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ABSTRACT 

This paper presents a new technique for controlling a user’s 
navigation in a virtual environment. The approach intro- 
duces artificial force fields which act upon the user’s vir- 
tual body such that he is guided around obstacles, rather 
than penetrating or colliding with them. The technique is 
extended to incorporate gravity into the environment. The 
problem of negotiating stairs during a walk-through has also 
been investigated with the new approach. Human subjects 
were tested in experiments in which they experienced three 
different kinds of navigation: unconstrained, simple con- 
strained and assisted by force fields. Theresults demonstrate 
that the force-field technique is an effective approach for ef- 
fective, comfortable navigation. 

KEY’VirORDS: 3D interfaces, virtual environments, colli- 
sion avoidance, navigation, force fields. 

INTRODUCTION 

An important feature of virtual reality is the facility for users 
to move through a virtual environment in a natural and easily 
controlled manner. Natural navigation methods contribute 
to a sense of presence, cited by some researchers as a defin- 
ing attribute of VR [l]. The illusion of presence can be lost 
through unnatural experiences during a walk-through. This 
can be caused by poor interactive metaphors or by experi- 
ences which are not consistent with the user’s everyday un- 
derstanding of the real world. Several attempts have been 
made to develop new metaphors for walking through virtual 
environments [2.3,4,5]. However, intuitive metaphors are 
only able to solve part of the walk-through problem. The 
other part concerns how to provide a virtual environment 
with more realistic properties so that the user’s walk-through 
can be more natural and comfortable. Unconstrained motion 
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is sometimes desirable, indeed liberating, since less concen- 
tration is needed in the control of motion. However, the 
physical world is full of solid objects and we do not expect 
to penetrate these when we collide with them. Thus, in situa- 
tions where realistic, real-world behaviour is required, more 
constrained navigation methods are called for. 

In this paper, we present a technique for assisting a user’s 
navigation in a virtual environment. The method we have de- 
vised incorporates several new features. We use forcejields 
to guide a user past objects in the environment. This idea 
is combined with a simple, but efficient, form of collision 
avoidance which guarantees that users cannot pass through 
solid objects. The method also offers a straightforward way 
of incorporatinggravitarionaleffects, and effective assistance 
to negotiate stairs. 

The technique we present is a general solution: it does not 
rely on any explicit (semantic) knowledge of the virtual en- 
vironment, such as ‘this is a staircase’. The technique for 
climbing stairs can also be employed to climb on top of other 
objects-a chair, for example- provided that it is low enough 
for the user to ‘step’ on. The algorithm can be implemented 
for a variety of primitive shapes as long as they are con- 
vex (non-convex shapes can be constructed by assembling 
convex primitives), and works well with complex and dense 
environments. It does not require any complicated interac- 
tive metaphors or devices, and can be used for immersive 
environments as well normal 3D workstations. 

We present results from experiments we have performed which 
compare the new algorithm with two other methods: uncon- 
strained navigation, and navigation using only collision de- 
tection. These demonstrate that the force-field technique is 
an effective approach for comfortable navigation. 

RELAflED WORK 

One of the problems of unconstrained navigation, particu- 
larly in complex or cluttered environments, is that it is very 
difficult for a user to control a virtual body which has no 
mass or other natural attributes. When attempting to find 
one’s way past objects without any haptic feedback, one is 
relying totally on visual cues, and this is doubly difficult 
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if the field of view is restricted - a common situation with 
many head-mounted displays. As a result, the user often 
encounters unnatural experiences, such as walking through 
objects like walls. Particularly confusing is the act of mis- 
takenly walking backwards through a wall, when the world 
suddenly disappears from view. A direct approach to solv- 
ing this problem is to make objects solid, that is to introduce 
some form of collision detection [6] to prevent users from 
passing through objects. While this avoids the more obvious 
problems, such as walking through a wall backwards, it does 
not make the actual task of steering a course through an en- 
vironment any easier. It is still relatively easy to get stuck 
against small objects which are not in one’s immediate field 
of view. 

Consideration of this problem led us to the idea of using a 
force field around objects to guide the user. The idea was 
motivated by the work of Bouvier and Guilloteau [7], who 
used a flocking algorithm [S] for simulation of crowd control 
in a virtual environment. Force-field methods have been ap- 
plied previously to path planning in robotics [9, 10, 11, 121. 
In robotics, in addition to repulsive forces surrounding ob- 
jects, an attractive force from a designated target plays an 
important role in ‘pulling’ the robot in the desired direction. 
However, generally, the robot’s target is known in advance, 
so that a force field for the whole environment can be pre- 
calculated. With inferucril~ navigation, the control of move- 
ment should respond to the user’s input and this cannot be 
pre-planned. Instead of passively responding to the environ- 
ment or following a given path, the user’s intention during 
the walk-through may be arbitrary and varying, so a differ- 
ent approach is needed. Egbert and Winkler [ 131 proposed 
a force-field technique for computer animation, which used 
a vector field around objects to prevent collisions between 
them. However, interaction with a user was not considered. 
Furthermore, as we shall see later, a force field alone is not 
sufficient to prevent collisions with objects. 

Since the work reported here was conducted, our attention 
has been drawn to the work of Jacobson and Lewis [ 141. Our 
experiments and ideas are very similar to theirs, although 
they do not use force fields. 

THE FORCE-FIELD GUIDED APPROACH 

The fundamental idea in the new approach is that each object 
in a virtual environment is surrounded by a repulsive force 
field. Each field extends to a pre-determined distance - a 
region of irrjluence - beyond which no force is applied. If 
the user is close enough to an object to be inside its region 
of influence, the object creates a repulsive force to resist any 
attempt of the user to get closer to the object in question. In 
this way, the force field around an object forms a barrier to 
prevent the user from getting too close to the surface of the 
object, and also assists the user to make effective movement 
in order to avoid the object. 

The differences between the new approach, the unconstrained 
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(a) Unconstrained (b) Constrained (c) Guided 

Figure 1: Three types of walk-through 

approach, and another which simply detects collisions, are 
illustrated in Figure 1 with a simple scene. Suppose the user 
is moving forwards and approaching an obstacle. The user 
will walk through and penetrate the obstacle with the un- 
constrained method (Figure la), or be stopped at the edge 
of the obstacle with the simple collision avoidance method 
(Figure 1 b). With the guidance of a force field, the user will 
move slightly sideways, avoid the obstacle, and carry on go- 
ing forward (Figure lc). 

User’s Control of the Motion 

The user’s intended motion is specified interactively as a 
force, which is determined by the user’s virtual body orien- 
tation, velocity and acceleration. The user’s input is supplied 
with a 3D mouse containing a Polhemus Fastrak sensor. In- 
puts from the mouse can be mapped to suitable ranges to give 
easy control of direction and velocity. To move forwards, the 
user pushes the mouse forwards, while keeping a button de- 
pressed. This results in a forward force applied to the virtual 
body. Pushing the mouse further forward generates a larger 
force, causing acceleration. Pulling it backwards generates 
a backward force. Similarly, a sideways translation of the 
mouse results in a corresponding sideways force on the vir- 
tual body. Twisting the mouse about a vertical axis induces 
a rotational (steering) movement, permitting a change of di- 
rection. 

These forward or backward, sideways and rotational move- 
ments can all be applied simultaneously, giving quite precise 
control. Releasing the button allows the mouse to be moved 
without generating any input forces. Thus, at any time, a 
user can stop moving by releasing the mouse button, and can 
restart with a new frame of reference by pressing the button 
again. 

The Force Field around an Object 

The force field exerted by an object is represented by a sin- 
gle force along the shortest path between the object and the 
user’s virtual body. The magnitude of the force is a function 
of this path length. 

Initially, we planned to use an inverse square law to con- 
trol the force, but we discovered that the sudden increase in 
repulsion as the user approached objects made this method 



difficult to control interactively. After experimentation, we 
finally opted for a linear force field, in which the repulsive 
force is inversely proportional to the shortest distance be- 
tween the user’s virtual body and the object in question. At 
the edge of the region of influence the force drops to zero. 
The force and distance parameters can be scaled to suit the 
user’s virtual body size within the environment. 

Computing the Resultant Force on the Virtual Body 

If the user is not close to any objects - that is, if he or she is 
outside their regions of influence - then movement is com- 
pletely controlled by the user. Otherwise, the next ‘step’ is 
decided by combining the force applied by the user with the 
forces exerted by nearby objects. We discovered that naively 
combining all of the forces, to obtain a resultant force upon 
the virtual body, led to cases where the result was uncom- 
fortable for the user. For example, the mere presence of a 
nearby object could cause movement when the user actually 
wanted to stand still. Three rules were therefore derived to 
govern the force computation: 

1. If the user does not apply any force to the virtual body, 
with the mouse, then it remains stationary- This is im- 
portant as it means users are always completely in con- 
trol of movement. You won’t get pushed around if you 
happen to stand next to objects which apply a force, 
unless you also apply a force. 

2. Objects only push against the direction in which the 
user tries to move. Thus, if you attempt to move for- 
wards through an object, the movement will beresisted. 
The same will happen if you try to go backwards through 
something. But, if you stand with your back to a wall 
and then walk fonvards, the wall will not exert a force. 

3. In simplemechanics, componentforces would normally 
be summed to produce a resultant force. Here, the ef- 
fect of this would be that two adjacent objects would 
create a double force, repelling the user strongly. In 
regions of the environment with many small objects 
clustered together, unacceptably large forces would re- 
sult. To prevent this, we resolve each separate object 
force into components in the direction of the user’s in- 
put force-the direction he would move in the absence 
of any other forces, which we term the major direction 
- and the directions normal to this. Only the maximum 
positive and negative components in each direction are 
then considered. Any force from behind the user is 
ignored and the other components are resolved to pro- 
duce a final direction and distance of movement. 

There remains one final detail of motion control which must 
be addressed: the problem of oscillation. Consider the case 
where a user is approaching a wall. As the wall gets closer 
it exerts an increasing, repulsive force. If the wall is ap- 
proached cautiously, the forward force applied by the user 

and the repulsive force from the wall reach a point of bal- 
ance and movement stops. But if the wall is approached 
more rapidly, it is easy to pass beyond this equilibrium state, 
so that the force exerted by the wall greatly exceeds that ap- 
plied by the user. When this happens, the user is repelled 
strongly and bounces back from the wall. This backward 
movement reduces the opposing force, and the user moves 
forwards again. Unless some kind of damping is introduced 
the user may end up in a state of oscillation. In practice, this 
can be considerably exacerbated by the user’s natural reac- 
tion, which is often to move the mouse either forwards or 
backwards to try to bring the situation under control. Such 
oscillations are visually distressing and make precise control 
very difficult. 

To counteract oscillations, we take the following steps. First, 
we identify the major direction of the user’s motion. Note 
that this is not necessarily the direction in which the user’s 
virtual body is pointing, because sideways as well as for- 
ward and backward movements are permitted. We discov- 
ered empirically that oscillation control is only necessary in 
the major direction. In fact, we do not wish to damp forces 
which are normal to this, as it is these which provide the 
predominant ‘steering’ effect from the environment. 

Next, in the major direction, if the opposing force from an 
obstacle is greater than that applied by the user, we limit the 
magnitude of the net force in this direction. This is done 
by scaling (damping) the force difference according to the 
shortest distance to the obstacle, thereby reducing the net 
repulsion. This override mechanism guarantees that the user 
will come to a stop progressively without being too strongly 
repelled by the object. The parameters which control the 
relative strengths of the force fields, the oscillation damping, 
and the user input can all be tuned to achieve an appropriate 
‘feel’ for a given type of environment. 

Collision Avoidance 

If we were to use only force fields it would still be possi- 
ble for a user to collide with objects, or even to pass com- 
pletely through them, by ‘pushing’ hard enough with the 3D 
mouse. This is because our algorithm works incrementally, 
re-evaluating the force fields each time a step is made. To 
prevent such violations we establish a safe region around the 
user at each step. As long as the user’s next step is inside this 
safe region, we can guarantee that no collision will occur. 
Any movement which is to move the user further beyond the 
safe region will be limited. 

Figure 2 shows how the safe region is computed. First con- 
sider the left-hand half of the figure, which shows a single 
object, 01, and the current position of the user. Note that for 
simplicity, the user has been represented as a single point, 
although in the implementation more complicated body rep- 
resentations are also supported. The circle surrounding the 
user represents the range of movement which could be made 
under the control of the user’s input, assuming that there are 
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Figure 2: Safe region 

no objects nearby. In this case, after taking account of the net 
forces acting upon the user, the intended direction of move- 
ment is towards the point pl. But we must check whether 
this would result in a collision with 01. Because objects 
are convex (or can be decomposed into assemblies of con- 
vex shapes), it is safe to move anywhere in the half-space 
defined by the tangent plane at the point on the object clos- 
est to the user, shown dotted in the figure. Thus, the user can 
safely move as far as pl in this example. 

The right-hand half of Figure 2 shows how the addition of a 
second object, 02, further limits safe movement to the point 
p2, computed in the same manner. In fact, it is easy to see 
that the safe region is the intersection of the half-spaces de- 
fined by the shortest distances to each object, and that the 
safe step is the minimum of the distances computed in this 
way. 

This is a conservative solution because there are cases where 
a user is able to move beyond the computed safe region with- 
out any collisions with objects. But this has proved to be 
quite acceptable in practice. The user is slowed down when 
close to objects and this feels very natural. It can be seen 
that the safe distance, Dsafe depends on the angle between 
the intended motion and the tangent plane, shown as IX in 
the figure. Therefore, if the user moves parallel to a surface, 
such as a wall, no slowing down results. Once all nearby 
objects have been checked in this way, the user’s position is 
updated, and the whole process is repeated. 

Gravity and Staircases 

A benefit of the force-field approach is that it is very simple 
to incorporate gravity. During normal operation, a down- 
ward gravitational force is applied to the virtual body. Hor- 
izontal (or inclined) surfaces, such as floors or stair treads, 
apply an upward force which counteracts this gravitational 
force. Unless the user provides an additional upward force, 
the virtual body’s ‘weight’ and the upward force from the 
surface balance and the user can move smoothly across hori- 
zontal surfaces. Walking over a cliff or a hole in the floor 
removes the supporting force and the user falls vertically 
downwards. Thus, gravity can be included very inexpen- 
sively by treating it as an extra, constant force applied to the 
user’s virtual body. 

Vertical movement of the 3D mouse controls an additional 
upward force which can be used to overcome gravity. To 
facilitate smooth motion over flat surfaces, the vertical in- 
put from the mouse has a built-in ‘dead space’ so that small 
movements have no effect. Supplying a larger upward move- 
ment with the mouse overcomes gravity and permits users to 
‘jump in the air’. However, this takes them away from the 
supporting surface, and the repulsive force is therefore re- 
duced as the distance increases. So, unless this jump causes 
them to land on another surface, the gravitational force will 
bring them down again. 

Walking down a staircase is simple - the user moves for- 
wards and the gravitational force causes them to drop from 
one step to the next. Thus, no special processing is neces- 
sary to deal with walking downstairs. However, to climb a 
staircase, the user must push forwards and upwards with the 
mouse. It is difficult to move the virtual body to the next step 
without colliding with the front of the next step. Therefore, 
in order to be able to clear a step, the upward movement is 
computed and applied before the forward motion. Then, pro- 
vided that the user has arrived above a step, the application 
of gravity will cause them to drop back onto its horizontal 
surface. Before display, these vertical and horizontal move- 
ments are combined to form a single motion of the virtual 
body. 

Searching for Nearby Objects 

To avoid exhaustive testing of all objects in a model, we use 
hierarchical bounding volumes [15] for locating objects in 
the vicinity of the user. The search space is adjusted ac- 
cording to the user’s speed of movement. The same data 
structures are used for control of culling and level-of-detail 
display. Therefore the algorithm is efficient, both for display 
and force computation. 

Our implementation uses a system called MAVERIK [16], 
in which the behaviour of environments is customised using 
callback functions. MAVERIK already supports a number of 
different geometric primitives, including polygons, polygon 
meshes, cylinders, spheres, cones, tori, and boxes. Adding 
new primitives is straightforward, requiring only that appro- 
priate methods be registered for certain operations (such as a 
display method). In order to compute the shortest distances 
and half-spaces for force evaluation and safe region testing, 
we register a callback function to perform these evaluations 
for each type of primitive. 

EXPERIMENTS AND RESULTS 

To test the new technique. we have conducted experiments 
with fifteen volunteer subjects, including both experienced 
users of VR and complete novices. We set them the task 
of following a prescribed route around a model of a house 
containing two floors, a dog-leg staircase, and some furni- 
ture. The route involved walking around and between ta- 
bles and chairs, passing between the furniture and the walls, 
going upstairs, passing around more furniture, going back 
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downstairs, and returning to the starting position. The gaps 
between some pieces of furniture were deliberately made 
quite small, so that good navigation control was necessary 
to squeeze between them. 

PAPERS ; 
1 

In the experiments we compared the force-field method with 
fieenavigation, which is totally unconstrained, and also with 
simple collision detection. In the former case users could 
walk through objects and the goal was to see how well they 
could follow a specified route, to measure the time taken 
and the number of collisions. In the case of simple collision 
detection, the user could move freely in uncluttered regions, 
but movement towards an object was prevented once the user 
came into contact with that object. The routes taken by a typ- 
ical subject (number 7) in the three types of navigation are 
illustrated in Figures 4, 5, and 6, together with snapshots of 
the user’s track on the stairs. The radius of the point plotted 
at each position is proportional to the time the subject stayed 
at the position, either for looking around, turning, or because 
of getting stuck there. 

Each subject was tested with the three different methods 
- unconstrained (UC), collision detection (CD), and force- 
field (FF) - but with the order varied. Each experiment 
was repeated three times, totalling nine tests for each per- 
son, and 135 tests in the complete set Each time, subjects 
were asked to complete the same route in the shortest pos- 
sible time. The route and the time taken were recorded, and 
codes were instrumented to measure display frame rates and 
collisions in a post-processing phase. From these we were 
able to analyse other factors, such as the time spent with- 
out moving (looking around, or stuck in comers), and the 
processing requirements of the algorithms. We also inter- 
viewed each subject and asked them to rate their subjective 
views of each trial. During the experiments they were given 
no information about which method they were testing, but 
they were allowed a brief, preliminary practice session, us- 
ing unconstrained motion, to familiarise themselves with the 
basic motion control using the forward, backward and twist- 
ing movements of the mouse. 

The experiments were conducted using stereoscopic projec- 
tion onto a screen of 2.5 metres diagonal dimension, viewed 
with passive, polarising glasses. Subjects sat in front of the 
screen and controlled motion with a 3D mouse containing 
a Polhemus sensor, as described previously. The software 
executed on a Silicon Graphics Crimson VGXT workstation 
with output through a videosplitter interface. 

Here, we have space only to summarise some of the main 
results. A more detailed analysis is available from the au- 
thors 1171, including correlation analysis, and a separate anal- 
ysis of the performance of experienced and inexperienced 
users. 

Timing Re.sults 

Table 1 shows the mean times taken by subjects to complete 
the route using each of the three methods. There is quite a 

Table 1: Timings for different methods 

large standard deviation, which is to be expected with a mix- 
ture of experts and novices. It can be seen that the force-field 
method is marginally quicker than totally unconstrained nav- 
igation and significantly better than the collision detection 
method. Further analysis allows us to draw other conclu- 
sions about the time taken for the different methods: 

l With the unconstrained method, users were able to move 
through the scene quite rapidly. Although they were 
told that they should attempt to avoid furniture and 
other obstacles, they did in fact make many collisions. 
One reason why the force-field method comes out best 
is that with unconstrained navigation users strayed out- 
side the house or underneath the stairs (see Figure 4), 
which was very disorientating and therefore cost them 
time. As well as the simple timings, we have anal- 
ysed the routes taken by users, and measured the times 
taken along the routes. Cases where users were disori- 
entated show up very clearly in this analysis. The ab- 
solute path length with the UC method was 320 units, 
compared with 286 for CD and 292 for FF. The longer 
path length for the UC method is a result of users stray- 
ing off-course. Although the path length for the CD 
method was shorter, users spent a significant amount of 
time without moving, either because they were stuck, 
or because they needed to look around to get their bear- 
ings. 

l With the CD method, users frequently became stuck 
in corners (Figure 5). Corners exist where chairs pro- 
trude from underneath tables and where furniture is 
placed against the wall. With CD, the only way to es- 
cape such corners is to move backwards or sideways. 
With the FF approach, the force fields tended to guide 
them past such situations, resulting in a superior per- 
formance (Figure 6). 

As an aside, it is interesting to note that because users have a 
more restricted field of view with the projection system than 
they would have in the real world, they tended to wrongly 
estimate the positions of objects which had passed out of 
their field of view. Thus, in turning to walk around a table, 
users would often turn before they had actually cleared the 
obstacle. With UC navigation, this resulted in a collision, 
and with CD it sometimes caused them to get stuck. 
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Collisions 

The CD and FF methods guaranteed that users could not pass 
fhr-ough objects. In analysing collisions in the unconstrained 
method, we distinguished penetration of external boundaries 
- passing through walls, for example - from colliding with 
furniture. The reason for this is that users were relatively 
unconcerned about the effects of passing through furniture. 
We attribute this to the fact that their eye-level was above the 
top of the furniture, so that such collisions did not affect their 
view of the scene. However, penetration of external bound- 
aries usually results in a discontinuity in the view. In the re- 
sults which follow, penetration of the floor is only included 
in the statistics if the viewpoint goes below the floor. Minor 
violations, where the lower part of the body penetrates the 
floor have not been included, as they do not affect the view 
and do not appear to seriously disorientate the user, although 
they can result in a ‘child’s-eye’ view of the scene. 

For the UC method, in only 3 tests out of the total of 45 
were subjects able to complete the route without penetrat- 
ing boundary objects. On average in each test the subject 
collided with furniture 7.3 times and passed through exter- 
nal boundaries (floors, walls and ceilings) 2.7 times. More 
than half of the penetrations of boundaries occurred on the 
staircase (I .6 times on average), indicating the difficulty of 
negotiating the stairs, while at the same time staying inside 
the walls on either side. Users ended up outside the house 
1.7 times on average. 

Subjective Analysis 

As well as collecting data about timings and collisions, we 
asked our users for their subjective views of the methods. 
They were asked to rate four aspects of each method: general 
ease or difficulty of navigating on the level, ease of going up- 
stairs and downstairs, and visual comfort. Under each head- 
ing, users were asked to score their experience on a scale of 
I to 5: 

~ 4 2 5 3 1 Very bad (very difficult to navigate, . _ . ) 
Bad (quite difficult to navigate, _ _ .) 
Average 
Good (easy to navigate, . . - ) 
Very good (very easy to navigate, . . . ) 

Figure 3 shows a histogram of the aggregate scores for the 
four aspects, for each of the three different methods (max- 
imum score of 20), while Table 2 summarises the separate 
scores (maximum score 5 for each). There was no signifi- 
cant difference in visual comfort, although the FF approach 
scored slightly above the other methods. We attribute this 
to the smoothing effect of the guided motion. But for the 
other three scores, which are all related to ease of control, 
the FF algorithm was rated significantly above the UC and 
CD methods. Force-field navigation obtained the highest 
mean overall response with the smallest standard deviation. 
Subjectively, it was clear that the greatest difficulty occurred 
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Figure 3: Histograms of overall responses to three methods 

while negotiating the stairs. Going downstairs is particularly 
easy with the FF method - the user simply moves forwards 
and drops down under the force of gravity. 

Method Mean Response 
Visual I Navjgatinn I Uustairs I Downstairs 

- UC 1 3.15 1 2.47 1 2.10 1 2.05 
CD l 3.14 l 2.85 l 2.86 1 2.90 

1 I 1 I 

FF 1 3.70 1 4.29 1 4.19 1 4.28 

Table 2: Mean scores for four aspects 

Improvement with Practice 

To see whether users managed to improve with practice, we 
compared their performances in each round of tests. As 
might be expected, the time required to complete the route 
improved in each case. Table 3 summarises the mean times. 
By the third series of tests there seems little to choose be- 
tween the unconstrained and force-field methods. 

Time 
Method Round1 I Round2 I Round3 

UC 4’ I 3’11” I 2’59” 
I 

CD I 6’07” 4’ 34” 4’13” 
FF I 3’43” 3’08” 2’57” 

I 1 

Table 3: Average time taken in three rounds 

However, as noted previously, with the unconstrained method, 
users made many collisions with furniture and penetrations 
of boundary objects. Table 4 shows how performance varied 
over the three rounds with the unconstrained method. AI- 
though there was some improvement in collisions with fur- 
niture, penetrations of boundaries actually became worse as 
users attempted to complete the task more quickly. With 
unconstrained movement, considerable concentration is re- 
quired to avoid collisions, and users found this quite tiring. 
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Table 4: Collisions and penetrations in different rounds 

CONCLUSION 

We have proposed a new method for navigation in virtual en- 
vironments which combines force fields and collision avoid- 
ance. Experiments in which we compared the new method 
with unconstrained navigation and simple collision detec- 
tion show that the force-field algorithm out-performs these 
other methods, both objectively and subjectively. It guar- 
antees a collision-free walk-through, while providing assis- 
tance in navigating around obstacles and negotiating stairs, 
and gravity comes free. The algorithm is simple to imple- 
ment and efficient in execution. 
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Figure 4: A typical route with the unconstrained approach 

-- .- ~----~.---.-. . . . _~~~~. ._ 
Figure 5: A typical route with the simple constrained approach 

Figure 6: A typical route with the force-field approach 
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