we have

d, <d(l) <d,

At the pointl, the valued(l) is betweend, andd,. To find this
point 1, we have to explore the displacement segmentiaddafl
the points verifying equation (14). Then we look fbe closest
one to ¢in order to generate the strongest force feedbadtke
user. At the intersection poihtve save the gradieit which will
be used in the next step.

(14)

4.2.2 Proxy position computation

In this stage we have to compute the proxy posifidre isovalue
at this point must be the most suitable informatielated to the
probe position. The proxy position is the poinfvirtual), where
would be the probe if the isosurface was constthioemove on
the isosurface (Fig 8). This poiktcorresponds to the projection

of probe positiorR (real effector) on the isosurface according to

the gradient vector found in the previous stepfifid this point

V, at first we search a poirit located at the other side of the

surface in the following way
T=R+alN (a>0)
The point V that we are looking for is the intes@e of the

(15)

segmen{RT] with the isosurface. To compute the intersectibn o

[RT] with the isosurface we use the same algorithnmedfin [7]

@ Upper bound (di)
@ Lower bound (dj)

R

Low frequency region | High frequency region

Figure 8. Intersection point computation

Figure 9. The isosurface presented to users

5. EXPERIMENTATION AND
EVALUATION

To evaluate the contribution of the proposed improent for the
CFD data analysis, we carry out a series of psyoysipal

experiments. These evaluations consist in compattiegAvila

method (M1) with the proposed method (M2). In todofving

subsections we present the experimental protocedl dsr this
evaluation. Thereafter, we discuss the resultsiédawith these
two methods

5.1 Experimental protocol

For our study, we went through two procedures.hin first one,
we evaluate each algorithm’s performances, comgutine
memory space used and the haptic loop frequencthersecond
one, we evaluate the accuracy (follow-up’s preayiand the
haptic rendering quality (users’ preference) ohemethod. Fig. 9
shows the isosurface and the trajectory propose tf@mse
experiments.

For the users’ preference, we ask people about thelings for
each haptic method tested, about the differenaag ¢buld feel,
the quality of the sensation.

The follow-up precision is obtained as follows: s@mputed an
error percentage over the total time of the expemitnThe error

For the users’ preference, we ask people about teelings for
each haptic method tested, about the differenaeg ¢buld feel,
the quality of the sensation.

The follow-up precision is obtained as follows: s@mputed an
error percentage over the total time of the expeninThe error
represents the difference between the value auslee position
and the isosurface threshold. Fig. 10 illustrates tway we
generally define the error in such a task.

Let e be a measure of our error. Along the path functipwe can
compute the path integral like

e= jL F(2).dz (16)

In this equationF is the volume function, returning field values,
andzbeing a 3D position.

outside

! trajectory

inside

Figure 10. The error “e” between the curve (C) described by the
user and the isosurface

Between the beginning and the endo of the path followed
during the experiment, the functidit) gives the 3D position of
the probe along the curvetateading to (17)



b
e= LF(L(t)).L (t).dt a7
Since we want to measure our error relative tovargfield value
and not only relative to 0, we can input a constanttion G
representing the field value of the isosurface veatwo follow.
This results in (18)

e=[|F(L®) - GLM)L D)t

Now, to make a percentage of error out of thisneed to divide
that integral by the maximum-error integral. Le¢ fanctionH be
a constant function returning the maximum absofigtel value
relative to the value selected for the isosurf&eeal equation for
eis (19

(18)

(19)

_ DF(L(t)) ~G(L®)L (t)dt
IGIEOINGE

Turning that equation to a numerical form resuit¢20), where at
each time step we sum the product of the isovaiffierences by
the path ran, divided by the maximum error area.

SR (L) - GOLELE,) - Lt

CERS

(20)

ZI H (L)L) — Lt

Whene is equal or close to zero, the error is really $én@h the
contrary, whene is close to one, the user has stayed really far
away from the surface he was supposed to followtHerwhole
duration of the experiment. In addition to thatoerpercentage
computation, we recorded the errors over the timeighlight the
kind of errors that users did during these expemisie The
percentage calculation is a global measure of ewbereas the
successive errors give a meaning to that percentage

The experiments were carried out with five partits (Fig. 13).
These users are coming from various professioe#&di among
them we count two mechanics, two robotics engineedsthe last
coming from Computer Aided Design (CAD) field. Séneve

don’t want to favour any method, they were randomhyided

into two groups G1 and G2. The members of the GLghbegan
the experimentation with the M1, and finished itwM2 (M1,

M2). The second group was evaluated on
configuration (M2, M1).

We lead our experiments in a Virtual Reality imness
context. This system is divided into two parts. Tingt module is
a head tracking stereoscopic display system wherhe second
ensures the haptic rendering. Our experimentapsstaomposed
of the following hardware and software components:

« Two retro-projected large screens (4m2), each one
controlled by mainstream PCs with Xeon™ 2.80GHz
CPUs and Nvidia QuadroFX 3000G videocards.

e Immersion CrystalEye stereoscopic shutter glasses
synchronised with BARCO projectors,

* An ARTrack non-invasive infrared tracking system
for head and 3D Mouse tracking,

the opposite

e A Haption Virtuose™ 3 DoF haptic interface

e An haptic software module, running on a separate
computer having the same configuration as the
computers managing the visual immersive feedback,
with which it interacts through a simple informatio
exchange UDP protocol,

e A Gigabyte network connection between all the
computers of the cluster,

e A Mercury AMIRA Software, computing the graphic
rendering, and using the tracking of user head, 3D
mouse and haptic position via homemade plug-ins.

Fig 11 illustrates the distribution of the diffetenoftware
modules for these experiments as well as the coiomsdetween
the many computer units in the immersive room.

Haptic ﬁum C++ Haptic Application.
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Figure 11. Hardware and software setup of the VR environment
for experiments.

5.2 Reaultsand discussions

In this section, we discuss about the results nbthin the two
experiments. The algorithms performances as wahasesults of
the accuracy experimentation are commented in thiewfing
section.

The performance evaluations of the two algorithimensthat the
suggested approach, as well as the basic one ofecs

performances in term of computing time. The twohuods have a
very high haptic loop frequency about 1.4 KHz; tbre is much
higher than the minimal haptic frequency requirédwt 300Hz
for kinaesthetic and 1 kHz for tactile [20]. Mor@wwve can note
that the data volume does not really affect theedpsd the haptic
loop. We can appreciate this in the Fig. 12; thetibdrequency
hardly decreases whereas the data volume is at stgh
multiplied by eight (at each iteration there isdwimore data on
each axe). Nevertheless, we did not note any péaticlifference
regarding the use of memory resources; this ige@lto the fact
that the octree is the only consequent structues Uy the two
algorithms.
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Figure 12. Speed of the algorithms

All the participants of the study carried out thiisk with the two
methods without any specific difficulty; howeverethpreferred
M2 method (proposed approach) (Fig 14). They highiéd the
fact that they have a better haptic feedback with. Mt the
opposite of the M1 method, M2 method makes it fdegio the
user to perceive all the isosurface details, evea tveak
undulations (Fig. 9: doted line).

Participants’ comments are confirmed by the ermmpgutation
(Fig. 15). We note that errors oscillate around50% with the
method M2; the bigger one is about 0.15 %. HoweireriM1

method there are various peaks on the user’s rdbgminimum
error is about 1.18%. These results underline tbakwess of this
volumic approach (M1) which misses robustness wfih high
spatial frequency data. In the proposed route @igthe users
have great difficulties to feel the isosurface, treaks (positive
and negative) on the error curve (Fig. 15.) refleefforts
deployed by the users to stay on the surface.

Figure 13. User during the evaluation session

These two experiments carried out, performanceuatiain and
measurement of the errors, show that our worksndidpenalize
the execution speed of the basic method, but assignédicant
improvements in term of robustness and haptic nengldeeling,
thus allowing a better analysis of data set hasingng gradient.

Appréciation (5/ 5)
45
4 4
35 1 =
3 4
25 1
2 4
1,5 |
l 4
05 - B &
0 S . R ‘
1 2 a4 5
BM1 B M2
Figure 14. Users’ appreciation

6. CONCLUSION

Our work aims at studying "Haptic Rendering” forgia data sets
such as data resulting from CFD applications. Thedst are

characterized by a high spatial frequency thattéirthie efficiency

of standard techniques. Our work described a ndwmwe haptic

rendering method for isosurface, in large data wéhout any

geometrical or intermediate representation. Thisghow also

allows surface exploration without constraints. @pproach uses
a virtual proxy to compute the information containgn the

isosurface through a local searching process. €chinical and
psychophysical experiments confirm the efficien€yhis method

for CFD data analysis, in term of computation tiamel perception
quality.

The method proposed in this paper utilizes the igraddirection
to find the new proxy position. We supposed tha nmluce
errors in specific contexts. We plan to investigtiis through
some experiments with other data sets.

Method accuracy

0,4
0,2 J
0 1
024
041
0,6
084 - -
a L
124+ - - — - - — = "
1,4

1 101 201 301 401 501 601 701 801 901 1001 1101

Figure 15. Two methods accuracy
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