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The Influence of Dynamic Shadows on Presence in Immersive
Virtual Environments

Mel Slater, Martin Usoh, Yiorgos Chrysanthou,
Department of Computer Sciexce, and
London Parallel Applications Centre,

QMW University of London,
Mile End Road,
London E1 4NS, UK.

1. Introduction

We describe an experiment to examine the effect of shadows on two different aspects of the
experience of immersion in a virtual environment (VE): depth perception and presence. It is
well-known that shadows can significantly enhance depth perception in everyday reality
[1,5,7]. Shadows provide alternative views of objects, and provide direct information about
their spatial relationships with surrounding surfaces. VR systems typically do not support
shadows, and yet potential applications, especially in the training sphere, will require
participants to make judgements about such relationships. Even the simple task of moving to an
object and picking it up can be problematic when observers cannot easily determine their
distance from the object, or its distance from surrounding objects. We introduce dynamic
shadows to examine whether such task performance can be enhanced.

We have argued elsewhere [8] that presence is the key to the science of immersive virtual
environments (virtual reality). We distinguish, however, between immersion and presence.
Immersion includes the extent to which the computer displays are extensive, surrounding,
inclusive, vivid and matching. The displays are more extensive the more sensory systems that
they accommodate. They are surrounding to the extent that information can arrive at the
person's sense organs from any (virtual) direction. They are inclusive to the extent that all
external sensory data (from physical reality) is shut out. Their vividness is a function of the
variety and richness of the sensory information they can generate [11]. In the context of visual
displays, for example, colour displays are more vivid than monochrome, and displays
depicting shadows are more vivid than those that do not. Vividness is concerned with the -
richness, information content, resolution and quality of the displays. Finally, immersion
requires that there is match between the participant's proprioceptive feedback about body
movements, and the information generated on the displays. A turn of the head should result in
a corresponding change to the visual display, and, for example, to the auditory displays so that
sound direction is invariant to the orientation of the head. Matching requires body tracking, at
least head tracking, but generally the greater the degree of body mapping, the greater the extent
to which the movements of the body can be accurately reproduced.

Immersion also requires a self-representation in the VE - a Virtual Body (VB). The VB is both
part of the perceived environment, and represents the being that is doing the perceiving.
Perception in the VE is centred on the position in virtual space of the VB - e.g., visual
perception from the viewpoint of the eyes in the head of the VB.

Immersion is an objective description of what any particular system does provide. Presence is a
state of consciousness, the (psychological) sense of being in the virtual environment.
Participants who are highly present should experience the VE as more the engaging reality than
the surrounding world, and consider the environment specified by the displays as places visited
rather than as images seen. Behaviours in the VE should be consistent with behaviours that
would have occurred in everyday reality in similar circumstances.

Presence requires that the participant identify with the VB - that its movements are his/her
movements, and that the VB comes to "be" the body of that person in the VE. We speculate
that the additional information provided by shadows about the movements of the VB in




degree of presence. However, we were unable to test this in the current experiment. We do,
however, consider the proposition that shadows, increasing the degree of vividness of the
visual displays, will enhance the sense of presence.

relationship to the surfaces of the VE can enhance this degree of association, and hence the

2. Experiment
2.1 Scenario

The experimental scenario consisted of a virtual room, the elevation of which is shown in

Figure 1. Five red spears are near a wall, but behind a small screen. Another green spear is at
position G. The subject begins the experiment by moving to the red square (X), and facing the
spears. The instruction is to choose the spear nearest the wall, observing from position X.
Having chosen that spear, the subject moves towards it, picks it up and returns to X. There the
subject turns to the left, facing a target on the far wall. The subject must orient the spear to
point approximately towards the target, fire and guide it towards the target by hand
movements. The instructions were that the spear must be shot at the target, and that it must be
stopped the instant that its point hit the target. Finally, the subject must bring the green spear to
position X. This was repeated six times for each subject.

Prior to the start of the experiment each subject was given a sheet explaining these procedures,
and the first run was for practice, the experimenter talking the subject through the entire
scenario. Runs 1 through 5 were carried out by the subject without intervention by the
experimenter. Between each run the subject was advised to relax with closed eyes, either with
or without the head-mounted display (HMD, see below), although all but one continued to
wear it during the two minutes that it took to load the program for the subsequent run. Each of
the five runs were the same apart from the distances of the red spears from the wall. Also,

some runs displayed dynamic shadows of the spears and the small screen, while others did
not.

Eight subjects were selected by the experimenters asking people throughout the QMW campus
(in canteens, bars, laboratories, offices) whether they wished to take part in a study of "virtual
reality”. People from our own Department were not included.

The design is shown in Table 1, which indicates the positions of the point-light source for
those runs that included shadows. Note that of the 40 runs, 20 included shadows.

Table 1

Runs of the Experiment for Each Subject
1,2,3,4 denotes the four point-light positions of Figure 1

0 denotes no shadows
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2.2 Spatial Variables and Hypotheses

The variables measured in order to assess the effects of shadows on spatial judgement were as
follows:

Spear Selected
S: the spear selected from observation position X. The spears ranged from 50 cm to 90 cm

from the wall, positioned with 10 cm variations. The small screen in front of the spears
obscured the positions where they touched the floor, for any subject standing at position X.
Also, because their distances from the wall varied only slightly, their heights, as judged from
position X would look the same. It was therefore very difficult to judge which spear was
nearest the wall. Variable S was the rank order of the spear chosen, where 1 would be the
nearest to the wall, and 5 the furthest.

The hypothesis was that subjects would be able to use the shadows of spears on the walls to
aid their judgement about the closeness to the walls, so that those runs that included shadows
would result in a greater number of correct spears being chosen.

Distances from Target
C: this is the distance of the point of the spear from the centre of the target at the position that it

was stopped in flight by the subject.

The hypothesis was that the subjects would be able to use the shadow of the spear in flight,
especially its shadow on the target wall, to help guide the spear towards the target. Therefore,
the mean distance should be less for the shadow runs than for the non-shadow runs.

D: this is the distance that the point of the spear was behind or in front of the target at the
position that it was stopped by the subject.

The hypothesis is as for C, except that here we would expect a greater shadow effect since the
action required to stop the spear in flight (releasing a button on the hand-held 3D mouse) is
simpler than that involved in guiding the spear to the bulls eye. Moreover, at the moment the
spear point touched the target wall, it would also meet its shadow.

2.3 Presence Variables and Hypotheses

In previous studies we have used subjective reported levels of "presence” based on a
questionnaire. In this method subjective presence was assessed in three ways: the sense of
"being there" in the VE, the extent to which there were times that the virtual world seemed
more the presenting reality than the real world, and the sense of visiting somewhere rather than
just seeing images. In the present study these three basic determinants were elaborated into six

- questions, each measured on a 7-point scale, where lowest presence is 1, and highest is 7 (see

Appendix A). The overall presence score (P) was conservatively taken as the number of high
(6 or 7) ratings amongst the six questions, so that 0 <P < 6.

Although we have obtained good results with such subjective measures before, in the shadow
experiment we introduced in addition a more "objective" measurement of presence. This was
achieved by having one particular object (a radio) in both the real world of the laboratory in
which the experiment took place and the virtual world of the room with spears.

Just before the practice run the subjects were shown a radio on the floor against a large screen
in the laboratory. They were told that they would see "the radio” in the virtual world, and that
occasionally it would switch itself on. Whenever they heard the sound they should point
towards "the radio", and press a button on the hand-held mouse. This would act as an "infra-
red" device to switch the radio off. Before they entered into the VE the radio was momentarily
switched on, deliberately not tuned to any particular channel therefore causing it to play an
audible but meaningless tone. Each time that the subject entered into the VE, i.e., at the start of




each run they were told: "Orient yourself by looking for the red square on the floor and the
radio”. The radio was placed in the VE at the same position relative to the red square as the real
radio was to the position of the subject just before entering the VE.

At four moments during the experiment, always while the subject was (virtually) on the red
square, the real radio was moved to one of four different positions. These were 1m apart from
each other, on a line coincident (in the real world) with the small screen by which the radio was
located (in the virtual world). The ordering was selected randomly before the start of the

experiment. The virtual radio was always in the same place. Therefore the subject would hear
the sound coming from a different location compared to the visible position of the radio. The

1dea is that (other things being equal), a high degree of presence would lead to the subject
pointing towards the virtual radio rather than the real one. Hence we tried to cause and use the
conflict between virtual and real information as an assessment of presence. Those (two)
subjects who did ask about the contradiction were told "Just point at where you think the radio
is". Throughout, both the real radio and the virtual radio were referred to as "the radio”,
deliberately allowing for a confusion in the minds of the subjects.

It is important to note that we mean "presence” in a strong behavioural sense with respect to
this measurement. The questionnaire attempts to elicit the subject’s state of mind. The radio
method though is concerned only with their behaviour. If they pointed to the virtual radio
because of a need to obey the experimenter, or because it was a matter of "playing the game",
then so be it. Provided that they act in accordance with the conditions of the VE, this is
behavioural presence.

Let R be the angle between the subject's real pointing direction and the direction to the real
radio. Let V be the angle between the subject's virtual pointing direction and the direction to the
virtual radio. Small V therefore occurs when the subject points towards the virtual radio. We
use P, = R/V as the measurement of the extent to which the subject tends towards the virtual

radio - a small V in comparison to R would result in large Py. Therefore larger values of P,
indicate greater tendency towards the virtual. :

There were two hypotheses relating to P,: First, that it would correlate positively with P, and
second that the greater exposure of the subject to shadows, the greater the value of P,. Of

course, we would also expect that the greater the exposure to shadows, the greater the value of
P.

2.4 Representation System Dominance

A clear objection to this procedure is that it could be measuring the extent of visual or auditory
dominance rather than presence. Faced with conflicting information from two senses, the
resulting action is likely to depend on which sensory system is "dominant". In previous work
[9,10] we have explored the relationship between dominant representation systems and the
extent of subjective presence, and have always found a very strong relationship. This is based
on the idea that people differ in the extent to which they require visual, auditory or
kinesthetic/tactile information in order to construct their world models, and that each person
may have a general tendency to prefer one type of representation (say visual) over another (say
auditory). We found that in experiments where the virtual reality system presented almost
exclusively visual information, the greater the degree of visual dominance the higher the sense
of presence, whereas the greater degree of auditory dominance, the lower the sense of
presence.

In this shadow experiment therefore we employed an updated version of the questionnaire we
used in [10] that is given to the subjects before attending the experimental session, that attempts
to elicit their preferences regarding visual, auditory and kinesthetic modes of thinking. This
questionnaire presents 10 situations, each one having three responses (one visual, one
auc'“.ory, and one kinesthetic response). They are asked to rank their most likely response as 1,
nex. most likely as 2, and least likely as 3. From this a V score is constructed as the total




number of V=1 scores out of 10, and similarly for A and K. Alternatively the sums of the
responses may be used. These V and A variables can therefore be used to statistically factor out
the possible influence of visual or auditory dominance on the radio angles.

The hypothesis with respect to V, A and K would be that V and K would be positively
correlated with presence (however it is measured) whereas A would be negatively correlated, in
line with our previous findings. Note that by construction, there are only 2 degrees of freedom
amongst V, A and K.

3. Apparatus
3.1 Equipment

The experiments described in this paper were implemented on a DIVISION ProVision system, a
parallel architecture for implementing virtual environments running under the dVS (v0.1)
operating environment. The ProVision system is based on a distributed memory architecture in
which a number of autonomous processing modules are dedicated to a part of the virtual
environment simulation. These processing modules or Transputer Modules (TRAM:s) are small
self-contained parallel processing building blocks complete with their own local memory and
contain at least one Inmos Transputer which may control other specialised peripheral hardware
such as digital to analog converters (DAC). Several modules exist. These include:

* the module to act as the module manager.

* the DAC module for audio output.

« polygon modules for z-buffering and Gouraud shading.
* application specific modules for the user applications.

The dVS operating environment (Grimsdale, 1991) is based on distributed Client/Server
principles. Each TRAM or processing cluster is controlled by an independent parallel process
known as an Actor. Each provides a set of services relating to the elements of the environment
which it oversees. Such elements presently consist of lights, objects, cameras, controls (i.e.

input devices), and collisions between objects. Thus, an Actor provides a service such as scene
rendering (visualisation actor). Another Actor may be responsible for determining when objects
have collided (collision actor) and yet another for hand tracking and input device scanning. All
these Actors are co-ordinated by a special Actor called the Director. Communication between
the different Actors can only be made via the Director. The Director also ensures consistency in
the environment by maintaining elements of the environment which are shared by the different
Actors.

The ProVision system includes a DIVISION 3D mouse, and a Virtual Research Flight Helmet
as the head mounted display (HMD). Polhemus sensors are used for position tracking of the

head and the mouse. The displays are colour LCDs with a 360x240 resolution and the HMD
provides a horizontal field of view of about 75 degrees.

All subjects saw a VB as self representation. They would see a representation of their right
hand, and their thumb and first finger activation of the 3D pointer buttons would be reflected in
movements of their corresponding virtual finger and thumb. The hand was attached to-an arm,

that could be bent and twisted in response to similar movements of the real arm and wrist. The
arm was connected to an entire but simple block-like body representation, complete with legs
and left arm. Forward movement was accompanied by walking motions of the virtual legs. If
the subjects turned their real head around by more than 60 degrees, then the virtual body would
be reoriented accordingly. So for example, if they turned their real body around and then
looked down at their virtual feet, their orientation would line up with their real body. However,
turning only the head around by more than 60 degrees and looking down (an infrequent
occurrence), would result in the real body being out of alignment with the virtual body.

The 3D mouse is shaped something like a gun. There is a button in the position of the hammer,
which is depressed by the thumb. This causes forward motion in the direction of pointing.




There is a button on each side of this central thumb button, each activated by the thumb. The
left one was used to fire the spears - while this button was depressed the spear would move in
a direction determined by hand orientation. The spear would stop on release of this button, and
could not be activated again, thus giving the subject one chance per spear. The right thumb
button was used as the "infra-red" radio switch. Corresponding to the trigger is a button for the
forefinger. This is used to pick objects - squeezing this finger button while the virtual hand
intersects an object results in the object attaching to the hand. Subjects were able to master

these controls very quickly.

3.2 Shadow Algorithm and Frame Rates

The shadow algorithm is described in detail elsewhere [3]. It is based on a dynamic Shadow
Volume BSP tree [2], constructed from polygons in arbitrary order, that is without the
necessity of a separate scene BSP tree. Shadows are created as polygons in object space.
Creation of new shadows and changes to shadows are communicated dynamically to the
renderer via the Director. ’

For reasons described below, the entire scene was small, consisting of 413 triangles, of which
only 52 would be likely to influence shadow creation. The frame rate achieved without
shadows was 9Hz. The frame rate with shadows, 6 to 8Hz, was not very satisfactory, but due
to the particular version of the dVS software architecture in use on this machine at the time of

- the experiment.

Without rendering the shadow algorithm runs on this machine at a frequency of between 19
and 21Hz depending on the complexity of the view at any moment. The renderer does not
however run at this frequency during dynamic changes of a virtual object, due to update
problems associated with the extant implementation of the dVS dynamic geometry object.
Therefore, when rendering and the associated communication time is included, the frame rate is
6 to 8Hz. (A new version of dVS is intended to solve this problem).

dVS v0.1 maintains the concept of a "dynamic geometry object". This is a vertex-face structure
representing a (possibly empty) set of polygons. The actual polygons belonging to this object
can be created or modified at run time. When such a change is made to a dynamic object, there
is an "update" generated that sends the object to the Director for distribution to the Visualisation
Actor and then onto to the renderer.

Upon any change of a virtual object the shadow algorithm recomputes the shadow scene
outputting any modified shadow polygons, i.e. any polygons that have been deleted and any
that have been created. This information is transmitted to the shadow generation module which
will mark deleted polygons as invisible to be re-used later by new shadow polygons. The
module uses a linked list structure of dynamic objects - the shadow object. Each element in the
list is a dynamic object consisting of 32 shadow polygons. This linked list structure is
necessary in order to break down the entire list of potential shadow polygons into smaller
chunks, rather than have one dynamic geometry object for all possible shadows, since the
dynamic geometry implementation can only send updates of an entire dynamic object to the
Visualisation Actor. Note that a change in one single shadow polygon will result in the
communication of a complete 32-polygon dynamic object. If, unfortunately, 33 shadow
polygons change, then two dynamic objects consisting of 64 polygons are communicated, and
SO on. :

Note that there is one important implication of this for the spatial judgement component of the
experiment - obviously the spear travels more slowly when there are shadows. Without
shadows the mean velocity is 92 cm/sec, and with shadows 47 cm/sec. Therefore it can validly
be argued that differences in targeting performance result from the velocity rather than the use
of shadows. However, the effect of this can be examined statistically. With regard to the
influence on presence we would argue that the slower frame rate in the case of shadows would
tend to have a negative effect on presence.




4. Results
4.1 Spatial Variables

Spear_Selected

Shadows made no difference at all to the selection of the "correct" spear (the one closest to the
wall).

Distances from Target

Consider first C the distance of the point of the spear from the centre of the target. A regression
analysis was used to examine the effect of velocity, showing that velocity within each of the
shadow/ no-shadow groups was did not have a statistically significant effect. The mean
distance without shadows is 152cm and 115cm with shadows. However, the difference
between these two is not statistically significant.

Consider next D, the perpendicular distance of the point of the spear from the wall of the target.
This could be positive (spear stops in front of the target) or negative, the spear stops behind).
Carrying out a within-group regression analysis to examine the effect of velocity again shows
that velocity is not statistically significant. The means are -39.9cm without shadows, and
3.3cm with shadows. The standard errors are 3.6 and 3.5 respectively and the difference is
significant at 5%. The medians of the shadow and non-shadow D values are -3cm and -38cm
respectively.

Although the within-group velocity appeared not to be statistically significant in each case,
there is still some doubt about whether the inference about better performance in the case of
shadows is safe. The variation of velocity within groups was not very great (the minimum and
maximum velocities were 81.6 to 99.0 for the non-shadow group, and 36.0 to 60.4 for the
shadow group). Subsequent experiments should attempt to produce a greater similarity in
performance between the two groups.

4.2 Presence

Subjective Presence

P is the number of "high” questionnaire scores, as a count out of 6. We therefore treated P as a
binomially distributed dependent variable, and used logistic regression.

In logistic regression [4], the dependent variable is binomially distributed, with expected value

related by the logistic function to a linear predictor. Let the independent and explanatory
variables be denoted by X1,x2,...,xk. Then the linear predictor is an expression of the form:

k
ni=Bo+ D Bk (i=12..N) )
=1
where N (=8) is the number of observations. The logistic regression model links the expected

value E(P;)) to the linear predictor as:

E(P)=—"— @)

- 1+exp(-11j)

where n (=6) is the number of binomial trials per observation.




Maximum likelihood estimation is used to obtain estimates of the B coefficients. The deviance
(minus twice the log-likelihood ratio of two models) may be used as a goodness of fit

significance test, comparing the null model (Bj =0, j = 1,..k) with any given model. The
change in deviance for adding or deleting groups of variables may also be used to test for their

significance. The (change in) deviance has an approximate 2 distribution with degrees of
freedom dependent on the number of parameters (added or deleted).

Table 2
Logistic Regression Equations
A} = fitted values for the presence scale

A = Auditory Sum, NS = number of shadows
Standard Errors shown in brackets

Model

fi= 15.0 + 0.7*NS - 9.5%A
(3.7) (0.4)

Overall Deviance =3.454,d.f. =5
x2 at 5% on 10 d.f. = 11.070

Deletion of Change in | Change in 2

Model Term Deviance d.f. gcevzf 5%

NS 4.123 1 3.841

A 9.088 1 3.841
Table 3

Normal Regression Equations

é\a = fitted values for the angular discrepancy
NS = number of shadows

Group Model

(\gﬁglla);l t P,= -13.6 + 10.6*NS
(3.7

Auditory P, = 9.427 + 0.08*NS

dominant (3.7)

Muitiple Correlation Coefficient, R2 =0.29, d.f. = 36

Table 2 shows the result of the fit with P as the dependent variable, and the number of shadow
runs (NS) and the auditory sum score (A) as the explanatory variables, across the 8 subjects.
These were the only statistically significant variables found, and this supports the hypothesis
that subjective presence is positively related with the shadow effect. As we have found
previously, given this exclusively visual VE, the greater auditory dominance, as measured by
the sum of A responses to the pre-questionnaire, the less the reported subjective presence.

Angular Discrepancy

Here we take P, as the dependent variable and carry out a Normal regression with number of
shadows (NS) and the representation system scores as the explanatory variables. NS proved




once again to be significant and positively related to P,. However, the V, A and K variables

were not significant. Nevertheless it seemed important to try to rule out the possibility that the
result with the angular discrepancy was simply due to visual or auditory dominance. Therefore
a new factor was constructed, "sensory dominance" which has the value 1 if V>A otherwise 2.
Hence this directly refers to visual or auditory dominance. The result of the regression analysis
including this was interesting: for those who were visually dominant, there is a significant
positive relationship between P, and NS, whereas there is no significant relationship for those

who were dominant on the auditory score. This is shown in Table 3. (It so happened that 4 of
the subjects were visually dominant).

5. Conclusions

There are three main issues : First, the point of this paper is not that we have an algorithm that
can generate shadow umbrae rapidly in dynamically changing scenes. Even in this very small
scene the rendering frame rate was no where near adequate. There is clearly a lot of work to do
in the location of this algorithm in the system architecture, in order to obtain maximum
performance by minimising communication bottlenecks.

Second, although we have considered depth and spatial perception problems in the experiment,
again, this is not the major point. It is more or less obvious, from everyday reality, and from
perceptual studies that shadows do indeed enhance depth perception, and that we are better off
with them than without them. Moreover, our experimental design in this regard was not ideal,
since we did not control a factor (velocity) that potentially has an impact on the results.

Third, the real point of the experiment was the examination of the relationship between
dynamic shadows and the sense of presence. This result is not obvious, and was motivated by
the idea that presence is (amongst other things) a function of immersion, and immersion
requires vividness. We used two independent measures - one subjective from the post-
experiment questionnaire, and the other objective, as a ratio of angles of real to virtual pointing
directions. Each method gave similar results, and the two measures were significantly
correlated. Moreover, we found that for those people who were more visually dominant their
(angular ratio) presence increased with exposure to shadows but that this did not hold for those
who were dominant on the auditory scale. Increase in the subjective presence scale was also
associated with an increase in shadow exposure, but with a decrease in the auditory scale.
These results also support our earlier findings regarding the importance of the sensory system
preferences in explaining presence.

We suspect that much stronger results on presence would have been obtained had we been able
to allow the virtual body to cast shadows. However, this was not practical given the
communication bottleneck problems discussed in §3.2.

If an application does not require presence, there is little point in using a virtual reality system.
If a virtual reality system is used for an application, then there is little point to this unless it can
be shown that a sense of presence is induced for most of the potential participants. If the results
of our shadow experiment are confirmed by later studies then it will have been shown that the
great computational expense of shadow generation is worth-while for those applications where
the participants are likely to be "visually dominant”.
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Appendix A: Presence Questions

All questions were answered on a 1 to 7 scale, not reproduced here for space reasons.

1. Please rate your sense of being there in the virtual reality.

2. To what extent were there times during the experience when the virtual reality became the
“reality" for you, and you almost forgot about the "real world" of the laboratory in which the
whole experience was really taking place?

3. When you think back about your experience, do you think of the virtual reality more as
images that you saw, or more as somewhere that you visited ?

4. During the course of the experience, which was strongest on the whole, your sense of being
in the virtual reality, or of being in the real world of the laboratory?

5. When you think about the virtual reality, to what extent is the way that you are thinking
about this similar to the way that you are thinking about the various places that you've been
today?




6. During the course of the virtual reality experience, did you often think to yourself that you
were actually just standing in a laboratory wearing a helmet, or d1d the virtual reality
overwhelm you?

X - red square (judgement point) E - scene entry point
S - spear L - light (positions 1, 2, 3, 4)
T - target R - virtual radio -

G - green spear
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Abstract

The paper describes some innovative concepts in
the design of an object-oriented graphics kernel that
could be useful for future applications in a network-
transparent virtual reality environment. First, the
benefits of object-orientation in graphics will be
briefly explained. Afterwards, some concepts of the
YART graphics kernel [Bei94a, Bei94d] will be de-
scribed, which allow the use of YART in a hetero-
geneous, network-distributed virtual reality environ-
ment. The main features are graphical output, in-
teraction and interpretative language binding. The
presentation of an initial VR package on top of YART
and some views on future research fields conclude the

paper.

1 Object-Orientation in Graphicsv

This section briefly describes the benefits of object-
orientation in 3D graphics and gives an overview of
the current state of the art.

1.1 Conformity with the Mental
Model of Computer Graphics

The object-oriented paradigm defines objects as the
integration of data and functionality. As shown in
[Wis90] these objects match the mental model of the
graphics programmer in a high degree. This means:
e Graphical representations can be seen as entities
or objects. They may be manipulated and at-
tributed as wholes.

e They have their own attributes which influence
the object and nothing else!.

o Attributes may directly be assigned to or queried
from the object itself (principle of locality). That
does not mean, that objects cannot share physi-
cally existent attributes as shown in [Bei94c].

o Operations can be applied directly to the results
of interactions (e.g. a pick operation). This is
known as symmetry between input and output
[Wis90].

Conventional systems often violate the principles of
locality and input-output symmetry. For instance, in

1 An exceptionis the inheritance of attributes inside a part-of
hierarchy

PHIGS (PLUS) [ISO89, ISO92] the attributes that are
valid for a given structure cannot be queried because
the temporary results of the traversing process cannot
be accessed. The pick operation in PHIGS delivers
a so-called pick path, from which the picked output
object has to be extracted. Assigning an attribute to
the picked object may cause fatal results in the central
structure store because this structure may be multiple
referenced and an automatic individualization is not

provided in PHIGS.

1.2 Managing the Complexity

Using inheritance, a very high level of abstraction of
the (application-defined) graphical primitives can be
obtained. This includes not only graphical output
functionality, but also semantics. Traditional systems
that are based on display lists like IRIS GL [GL91]
and PHIGS also allow the creation of arbitrarily com-
plex output structures by recursive nesting of display
lists (building a directed acyclic graph). However,
these structures can not have an internal semantics
and their parameterization is limited to the external
assignment of attributes. Internal semantics and ar-
bitrary parameterizability are useful:

¢ to implement dependencies from external condi-

tions like modeling in space and time,

For instance, a primitive car can rotate its wheels
dependent on its forward/backward motion. A
data glyph can change its visual representation
in accordance with its new location and orienta-
tion in the data field [NBB94].

e to define abstract methods that hide internal
structure,

A primitive kouse may offer a method openDoor
<angle> that hides the primitives and the actual
modeling of the doors representation.

o to apply the assignment of (abstract) attributes
[Bei94c] in a specific way and

For instance, the assignment of an attribute color
to a primitive pushbuiion may apply the specified
color to the pushbutton’s foreground and the in-
verse color to the simulated shadow and to the
text label.




o for a user-specific parameterization of structures
(i-e. classes).

As an example, for a class WallWithDoor a con-
structor parameter may specify the distance of
the door from the walls origin.

1.3 Separation between Modeling and
Rendering

This separation is useful from the view of software
engineering. It allows for construction of customized
modeling packages on top of a predefined, more or
less generic and extensible graphics kernel. On the
other hand, a single graphical scene can be rendered
in various ways, e.g. producing a real time low-quality
output based on a local shading model (e.g. wire-
frame or Gouraud shading [Gou71]) or a high-quality
output basing on a global illumination model like ray-
tracing [App68] or radiosity [GTGB84). Ray-tracing
is very time-intensive; an entire recomputation? must
be done for each frame. Radiosity can be very fast for
static scenes; if the distribution of the light is com-
puted, frames can be generated as fast as in Gouraud
shading.

In practice there is a need for both extremes.
Object-oriented systems can provide different kinds of
rendering in parallel and in a very consistent manner.
This is useful to create animations using the fastest
renderer and afterwards computing the same frame
sequence in ray-tracing mode. Composite or user-
defined primitives behave equally, independent of the
type of rendering used. An elegant way to integrate
modeling and rendering interfaces® for a given class is
to use multiple inheritance.

In contrast, most traditional graphics systems (ray-
tracing packages, ISO and industrial shading libraries)
are strongly bound to one kind of rendering and are
not extensible, in either modeling or rendering. Thus,
wireframe modelers are used to create scenes that will
be rendered later with ray-tracers like POV [pov92] in
a batch process. ’

1.4 Interaction

Object-oriented mechanisms can also be the basis for
an extensible and highly customizable interaction con-
cept. This means:

e New interaction classes may be implemented

which have a semantics that is application-
dependent and can be much more complex in
comparison to conventional interaction classes
such as pick and locator.

¢ New and advanced physical input devices can be
represented by extended interaction classes.

2with exception of scene subdivisions
3sets of methods for the communication between the primi-
tives and modelers or renderers

o Filters can realize a flexible mapping from dif-
ferent interaction classes to a single interaction
class.

¢ Composite mechanisms :nay increase the level of
interaction by providing more complex interac-
tion classes that hide their implementation (low-
level interaction objects).

¢ The feedback may be realized in a user-defined

way. Even user-defined primitives can customize
the feedback.

¢ In accordance with the above mentioned control
of graphical output an immediate coupling be-
tween input and output in accordance with the
paradigm of external control may be realized.
In contrast, traditional systems are often based on
the principle of internal control (managing an exclu-
sive and central event-loop) and define a canonical set
of interaction classes and feedback variants, e.g. the
GKS input model [ISO85].

1.5 State of the Art

Pioneer work in the area of object-oriented graphics
has done with the GEO++ system [Wis90]. This in-
cludes mainly the subjects attributes, part-of hierar-
chies and handling of multiple references. Though this
system is often cited, its concepts are unfortunately
not subsequently considered in the design of other sys-
tems. GEO++ simulates the principal GKS/PHIGS
functionality on top of the Smalltalk [GR89] graphics
kernel.

Several class libraries encapsulate conventional
shading libraries, e.g. GROOP [KW93] which is built
on top of IRIS/AIX GL, and provide additional func-
tionality (e.g. animation support).

In contrast, other systems are independent from a
particular illumination model. They allow the ren-
dering of a graphical scene with different renderers.
Examples are the AVS graphics kernel Dére [Kap91],
GRAMS [EK92] and YART. An upcoming ISO stan-
dard on this area is PREMO [H*94, ISO94).

YART is a general purpose 3D graphics kernel, that
supports various kinds of rendering and is ported to
multiple platforms, e.g. OpenGL [NDW93], IRIS GL,
PHIGS PLUS and X11 [Nye90]. YART also contains
an extensible interaction model and offers an interpre-
tative language binding (Tcl [Ous91b]) that is com-
patible with the C++ [ES90] APIL

In the following we want to consider some de-
sign and implementation concepts embodied in YART
which make this kernel useful for a heterogeneous,
network-distributed virtual reality environment.

2 Graphical Output

2.1 Independence of Shading Model
and Low-Level Library

As seen from the API programmers view, the YART

9 graphical primitives are independent from the shad-




ing library underlying YART and even from the im-
plemented kinds of rendering. As mentioned above
different protocols for communication with renderers
(and modelers) can be integrated into the YART base
primitives via multiple inheritance. YART currently
supports {wireframe, Gouraud} shading, ray-tracing
and non-ideal diffuse radiosity. Fig. 1 depicts the in-
tegration of rendering and modeling interfaces in the
YART primitives. Additionally a perspective camera
is provided that implements these illumination mod-
els. This camera can be switched from one model to
another simply by calling one method.

rendering interfaces modeling interfaces

Surfacelnterface

{ RayT:

derived primitives

Figure 1: Topical configuration of the YART graphics
kernel.

Thus, on different platforms specialized illumination
models can be used for the same scene description. A
highly parallel system may permanently run in ray-
tracing mode, while most platforms (PCs, worksta-
tions) use a shading mode. In the future, new illu-
mination models can be integrated into the general
YART distribution or in special implementations.

To maximize portability YART uses a low-level
API as the interface to platform-dependent low-level
graphics, interaction and window handling routines.
Using this API, ports to various platforms could be
implemented with little effort. Less than 5% of the
current YART code is platform-dependent and this
portion will decrease in parallel with the implementa-
tion of high-level facilities such as advanced modeling
classes and parametric curves and surfaces.

2.2 Transfer of High-Level Primitives

In contrast to most traditional shading libraries which
define universal primitives such as polyline, polygon
and quadmesh, the YART graphics kernel supports
analytical and other high-level primitives*. Examples
for analytically defined primitives are sphere, cylinder,

*also supported by other object-oriented systems or (con-
ventional) ray-tracers

cone, torus and so on; other high-level primitives will
be mostly constructed by reading an external data file.
Examples are Hershey [Her67) or TrueType [MS92] 3D
text, OFF [Ros89] based primitives or primitives con-
structed from scientific data sets. In most cases it is
much more efficient to transfer just these high-level
primitives instead of their tesselated low-level repre-
séntations. For instance, a sphere is created in YART
by a string like Sphere s 1.8 plus some additional
modeling® (e.g. s -ambient { 1 0 0 }). To trans-
fer this sphere via the DGL protocol (distributed GL
[GL91]), for instance, a mesh in the current resolution
of the sphere (e.g. 40x40 vertices) has to be sent over
the net including vertex normals and colors.

Additionally, for often used data sets, such as fonts
or OFF data, the transfer of the data sets can be
avoided because they may exist both on the server
and client sides.

2.3 Efficient Modeling

One design aim of the YART kernel was to minimize
the modeling data to the absolutely minimal amount
of memory. Inside hierarchies of graphical primitives
the geometrical modeling and attributes will be in-
herited (hierarchical modeling). This makes the pro-
gramming easy. In addition by using references and
automatic individualization of attributes and model-
ing matrices a lot of memory can be saved. This also
reduces network costs, because redundant matrices
and attributes do not exist explicitly® and therefore,
do not have to be sent via the net.

2.4 Abstract Attribute Types

YART provides abstract attributes in the sense that
these attributes do not belong to a given class of a
primitive. Every primitive can implement the assign-
ment of a specific attribute in its own way. Currently,
YART supports following abstract attribute types:

o The resolution attribute allows a primitive to tes-
selate itself dynamically. This is used for the
mapping of analytical primitives and parametric
curves and surfaces”. A high resolution implies
a good approximation of the mathematical shape
and a higher quality for the Gouraud shading or
the radiosity computation.

o The fillstyle atiribute switches a primitive into
different representations. Currently wireframe
and solid representation are supported as well as
some bounding box styles.

o The surface attribute contains several surface pa-
rameters such as diffuse and specular coefficients.
Others are transparency, refraction and emission.

Sgee next section

6They are expressed implicitly in the analytic primitives.
7A YART extension with these classes is in development but
not released yet.




o The mapping attribute specifies extended surface
parameter, e.g. a solid texture, an image or a
bump mapping. The mapping of this attribute
to the representation of the primitive is currently
only available in ray-tracing mode and not for all
primitives.

The rendering time for a given scene is very depen-
dent on the first attribute types described above. As-
suming that these attributes are not set for specific
objects, the (global) default attributes will be used.
Thus, on different platforms a specific output can be
realized by just setting the default attributes, e.g. in
an initialization file:

AttributeObject -fillstyle 1 -resolution 0.3
This turns on the solid fillstyle and sets the resolu-
tion to 0.33. A setup like this could be used on a
Silicon Graphics machine, which has a good shading
performance. On platforms where our X11 Gouraud
shader® must be used in absence of a hardware-based
shader one could use the following setup:

AttributeObject -fillstyle 0 -resolution 0.1
This turns on the wireframe display and a minimal
representation of analytical primitives for all graphical
objects that do not override these attributes.

mehsiex 833
Ol sk

Sme 1190w

Figure 2: A scene rendered with different values for
fillstyle and resolution.

Figure 2 shows a YART scene with different values
of attribute types Fillstyle and Resolution. The ren-
dering was done on an entry-level SGI workstation
(R3000 IRIS Indigo) using the IRIS GL interface of
YART. The time is the average of about 100 render-
ing processes. Each rendering process performs a com-
plete update of attribute references and a propagation
of attribute changes.

The resolution attribute may be synchronized with
the motion velocity in a scene. For a fast motion in
a scene a very low resolution should be used. How-
ever, if the motion stops for some time, the resolution
could be increased. An advanced feature is to decrease
the resolution of objects which are far away from the
camera. This saves memory and rendering time.

As described in [Bei94c] new attribute types can be
implemented in YART in the same manner as these
predefined ones, e.g. a tezt attribute containing the

8 which is actually very slow compared to IRIS GL on entry-
level SGI

font and a vertical scaling value. The new attributes
will be handled with the same efficiency.

3 Interaction

YART implements a highly fiexible and extensible in-
teraction model [BS94], that is based on an extensible
set of event types and event consuming input objects
with an optional hierarchical structure.

The focus of this model lies on events, not on inter-
action classes. There exists a set of event types, which

.includes predefined event types for basic interactions

like mouse and spaceball control. Higher level events
may be derived from these or may correspond to ad-
vanced interactions. The orientation in portable basic
events, which have to be implemented in dependence
of the library below YART (e.g. IRIS GL or X11), al-
lows the definition of interaction classes in a portable
and flexible way.

Besides the events there exists a set of input objects
at run-time. An input object is defined as follows:

¢ It consumes a (potentially empty) set of event

types.

o It generates a (potentially empty) set of event
types.
It is defined by a state that includes the last oc-
cured event(s).

e There is a trigger defined; when triggering of the
input object a list of callback objects will be in-
voked.

¢ It may have a father object. This may be a ren-
derer object if the interpretation or generation of
events depends on the renderer parameters (e.g.
viewing transformation). The father object may
also be another input object, allowing the defini-
tion of composite input objects with a higher ab-
straction level. Of course, input objects may be
driven in stand-alone mode. Additionally, each
input object may have an arbitrary number of
children.

o It generates a visible feedback dependent of its
state. Even user-defined primitives may be used
to create the feedback.

Several interaction classes have been implemented,
some for demo purposes, others to provide a mini-
mal functionality. In every case, they are examples
and can be replaced by user-defined ones.

e Pick and (3D-)Locator realize functionality com-
patible to interaction classes of the GKS/PHIGS
input model.

¢ The Manipulator allows intuitive® manipulations
of primitives in six degrees of freedom and sup-
ports both mouse and spaceball.

o The FileDevice provides support for file de-
scriptors, such as sockets. Using a special

%i.e. in accordance to the user’s expectation independently

4 of view orientation and local and inherited modeling




parameterization!? the stdin/stdout streams can
be used to control applications via textual com-
mands in parallel with other interaction objects,
e.g. WYSIWYG user interfaces.
Others are vertex manipulator for vertex-based prim-
itives or a walk-thru object for VR applications that
maps mouse/spaceball motions to the camera param-
eters (view point, reference point). Future event
types and interaction classes may encapsulate more
advanced, real-word actions.

4 Interpretative Language Binding

Beside the C+4++ API, which is a result of the im-
plementation, YART also offers an interpretative lan-
guage binding that is consistent to the C++ one. This
binding and the related object model is described in
[Bei94e]; as its basis, the extensible {C, LISP, UNIX-
Shell}-like interpreter language Tcl is used.

4.1 Interfacing with Tcl

Tcl is a type less interpretative language that oper-
ates on strings. Tcl commands are sets of strings. The
first string identifies the command, the remainders are
taken as arguments and will be evaluated by the com-
mand. Consequently, object-oriented techniques such
as method calling can be realized easyly, using this
flexible approach.

In opposite to many interpretative languages, the
aim of Tcl is to be extended by application-specific
commands. Creating a Tcl interface to an exist-
ing C/C++ application consumes some additional
effort!!, but provides some important features:

o There are no turn-around times'? when using the

Tcl APL This is useful for learning and debugging
purposes, and for prototyping.

o The definition of the Tcl interface, including the
mapping of C(++) data structures to Tel vari-
ables and values, normally forces the specification
of a clean C(++) APIL In most cases this API
provides a high abstraction level hiding lower-
level data and functional structures, which can
be implemented efficiently in C or C++13.

e Once defined, the Tcl API may be used as tex-
tual interface for user input, but also to put a
WYSIWYG user interface on top or to have a
network-wide access to the C++ objects. The
user interface aspect is very important, because
a strong separation between application function-
ality and extensible user interfaces is provided.

104 0 for stdin

11 However, this can be minimized using object-oriented tech-
niques as shown in [Bei94e]. The author evenly implemented an
1:1 Tcl interface to OpenGL in a very generic and efficient way
by parsing the OpenGL header files and using implicit C++
operators for parameter conversion.

12¢dit-compile-link-run/debug cycles

13Numerous projects stand for the usability of this design

philosophy, such as a commercial CFD system, a virtual reality

application and a 3D graphics kernel.

Additionally, Tcl comes with Tk [Ous91a], which
is a widget toolkit similar to OSF /Motif, but ac-
cessible thru Tel.

o Furthermore, the definition/implementation of
scene description or metafile formats is easy when
using the Tcl APL

o Advanced features of such a Tecl/C++ mapping
[Bei94b] may include the interactive behavior
query of the C++ objects and the automatic cre-
ation of user interface dialog boxes or manual
pages.

For a network-based virtual reality environment
following facts can be extracted from the above-
mentioned:

o persistent storage of graphical scenes (generating
calls to the Tcl API) and

e network-transparent and platform-independent
access to C++ objects (transparent execution of

Tcl API calls via the net).
The first fact makes it possible to get the state of a

scene just by generating a scene dump. The second
feature allows the transfer of complete scene dumps

or incremental scene changes via the net - without

consideration of binary formats and byte sequence.

4.2 Interpretative Class System

On top of the Tcl API an interpretative and persistent
class system is implemented [Bei94e, Bei94b]. This
class system allows the definition of new classes (e.g.
primitives) at run time in a portable way. Thus, it
is possible to increase the abstraction level by defin-
ing more complex primitives. However, a more im-
portant point is, that semantics can be integrated in
these classes (by defining methods) in a portable (and
even network-transparent) way. Conventional scene
description languages do not offer this possibility.

The class system supports single inheritance, public
methods and private members. It is compatible to
the general YART C++/Tecl object model and offers
persistency, too.

4.3 On the Way to a VRML

Basing on this interpretative language binding an in-

teractive VR Makeup Language could be specified by:

e a definition of a subset of Tcl (no use of ezec,
proc, pwd, cd, etc.)!4 »

o a definition of the YART API including the class

system

e a definition of specific YART extensions - so-
called packages, e.g. for scientific visualization

o a definition of mechanisms to provide data sets
(separate transfers, load paths, etc. )

14These Tcl procedures would provoke incompatible scene
descriptions.




5 A Concrete
YART/VR

The package presented in the following is more an ap-
plication of the YART graphics kernel than a serious
VR tool. Nevertheless it realizes some concepts which
could be interesting in this context.

Implementation -

5.1 Metaphores

The application is based on two metaphores: the
scene and the user. A scene is a kind of a
server running anywhere in the net and can be
addressed via <scene_name>@<host_name>, e.g.
castle@141.24.32.2915 '

A physical user is represented by an object of a Tel
class that can be specified freely by the user. The rep-

resentation is built from YART primitives like sphere, -

block, cylinder, quadmesh, polygon, polyhedron, text
and so on. Additionally, specific methods can be pro-
vided for the user class.

The scene currently accepts following user com-
mands:

¢ login/logout )

¢ move forward (backward) by a specified distance

in view direction

¢ move upward (downward) by a specified d'istance
(i.e. in y direction)

e rotate left/right by a specified angle
e send a pick ray into the scene
o broadcast a textual message to all users

o call a method of the user representation with an
arbitrary number of arguments

User commands!® will be sent to the scene and the
scene sends resulting commands back. Thus, the scene
controls all user movements and can prevent a user
from going thru a wall, for instance. ’

Scenes and users correspond to a client-server ar-
chitecture. The user application is the client which
contains a hidden copy of the global and visible scene.
All changes result in the broadcast of small-sized se-
quences of Tecl commands (typically less than 500
bytes) to all mirror scenes. Thus, YART/VR im-
plements incremental scene changes. Of course, for
the initial setup of a mirror scene the topical state
of the server scene must be transferred over the net.
This scene dump is typically 100 kBytes and more;
however, the transfer costs can be reduced by using a
compression utility.

5.2 Implementation

Two executables are provided, when YART/VRis in-
stalled. These are standard tools and can be replaced
by other ones.

15This host isn’t reachable via the net.

16These are on a high level, hiding elementary mouse and
spaceball motions, and result partially from precomputations
on client-side, such as pick-correlation.

vr_scene will be called by the executable scene
description files. Principally, scene description
files are standard YART metafiles, which can be
created/modified using a text editor or a direct-
manipulative user interface. Fig. 3 shows a screen
shot of a scene representing our institute; the related
scene description file has a size of 20 kbytes well-
formatted and documented Tcl code. By the way,
this scene consists of about 6.700 YART primitives.

Additionally, in a scene file may be specified: the
initial position and view orientation of a user that
comes into the scene and the maximal number of users
allowed in the scene.

Figure 3: A scene representing our institute.

The predefined semantics of a pick in the scene is as
follows: If a user was hit by the ray the picking user
gets a message containing the picked users name. The
picked user will be informed that he was picked by the
picking user. This semantics may be overwritten in a
scene file. Its implementation may use commands for
transferring of binary large objects and for sending of
messages or commands.

vr.user is a Tk based front end (fig. 4) that pro-
vides mouse-driven interactions for moving in the
scene, scales for camera parameters and text in-
put/output. Per convention, vr.user expects a file
${ HOME} /.yartvr that contains the user’s representa-
tion in form of a class definition (and implementation)
and supports a file ${ HOME} /.vr_userrc for configu-
ration of the front end (see fig. 2).

The current implementation of scene-user commu-
nication is based on internet domain sockets. As plat-
forms all UNIX systems with at least X11 graphics
and BSD compatible networking are supported.

5.3 Extensions

Both client and server may be extended without loos-
ing compatibility to running applications.

5.3.1 User (Front Ends)
The front end (currently the vr_user program) may be
extended in following ways:

¢ stereo output for SGI machines (a YART inter-
face to SGI stereo hardware and IRIS GL is part
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Figure 4: Meeting myself in a room of our institute.

of the YART distribution),

o textual control of movement allowing faster and
more precise motion,

o radiosity and ray-tracing images of the scene to
capture an impression in an advanced rendering
quality and

e spaceball integration (YART already provides
spaceball events for that.).

5.3.2 Scene

The complete semantics of user motion and picking is
controlled by the scene. Thus, advanced scenes (sub-
classes of the predefined scene class) may implement
any specific behavior. An intelligent handling of sub-
scenes may reduce the rendering and transfer time
drastically.

5.4 Communication

The current socket/XDR [KP84] stream based com-
munication is nothing other than a subclassed real-
ization of the abstract communication classes. Thus,
other implementations (e.g. usage of shared memory
in local connections) could be used for future versions.
Additionally, the usage of the GNU compressor gzip
for the transfer of BLOBS is hidden inside the con-
crete communication classes.

6 Future Research Subjects

The following topics are taken from a proposal for a
project sponsored by the German research commu-
nity. The aim is to extend the YART graphics kernel
for the special needs of complex VR scenes.

6.1 Scalable Rendering Technology

Up to now, there is a strong separation between lo-
cal and global illumination models and related kinds
of rendering. Most packages implement exactly on
model and sometimes a second one for pre-viewing.
YART integrates both local and global illumination
models and is open for new ones. However, the dif-
ferent kinds of rendering are strongly separated in
YART. Is a scalable rendering technology realizable
that integrates existing and new kinds of rendering
and allows a linear increasing rendering quality?

6.2 Time-Dependent Rendering

Normally the rendering time ¢ is a function of render-
ing quality g and the scene complexity ¢. For a given
(g, ¢) on a specific platform a certain amount of time
will needed to render the scene. An interesting ques-
tion is: Is it possible to choose ¢ and ¢ in dependence
of a predefined time value?

6.3 High-Level Clipping and Data
Management

The rendering time of ultra complex scenes can be re-
duced by using some kinds of high-level clipping to
exclude invisible (hierarchies of) objects much earlier
from the rendering. A solution for this under the con-
dition of rectangular elements (e.g. rooms in a house)
is proposed in [Bro86].

The management of the parallel existent objects is
somewhat equivalent to the former point. Objects
which are invisible and do not have an own semantics
don’t need to exist and therefore can be removed from
the memory.

7 Conclusions
YART/VR is based on

e Tcl - an extensible interpreter language

e Tk - an X11 widget set based on Tecl

¢ YART - a general-purpose 3D graphics kernel

¢ IOM - Tk based tools for programming YART
All these packages are public domain and can
be ftped from ftp://metallica.prakinf.tu-ilmenau.de/-
pub/PROJECTS/GOOD* **7 (or from other ftp
sites). The directory contains a README file that
describes all the files in this directory.

A set of WWW documents about YART, IOM,
YART/VR, etc. can be reached via hitp://metallica.-
prakinf.tu-ilmenau.de/GOOD.himl. '

The author is available on institute@speedy.prak-
inf.tu-ilmenau.de when he is at the office and would
be happy to receive visitors from the net.

Special thanks goes to Frank Wicht, Jochen Pohl
(both TU Ilmenau) and P. Bryan Heidorn (University
of Pittsburgh) for supporting this work.

17Look for the highest number, please.
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A Fuzzy Controlled
Rendering System for Virtual Reality Systems
Optimised by Genetic Algorithms

PROF. DR. R. D. SCHRAFT, J. NEUGEBAUER, T. FLAIG AND R. DAINGHAUS.

Fraunhofer-Institute for Manufacturing Engineering and
Automation (IPA), Nobelstae 12,

D-70569 Stuttgart, Tel +49 711 970 1308,

Fax +49 711 970 1005, e-mail: daeinghaus@ipa.thg.de.

Abstract - This paper describes a new rendering tool for the fast and efficient
rendering of virtual environments. The usage of rendering modules with dynamic
level-of-detail technology is the upcoming answer to the up to now insufficient
graphical hardware. The paper outlines the design of a fuzzy-based dynamic
level-of-detail controller and optimisation with genetic algorithms. Furthermore
the potential of this new technology will be shown with the summary of recent
. development work at the Fraunhofer-Institute for Manufacturing Engineering and
Automation, which has made possible the use of Virtual Reality for robot
simulation, off-line programming and remote operation of industrial robots

Keywords: Virtual Reality, Fuzzy-Logic, Genetic Algorithms, Robot Simulation.

1. INTRODUCTION

International competetiveness is
characterised by the reduction of
innovation time. Therefore the success of
new products strongly depends on the
necessary time for their development.
Virtual Reality, as a new 3D human-
computer interface significantly accelerates
the processes of creating and handling 3D
data in 3D space for design and evaluation

purposes.

Virtual Reality, providing advanced
human-computer-interfaces can make a
valuable contribution to improve simulation
and control tools. The operator, using a
dataglove and head-mounted stereo display
can act in a virtual world and is no longer a
passive observer [1].

Characteristic in Virtual Realtiy is the
interaction and the perception in a Virtual
environment. This is only possible by real-

time simulation and rendering. This led to
expensive but high performance computer
technology.

The Fraunhofer-Institutes carrying out
applied research for small and medium-
sized enterprises (SME) is familiar with
industrial demands. For establishing VR

- simulation technologies in industry it is

necessary to develop fast rendering
algorithms to be able to use relatively cheap
hardware for real time rendering tasks.

This paper outlines a new dynamic
level-of-detail algorithm which is based on
a fuzzy-controller with parameters which
are optimized by genetic algorithms.

2. REQUIREMENTS FOR VISUALI-
SATION TOOLS

All graphical systems have limited capa-




bilities that affect the number of geometric
primitives that can be displayed per frame
at a specific frame rate. The general
requirement is a maximum frame rate
including optimal quality of the displayed
scene. These two goals are in contradiction
to each other. The driving force behind IPA
development is to find the best compromise
between quality of the scene and frame
rate.

Because of the existing limitations,
maximising visual output quality while
minimising the polygon count, level-of-
detail processing is one of the most
promissing tools available for managing
scene complexity for the purpose of
improving display performance.

To reduce rendering time, objects that
are visually less important in a frame can be
rendered with less detail or in a lower
degree of abstraction. The level-of-detail
approach to optimising the display of
complex objects is to construct a number of
progressively simpler versions of an object
and to select one of them for display for
example as a function of range.

This method requires the creation of
multiple representations of an object with
varying levels of detail or levels of
abstraction. Rules must be given to
determine the best representation of the
object to be displayed [2].

The requirement must be met, that
enough representations of an object with
different quality levels exists. Only on a
comprehensive list of graphical
representations a satisfactory work of a
graphical output controlled rendering is
guaranteed.

To wuse extended level-of-detail-
technology, a large set of graphical
representations must be designed. Several
methods are known. The easiest method is
to design repesentations in different

degrees of abstraction by hand. Also semi
automatic or automatic methods are possi-
ble. The objective is to get representations
with different numbers of polygons. The
rendering of any single polygon is the most
important criterion for the graphical
performance of the computer.

One very simple representation of an
object is the bounding box, build up with
six polygons, another one is a minimal
convex hull. This representation looks like
a rubber balloon stretched over the
described object. Often it is enough to use
this representation in a very complex scene
or in case of background scenery.

Other automatically created level-of-
detail representations can be generated by
defining tolerance measures around the
surface of the described object. If neigh-
boring vertices are inside of this predefined
tolerance measure, all polygons belonging
to these vertices are merged. With this
method  different level-of-detail repre-
sentations can be designed by graduated
tolerances. This procedure is very efficient
to design large landscapes, Figure 1.

If the virtual world is designed by
polygonal representations of analytical
surfaces like cylindrical, torus or cone
surfaces, each surface can be directly
created in different representations. These
must be fine-tuned, because non-fitting
adjacent surfacees could result. A
broomstick for example could be shown by
a cylinder with a rounded end built of a
spherical surface. The usage of different
levels of detail will create a confusing look.
There is the possibility of holes appearing
and edges might not fit anymore, Figure 2.

Assuming that enough different
representations of any object are designed,
the algorithm deciding the current
representation is the most important part of
the rendering modul. Rules have to be
defined to change the level of detail. The




governing influencing factors are the
following [3]: .

1.) Distance from the viewer to the

Figure 1: Three landscape representations

concerned object

The distance is an important parameter.
The nearer an object is, the more important
it is for the whole scene.

- 2.) Size of the object

Of the same importance is the size of an
object. Both parameters together define the
size of the considered object on the screen.

3.) Position in relation to the center of the
display '

The user wearing a Head Mounted
Display will usually look in the center of
the viewed scene. Objects on the edge of
the visible frustrum are therefore assumed
to be less important then objects in the
middle of the screen.

4.) Complexity of the object

The complexity of an object is
expressed by the number of polygons used
to display the object.

5.) Special interest of the object
Some objects have a predefined special

interest. In a robotic workcell the gripper
of the robot e.g. would be more interesting
than many other objects.

6.) Velocity of the object

Using velocity of objects as a parameter
the importance of fast objects can be
reduced as these can't be seen correctly,
like for example the propeller of a plane.

A continuous change of the
representations of different objects may
result from free navigation of the user in
the virtual world. This change can be a
visual problem, because of the resulting
tremendous flickering of the whole scene.
As the human eye especially perceives
motion a continuous change of object
representations disturbs the impression of
the viewed scene.

Figure 2: Arrangement of geo primitives

The problem in adjusting the rendering
modul are the many parameters in the
abstraction algorithms. The question is how
to reach the optimum between high frame
rate and high level of detail. One condition
is that the visual output is done for a
subjectivly deciding human being. Another
is the contradiction because of opposite
goals of the criteria. For example an object
at a far distance is not very important,
although the same object has a higher
importance possibly because of a definition
as an object of interest. The arising
contradiction can be balanced by using
fuzzy logic algorithms.




3. ADYNAMIC ADJUSTABLE
RENDERING SYSTEM

The dynamic control of the graphical
level-of-detail has various advantages and
has become state of the art with the
introduction of the Silicon Graphics
rendering  package Performer. The
philosophy is to use graphical abstractions
for some scene objects in a stress situation
of the graphical output. But the only benefit
of the SGI Performer is to decide either to
give the best (normal) quality or to simplify
the scene by leaving out some details of the
scene. Different representations of objects
are possible, but very complicate to model.

Performer is layed out for peaks of
stress  situations. The disappearance of
objects in these situations cannot be
accepted in most applications. A controller
has to be layed out to control the scene
permanently, because stress situations must
be expected anytime. A permanent
abstraction of the scene has to be possible.

This can be reached best by using a
fuzzy logic controlled rendering modul.
With the use of a controller, a frame rate
can be fixed. The controllers task is to
reach the desired frequency of frames per
second by selecting one of the different
representations of the single objects. It is
the user's job to give the system the best
compromise between the fastest display
frame rate and the best quality of the
output to tolerate. This adjustment strongly
depends on the subjective quality
perception of the viewer.

The successful aproach controlling
principle in discrete environments is the
philosophy of fuzzy logic. All incoming
values can simply be rated. All factors of
the output decision can be considered
carefully. The fuzzy logic controller gives a
soft and easy to control switching of the
representations of graphical objects. The
fuzzy logic controler gives the best way in

rating the complexity of the current scene
and offers a soft deviation of the desired
frequency. The problem of the disturbing
flickering from the oscillation in

conventional controllers can be minimised.

The benefit of a fuzzy logic controller is
the very easy usage of input values by using
linguistic variables. These variables - also
called membership functions - describe the
state of every influencing parameter in form
of a natural language. The distance to an
object of the scene for example can be
descibed in words like very near, near,
middle, far or very far. Every condition is
represented by a fuzzy set. They define the
memberships of the conditions to an
interval of discrete values. If e.g. the
current distance is detected by the system,
the fuzzy algorithm could recognize the
fuzzy set far to 80 percent and very far to
40 percent. All other parameters like size,
complexity etc. are evaluated similar.

(] 20 40 60 80 10¢

Figure 3: The membership function of the
deciding parameters

All decisions of any parameter are brought
together by rules. In these rules the
connections  between the different
parameters (distance, size and complexity
of objects etc.) of the scene description are
evaluated like:

if the distance is far and the size is
big then give a better representation

if the complexity is low and the size is
small then give a more abstract
representation




Any combinations of these rules are
possible. The valid output of the rules can
have opposite
important advantage of fuzzy logic
controllers is the possibility to compensate
all opposites and to find an optimal average
in evaluating the input values.

The evaluation of the complete set of
rules via defuzzyfication returns a discrete
value, that the rendering modul uses to
decide which representation is the current
best choice. The more rules are used and
the more variables are interpreted, the
better is the stability of the controller. This
stability is achieved by decreasing the
controllers oscillation and the minimising of
the withcoming flickering of the graphical
output. _

So far it is easy to define a controller to
decide the representations of single objects.
But the task is not to optimise the output of
the objects in a scene, but the impression of
the scene itself. The controller must be
optimised to give the best subjective scene
impression to the user.

The missing link to an improved
controlled rendering modul is the
evaluation of the complete scene. How can
a complex scene be evaluated? The limited
output ressources determine the decisions
of the controller of every single object in
the current scene. The evaluation of objects
have to be seen in relation to the output of
the whole scene. This means that the
controllers decisions are depending not
only on static parameters but on the
connection of the scene building objects.

The fuzzy logic controller must be
optimised by a training in well known
virtual worlds. The decision base of the
controller are the membership functions
and the rule base. The rule base cannot be
changed softly, all connections are fix. Size
and the form of the fuzzy sets in the
membership functions can be manipulated

evaluations, but the

though.. The sets are defined as trapeziod
shaped memberships, built up by a
quadrupel The four coordinates defining
the sets can be manipulated to get a
modified characteristic of the controller.

How can the controller be adjusted to
detect the best decision of object
representatives with a minimum of
oscillating but holding a fixed frame rate
and an optimal subjective scene display?
With the modification of all defining points
of fuzzy sets in the five incoming
membership functions 36 parameters can be
found to modify. The best output depends
on an optimum rating of these parameters.

4. OPTIMISATION BY GENETIC
ALGORITHMS

Genetic algorithms (GA) have some
properties that make them interesting as a
technique for selecting high-performance
membership functions for fuzzy logic
controllers. Due to these properties, GAs
differ fundamentally from more
conventional search techniques. They
consider a population of points and not a
single one, they use non-deterministic
probabilistic rules to guide their search.
GAs consider many points from the search
space simultaneously and therefore they
have a reduced chance of converting to a
local optima [4].

GAs work on the basis of the
evolutionary theory [5]. The parameter set
defining the problem to optimise - in the
special case the defining points of the
membership functions - are seen as a DNA
of an biological individual.

The result of the search procedure is the
definition of the optimal parameter set. This
set can be found by starting the evolution
with a large number of individuals with an
identical parameter set (DNA). The DNA
of individuals can be inherited. During the




inheritage the DNA of the individuals is
modified by crossing or mutation. Crossing
means the changing of random parts of the
parameter set between two individuals,
mutation is a mechanism that exchanges
single parameters within the set of an
individual. The descendants generated by
these algorithms build up the new
population. I _

The generated new individuals are tested

iteration by iteration. The biological rule of

the survival of the fittest is applied. Every
new individual (parameter set for the
solution of the optimisation problem) is
rated in a typical environment.

The duration of these tests is to long to
calculate thousands of iterations. Instead of

this a average function of typical rendering

outputs was created. This function
simulates the typical characteristic of the
rendering system, the rating of the single
individuals can be calculated without
graphical output. If the test has a positive
result the current parameter set is a good
solution for the membership functions. The
individual is strong enough and keeps alife,
otherwise the individual dies.

The best parameter sets for the
membership functions can be found by
following only the fittest individuals. Like
in the evolution only the fittest individuals
inherit their DNA. After a while the fittest
individuals are selected and every
parameter set will deliver a good definition
of the considered membership function.

Genetic algorithms are not random
walks through the search space. They use
random choice efficiently in their
exploitation of prior knowledge to locate

near-optimal solutions rapidly.

An example of the successful work of
the manipulation of the membership

functions can be seen in the Figure 3 and
Figure 4.

The membership function for the
distance to the current object is defined as
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Figure 4: Optimised membership function

fuzzy sets with the conditions very near,
near, middle, far and very far. The
predefined membership function are defined
symetrically to give the best assumption for
the optimising genetic algorithm. The result
of the optimisation can be seen in Figure 4.

The defined fuzzy sets still exists, the
difference to the predefined membership
function is the modified placement and
shape of the single sets related to the
complete function.

The rating algorithm is a simulated walk
through a virtual world. A nonstatic change
of visible objects is simulated by a step
function response of the controller. In
Figure S can be seen that the automatically
optimised controller delivers a minimum
oscillation and a very fast adjusting to the
desired frame rate.

The rating algorithms are so fast that a
learning on the fly can be reached. A
permanent  optimising  in  running
simulations is possible. In every new virtual
world  the membership functions
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Figure 5: Frame rate of the controlled
rendering modul

can be optimised. An individual controller
parameter definition of the controller for
every new scene can be designed [6][7].

5. VIRTUAL REALITY AT THE IPA

The IPA is at the forefront of Virtual
Reality research in Germany since 1991.
First industrial projects have been done in
the field of manufacturing engineering [8].
Figure 6 shows an overview of the use of
Virtual Reality system at the IPA. There
are industrial projects in the planning of
robot work cells, visualisation of CAD-data
and presentation of product ideas. Further
applications have been realised like off-line
programming and teleoperation. Rapid
Prototyping,  manufacturing  planning,
assembly planning, operator systems and
training systems are areas for further
development.

6. THE DEMONSTRATION CENTRE
VIRTUAL REALITY AT THE IPA

The high interest from the public and
the industrial side was accorded to further
Fraunhofer-Institutes which deal with this
innovative technology. The Fraunhofer-
Society has faced the challenge of this new
technology and is now active in making this
potential accessible to industry. The project
is to be efficiently supported by the
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Figure 6: Virtual Reality Applications at the IPA

Demonstration Centre for Virtual Reality.
In January 1993 this institution has taken
up its work for the period of five years [9].

The establishment of the Fraunhofer-
Institute Demonstration Centre for Virtual
Reality is to present smaller and middle-
sized companies new techniques of Virtual
Reality, to reduce fear of contact between
industrial practice and Virtual Reality
research and to demonstrate prototypes of
Virtual Reality applications in a practical
and vivid way.

The following services are available in teh
Demonstration Centre for Virtual Reality at
the IPA in Stuttgart:
 Dispersion of availabel knowledge on
Virtual Reality,




* Training of personnel from interested
companies,

 Presentation of demonstration
appliances and processes,

* Consultancy for companies,

* Application and test of new and
already available applications and

 Development and demonstration of
exemplary applications.

7. CONCLUSION

Virtual Reality technology makes a
valuable contribution to improve simulation
and control tools. The operator, using a
dataglove and a head-mounted stereo
display can act in a virtual world and is no
longer a passive observer.

To get the best response from the
Virtual Reality system, the graphical output
must be efficiently high. Best usage of
advanced rendering functionality (possible
to combine with commercial products like
Performer (SGI) or other high performance
rendering systems) are reached by new
developed control moduls.

As high performance can now be achived
even with inexpensive hardware advanced
rendering tools for VR systems can now be
used for industrial applications.
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Abstract: In this paper we present a new virtual reality applications design platform, VIPER, which
emphasizes distributed aspects of virtual environments. Qur goal is to propose the developer a generic
system which can be specialized to suit an application, while minimizing his work all along the virtual
environment definition. We describe the general structure of an environment in VIPER, and discuss the
distribution of such an environment.

Keywords: virtual environments, application design platform, distribution, programming environment.

1. Introduction

In order to increase the realism of virtual environments, one solution is to allow many users as well as
simulated entities to interact in a shared virtual environment. Such a virtual environment appears more
real from each user viewpoint thanks to the rest of the environment liveliness. Applications and worlds
in these environments are difficult to design and simulate mainly because of their distributed properties. -

Our goal is to define a generic system for virtual reality application designing and virtual environment
simulation. This system, called VIPER, has to simulate multiparticipant virtual worlds in real-time,
thanks to a distributed platform.

In this paper we present the general structure of a virtual environment in VIPER as well as the
framework of the system software architecture. :

2. Survey of existing similar systems
Virtual environments operating systems can be roughly divided into two classes.

The first class is composed of systems dedicated to a certain type of application. Good examples of this
class are: NPSNET [Zyda93] which is dedicated to military simulations and IPA's Transputer-based
virtual reality workstation [Strommer93] which is dedicated to industrial robot control and
programming. Those systems have developed domain specific accelerating techniques: specific hardware
(dedicated Transputer architecture of IPA's VR workstation) and optimization algorithms (dead
reckoning for NPSNET like systems). Those systems are very efficient for their spemﬁc domain but
seem difficult to reuse for other applications.

Application generic systems compose the second class. Good examples of this class are: DIVE
[Carlsson93], VEOS [Bricken93] and AVIARY [West92]. Those systems have to be the most generic
possible in order to be easily used to design any application. This genericity, however, trades off with
the general efficiency of the final application. For example in most of these systems, optimization
algorithms are difficult to implement.

In order to better deal with efficiency within a generic system, we think that tools should be proposed to
the virtual environment developer. Systems like WAVES [Kazman93a], have tried to implement
optimizations in the core of the system. We rather think that the definition of such optimizations should
be available for the virtual environment developer, either declaratively (the developer chooses an




available optimization for his current environment) or explicitly (the developer implements a new
acceleration, eventually based on an existent one).
3. Virtual environment structure

VIPER is aimed for the design of every application that is based on a virtual environment which can be
modelled using the following general structure.

In VIPER, a virtual environment is made of entities, stimuli and a virtual universe (Fig. 3.1).

¢ The "entity” paradigm allows uniform management of virtual worlds scenery, virtual objects and
“clones”. Entities are autonomous and own a set of attributes and behaviours. They are
conceptually grouped in “families” (a set of entities which own the same attributes and
behaviours). Our system is best suited for homogeneous virtual environments (few families made
of many instances).

® The "stimuli” convey interactions between entities.

o The "virtual universe" is the three dimensional environment where entities interact and behave.

Entitie

Virtual universe
Figure 3.1: Virtual environment structure

A "clone" is a special type of entity which behaves as an interface between a user [Mouli93], an
application [West92] [Carlsson93] or a robot and the virtual universe. An example of an application
clone can be a modeller such as DeM?ons [Gaildrat93] a declarative multimodal modeller which is to be
integrated with VIPER. The modeller entity will be able to provide some services to a user (in factto a
user's clone) in order to build a virtual world. :

The purpose of this structure is to ease the definition of distribution schemes. Autonomous entities leads
to a perfect encapsulation of the behaviour and state of an entity, and therefore ease distribution of

entities: such an entity can execute its behaviour on a specific site, communicating with other entities
through well defined stimuli.

In this part, in order to describe the structure of entities, we will present the inter-entity communication
mechanism and the behavioural part of entities.

Entities and their environment interact in two main ways:

- from the environment to entities: a change in the environment produces a stimulus which is
perceived by some entities. A stimulus is received by a specific sensor which interprets and then
transmits information to the behavioural part of an entity.

- from each entity to the environment: once the information has been analysed, the behavioural
part is able to change the internal state of the entity and if necessary commands actions to the effectors
of the entity. Effectors act on the environment and while modifying it create new stimuli.

We propose to model these interactions with four elements: sensors, effectors, images and image spaces
(Fig. 3.2). This model deals with environment internal interactions as well as those happening with the

real world (e. g. for "clone” - user communication, devices such as datagloves and tracking systems are
encapsulated in sensors).




To each type of stimuli, we associate a quadruplet: (image, image space, sensor, effector). An image is
the perceptible part of an entity in the environment, in relation to a specific type of stimuli (e.g. a 3D
shape is the perceptible part of an entity in relation to visual stimuli). An image space is mainly the set
of images related to a certain type of stimuli. A sensor gets a "snapshot" of an image space which it
filtrates and interprets. While executing an action an effector produces an image and then puts it into an
image space. In fact, to each effector is first associated a unique image in the image space which is
modified afterwards. '

Effector

Image Space

Figure 3.2; Inter-entity communication mechanism

Introducing an image space, which acts as a mediator in the inter-entity communication, is very useful in
order to distribute a virtual environment (as will be explained in section 4.3).

The behavioural part of an entity consists in two components (Fig. 3.3): a “reflex” component, where
entity reflexes to stimuli are defined, and a "thinking"” component, where more complex behaviours can
be defined. Behaviours can be implemented by finite state machines [Carlsson93], sensors/actuators
networks [Wilhelms90] [Panne93], Prolog like rules [Rainjonneau90], intention generators
[Xiaoyuan94], classifier systems [Torguet93] as well as interfaces to users, applications or robots.

The reflex component is made of a number of modules. Each module is assigned to a sensor in order to
analyse its results and if necessary react, commanding actions to effectors and/or modifying its own
state. The thinking component is triggered either by a clock or by any reflex module. This component
defines the active side of the behaviour while the reflex component defines the reactive side.

Clock
Sensors \l/ Effectors
Behaviour
s> HE>
Reflexes
s >
. Thinking .

: State
9' —— Personal —] _@
—— Constraints —

Attributes

Figure 3.3: An entity

The entity has also its own state: a set of attributes (position, velocity, orientation, mass, 3D shape...)
with a set of personal constraints (constraints which act on the entity attributes, e.g.:
velocity < maximum_velocity).




4. Software architecture of VIPER
The software architecture of VIPER consists in four layers (Fig. 4.1):

e At the bottom, the distributed platform, which is composed of a set of sites (workstations,
multicomputers...), creates a virtual machine based on a message passing system like PVM
[Sunderam90]. This layer encapsulates the communication system used by VIPER.

¢ Above this layer, an object-oriented concurrent programming environment encapsulates data
distribution and an SPMD (single program multiple data) model [Moisan93].

¢ The third layer is the entity model, already described in the third section of this document.

* The topmost layer allows the definition of specific virtual worlds and the choice of their

distribution scheme.

—® Virtual Worlds definition and distribution specification

Virtual Environment S S . .
8 (entities distribution and distributed image spaces).

—* behavioural definition (reflexes and thinking)

Entity Model * inter-entity communication (sensors, effectors and images)

Distributed objects [~ Data distribution and SPMD model

— A set of sites and a generic message
Distributed platform ™ passing system like PVM

Figure 4.1: The software architecture of VIPER

4.1.  The distributed platform

The distributed platform is the set of sites which take part in the simulation of the virtual environment. It
is logically divided into four sets of resources: computing, rendering, storage and input/output resources.

Each site is at least referenced into one of these sets. For example, a graphics workstation is referenced
in all those sets.

Rendering resources are the set of sites which have render specific hardware. A graphics board and a
three-dimensional sound rendering board are good examples of rendering resources. These resources are
usually connected to sensorial devices such as head mounted displays or headphones. This set is also
divided into subsets of similar rendering resources.

Input/output resources are the sites which have input/output ports used by VIPER. This set is divided
into three groups: acquisition resources which allow access to virtual reality devices (such as datagloves
and tracking systems), standard input/output resources (console) and operating resources which operate
external systems (such has robot control boards). Acquisition and operating resources are further
divided into subsets of similar devices.

4.2. Distributing an entity over the platform
In order to be easily distributed over the platform, each entity is divided into a number of parts called

“sub-entities" (Fig. 4.2). These sub-entities are: rendering, input/output, behavioural and general sub- -

entities.

Each rendering sub-entity is composed of render specific sensors and attributes. Each input/output
sub-entity is composed of acquisition sensors or operating effectors and attributes that are specific to a
type of input/output. The storage sub-entity is made of all storage effectors and storage specific
attributes. The behavioural sub-entity is composed of all the other sensors and effectors, reflexes,




thinking, personal constraints and behavioural specific attributes. The general sub-entity is made of the
set of attributes which are not specific to one of the other sub-entities.

General
Render 1/0
Behavioural
Render /0
Render o Storage

Figure 4.2: An entity divided into sub-entities

Each rendering sub-entity is given to one of the matching rendering resources. Each input/output sub-
entity is similarly given to a matching resource. The behavioural sub-entity is given to one of the
computing resources. The storage sub-entity is given to one of the storage resources. The general sub-
entity is duplicated over all resources where the entity has a sub-entity. Practically, all entity resources
ought to refer to the same site (e.g. a multiprocessor graphics workstation) or a few tightly connected
sites. And the system always tries to get this property verified.

4.3. Distributing Virtual Worlds

This distribution of an entity introduces a functional parallelism which is internal to the entity. A more
general parallelism within the virtual universe can be achieved. A virtual universe is a homogeneous
environment inhabited by entities which behave in a similar way.

Object parallelism has been mainly used in existing systems because of its simplicity [Kazman93a]
[Snowdon93]. The main advantage of this parallelism is to maintain a good load balancing. Obviously if
each site is given the same load of entities each one would become equally loaded. Moreover, a strict
encapsulation of entities allows the introduction of dynamic load balancing [Kazman93b].

However, in order to detect and manage direct or indirect interactions (collisions or information
exchange in the environment), communication between sites introduces a great number of problems
(bottle-necks on an interaction specific site for example).

Site 1 Site2 Site 3

'
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image

Figure 4.3: A fully distributed image space.

VIPER proposes to solve these problems with distributed image spaces. Communication between
entities through image spaces has the advantage of being well defined and easily manageable.

We have currently defined three kind of distributed image spaces:

- fully distributed image spaces. In those image spaces, images are only situated on their entity
computing resource and are remotely accessible. For example in Figure 4.3, when each entity effector
creates an image of the entity for the first time, each image exist on the site where it has been created.
And afterwards, modification of these images are only locally done. The entity on the third site is able to
get every images present in the image space. This is done totally transparently: an access to a distant
image is exactly the same as an access to a local image as far as the sensor is concerned. The only




difference being, obviously, access time. We think that this first type of image space is interesting when
there are few sensor doted entities which retrieves information only from time to time, whereas effectors
modify images very often. An example of such an image space can be a low frequency radar image

space, where entities images are their position in space and sensors are radar which examine the image
space with a low frequency.
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Figure 4.4: A fully duplicated image space

- fully duplicated image spaces, where images are duplicated over all computing resources and
image updates are propagated. For example in Figure 4.4, when each effector creates an image, the
image is created on every site the image space is accessible from. Each modification of an image is
thereafter propagated to all sites via update messages transparently sent by the image space itself.
When, for example, the sensor of the third site entity examines the image space, it only looks at local
copies of each images. This type of image space is very interesting for image space where there is a lot
of sensors sensing the image space often. An example of such an image space is the one used to mediate
visual communication between entities. In this image space, entities outputs their changes in appearance
(such as a position modification when moving) and other entities sense these changes in order, either to
modify their behaviour or to display a view of the 3D world to their users (for user's clones entities).

- smart duplicated image spaces, where images are duplicated over computing resources which
needs them (i.e. if there is, currently, a sensor connected to the image space) (Fig. 4.5). This is a
derivative of duplicated image spaces, useful when there are few sensors (less than one at each site). An
example of such an image space can be a sound mediating image space, which manages distribution of
sounds produced by users or virtual objects and listened by users which have sound producing boards.

................................
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Figure 4.5: A smart duplicated image space.

However, in order to better solve some of the previously mentioned problems we think that we should
take into account that, in most communication types, two entities may only interact if they are close
enough. This can be done by associating topological information to image spaces.

A logical spatial partition of image spaces seems interesting for worlds which are logically divided into
rooms linked by portals (doors, openings...). Each entity is associated to the room in which it is spatially
present, and each site will only manage interactions which involve its entities (i.e. needs only the part of
each image space which is local to its entities rooms). For example, if we consider a virtual building, an




entity may only interact with entities located in the same room or in adjacent rooms (if there are open
doors).

A regular space partition can also be considered [Zyda93]. In this case, the virtual world space will be
divided into grid squares of a constant size. Such a built grid can either be two dimensional (in case of
applications in which altitude doesn't matter much: vehicle simulation for example) or three dimensional
(applications where altitude is very important: flight simulation for example). Each entity is associated
to the grid zone in which it is spatially present, and each site will only manage interactions which
involve its entities (i.. needs only local parts of each image space). An example of the use of topological
information is presented in Figure 4.6. In this figure, the plane is only able to detect two vehicles
because the image space, being aware of plane sensors limitations, only take into account a part of the
virtual world when listening to vehicle images updates.

o
;.
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Figure 4.6: A smart duplicated image space with topological information.

An a priori choice for a distribution model is difficult to make. In fact this choice is really application
dependent. For example, for a flight simulation a regular image space partition seems interesting, while
a logical space partition seems more useful for an architectural walk-through. In VIPER the application
developer is able to choose for each world and for each image space a specific distribution scheme.
Moreover, the developer can specialize an already defined image space in order to better suit his needs.

Thus, the developer can quickly prototype his application using existing general distributed image
spaces. And then, in order to increase efficiency, he may try other distributed image spaces or explicitly
implement new optimizations algorithm. For example, the developper of a vehicle simulation application
might choose a smart duplicated image space to mediate visual communication between entities

(vehicles), then he might prefer a regularly partitionned image space, and eventually implement dead
reckoning of vehicles.

5. First results and Conclusion

A first implementation of VIPER is being developed. It is bzsed on PVM over an heterogeneous network
of workstations (SGIs, HPs and SUNs). The choice of the PVM communication system, has been
dictated in order to rapidly prototype VIPER. Indeed, PVM offers interesting tools like xpvm, which
ease the definition of parallel applications and their tuning. However, the overhead added by this
communication environment doesn't seem to match large scale virtual environments requirements.
Thanks to the encapsulation of the communication system, VIPER can, nevertheless, be easily ported
over any more efficient communication system.

VIPER is being developed using the C++ programming language which offers very interesting tools in
order to develop generic constructs. C++ templates, for example, allows the definition of generic
distributed image space which can be parameterized by a specific class of image (and eventually
derived), in order to suit application needs.




The entity model, fully distributed image spaces and fully duplicated image spaces have already been
implemented and are being benchmarked. Now we are developing our first application: a modeller which
gives users the ability to create new shapes while deforming simple ones. This first application will
allow us to estimate the efficiency of VIPER when confronted to a real problem.

This first implementation will then be extended with smart image spaces and virtual worlds topological
information. The integration of a multicomputer in the platform is also being studied.
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Abstract

We have developped two calculation method
for the manipulation in virtual environments.
Impetus Method is based on only one phenom-
ena, collision between the fingertip and the
object. We start with the simple manipulation
to push the object with one degrees of freedom
and expand it to treat with more complicated
phenomena. RSPM realizes the detailed ma-
nipulation. By using this, the object can be
grasped, manipulated by 3 fingertips.

1: Introduction

Natural and realistic object manipulations in virtual envi-
ronments (VE) are important because the true application nec-
essarily contains the object manipulation[8]. Moreover, the
operator can recognize the law that dominates the behavior
through the act of manipulation (active presence) in addition

Visual (passive) Presence

to the (passive) presence through the visual sense (Figure 1).
Untill now, the realized manipulations have been generally
based on gestures, and these manitulations seem to be very
simple, symbolic, and not realistic.

The manipulation is realized by calculating the behavior of
the object driven by a virtual hand. The behavior of the vir-
tual object is an artifact. We can define any behavior. It ap-
pears that we can easily generate the behavior similar to that
in the real world by calculations based on physical laws. There
are, however, cases in which physical laws cannot be applied,
especially in VE without force-feedback.

There have been many attempts and inventions for easier
manipulation. Although some of them work well and effec-
tively, there is a difficulty to combine different manipulation
algorithms according to the various situations where the ob-
ject locates in. What seems to be lacking is to explore the
nature of difficulties in such calculations, and to systematize
the methodology.

Mental Behavior
Model T-'1 Model

Object
<EE&—Behzwior

Human| VE

(Active) Presence via Interaction

“Figure 1 Realistic Manipulation Causes Active Presence
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The goal of this study is to develop effective manipulation
algorithms, and to make clear how we should manage differ-
ent manipulation calculations. Although this paper does not
fully acheive this goal, two example manipulation calcula-
tions with fingertips in VE without force feedback, are devel-
oped, and several discussions are shown based on this devel-
opment to generalize the behavior calculation.

First, authors discuss the calculation for object manipula-
tion generally.

Secondary, the "Impetus method" is described. It is based

on a simple phenomenon, the collision between fingertip and
object surface. We start with simple movements with 1 de-
gree of freedom. This is naturally expanded to represent move-
ment with 2/3 degrees of freedom, static and dynamic fric-
tion, stiffness, rotational moment, and restriction on a sur-
face. This method belongs to the category of semi-dynamics.

Third, a "representative spherical plane method" for grasp-
ing and manipulating object by 3 fingertips, is described. It is
based on the restricted interaction among three fingertips and
a sphere that represent the object. This method enables de-
tailed, fine manipulation by 3 fingertips. This belongs to the
region of kinematics.

Atlast, the discussion of the above methods and future work
is described.

2: Generation of Object Behavior

The calculation of the interaction or of the object’s behav-
ior in VE has different characteristics from those in popular
Graphical Usr Interface (GUI) such as drag, pull-down, etc,.
In the case of VE, it is more complicated. Generally, it has 3
degrees of freedom, and utilizes multiple contact point (fin-
gertips, etc.). The number of states of the manipulated object
are larger in VE than in GUI's. The largest difference is the
detection to which model the behavior of the object belongs.
In the case of VE, it should be based on geometrical informa-
tion while those in GUT's are mainly based on symbol infor-
mation such as a mouse click.

Symbol information simplifies-the detection in exchange
for giving up some detailed behavior. For example, in a VE,
if the gesture of a hand (symbol information) mainly decides
whether the hand grasps the object or not, the object is grasped
without considering the geometrical relation between the fin-
gertips and the surface of the object. These calculations based

on symbol information are not suitable to generate detailed
behavior.

2.1 Problem and Assumptions

In the case of VE without force feedback, the position/ori-
entation of the hand or fingertip are monitored by sensor(s),
-and this data forms a virtual hand that interacts with the ob-
ject. Namely, the hand's position as input is used to drives the
object, and there is no output to the real hand. The data flow
between the real hand and the virtual object is basically only
one way.

In the case of VE with force feedback, most general method
is, to sense the position of the hand, to calculate the interac-
tion based on the position, and to display the impedance, force
or the relation between position, velocity and force. Never-
theless, the data flow between the real hand and the virtual
object is two way (Figure. 2.1). »

Positio Drive
Without Force Feedback
Position Drive
-« >
Force Push Back
With Force Feedback
Virtual Hand Virtual Object
Figure 2.1 Dataflow

Real Hand

What is important here is: (Figure 2.2)

1: Only the position is obtained as input from the real
world

This means we cannot include the term of force in the cal-
culation. If we introduce some assumption that defines the
relationship between the force and the situation (position, ve-
locity and the other term that has been obtained), the force
can be achieved. Because the assumption dominates the all of
the calculations which are to follow, it should be chosen very
carefully [6].

2: There is no output from the virtual world to the real
hand

This means the movement of the real hand cannot be re-
stricted, or cannot be modified by the reaction force from the
virtual object.

Therefore, the position of the real hand could easily be-
come different from that of the virtual hand. This is a serious
problem because the calculation based on the position data
implicitly assumes that it is based on the actual position of
the real hand. To solve this problem, an assumption that de-
fines the relationship between the real hand and virtual hand
is needed. Also this assumption should be chosen very care-

fully [6).
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Figure 2.2 Calculation Problems in VE without Force Feedback

2.2 Kinematics, Dynamics

As an example, let us think about the case where a solid
object is grasped by three fingers. This activity can be di-
vided into three phases (Figure 2.3).

(a): Free

No finger comes into contact with the surface of the object.
The behavior of the object can be calculated based on physi-
cal laws such as Newtonian Physics. If the world contains
gravity, the object will fall freely. If the world contains vis-
cous resistance, the velocity of the object will decrease gradu-
ally. Because the term of force appearing in the calculation is
not the force between finger and object, there is no problem.
This belongs to the category of dynamics.

(b): Restrictive

If the fingers grasp the object tightly, the position and ori-
entation of the object have a strong relation to the positions
of the fingertips. This can be calculated based on Kinematics.
Kinematics as part of Mechanics, can deal with restrictive
phenomena, such as, a pair of gears that engage each other, a
set of arms that are connected with links, etc. The behavior of
a grasped object is similar to such phenomena. Kinematics
does not utilize the term of force. Therefore this belongs to

does not touch

touch/no touch

the category of Kinematics-like methods. Section 4 corre-
sponds to this region. Kinematics-like methods simplify the
phenomena, avoiding the term of force, the need of wider
bandwidth (higher calculation and sensing cycle)[5][7].

(c): Boundary

‘When some of the fingers are very close to the surface of
the object, Kinematics is not suitable because the relation be-
tween the fingertips and the object will change rapidly. Also
Dynamics as a part of Physics is not suitable because there is
a force between the fingertip and the object, and because it
suits for uniform or "flat” phenomena. Dynamics as part of
Mechanics deals with the term of force explicitly, but it is
focused on several mechanisms, introducing assumptions to
simplify the theory and the calculation. Roughly saying, this
category is similar to that of Dynamics. Section 3 corresponds
to semi-Dynamics.

The calculation basing on symbol information such as the
gesture of hand neglects this category. The symbol informa-
tion divides the state of the object compulsorily into (2) and

(b).

Thus with force feedback, the physical model for this cat-
egory is not perfect. For object manipulations by robot-ma-
nipulator, there are several hypotheses and theories.

tightly grasping
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Figure 2.3 State of Object and Applicable Methods
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Figure 2.4 An Example of a Set of Behavioral Laws and State Transition

2.3 State Transition

The term "situation” can be defined as a set of parameters
that describes both the state of the object and the state of the
surrounding environment. For example, let us suppose that
the virtual world consists of a virtual hand and a virtual ob-
Ject. The state of the object is a set of parameters such as the
position of the object, the size, the velocity, etc. Because there
is only the hand besides the object, the state of the surround-
ing environment is a set of parameters such as the position of
the hand, gesture, etc,. The term means the combination of
them. All the parameters form a configuration space that is
used in computational kinematics [4]. One situation is a point
in configuration space.

The object changes its behavior over these categories, and
one category contains multiple regions of situation. One re-
gion corresponds to one calculation model of behavior.

When a calculation model is defined, the applicable region
in the configuration space is restricted. Therefore the detec-
tion of which region the object belongs to, or which is a suit-
able calculation model for the object, is important to manage
the over all calculations [3].

The fragmentary inventions of calculation that are not sys-
tematized, easily declined to error. The minor error in one
model of behavior sometimes causes unreasonable state tran-
sition and changes the overall behavior largely.

3: Impetus Method

3.1 Basic Concept

This method aims to calculate the behavior of solid objects,
manipulatzd with fingertip(s). Applicable manipulations and

4

neighboring regions are pushing an object with finger(s) as
shown in (Figure 3.1).

We start with defining clearly the set of axioms including
the fundamental quantity that causes the movement of the
object. The second step involuves detecting the applicable
region from the axioms. The third step is to expand this to
more complicated phenomena systematically.

In other words, the third step is the purpose, which is de-
pendent on the second. The second step connects the state
transitions and models correctly, which need to be clearly de-
fined.

Q
(S
Push Push and Rotate
¢ N
>
N\ NAE \
Push and Slide | Push and Slide
'~ as Dynamics as Kinematics

T\

sl

Push as Dynamics

Z
Grasp as Kinematics

Figure 3.1 Applicable Phenomena and
Neighboring Region of Impetus method

3.2 Axioms

The axioms are the following:

Law 1: "The reason for the change of motion is impulse




force, which is defined as the invasion vector of the finger-
tip"[1]. This needs the following assumptions to enable cal-
culation:

Assumption 1: "Reaction force from the object to the fin-
ger is negligible”. This requires several secondary assump-
tions such as the mass of object is zero, etc.

Assumption 2: "Any element cannot invade into the ob-
ject"[2]. Not only at the time of the calculation point on the
time axis, but also at the time between the calculation point,
finger, other objects cannot invade into the inside of the ob-
ject being manipulated.

3.3 The calculation and the detection of the bound-
ary of applicable region

Figure 3.2 shows a basic calculation where one fingertip is
pushing the surface of an object. Here, all the movements
have only one degree of freedom.

At the time-index = n, the position of the fingertip is out-
side the object. At the next time segment of calculation, the
fingertip position (gotten from sensor) invades into the ob-
ject. Between time n and n+1, a collision occurrs. Using lin-
ear interpolation, the correct collision time and the trajectory
of the fingertip and the object are calculated. Namely, the
object position at n+1 is calculated from the fingertip posi-
tion at n, n+1, object position and velocity at n, using simple
interpolation.
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Figure 3.2 Calculation Based on Invasion Vector

Po'[n+1] =Po[n] + Vo[n] * dt
I =Po'[n+1] - Pf[n+1]
Po[n+1] =Po'[n+1] +1

As the invasion vector increases/decreases, the distance from
fingertip to the surface of the object increases/decreases re-
spectively. The invasion vector acts similarly as an impetus
or impulse force.

The impulse from the fingertip is modified systematically
by attributes such as collision factor, mass/rotational inertia
ratio, dynamic friction coefficient, static friction limit, restric-
tion on the surface, etc. It must be noticed that these (virtual)
attributes are not the same attributes as in physics, but cause
similar effects as those in Physics. Hence, we can control the
properties of the phenomena easily.

(Collision factor)

The Impetus I in the equation (1) is modified by collision
factor "e", which should range from 0.0 to 1.0.

Po[n+1]=Po'[n+1}+e *1

(Damping)

Next, a damping coefficient d is introduced. This repre-
sents phenomena such as the friction between objects being
manipulated and their surrounding environment. As damp-
ing increase, the movement of object decreases. Impetus I in
the equation (1) is modified in the following manner by intro-
ducing damping factor "d", which should range from 0.0 to
1.0.

Po[n+1]=Po'[n+1]+e*d *I;

(3D movement)

This is naturally expanded into movement with 3 degrees
of freedom.

(Friction)

Static and the dynamic friction between the finger and the
surface of the object are introduced. Until now, only the mag-
nitude of the Impetus is modified by 2 factors. Here, the Im-
petus is divided into the normal element that is orthogonal to
the object surface, and the parallel element that is parallel to




it.

"Only the parallel element is modified to represent the dy-
namic friction. As the dynamic friction coefficient increases,
the parallel element decreases. The dynamic friction coeffi-
cient should ranges from 0.0 to 1.0.

parallel element -> parallel element * dynamic fric-
tion coefficient

To detect whether or not a state belongs to the static fric-
tion region or dynamic friction region, the ratio of the paral-
lel element/normal element is used. If the situation belongs
to the static friction region, the parallel element is not modi-
fied.

The static friction limit should be larger than the dynamic
friction coefficient.

if (paralle]l element/normal element > static friction
limit) state = dynamic friction

else state = static friction

(Rotational Movement)

This is expanded into rotational movement by introducing
arotational Inertia ratio "r". The inertia ratio is similar to the
ratio of rotational inertia by mass. This indicates the relative
easiness of rotation to that of parallel movement. In the case
that the mass of the object concentrates around the gravity
center, it can easily be rotated compared with the ease of par-
allel movement. In the case that the mass exists mainly on the
surface of object, it is relatively difficult to rotate.

Here, the Impetus is divided into two components. One is
the parallel component that is parallel with a vector from the
fingertip to the center of the object. Another is the rotational
component that is the rest of the Impetus. This should cause
the rotational movement.

rotational Impetus = rotational component * r * dis-
tance from the center of the object to the fingertip.

The rotational impetus is used to cause rotation. In our ex-
perimental system, this is directly converted to rotation for
one time (from time n to n+1), continuous rotation is not sup-

ported.

(Restrictive movement on a plane)

The restriction of movement on a plane is introduced. This
is achieved by simply eliminating the comiponent that meets
atright angle to the restriction plane.

3.3 Region detection

The applicable region of this method is deizcted by investi-
gating whether or not the result of calcularion satisfies as-
sumption 2 or not. The problem is that "the result satisfies
assumption 2" does not necessarily mean "the values used in
‘the calculation satisfy assumption 2", In order to solve this
problem, we introduce a restriction to the calculation as fol-
lows: "If the object satisfies assumption 2 in the region of
time [t1.. t2), it satisfies the assumption 2 ar 12."

3.4 Experiment System

Figure 3.3 shows the system for experiments. The compu-
tation of the behavior and the generation of graphics are per-
formed on IRIS VGX-210 workstation. Polhemus IsoTrak and
DataGlove is used to sense the fingertip point. All the pro-
gram is written on VisAge that is an toolkit to generate vir-
tual environment. VisAge is developed by the first author of
this paper, and is consist of libraries and tools to develop the
virtual reality application. It contains a simple management
structure for behavior calculations. Objects are maintained in

IRIS VGX-210

\ =| Rs-232C
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Figure 3.3 System for Experiment
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a form of a tree. Each object is defined as a set of attribute
and a pointer to a function that defines the behavior. The func-
tion is called automatically by the management structure re-
ferring the tree. As a programming style, it is recommended
to divide the function into two parts, the detection of appli-
cable region and the behavior calculation itself. The state tran-
sition is implemented by changing which function the pointer
indicates.

The experiment in section 4 is performed on the same sys-
tem.

3.5: Experimental Result

The experimental task was to place an object in the indi-
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cated region by pushing the object with one finger. Case 1
has 3 degrees of freedom parallel movement in free space.
Case 2 has 2 degrees of freedom parallel movement and 1
degrees of freedom rotation on a plane. In both cases, the
result shows that this manipulation is easier as compared to
general symbolic manipulation.

Especially in case 1, the user used 2 states of friction prop-
erly according to the phase of task. This contributes to the
improvement of performance. (Figure 3.3, 3.4)

Also the results showed that the user could "feel” the (vir-
tual) attribute (friction ratio). In the real world, physical quan-
tities are receipt as stimulus, cause the senses. Virtual attributes
cause sense through the recognition of relations between the
motion of the hand and the behavior of the object.

4: Representative Spherical Plane Method

4.1 Basic Concept

In this section, RSPM (Representative Spherical Plane
Method) is detailed. This is for grasping and manipulating an
object with 3 fingertips.

To begin with, let us introduce a sphere (RSP) with radius r
that represents an object. The fingertips manipulate this sphere,
and the object behaves similarly as this sphere. RSP moves
according to the position of 3 fingertips, therefore, 3 finger-
tips only slide on the RSP while it is grasping the object. This
movement of RSP is defined as the behavior of the object.

The merits of this method are as follows:

- Fine Manipulation with fingertips

The freedom of a finger is larger than that of the back of the
hand, and a finger is more accurate. A finger is a "fine" part
of the hand. In conventional gesture based manipulation meth-
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Figure 4.1 Representative Spherical Plane Method

ods, the position and orientation of grasped objects are gotten
from the back of hand, and not from the finger. Fingers are
utilized only for gesture detection. On the contrary, viaRSPM,
user can drive objects by their fingertips. This means the user
could manipulate objects with more accuracy.

- Uniformity of Manipulation;
The user can manipulate any object with the same feel
of manipulation.
- Uniformity of Calculation;

Any object can be manipulated based on the same al-
gorithm.

RSPM begins with the condition that all 3 fingers are in-
volved in the object, and that 3 fingers can grasp RSP. The
second condition is checked by calculating the radius of circum
circle of the triangle whose vertices are 3 fingertips. The sec-
ond condition is equivalent to that the radius of circum circle
is smaller than that of RSP.

4.2 Behavior Calculation

The behavior of RSPM is calculated as follows.

When fingertips grasp the object, an initial matrix that rep-
resents the position and orientation of RSP is calculated.

While grasping, a temporary matrix that represents RSP at

that time is calculated. The transformation matrix from the
initial matrix to the temporal matrix is easily calculated.

Let us focus on the fingertip triangle (FTT) that is com-
prised from 3 fingertips. When fingertips grasp the object,
the initial FTT is stored in the memory. While grasping, the
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FTT s achievd each time. The transformation from the initial
FTT to each FTT is equivalent to that from the object when it
becomes grasped to the object at each time.

If FTT does not deform, the matrix that transforms the ini-
tial FTT to each FTT can be calculated easily. But in fact it
deforms.

The matrix is restricted as combination of a unitary (rota-
tion) matrix and a translation matrix. To avoid deformation,
the following calculation is used;

(1): To move initial FTT such that the gravity center lo-
cates at that of each FTT.

(2): To rotate it around the gravity center such that the nor-
mal vector becomes equal to that of each FTT.

(3): To rotate around the normal vector such that the ver-
texes become closest to corresponding vertexes of each FTT.
As the performance criterion, authors adopted the summing
of absolute angle between the vectors that is from gravity cen-
ter to vertex.

The result is calculated directly in analytical way, not in
repetitive way. The system cycle was 60Hz, which include
retrieval of data from sensor, calculation, graphics genera-
tion on IRIS VGX-210 workstation. '

4.3 Experiment

A simple experiment was performed. A target cube and an-
other cube were displayed. Each surface was painted in dif-
ferent colors. The task was to manipulate the cube so that
whose orientation matches with that of the target cube. Two
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methods was utilized. One was RSPM, another was general
method based on gesture such that "if the gesture is FIST and
the hand is near to the object then grasp” and that "the move-
ment is the same as that of the back of hand".

The subjects performed 10 times per method. The average
time to complete the task was measured. Users grasped ob-
ject several times because the range of rotation was limited.
They repeated grasping, rotating, releasing. Also the time of
grasping was counted.

Figure 4.2 shows the result.

The average time for RSPM was shorter than that of method
based on gesture. Also the number of re-grasp was smaller in
the case of RSPM. This indicates the range of rotation in-
creased in RSPM and RSPM was easier method than the con-
ventional gesture based method.

5 Discussion and Future Work

5.1 Extending Impetus Method into Multi-finger
Manipulation

Currently the Impetus Method deals the interaction between
one fingertip and the object. The authors are testing an algo-
rithm for the manipulation by two fingertips. Two impetuses
from two fingertips are simply added and the result moves
the object. This is partly generates the correct behavior. When
one fingertip is invading into the object, the object is moved
by one impetus. There is the case where the moved object
contains another fingertip. This breaks the assumption 2 and
causes the incorrect behavior. The authors are testing several
algorithms to merge multiple impetuses and several detec-
tion algorithms. Although some of them work well in some
cases, the suitable combination for any case has not been
found.

Under some successful situations, the sequence as follows
is achieved:

1: one finger continuously pushes the object.
2: two fingers pushed the object alternatively
3: two finger pushes the object at once

4: the object becomes not to satisfy the assumiption 2, state
is changed into the region of kinematics, the object is picked
up by two fingers.

5.2 Discussion on Region Detection for RSPM

Although the experimental resuit shows the improvement
of manipulation performance from the conventional manipu-
lation method, RSPM leaves room for improvement. Much
still remains to be done about the condition when RSPM be-
gins (grasp object) and ends (release object), namely, the de-
tection of the applicable region for RSPM.

We will begin with a simple case where only RSPM serves
for manipulation calculation. In other words, the configura-
tion space is divided into only 2 region, free and grasped (Fig-
ure 5.1(a)). The problem is that there are cases where the ob-
jectisreleased while the user does not intend to release it, and
the object is still grasped while the user intends to release it.
The programmer can control the easiness to grasp and to re-
lease by the radius of RSP. As the radius increases, the region
of RSPM widens, the object becomes easier to grasp and more
difficult to release (Figure 5.1(c)). This parameter is not enough
because it cannot increase/decrease both the easiness to grasp
and release at once. To say as analogy, the control of the size
of the region is not enough while it is useful to control the

nature of manipulation.

To solve this problem, authors introduced the hysteresis
(Figure 5.2). Before grasping (when the object is free), the
radius of RSP is set to r1, and When the object is grasped, it is
set to r2. When we give rl a smaller value and r2 a larger
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value, it becomes more difficult to grasp and it becomes more
difficult to release. This does not seem to improve the feel of
manipulation. To say by analogy, we need to find the suitable
shape of the boundary line of the region.

The discussion above is the region of RSPM itself. We may
note briefly the further problem on the relation among differ-
ent manipulation methods. Each method has an applicable
region. As the discussion above shows, it is not easy to de-
sign the region solely. If there are several methods, it is needed
to think about the overlapped region, about the void space of
2 regions.
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6 Conclusion

First, the calculation for object manipulatdon was general-

ized.

Authors pointed out that calculation of object behavior was
defined as a set of pairs of the calculation model and the ap-
plicable region, the region detection. The type of region was
classified into 3 categories, Dynamics, Kinematics and the
boudary category of them.

Second, Impetus Method as Dynamics-like method was
described for the behavior calculation of the boundary cat-
egory. It was based on a simple phenomenon, the collision
between fingertip and object surface. Experimental result
showed superiority to the conventional method.

Third, RSPM for grasping and manipulating object by 3
finger tips, was described as Kinematics-like method. Experi-
mental result showed superiority to the conventional method

At last, the expansion of Impetus Method into the manipu-
lation by multiple fingertips was discussed. Also the appli-
cable region of RSPM method was discussed.

7 References

(1] David Baraff, "Fast Contact Force Computation for
Nonpenetrating Rigid Bodies", Procs of SigGraph '94,
pp.23-34, ACM (1994)

[2] David Baraff and Andrew Witkin. "Dynamic Simulation
of Non-penetrating Flexible Bodies", Procs of SigGraph
'92, pp.303-308, ACM (1992)

[3] Michael Gleicher. "Integrating Contraints and Direct
Manipulation”, Procs of Symposium on Interactive 3D
Graphics '92, pp.171-174, ACM (1992)

{4] "Qualitative Reasoning”, Section 8: Computational Kine-
matics, Toyoaki Nishida, Asakura Books (1993)

[5] Peter Schroder and David Zeltzer. "The Virtual Elector
Set: Dynamic Simulation with Linear Recursive Constraint
Propagation”, Procs of Symposium on Interactive 3D
Graphics '90, pp.23-31, ACM (1990)

[6] Jeffrey A. Thingvold and Elaine Cohen, "Physical Mod-
eling with B-spline Surface for Interactive Design and Ani-
mation”, Procs of Symposium on Interactve 3D Graph-
ics '90, pp.129-137, ACM (1990)

[7] Andrew Wilkin, Michael Gleicher and William Welch,
"Interactive Dynamics”, Procs of Symposium on Interac-
tive 3D Graphics '90, pp.11-21, ACM (1990)

(8] David Zeltzer, "Autonomy, Interaction, and Presence”,
PRESENCE, Vol.1,No. 1, pp.128-132, MIT Press (1992)




Consistent Grasping Interactions with Virtual Actors
Based on the Multi-sensor Hand Model

Serge Rezzonicol, Ronan Boulic!, Zhiyong Huang!
Nadia Magnenat Thalmann2, Daniel Thalmann!

1) LIG - Computer Graphics Lab, Swiss Federal Institute of Technologies
Lausanne, CH-1015 Switzerland
Jax: +41-21-693-5328
email: {rezzoni; boulic; huang; thalmann}@lig.di.epfl.ch

2) MIRALab-CUI, University of Geneva, 24 rue du Général Dufour
Geneva, CH -1211 Switzerland
Jax: +41-22-320-2927
email: thalmann@ cui.unige.ch

Abstract

This paper proposes a general framework to enhance grasping
interactions of an operator wearing a digital glove. We focus on a
consistent interpretation of the posture information acquired with
the glove in order to reflect the grasp of virtual artifacts. This
allows manipulations requiring a higher skill in virtual
environment and also improve interactions with virtual human
models. A handshake case-study highlights the application range
of this methodology.

key words : grasping, virtual human, digital glove

1 Introduction

With the advents of synthetic actors in computer animation, study of human grasping has
become a key issue in this field. The common used method is a knowledge based
approach for grasp selection and motion planning [RG91]. It can be completed with a
proximity sensor model [EB85] or a sensor-actuator model [vdPF93] for the precise
position control of the fingers around the object [MT94]. This method results in an
automatic grasping procedure. Moreover, due to the 3D interactive tools widely available
today, we decided to study interactive grasping of virtual objects while wearing a digital
glove device. Such an approach is also interesting for Virtual Reality where more
elaborated hand interaction is now possible with recent generation of digital glove. way
In this context, we map the real posture of the digital glove on a sensor-based virtual
hand in order to ensure a consistent collision-free grasping of virtual objects and to
provide a consistent visual feedback. In a second stage, this process can drive the grasp
behavior of a virtual human model with a classical inverse kinematic control applied to the
arm, or a larger fraction of the body [PB90]. More elaborated control approaches of the
arm have been proposed but this is beyond the scope of this paper (see [L93],
[HBMTT95]). Both automatic and interactive grasping are integrated within the TRACK
system [HBMTT95] hence allowing such grasping interaction as a handshske of an
operator with a virtual human model.

We first recall the principle of the multiple virtual sensor grasping prior to develop the
consistent virtual grasp with the digital glove. The framework of interactively driving the
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grasp behavior of a virtual human model is then outlined and a case study is presented. A
discussion summarizes. the performances, the interest and the limitations of the current

state of the system. A short section presents the implementation details prior to the
general conclusion.

2 Automatic Grasping with Multiple Virtual Sensors

This section briefly recalls the interest of automatic grasping based on virtual sensors
(without digital glove). Our approach is adapted from the use of proximity sensors in
Robotics [EB85] and the sensor-actuator networks [vdPF93]. More precisely, we use
multiple spherical sensors for the evaluation of both touch and distance characteristics as
proposed in [MT94]. They were found very efficient for synthetic actor grasping
problem. Basically, a set of sensors is attached to the articulated figure. Each sphere
sensor is fitted to its associated joint shape, with different radii. The touch property of
any sensor is activated whenever colliding with other sensors or objects (except the hand
components). This is especially easy to compute with spherical sensors (Figure 1).

a b c
Figure 1. The virtual hand with sphere sensors (a); while grasping a sphere (b, c)

The sensor configuration is important in our method because, when the touch property of
a sensor is activated in a finger, only the proximal joints are locked while distal joints can
still move. In such a way, all the fingers are finally wrapped around the object, as shown
in Figure 1b,c. When grasping a free form surface object, the sphere sensors are
detecting collision with the object. We do not discuss more on collision detection which
is beyond the scope of this paper (see [MT94], [K93]).

The automatic grasping methodology is the following [MT94]: first a strategy is selected
according to the type and the size of the object to grasp. A target location and orientation
is determined for the hand frame and it is realized with the well known inverse kinematics
approach. The next stage is to close the fingers according to the selected strategy (e.g.
pinch, wrap, lateral, etc.) while sensor-object and sensor-sensor collisions are detected.
Any touch detection locks the joints on the proximal side of the associated sensor. The

grasping is completed when all the joints are locked or reaching their upper or lower
limit. '

3 Interactive Grasping with a Digital Glove

When an operator is wearing a digital glove the joint values acquired with the device are
normally used to update the visualization of the hand posture. Such approach is pertinent
as long as the device is used to specify commands through posture recognition [SZF89].
Among these commands there usually is a symbolic grasp of virtual objects where the
relative position and orientation of the object is maintained fixed in the hand coordinate
system as long as the grasp posture is recognized. Such approach is suitable for pick-
and-place tasks of rigid objects and it is not our purpose to change it.
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However, as the virtual environment is becoming more and more complex, especially
with the advent of virtual humans, hand-based interactions also evolve in complexity.
The limitation of the current approach mostly comes from the rough relative positioning
of the hand and the object which does not convey a clear understanding of: the action to
perform with the object. As everybody has experienced him/herself, we adopt different
grasping postures of a same object according to the function we intend to exert with that
object because different degrees of mobility are involved for these different tasks (e.g.
giving or using a screwdriver). Moreover, the immersion and the interaction in a virtual
environment may not only reduce to a matter of pick and place but also imply abilities
requiring a greater skill. In such a case the hand associated with the digital glove device
provides a high dimensional space not only as a posture space (for command recognition)
but also as a goal-oriented space (for precise manipulation or modification of virtual
objects with additional tools). For example, interaction with non-manufactured
deformable entities (articulated or continuously deformable objects) is best performed
with direct hand interaction as it is our most elaborated tool to translate our design
intention into action. in such context we need to evaluate precisely their mutual contact
location.

3.1 Interactive Grasping Automata

Within this extended application context of the digital glove, it becomes crucial to display
a posture of the hand consistent with the on-going manipulation of the virtual object. For
this reason, we propose now a new approach for the interactive and consistent grasping
of virtual entities with the interactive grasping automata (Figure 2).

FREE_HAND

sensors desactivated

the hand and object bounding spheres intersect

Y

GRASPING
in progress

at least the thumb and one finger
establish a durable grasp

The hand and object all sensors activated

bounding spheres no

" free object
more intersect

A

SECURE_GRASP

all sensors activated

object attached to the

not enough fingers to maintain
hand frame

a minimum grasp

Figure 2 : The interactive grasping automata
In our method we consider three different states of interactive grasping :

FREE HAND : the hand is freely moving in space without holding any object. The
hand posture is displayed as measured with the device. Whenever the hand bounding
sphere intersects the object bounding sphere, we enter in the "GRASPING in progress”
state.

GRASPING in progress : the touch property of the sensors is continuously
evaluated to adjust the posture of colliding fingers with the object to grasp (the object
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is fixed or moving in a world coordinate system). Whenever the hand bounding
sphere no more intersects the object bounding sphere, we return to the "FREE_HAND"
state. On the other hand, if our simplified grasp condition is established, i.e. at least the
thumb and one finger are maintaining a durable contact with the object, we enter the
"SECURE_GRASP" state.

SECURE GRASP : the touch property of the sensors is still used to continuously
adjust the posture of colliding fingers with the grasped object (the object position is
fixed in the hand coordinate system). As soon as the simplified grasp condition
vanishes, we return to the "GRASPING in progress" state.

3.2 Hand Posture Correction

Unlike the automatic grasping procedure, the interactive grasping procedure adjusts the
hand posture by opening it rather than closing it. Even with the recent generation of
digital glove it is difficult to adjust the grasp precisely so that the fingers establish a
permanent contact without penetrating into the virtual object. This is due to the fact that
we only a have a visual feedback without any force or touch feedback. However, it
would be misleading to conclude that the automatic grasping procedure should also apply
in this context. Basically, interactive grasping implies to ensure the highest autonomy of
the operator and to provide means of correction rather than removing degrees of freedom.

It is more comfortable for the operator to freely move and close the hand according to the
visual feedback of the virtual environment. So our working hypothesis is to rely on the
operator to permanently close the grasping fingers slightly more than theoretically
necessary. In such a way, the opening correction approach establishes a durable contact
which overcomes the unavoidable small variations of hand posture and position (Fig. 3).
An optional mode of Assisted Folding is also provided to guide the operator in searching
the proper grasp posture. In this mode, any sensor initially situated between the first
colliding sensor and the finger tip is brought to be tangent to the object. If the sensor is
intersecting the object then the associated joint is opened otherwise it is closed. In such a
way, the distal part of a colliding finger consistently wraps around the object (Figure 4).
The correction algorithm is characterized by an opening-wrapping adjustment loop with
eventual Assisted Folding for each colliding finger. So, for each time step, we have :

For each colliding 