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Abstract Navigation in virtual 3D environments, especially those with multiscale 1
features, is still a problem for many users. In this regard, a good design of the 2
navigation interfaces is critical to ensure that the users navigate with the best possible 3
efficiency and comfort. In this paper, we present improvements for two well-known 4
interfaces: f ly, including support to collision treatment and automatic navigation 5
speed adjustment in relation to scale, and examine, with automatic pivot point. Such 6
techniques are based on the cubemap structure, which provides information about 7
the surrounding environment at each instant. Usability tests with both beginner and 8
advanced users revealed that the proposed techniques created a significant improve- 9
ment in the execution of navigation tasks and a reduction in navigation errors. 10

Keywords Navigation · Multiscale environments · Cubemap · Interaction techniques 11

1 Introduction 12

With the development of new technologies and the increasing processing power of 13
computers, larger and more detailed 3D virtual environments are becoming more 14
common. Accordingly, several navigation tools were created to help users to explore 15
these environments. However, despite the efforts of researchers, navigation in virtual 16
environments is still problematic for many people. 17
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There are a number of reasons for this. For example, when using a navigation tool,18
difficulty can arise from either a users’ lack of knowledge about the tools’ usage or19
function, or poor design of the tool itself [6]. Another frequent problem is related20
to the type of environment being explored. Multiscale virtual environments [15], for21
instance, often require methods to allow the users to navigate through the different22
scales of the environment. Multiscale environments provide information in different23
levels of detail, ranging from a single screw to an oil field spanning dozens of miles.24

Our goal is to propose techniques that help users, especially novice ones, navigate25
through multiscale environments. The solutions proposed should satisfy two main26
requirements: a) maximum automation, therefore demanding minimal intervention27
by the user, and b) independence from the type of model being viewed, so that28
new types of objects can be viewed in the future without the need to develop new29
solutions. Moreover, the solutions are intended to work on desktop setups, using30
mouse and keyboard, as this setup is more common to most users [16].31

In this paper, we improve on two well known navigation techniques. In the case32
of the f ly technique, we added collision support and automatic speed adjustment33
in relation to the scale; in the examine technique we added a way to automatically34
determine the pivot point.35

This paper is organized as follows. In Section 2 we present related work. The36
cubemap concept is presented in Section 3. In Section 4, the navigation techniques37
are described, and in Section 5 the results of usability tests are presented. Section 638
concludes this article.39

2 Related work40

Navigation in virtual environments has been studied by many researchers. The main41
goal of most of these studies is to propose and analyze techniques that facilitate42
the task of exploring such environments. As an example, Ware and Osborne [19]43
proposed three different navigation tools: eyeball in hand, scene in hand, and f lying44
vehicle control. They concluded that none of these three techniques by thenselves45
are able to fulfill all user needs. The same conclusion was reached by Fitzmaurice46
et al. [6], who analyzed the behavior of some users of 3D applications and introduced47
techniques to improve the interface of some tools. Also seeking to propose new48
interaction solutions, Mackinlay et al. [13] introduced the point of interest (POI)49
technique, in which the user must first choose a destination point and then the50
camera starts to move toward the chosen point, changing its speed in relation to the51
remaining distance. Tan et al. [17] proposed a hybrid solution in which the f ly and52
examine tools are combined into a single interaction technique.53

Multiscale environments were first introduced in the literature by Perlin and54
Fox [15] and Bederson et al. [3], through the creation of the Pad and Pad++55
interfaces. These developments have been the focus of many researchers [7, 9, 22].56
To give users a sense of scale of the environment, Glueck et al. [8] provides a grid57
reference. This is modified consistently with the camera position: as the camera gets58
closer, the grid is subdivided in more pieces. As the scale of the grid is known, it is59
possible to identify the scale of the objects by comparing these with the grid. Besides60
the grid reference, they also provides position pegs, which consist in projecting the61
object on the grid. Through the size of this projection and a connection between this62
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and the grid, it is possible to identify the relative distance of objects. Although they 63
provide information that helps in identifying the scale, that is not used to modify 64
parameters related to navigation. Kopper et al. [12] presented a system that allows 65
the user to navigate through the different scales of an environment. The hierarchy 66
of the scene models is used to define the levels of scale. However, with this approach 67
the user is forced to issue a command to change between scales. Moreover, the 68
adjustment of navigation parameters is only made at time of the command. Thus, 69
one can say that the method proposed by Kopper et al. [12] is discrete in the sense 70
that the different scale levels are well defined regarding their form and their location 71
in the hierarchy of the scene. By contrast, the works presented by Ware and Fleet [20] 72
and McCrae et al. [14] make continuous adjustments to the navigation parameters. 73
Therefore the virtual environments do not require a well defined hierarchy of levels 74
of scale. Ware and Fleet [20] proposed adjusting the navigation speed of the f ly tool 75
by using the depth information present in the Z buf fer. To this effect, they use the 76
smallest value resulting from scanning 15 lines of the Z buf fer. McCrae et al. [14] 77
constructed a representation of the environment called cubemap, which provides 78
information that allows the adjustment of parameters such as speed and clipping 79
planes, as well as offering collision support. 80

To deal with collisions, Baciu et al. [1, 2] presented image space based techniques 81
which consist of projecting the geometry onto an image using graphics hardware 82
and then checking for interference, usually by analyzing the Z buf fer. Calomeni and 83
Celes [4] proposed the construction of a connectivity graph in preprocessing time. 84
Through this graph, they are able to move the camera in order to avoid collisions 85
with the environment. This concept was also explored by Xiao and Hubbold [21], 86
who used force fields rather than a connectivity graph. Nonetheless, a preprocessing 87
stage is still required to compute the fields. McCrae et al. [14] proposed using a new 88
structure, which they call a cubemap, to help construct the force map with higher 89
resolution while eliminating the preprocessing stage altogether. 90

Some of the problems related to the pivot point were identified by Fitzmaurice 91
et al. [6] . In their work, the pivot point is chosen manually by the user via a menu 92
option. The pivot point is also drawn on the screen, which allows, according to the 93
authors, the users to have a better understanding of the behavior of the examine 94
tool. To inspect objects, they use a widget called ViewCube [11]. This is a cube drawn 95
on the corner of the screen and the object is rotated by means of this cube. Khan 96
et al. [10] developed a new tool for object inspection called hovercam. When far 97
from the object, this tool works like an examine. When close, it has the behavior of a 98
pan operation, making the camera to move parallel to the faces of the object. This is 99
done by continuous updating the pivot point to the nearest point of the scene. Unlike 100
Fitzmaurice et al. [6], the choice of the pivot is automatic on hovercam. When the 101
use of hovercam begins, the camera is reoriented toward the location of the nearest 102
point. However, this may conflict with the user intent of inspecting a specific object. 103
For example, in a scene containing several objects, the camera could be reoriented to 104
an object wich is not being visualized (because it is the closest one), when in fact the 105
user’s intent was to inspect another object that, although further, was in its angle of 106
vision. Moreover, their first implemented of hovercam required the pre-computation 107
of a sphere-tree structure in order to determine the closest point. This was resolved in 108
a second version, when McCrae et al. [14] reimplemented the tool using the cubemap 109
determine the closest point. 110
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The techniques introduced in the present paper are also based on the cubemap.111
However, the approach taken to construct the cubemap and the navigation tech-112
niques based on it had to be modified in order to fulfill the requirements of our113
applications, as will be described in the following sections.114

3 The cubemap115

The purpose of the cubemap, as proposed by McCrae et al. [14], is to provide116
information about the virtual environment at a given moment. Given a camera117
position, this structure is constructed from 6 rendering passes, each in a different118
direction in order to cover the whole environment. The FOV of the camera is 90◦,119
therefore the combination of the 6 resulting frustums yields a cube. At each pass, a120
shader is used to calculate the distance from the fragment generated to the camera.121
The computed distance values are normalized in relation to the near and far values,122
and stored in the alpha channel of the positions related to the fragments. Rendering123
is made in 32-bit float images. This procedure is performed at each frame, or each124
time the camera position changes. The image resolution used for rendering does not125
have to be high, since only an estimate needs to be obtained.126

The cubemap construction process we implemented differs from the one described127
by McCrae et al. [14] in two aspects: the orientation of the cubemap is the same128
as that of the camera (McCrae et al. always used canonical directions); and the129
RGB channels of the images in the cubemap store a unit vector pointing from the130
position of the generated fragment to the camera. The first change was necessary131
to simplify the process of obtaining the distance from the viewer to the center of132
the screen, which will be important for the automatic speed adjustment techniques133
of f ly (Section 4.1) and for the automatic definition of the pivot point in examine134
(Section 4.3). The second change simplifies the construction of the force map to135
detect collisions (Section 4.2).136

4 Navigation techniques137

In this section we will present the three improved navigation techniques.138

4.1 Fly with automatic speed adjustment139

Navigation speed is related to the scale of the environments to be explored. Larger140
environments require faster speeds, while the opposite is more convenient on smaller141
scales.142

In several applications, the scale of the virtual world does not change much and is143
well known, allowing a fixed navigation speed to be used. This is the case for many144
games, for instance. Multiscale environments, however, require a way to estimate the145
current scale in order to adjust the navigation speed accordingly.146

McCrae et al. [14] use minDist, the minimum distance in the cubemap, as an147
estimation to determine the current scale the camera is at. Based on that, first we148
developed a f ly tool which could be controlled by the user by pressing the arrow149
keys of the keyboard to move the camera while guiding the direction of the motion150
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with the mouse movements. Navigation speed was adjusted automatically according 151
to this equation: 152

Vnav = k minDist (1)

where Vnav is the adjusted navigation speed and k is a parameter of unit 1/s that 153
causes an increase or reduction in the acceleration applied to the camera. We 154
noticed that two situations caused discomfort and disorientation for some users. 155
The first situation is when k is too high. In this situation, when users move away 156
from the geometry, the camera accelerates too quickly, producing an effect similar 157
to teleporting and making users lose their location. The second situation happens for 158
low k values, which can considerably increase the time required to reach the intended 159
destination, making the navigation tedious. Thus, the value of k should be selected 160
in a way that it balances these extremes. 161

In face of the difficulty in determining a value for k that suited all users, we decided 162
to let the users define it manually, using the scroll button of the mouse. However, this 163
led to other problems. When navigating very close to an object, some users increased 164
the k value to move faster but forgot to readjust it when the camera was distant from 165
the geometry, falling into a situation where k is too high. 166

These examples revealed the disadvantage of using only minDist as an estimation 167
to adjust the speed; when minDist is too low, it works as a break even when the user 168
wishes to move faster. For instance, when navigating through a corridor, the user may 169
experience slow navigation due to the closeness of the walls. Thus, it is convenient to 170
use some other type of estimation. 171

With that goal in mind, we attempted to use the distance to the central point of the 172
screen. This seemed reasonable since this point represents momentarily the location 173
the user wants to reach. Therefore, navigation speed started to be adjusted using 174
centerDist, the distance from the camera to the center of the screen, rather than 175
minDist. 176

However, the use of centerDist resulted in a strange behavior. The motion of 177
the camera started to present peaks of speed, giving the impression that it stopped 178
or accelerated instantly. The reason for this can be understood by observing the 179
graph in Fig. 1. This graph shows the behavior of the curves of the minDist and 180
centerDist estimations for one path followed by the camera in a time interval of 181
around 6 seconds. 182

Fig. 1 Graph representing the
behavior of the minDist and
centerDist curves
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It can be seen that the minDist curve is smooth while the centerDist curve is183
noisier, displaying some peak values that are completely inconsistent with the general184
behavior of the curve. This is related to the freedom the f ly tool gives to the user, who185
can turn the camera to any direction at any time. At a given moment, the central186
point of the screen may fall on an object that is distant from the camera. The user187
then can turn the camera almost instantly toward a close-by object, leading the value188
of centerDist to drop abruptly. This is reflected in the speed adjustment, creating189
a steep deceleration. The opposite is also a problem. If, for example, the camera190
is inside an object and the user unwillingly points the camera toward an external191
point, the camera will be subject to a fast acceleration and will be thrown outside the192
object. These effects do not happen when minDist is used as estimation because it is193
independent from the orientation of the camera.194

To avoid the situations caused by the peak values of the centerDist curve, we195
applied an exponential moving average (EMA):196

EMAi = EMAi−1 + A
(
centerDisti − EMAi−1

)
(2)

In (2), EMAi is the smoothed value of centerDisti at instant i, EMAi−1 is the197
value smoothed at instant i − 1, and A is a constant that influences how smooth the198
new curve will be and how quickly this curve will converge to the centerDist values.199
The smaller A is, the smoother the curve will be and the higher the time needed for200
such convergence to take place. The maximum value of A = 1 is equivalent to the201
original curve. Figure 2 shows the results of smoothing an interval of the centerDist202
curve (represented by the darker line) for three different values of A.203

By smoothing the centerDist curve, we can use it to adjust the speed.204
But one last problem remained: when the camera is near to an object but points to205

a distant place, the navigation speed tends to quickly increase, since centerDist is far.206
This can lead to undesirable situations, such as when the camera is inside an object207
and the user wants to view its exterior. In this case, the user needs to go outside of the208
object and then point the camera toward the object again. When leaving the object,209
the camera might point to a distant location for a period of time long enough to210
increase the speed too much. As a result, the camera could move away from the211
object before the user is able to adjust the movement. This is because the scale212

Fig. 2 Effect of applying the
EMA to a curve

Distance x Time

(s)

(m)

1000

1100

1200

1300

1400

1500

2.0 2.4 2.8 3.2 3.6 4.0

Original Curve
A = 0.1

A = 0.01

A = 0.04



AUTHOR'S PROOF

UNCORRECTED
PROOF

JrnlID 11042_ArtID 1127_Proof# 1 - 16/05/12

Multimed Tools Appl

perception provided by minDist is no longer present. In such cases, minDist acts 213
as a break, preventing the camera from moving far away too quickly. 214

To address this final issue, values of centerDist higher than n × minDist were 215
discarded. This way, minDist serves as a criterion to decide when a centerDist value 216
should or not be considered inconsistent. We found that n = 10 worked well on ours 217
tests. 218

This solution reflects a hybrid use of the minDist and centerDist estimations: while 219
centerDist ensures that speed adjustment is closer to what the user intends, minDist 220
acts as a break in cases where the speed would be too high. The result is increased 221
comfort for the user when using this tool, as demonstrated by the usability tests. 222

4.2 Collision detection and treatment 223

Preventing the camera from cutting through objects in a virtual environment can be 224
crucial in some situations [5]. In immersive environments, for example, colliding with 225
an object can halt the immersion and leave the user disoriented. Another problem 226
occurs when a visualization involves a stereoscopy effect; in this case, a collision with 227
an object in the scene can cause physical discomfort to the user’s eyes. 228

McCrae et al. [14] used information from the distance cube to obtain a collision 229
factor that causes the camera to smoothly dodge the closest objects. The idea is that 230
each point in the cubemap located at a distance smaller than a given radius r produces 231
a repulsion factor given by: 232

F(x, y, i) = w(dist(x, y, i)) norm
(

pos(x, y, i) − camPos
)

(3)

w(d) = e
(r−d)2

σ2 (4)

where F(x, y, i) is the repulsion factor produced by point p referring to position 233
(x, y) of image i of the cubemap. Value dist(x, y, i) is the distance from p to the 234
camera. The term pos(x, y, i) is the position of p in world space, and camPos is the 235
camera position. Function norm(v) indicates the normalized vector of v. In (4), σ is 236
a parameter that indicates the smoothness of the collision factor. The higher σ is, 237
the smoother the calculated factor. Considering a spherical region with radius r and 238
centered on the camera position, (4) results in determining a collision penalty that 239
grows exponentially from the moment when point p enters this region. 240

The repulsion factors referring to (3) are computed for each position in the 241
cubemap where d < r and then are combined into a single factor: 242

Fcollision = 1
6 cubeRes2

∑

x,y,i

F(x, y, i) (5)

where cubeRes is the resolution of the distance cube. 243
When we applied the factor given by (5) to the camera, the f ly tool behaved 244

as described in the previous section: as the camera moves, Fcollision ensured that 245
it smoothly avoided the objects in its path. The behavior obtained is similar to 246
the assisted navigation described previously [4, 21], whereby the user can navigate 247
through the environment without worrying about choosing a collision-free path as 248
the system is in charge of this task. It is a different approach from that used by 249
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McCrae et al. [14], who employed Fcollision combined with the POI technique, a more250
restrictive solution which does not give the user total control over the camera when251
navigation is being performed.252

4.3 Examine with automatic pivot point253

The examine tool allows any object or location in the scene to be inspected. Basically,254
its function corresponds to rotating the camera around a point, called the pivot point.255
In our test application, drag movements using the left mouse button made the camera256
rotate around the pivot point, which can be chosen by the user. Dragging vertically257
or horizontally with the right mouse button caused the camera to zoom in or zoom258
out, respectively. When the scroll mouse button is present, it can also be used for259
zoom operations. In our implementation collision detection and treatment is not260
taken into account when using the examine tool, since it would prevent certain forms261
of inspection to be performed. For example, zoom out operations can be used to262
change the level of scale in which the camera is. If collision treatment is present, the263
camera can get stuck due to a surface located behind it.264

The location of the pivot point is crucial for the proper functioning of the examine265
tool. If it is not specified correctly, the camera can display behaviors which, from the266
user’s point of view, would seem confusing. Figure 3 illustrates two of these cases.267

In case (i), the pivot point (referred to as pivot in the image) is located outside268
the user’s field of vision, too distant from the object to be inspected. When the269
examine tool is used, a mathematically correct rotation (from camera position 1 to 2)270
is made around the pivot. For the user, however, this operation leads to a completely271
unexpected motion. This problem is worse when the pivot is located at a great272
distance from the model: the greater the distance, the higher the angular speed of the273
camera and, as a consequence, the bigger the error as perceived by the user. Informal274
observations showed that this situation occurred rather often in our test application.275
In the case of (ii), the pivot is within the viewing angle of the camera but is located276
outside the object of interest. As seen in the image, pivot is beyond the model, and277
the rotation around it has the effect of a pan operation.278

Fig. 3 Problems related to the pivot point: (i) pivot point located outside the field of vision; (ii) pivot
point mapped beyond the object
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Analyzing these situations, it can be concluded that they are basically caused by 279
one reason: the pivot point is not located at a point that adequately corresponds to 280
the object to be examined. 281

Usually, 3D visualization applications that make use of the examine tool include 282
a button (or any other interface item) that, when selected, allows a new pivot point 283
to be chosen. We observed that some people, even more experienced users, at some 284
point forgot to select an adequate pivot point before starting to rotate around the 285
object of interest. 286

This occurred especially frequently when some users switched from the f ly to the 287
examine tool, as they attempted to rotate the camera around the object located in 288
front of them before readjusting the pivot point. And, even when the users did not 289
forget to perform this last operation, they reported feeling upset with the fact that 290
they had to do it explicitly. 291

The solution we found for this was to automatically determine a pivot point at the 292
moment the examine tool is activated. As mentioned before, the solution proposed 293
by Khan et al. of doing this by setting the pivot point to minDist and reorienting the 294
camera could conflict with the user intent. We propose to use the point corresponding 295
to the center of the screen as the new pivot. Doing this, it is possible to establish a 296
behavior that seems natural from the user’s point of view. There is no reorientation of 297
the camera and all the user needs to do is point the camera to the object of interest 298
and then select the examine tool. It is reasonable to expect this feature, as in most 299
cases the users only decide to inspect an object once it is in front of them. However, 300
the object might not necessarily be located exactly in the direction of the center of 301
the screen; in fact, the pivot point could be mapped to an object behind the one the 302
user wishes to examine. In this case, the user would experience the effect of a pan 303
operation, as shown in (ii) in Fig. 3. Another possibility is that the central point of the 304
screen does not correspond to any valid point in the geometry, and thus determining 305
pivot is impossible. 306

To avoid these problems, the smallest distance present on the front face of the 307
distance cube, minFront, is used. When the central point is not valid, pivot is adjusted 308
to the point that is minFront away from the camera. This way, the angular speed of 309
the rotation of the examine tool will be coherent with the scale in which the camera 310
is located, preventing it from making excessively quick movements. 311

The minFront estimation is also used when the pivot point is automatic mapped 312
to a distant point located behind the object. This may occurs when the object to be 313
inspected is not located exactly in the center, but this contains valid geometry that 314
is far away from the object of interesting. If the pivot point is mapped to this point, 315
the situation presented on (ii) in Fig. 3 should happen. To avoid this, we do not allow 316
pivot to be adjusted to a point whose distance is greater than k × minFront. We 317
found that k = 5 worked well on our tests. This solution does not solve the problem 318
definitively, but reduces its occurence adequately. 319

5 User tests 320

The techniques presented in the previous section attempt to assist the users in the 321
task of exploring virtual environments. From the user’s point of view, this should 322
result in a more comfortable navigation experience and fewer errors. 323
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To verify this, usability tests were carried out with groups of users in order to324
gather information about the solutions developed. These tests were planned and325
conducted based on the orientations provided by Tullis and Albert [18], and were326
divided in two types, according with the procedures adopted and the information327
gathered:328

– Qualitative tests: to collect feedback from users, such as how they felt while using329
the software, what bothered them, and what could be improved. The time was330
not taken into account and users had more freedom to explore the environment331
and make certain decisions.332

– Quantitative tests: to collect quantitative information on how users interact with333
the scene, like how often a collision occurs or how many times the user got334
disoriented. The time was tracked and users had to follow a pre-determined set335
of steps, without the freedom of changing them.336

5.1 Test environment337

The tests were performed using the SiVIEP viewer, a project under development by338
Tecgraf/PUC-Rio in cooperation with Petrobras (Brazilian Oil & Gas Company).339
SiVIEP supports a comprehensive visualization of several types of models com-340
prising an oil exploration and production enterprise. For example, it is possible to341
load environments ranging from oil platforms to wells and reservoirs in a single342
scene (Fig. 4). The main characteristic of the virtual environments resulting from343
this integration is that they are multiscale.344

Two different versions of SiVIEP were used in the tests:345

– Automated: this version supports the solutions discussed in the preceding sec-346
tions. The user does not have to worry about speed adjustment, collisions are347
prevented automatically, and the explicit use of the pivot-point tool is not348
necessary.349

– Manual: this version does not include any of the improved techniques previously350
mentioned. The speed in the f ly tool must be adjusted manually with the mouse351
scroll button, the user must be careful to not collide with the models, and the352
pivot-point tool has to be used always before beginning to inspect an object with353
the examine tool.354

Fig. 4 SiVIEP: visualization of an oil enterprise. In the first image, a complete oil field can be
seen. Then the camera reaches the scale of a platform. Finally, the interior of the platform can be
navigatedQ1
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Fig. 5 Scenario used in the tests

The scenario used consisted of two oil extraction platforms, A and B, located at a 355
certain distance apart from each other. The camera was initially placed in a position 356
where both platforms could be seen (Fig. 5). 357

5.2 User profiles 358

Nineteen people were selected to carry out the tests. They were divided in two 359
groups: advanced users, with experience in the use of 3D visualization and 3D 360
modeling applications who use this type of software at least once in a month; and 361
non-advanced users, with little experience in 3D visualization applications, except for 362
some electronic games, and who do not use 3D visualization applications frequently. 363

From the 19 individuals, 7 were allocated in the first group (advanced users) 364
and 12 in the second group (non-advanced users). All of them had the following 365
characteristics in common: they were between 20 and 35 years old and did not have 366
any previous contact with the application used in the tests. The individuals in the 367
advanced group of users are herein called PA1 to PA7, while the test users in the 368
non-advanced group are identified as PN1 to PN12. Also, advanced users and non- 369
advanced users from PN1 to PN5 performed only the qualitative tests, while users 370
PN6 to PN12 performed the quantitative tests. All users were male, except one of 371
the non-advanced group that performed the quantitative tests. 372

5.3 Qualitative tests 373

5.3.1 Procedures adopted 374

Each person was first asked to read and sign a consent agreement to confirm their 375
commitment to taking the test. They were then given an overview of SiVIEP to 376
introduce them to the application and its functions. The test consisted of asking the 377
subjects to use the two versions of SiVIEP. 378

Before each person started to use one of the versions, some instructions were 379
given about the functioning of the navigation tools in that version. In the manual 380
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version, for instance, the users were asked to avoid crossing through the models in381
the scene and instructed on how to make manual speed adjustments and to operate382
the pivot-point tool. In the case of the automated version, the users were informed383
that they did not have to worry about these aspects.384

The users were asked to navigate to platform A using the f ly tool. Once there,385
they had to explore the internal area of the platform to select three objects inspection386
with the examine tool. Finally, the users were asked to navigate from platform A to387
platform B.388

After using each version, the users were asked to answer a questionnaire aimed389
at gathering their impressions about the tools used. This questionary consisted of the390
following statements, here identified as S1, S2, S3, S4 and S5:391

– S1: I did not have any dif f iculty with the speed adjustment of the f ly tool.392
– S2: I was able to perform the tasks without colliding with the environment.393
– S3: I did not have any dif f iculty with the pivot-point tool.394
– S4: I did not feel disoriented at any moment when navigating in the virtual395

environment.396
– S5: I felt comfortable using the navigation tools.397

Below each of these statements there was a scale of ten numbers, from 1 to 10, 1398
meaning that the user disagrees completely with the statement and 10 meaning that399
the user fully agrees with it. At the end of the form there was a blank space where400
the users could describe their general impressions and justify the grades given.401

After both versions had been tested, the users were asked to fill out a final survey402
consisting of two written questions, identified as Q1 and Q2:403

– Q1: Which of the two approaches did you prefer: the automated navigation404
techniques or the manual techniques? Why?405

– Q2: With regard to the approach you preferred, in your opinion could something406
be improved? If af f irmative, what is it and why would it need to be improved?407

Lastly, the order in which the versions were presented to each user was different408
from test to test. The first person to take the test used the manual version first,409
and then the automated version second. The second took the test in the opposite410
order. This pattern was followed until the last user. This measure was taken with the411
purpose of minimizing the learning effect of using the first version over the second.412

5.3.2 Non-advanced group results413

Tables 1 and 2 show the results obtained after testing the group of non-advanced414
users. They include the responses to the 5 statements presented in the previous415

Table 1 Results of the
usability test for the manual
version (group of
non-advanced users)

t1.1 PN1 PN2 PN3 PN4 PN5 Avg

t1.2 S1 7 8 10 9 5 7.8
t1.3 S2 6 5 7 7 2 5.4
t1.4 S3 6 9 8 7 3 6.6
t1.5 S4 4 8 7 9 1 5.8
t1.6 S5 5 8 9 10 4 7.2



AUTHOR'S PROOF

UNCORRECTED
PROOF

JrnlID 11042_ArtID 1127_Proof# 1 - 16/05/12

Multimed Tools Appl

Table 2 Results of the
usability test for the
automated version (group of
non-advanced users)

t2.1PN1 PN2 PN3 PN4 PN5 Avg

t2.2S1 9 10 10 10 9 9.6
t2.3S2 10 10 10 10 10 10.0
t2.4S3 10 8 10 10 10 9.6
t2.5S4 10 10 9 10 10 9.8
t2.6S5 10 9 10 10 10 9.8

section. Table 1 provides the grades referring to the use of the manual version, while 416
Table 2 contains the grades given to the automated version. The final column in each 417
table shows the average grade for each statement. For a better view of the general 418
results, these averages are presented side by side in Fig. 6. The confidence interval 419
used in the generation of this graph was 90%. 420

We applied a two-tailed paired t-test to compare the average of the results for 421
both versions. We obtained t(4) = −6.43, p = 0.001, which affirms that this group 422
preferred the automated version of the navigation. When using the manual version, 423
users complained especially about the difficulty of controlling camera speed in order 424
not to collide with the environment. One of the users, for instance, reported that 425
“the program is somewhat abrupt, which makes its use difficult for someone who 426
is not used to or does not have enough dexterity for 3D games and software”. The 427
lack of collision treatment created situations in which some people felt lost. When 428
these situations occurred, 2 of the 5 users mentioned that they would like to quit 429
the task. 430

The written answers confirm the statistic results. For question Q1, all users in 431
this group replied that they preferred the automated version rather than the manual 432
one. In the justifications, most users mentioned that the techniques provided by 433
the automated version made navigation simpler, less prone to errors, and easier to 434
control. As for question Q2, none of these users considered that any improvement 435
was necessary to their preferred version. 436

Fig. 6 Comparative results between the manual and the automated version (group of non-advanced
users)
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Table 3 Results of the
usability test for the manual
version (group of advanced
users)

t3.1 PA1 PA2 PA3 PA4 PA5 PA6 PA7 Avg

t3.2 S1 10 9 7 7 10 9 9 8.7
t3.3 S2 3 7 7 7 10 8 7 7.0
t3.4 S3 7 8 10 3 5 5 7 6.4
t3.5 S4 3 9 6 5 10 6 8 6.7
t3.6 S5 6 8 8 8 10 8 7 7.8

5.3.3 Advanced group results437

Tables 3 and 4 show the results obtained after the application of the tests to the438
group of advanced users. The results are presented in the same format as those in439
the previous section. Figure 7 also shows a comparison between the grades given440
to the manual version and those given to the automated version. The confidence441
interval was 90%.442

We applied a two-tailed paired t-test to compare the average of the results for443
both versions. We obtained t(4) = −2.1, p = 0.09, which does not allow us to affirm444
that this group preferred the automated version of the navigation. Nevertheless, as445
can be observed, the automated version received higher grades in all statements with446
the exception of S1, which sought to evaluate the automatic speed adjustment of the447
f ly tool. Analyzing the justifications for the grades and the general comments made448
by the users revealed some interesting points.449

Almost all advanced users who gave a lower grade to the automatic speed450
adjustment reported that, when getting very close to an object, the camera would451
become too slow and it would take a while until they were able to move away from452
the object again. These users felt impatient, and this feeling was made worse by the453
fact that no control option was provided to allow them to momentarily increase the454
speed. Nonetheless, the same users noted that the automatic adjustment was good455
because it allowed them to be less concerned with the controls and helped them avoid456
some errors, which is in agreement with the general comments made by the non-457
advanced users. In summary, the advanced users wished they were offered some sort458
of control which allowed them to make a more “customized” adjustment at certain459
moments, while at the same time including automatic speed adjustment.460

Another factor that contributed to the preference for the manual version in S1 was461
the manner in which the tests were conducted. Before the users began the manual462
version test, they were asked to avoid cutting through (colliding with) objects in463
the scene. This led them to be very cautious in relation to speed adjustment, thus464
avoiding possible difficulties they could face when using the manual version. This465
caution may have contributed to the higher grades that resulted. However, this had a466
negative impact on the comfort experienced by the users: in order to avoid colliding467
with the models, they were forced to stop often and readjust the navigation speed.468

Table 4 Results of the
usability test for the
automated version (group of
advanced users)

t4.1 PA1 PA2 PA3 PA4 PA5 PA6 PA7 Avg

t4.2 S1 7 5 10 5 9 9 9 7.7
t4.3 S2 10 9 9 10 10 9 10 9.6
t4.4 S3 10 6 6 10 10 9 10 8.7
t4.5 S4 6 9 7 10 10 8 9 8.4
t4.6 S5 10 6 9 9 10 9 9 8.9
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Fig. 7 Comparative results between the manual and the automated version (group of advanced
users)

The greatest contributions of the automated version were related to statements S2 469
and S3, which aimed at evaluating the efficacy of collision treatment and automatic 470
pivot point, respectively. The users could easily notice the effects provided by these 471
techniques and were very satisfied with their results. Some users expressly stated that, 472
thanks to these techniques, they did not make certain errors and were able to focus 473
less on interface issues. Finally, the grades given by the users in the advanced group to 474
statements S4 and S5 demonstrated that they felt more comfortable and experienced 475
fewer moments of disorientation while using the automated version. This was also 476
true for the non-advanced users. 477

Regarding the final survey question, 6 out of the 7 advanced users stated in Q1 that 478
they preferred the automated version rather than the manual one. Only user PA2 479
preferred the latter. In the justification, this user mentioned the problem with the 480
automatic speed adjustment and the lack of feedback to the user about the location 481
of the pivot point when using automatic adjustment. As a result of PA2 suggestions, 482
we now draw the pivot point in the screen on recent versions of ours systens. Like 483
Fitzmaurice et al. [6], we found that this also caused a improvement on the usage of 484
the tools related to the pivot point. 485

Finally, in question Q2, which asks for suggestions about what could be improved 486
in the preferred version, all of them asked for some kind of control that allows them 487
to momentarily increase the speed. This leads us to assume that advanced users have 488
a greater tendency to prefer solutions that make the tools simple to use but that are 489
not completely automated. The opposite might be said of non-advanced users: due 490
to their lack of experience, they prefer approaches that minimize the need to adjust 491
the parameters of the navigation tools. 492

5.4 Quantitative tests 493

5.4.1 Procedures adopted 494

As in the qualitative tests described above, each user was asked to sign an agreement 495
to confirm their commitment to taking the test. Then, the features and controls of 496
SiVIEP were presented. 497
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Each user had to follow a pre-determined set of steps, consisting of navigating to498
the platform A using the f ly tool, finding three different objects to inspect using the499
examine tool and travelling to platform B using again the f ly tool. A key diference500
between this quantitative test and the previously described qualitative test is that501
in the quantitative test users were not given the freedom to choose which objects502
they should examine, rather, the objects were assigned. To minimize learning effects,503
the objects to be examined in the manual version were different from those of the504
automatic version. Thus, the difficulty in finding objects using the software for the505
second time should be the same. For the same reason, the procedure for changing506
the order in which the versions were presented to a user was also used. The users507
were also asked to avoid collisions when using the f ly tool.508

There was no written questionnaire issued after the test of each version. The509
tests were filmed, and the videos obtained were analyzed in order to determine the510
number of times that each of the following events occurred:511

– A - Collision.512
– B - Incorrect adjustment of the pivot point.513
– C - Disorientation.514
– D - Usage of the reset button.515

An occurrence of these events indicates an error or a bad user experience.516
The reset button sends the camera back to its original position. It was given to517

users as an option to orient themselves again when a event of disorientation ocurred.518
When a user clicks this button, brought the user directly to the place where the519
camera was before the disorientation event occurred.520

The duration of the tests were also recorded. This was done as the users no longer521
had the freedom to choose which objects should be examined. Also, users were522
encouraged to relay their impressions verbally while performing the tests. This way,523
we could obtain extra information that could help explain the occurrence of events524
listed above.525

5.4.2 Results526

Tables 5 and 6 show the results of the quantitative tests for the occurrence of events527
A, B, C and D. Each row represents a different user, while the columns labeled A, B,528
C and D represent the number of times that the respective event happened. The last529
column contains the total number of events for a given user. Table 5 refers to results530
of the manual version. Table 6 refers to the automatic version. Figure 8 shows the531
total number of errors for manual and automatic versions for each user and facilitates532
the comparison between then.533

Table 5 Number of events A,
B, C and D for the manual
version

t5.1 A B C D Total

t5.2 PN6 5 1 3 0 9
t5.3 PN7 1 0 1 0 2
t5.4 PN8 2 0 0 0 2
t5.5 PN9 3 4 4 3 14
t5.6 PN10 3 5 6 0 14
t5.7 PN11 7 2 4 1 15
t5.8 PN12 5 1 1 0 7
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Table 6 Number of events A,
B, C and D for the automatic
version

t6.1A B C D Total

t6.2PN6 0 3 1 0 4
t6.3PN7 0 0 1 1 2
t6.4PN8 0 0 0 0 0
t6.5PN9 0 0 1 0 1
t6.6PN10 0 0 1 0 1
t6.7PN11 0 0 1 0 1
t6.8PN12 0 0 0 0 0

The number of events in the manual version was greater than in the automatic 534
version for most users. This indicates that the automatic version was less prone to 535
errors and caused fewer uncomfortable situations. The exceptions are users PN8 and 536
PN7, which will be discussed later. 537

As expected, there were no collisions (event A) for the automatic version since the 538
system prevents them from occurring. In the manual version, it was observed that 539
the collisions were related to the difficulty of controlling the camera speed. These 540
collisions often led to disorientation. 541

The incorrect adjustment of the pivot point was another factor responsible for 542
disorientation. Again, the highest incidence of this error occurred in the manual 543
version. The exception was user PN6: he had difficulty in orienting the camera so 544
that the object to be examined could be located in the center of the screen. Because 545
of this, the automatic adjustment of the pivot point did not work the way expected. 546
The result is that this user reported that he preferred to use the tool to manually set 547
the pivot point. 548

Table 7 contains the duration in seconds of the tests for each user. The last 549
column indicates the relationship between the times spent on manual and automatic 550
versions. For most users, the time required to complete the test was higher in the 551
manual version. The main reason of this was that users spent a significant amount 552
of time trying to correctly adjust the navigation speed. Moreover, the disorientation 553
situations also contributed to the increase in time. 554

Fig. 8 Comparative results between the manual and the automated version
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Table 7 Time spent to
perform the tests

t7.1 Manual Automatic Manual/Automatic

t7.2 PN6 540 240 2.25
t7.3 PN7 215 380 0.56
t7.4 PN8 180 213 0.84
t7.5 PN9 535 230 2.32
t7.6 PN10 895 400 2.23
t7.7 PN11 720 480 1.5
t7.8 PN12 320 250 1.28

The exceptions again were users PN7 and PN8 (Fig. 9). During the tests, itQ2 555
was found that these users had previous experiences that affected their navigation556
performances. User PN8 reported that he plays 3D games very often. Hence, he had557
no difficulty in manually controlling the camera on both versions and collided lightly558
with the objects only twice. The time spent in the automatic version was slightly559
greater than the time spent on the manual version, since the ability of user PN8560
allowed him to move faster through the scene using the manual adjustment of speed.561
Similarly to some members of the advanced group of users, user PN8 complained of562
not being able to adjust the speed in the automatic version.563

With user PN7, it was discovered during the test that he had already used other564
scientific visualization software in the past. The automatic version was tested first,565
and he spent a significant amount of time trying to use the navigation tools in SiVIEP566
the same way he used tools on the other software. Only after some time did the user567
become better acquainted with the tools of SiVIEP. This contributed to the result568
of the user requiring almost twice as much time in the automatic version versus the569
manual version. This event suggests another way to improve usability on our system:570
the investigation of the user’s experience with other software. With such information,571
we could identify possible improvements to be incorporated in our navigation tools.572

Finally, at the end of the tests users were asked about which version they had573
preferred. Only users PN7 and PN8 chose the manual version. Again, the factor that574
motivated this choice was the lack of speed control in the automatic version. This is575
consistent with the results reported in qualitative tests with the group of advanced576
users.577

Fig. 9 Comparative results between the times spent on manual and automatic versions
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6 Conclusions 578

This work presented techniques to assist and facilitate navigation in 3D virtual 579
environments. They were based on the construction and maintenance of a data 580
structure called cubemap [14]. Improvements were proposed for the examine tool, 581
with the development of a system to automatically determine the pivot point, and for 582
the f ly tool, in which collision support and automatic speed adjustment in relation to 583
the scale were implemented. 584

To verify the efficacy of the solutions proposed, usability tests were performed. 585
The results allow us to conclude that the techniques presented here improve the 586
navigation experience of the users. From the 19 subjects of the usability tests, 16 587
preferred the version of the application that included the techniques proposed. In 588
particular, the automatic adjustment of the pivot point in the examine tool and the 589
collision support implemented in the f ly tool had a significant positive impact in user 590
experience. 591

Navigation in 3D environments still presents issues and provides plenty of chal- 592
lenges. Multiscale environments, which are becoming more common, identify several 593
further navigation-related problems to be solved in the future. We believe the 594
techniques demonstrated in this work contribute to providing solutions to some of 595
the problems identified regarding navigation in these environments. 596
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