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a Multi-Display Virtual Environment
Jialei Li∗ Isaac Cho† Zachary Wartell‡
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ABSTRACT

Extending the position of a 3D virtual cursor that represents the
location of a physical tracking input device in the virtual world of-
ten enhances efficiency and usability of 3D user interactions. Most
previous studies, however, tend to focus on evaluating cursor offset
techniques for specific types of interactions, mainly object selec-
tion and manipulation. Furthermore, not many studies address cur-
sor offset techniques for multi-display virtual environments, such
as a Cave Automatic Virtual Environment (CAVE), which require
different directions of the cursor offset for different displays. This
paper presents two formal user studies that evaluate effects of vary-
ing offset techniques on navigation tasks in a CAVE system. The
first study compares four offset techniques: no offset, fixed-length
offset, nonlinear offset and linear offset. The results indicate that
the linear offset technique outperforms other techniques for exo-
centric travel tasks. The second study investigates the influence of
three different offset lengths in the linear offset technique on the
same task.

Keywords: 3D navigation, cursor offset, input devices, CAVE,
virtual environments

Index Terms: H.5.2 [Information interfaces and presenta-
tion]: User Interfaces—Input devices and strategies, Evalua-
tion/methodology

1 INTRODUCTION

Immersion in a virtual reality (VR) application can be enhanced by
giving the user the ability to move around in the virtual environ-
ment (VE) with natural physical motions [2]. By using head track-
ing and 3D spatial input devices, the user can navigate in the VE in
order to obtain different visual perspectives of the scene. Since 3D
input devices usually have larger working ranges than traditional
2D devices, most travel techniques that employ direct positioning
metaphors for 3D viewpoint movement control typically involve a
gain factor parameter for the input device [22, 10]. The gain factor
should be carefully chosen when building the map between the po-
sition of the 3D input device in the physical world and the position
of the 3D virtual cursor in the virtual world.

Different experiments indicate an offset between the user’s hand
and the virtual cursor can have positive or negative effects. Many
studies evaluate cursor offset techniques for object selection and
manipulation, such as the Go-Go technique [17] and the HOMER
technique [2]. These arm extension metaphors provide a solution to
interacting with distant objects. However, some experiments using
a head mounted display (HMD) [14] or a surround screen VE [15],
suggest that manipulating virtual objects that are co-located with
one’s hand is more efficient than manipulating those at a distance.
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This paper examines the effect of cursor offsets in a CAVE sys-
tem during scene-in-hand 7 degree-of-freedom (DOF) navigation
(controlling view pose plus view scale [19]). Issues with cursor
offsets arose when porting interactions to a CAVE from our earlier
work in fish-tank VR [7]. It is common practice in desktop VR sys-
tems to have a fixed translational offset between the hands and the
virtual cursors [21] to allow the user to maintain an elbow-resting
posture. The offset is perpendicular to the display screen. Within a
CAVE system, such an offset could allow the shoulders to stay re-
laxed during a broader range of cursor manipulation. Naive porting
of this offset technique proved problematic.

Ease of scene-in-hand 7DOF navigation depends on the ability to
place the cursor, which defines the center-of-rotation as well as the
center-of-scale, at strategically optimal locations within the scene
during navigation maneuvers. In order to explore the effect of a
cursor offset on user performance, we conducted two experiments
on a 7DOF navigation task using a one-handed scene-in-hand [26]
travel technique. Experiment 1 compares four different offset tech-
niques: no offset, fixed-length offset, Go-Go offset and linear off-
set. As a continuation of Experiment 1, Experiment 2 investigates
which offset length in the linear offset technique yields optimal user
performance.

This paper is organized as follows. In section 2, we review re-
lated work on 3D virtual cursor offset as well as a rationale for the
choice of techniques evaluated in this study. We then describe our
linear offset technique in section 3 along with previous cursor offset
techniques. In Section 4, we present our experimental design and
procedure. The results of the experiments are presented in section
5 and the discussion of their implications is presented in section
6. Finally we conclude our paper and propose directions for future
research in section 7.

2 MOTIVATION AND RELATED WORK

Navigation techniques can generally be partitioned into ego-centric
and exo-centric ones [3] and both have their place. There are a wide
variety of exo-centric techniques including scene-in-hand, World-
in-Miniature [16], point-of-interest (POI) techniques [10], target-
object-of-interest techniques [4], prior defined volume-of-interest
(VOI) techniques [8] and user defined VOIs [28].

Multi-scale virtual environments (MSVE) contain geometric de-
tails over several orders of magnitude. When the display system
supports head-tracking, stereo and/or direct manipulation, MSVEs
are best supported by incorporating view scale as an independent
7th DOF [19, 20, 27]. Systems with these characteristics include
HMDs and stationary displays with head-tracking such as CAVEs,
fish-tank VR and the Responsive Workbench. Southard [23] uses
the term HTD (Head-Tracked Display) to distinguish the latter class
of displays from head-mounted displays. The view scale adjust-
ment, either manual or automated, can generally be added to any
6DOF navigation technique. For example, the standard scene-in-
hand metaphor can be augmented by an additional mode for hand-
centered scaling [19].

Various exo-centric 7DOF techniques are available, but this pa-
per focuses on the scene-in-hand metaphor for several reasons.
First there are a large number of related navigation techniques
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including roughly half-a-dozen bi-manual ones and further many
object manipulation methods can be converted to view manipula-
tions [11, 6, 13]. Secondly, the scene-in-hand approach requires no
scene geometry be present at the center-of-rotation/scale, as for in-
stance, POI techniques require. This makes 6DOF scene-in-hand
more flexible, although possibly more challenging to learn. The
added flexibility is particularly important when there are no defini-
tive points to select for POI type of techniques, which has been
remarked and empirically observed by various authors [22, 4]. This
becomes particularly acute in volumetric data visualization. Fur-
thermore, as we move from 6DOF to 7DOF navigation, the cursor
location becomes important for not just the center of rotation, but
also controls the center of scale.

Direct hand-tracking or using hand-held 6DOF devices allows
users to exploit proprioception to know where the 3D cursors are
[21]. For some interaction techniques, there is no offset presented
between the user’s hand and the virtual surrogate. However, VE
application developers often find it inefficient or inconvenient to
use this direct manipulation scheme when they need to interact
with an object that is out of their reach or to travel to distant ar-
eas. Therefore, researchers have developed nonlinear motion con-
trol techniques for both navigation and manipulation.

For MSVEs, scene-in-hand 7DOF navigation is a general nav-
igation method that is useful independent of the choice of HMD
vs. HTD and of the choice of a particular HTD size. Most scene-
in-hand techniques display a virtual 3D cursor. As mentioned, the
cursor often is offset by some amount from the tracked position us-
ing various techniques. Our experience indicates that the method
used to compute this offset needs to be modified to accommodate
different display types. In particular, as detailed in Section 3, we
find the common method used in fish-tank VR of using a fixed off-
set vector perpendicular to the display [21] needs to be modified
in a multi-display VR system, such as the CAVE. Further, we find
that offset techniques developed for HMDs when applied to 7DOF
scene-in-hand navigation in a CAVE do not lead to optimal perfor-
mance. We develop, test and compare a new offset technique that
has superior performance under a variety of conditions.

Song et al. [22] present nonlinear motion control techniques for
both viewpoint movement and hand positions in order for the user
to get a panoramic view of the virtual scene. Their idea is to divide
the working space of the input device into several regions and use
different mapping functions to map the motion of the device into
the virtual space for each region. Similarly, Poupyrev et al. [17]
present the Go-Go technique that allows seamless and natural direct
manipulation of both nearby objects and those at a distance by non-
linearly growing the virtual arm. In this paper, the Go-Go technique
is used in our experiment for a comparison of offset techniques.
Bowman et al. [2] introduce the HOMER technique that uses ray-
casting and hand-centered manipulation. Their result shows that
the HOMER outperforms the Go-Go technique for object selection
tasks.

Plenty of work has been done in the evaluation of various navi-
gation techniques under different VE settings [1, 25, 8, 24], but not
many of them compare the Go-Go technique and the HOMER tech-
nique directly. McMahan et al. [12] present a study that separates
the effect of level of immersion and 3D interaction technique for a
6DOF manipulation task in a CAVE environment. Three techniques
are tested in their experiment: HOMER, Go-Go and DO-IT (a 2D
input device based technique they developed). The results indicate
that there is no significant difference of object manipulation time
between Go-Go and HOMER.

Chen et al. [4] also compare these two techniques in an
Information-Rich VE, but as navigation techniques. They use ob-
ject manipulation metaphors to move the viewpoint. The user grabs
the world (Go-Go) or grabs an object (HOMER) to change the
viewpoint using hand movements. The results show that Go-Go

performs significantly better than HOMER and thus is better suited
for navigation that requires easy and flexible movements. They also
infer that for manipulation based navigation techniques, those who
use ray-casting and involve object selection for viewpoint move-
ment would be less usable.

Much research studied the effect of offset between the measured
distance in physical space and the controlled distance in the vir-
tual scene. Poupyrev et al. [18] evaluate two generic interaction
metaphors, the virtual hand and the Go-Go technique, for egocen-
tric object selection and manipulation in an HMD. They indirectly
address the problem of direct and distant manipulation by com-
paring two techniques. The classical virtual hand uses one-to-one
mapping between real and virtual hands while the Go-Go technique
uses a nonlinear mapping between the input device and the virtual
cursor. They find that there is no significant difference between
these two techniques in local selection conditions, whereas for ob-
ject repositioning at a constant distance, classical virtual hand is
22% faster than the Go-Go technique in completion time.

Mine et al. [14] present a framework to investigate the effect
of proprioception on various interaction techniques using an HMD.
They conduct a study to explore the difference between manipu-
lating virtual objects that are collocated with the user’s hand and
those that have a translational offset on an object docking task. The
experiment has three conditions for the main independent variable:
manipulation of objects held in one’s hand, objects held at a fixed
offset and objects held at an offset varying with the subject’s arm
length. Their results show that users have better performance with
manipulation of objects that are colocated with their hands than
with manipulation of objects at a fixed or varied offset. The de-
sign of this experiment is very much alike ours, except that we use
object docking as 7DOF navigation tasks in a CAVE environment.

Paljic et al. [15] conduct a study about close manipulation us-
ing a two-screen Responsive Workbench. The experiment explores
the influence of manipulation distance on user performance in a 3D
location task, which consists of clicking on a start sphere and then
clicking on a target sphere that appears at one of nine locations. The
subjects are asked to hold a tracked stylus in their dominant hands
to control the virtual pointer. The offset between the tip of the sty-
lus and the virtual pointer is introduced as the main factor with four
levels: 0, 20, 40 and 55cm. The target sphere position is another
factor. The results of the statistical analysis indicate that task com-
pletion time using 0 and 20cm are significantly shorter than using
40 and 55cm.

Due to the fact that both Mine’s work and Paljic’s study reveal
that distant manipulation impairs user performance, Lemmerman
and LaViola [9] conduct an experiment to explore the effect of a
positional offset between the user’s interaction frame-of-reference
and the display frame-of-reference on a different type of task in
a surround screen VE. In their experiment, the subjects are first
asked to perform a centering task to ensure they begin with the same
position for each trial, and then they need to match colors using a
3D color-picking widget. Three different positional offsets between
the input device and the graphical feedback are presented as the
main factor: zero offset, 3 inches offset and 2 feet offset. For the
centering task, their results show that collocation or a short offset
could increase user performance, which complies with Mine and
Paljic. However, the results from the color matching task indicate
that zero offset condition could reduce the performance accuracy.
Their explanation is that object docking is a coarse task while color
matching task requires close attention and precise operations.

3 OFFSET TECHNIQUE

This section describes offset techniques and elaborates on their dif-
ferences.

In prior work, we studied bi-manual 7DOF exo-centric travel
techniques for MSVE in a fish-tank VR environment [5]. The travel
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Figure 1: Ranges of the user’s hand (red circle) and the 3D cursor
(blue circle).

Figure 2: A side view of Figure 1.

techniques required precise cursor placement relative to scene ob-
jects. Users tended to adjust the view scale so that the scene loca-
tions they wanted to navigate around remained within reach of the
3D cursor’s range of motion. Importantly, we used a fixed transla-
tional offset (perpendicular to the screen) between buttonballs and
the cursors and there was no gain factor between buttonball motion
and cursor motion [21]. When porting the same navigation tech-
nique to a CAVE, the question arose of how to handle the offset
between the buttonball and the cursor.

Compared to fish-tank VR, the user tends to stand farther from
the screen in a CAVE environment due to the larger display size.
This implies at least the magnitude of the translational offset needs
to be increased. However, our informal study showed that this alone
was not enough. In the CAVE, the direction of the offset is also im-
portant (recall that the approach in fish-tank VR is to translate per-
pendicular to the lone screen [21]). Therefore, we began informally
exploring different options. In the CAVE, an offset algorithm needs
to control both the magnitude and the direction in order to support a
cursor offset in any direction to be used in different screens that has
different orientations (i.e. 360◦). This brings us into the research
area of arm-extension techniques reviewed earlier.

Figure 1 and Figure 2 illustrate the goal of such offset techniques
in a CAVE system. The red circle indicates the range of the hand
tracker (buttonball in our case) and the blue circle shows the larger
range of the cursor. This cursor range could vary considerably de-
pending on the offset calculation used. The green arrow represents

Figure 3: Mapping functions of four offset techniques.

the offset vector, which starts from the hand tracker and ends at the
center of the cursor:

Pcursor = Phand + v̂o f f set (1)

The v̂o f f set calculation is discussed below for three techniques.

3.1 Fixed-Length Offset Technique
In fish-tank VR, v̂o f f set is perpendicular to the screen and of fixed
size. We informally tested several algorithms that dynamically
switched between using the various CAVE screens’ orientations for
v̂o f f set while the user was interacting with geometry across multiple
screens. None of the methods proved satisfactory. Each time any
algorithm switched the chosen screen, the cursor would abruptly
change its position as v̂o f f set instantly changed± 90 degrees. If the
user was interacting with objects whose 2D projections straddled a
screen corner, the algorithms tended to bounce back and forth be-
tween the different v̂o f f set directions causing the cursor to bounce
around. Further, trying to choose which screen should determine
v̂o f f set proved difficult. The tracked head orientation is not an ac-
curate predictor of which screen the user is looking at. Various
heuristics based on which screen the cursor’s projected 2D image
fell on worked poorly as well. Recall, we have two cursors and dur-
ing some bi-manual operations each cursor would briefly appear on
a different screen. In general, we found heuristic approaches for dy-
namically picking a screen on which to base v̂o f f set did not match
user expectations with a high enough frequency.

For these reasons, our fixed-length offset technique is indepen-
dent of any particular screen. In the fixed-length offset condition,
the direction of v̂o f f set is the same as the vector v̂chest→hand (the
“hand vector”) which points from the user’s chest to the hand. (If
only the head and hand are tracked, the position of the user’s chest
is approximated based on the position and orientation of the head
tracker). The formula has a constant coefficient C:

v̂o f f set = C · v̂chest→hand

‖v̂chest→hand‖
(2)

C should be determined empirically and perhaps adjustable by the
user.

3.2 Go-Go Offset Technique
The Go-Go technique [17] allows the user to directly manipulate
both nearby objects and those at a distance by using a nonlinear
mapping between the user’s hand and the virtual hand. We adapted
their method to the calculation of the offset vector:

v̂o f f set =


0̂ if LH < D

k(LH −D)2 · v̂chest→hand

LH
otherwise

(3)
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where LH = ‖v̂chest→hand‖ and k is a coefficient: 0 < k < 1. This
indicates that as long as the user is reaching for nearby areas
(LH < D), there is no offset and the cursor is coincident with the
user’s hand. We use the same value for D as 2/3 of the user’s arm
length. When the user reaches her hand farther than D, the map-
ping becomes nonlinear and the movement of the cursor becomes
quadratic to the movement of the user’s hand, but the offset vector
v̂o f f set and the hand vector v̂chest→hand still have the same direction.

3.3 Linear Offset Technique
In our informal test, we observed that under the fixed-length off-
set condition, sometimes it was not very convenient for the user
to navigate in the negative parallax area. Especially when the tar-
geted location was very close to the user’s body, the user could not
directly put the virtual cursor anywhere near the target. Also un-
der the Go-Go offset condition, we noticed that the position of the
virtual cursor became more sensitive to the motion of the physical
input device when the user reached out further due to the nonlin-
ear mapping function. Therefore, a more dynamic offset technique
is desirable to overcome the disadvantages from the previous two
techniques.

We implemented a new technique called the linear offset tech-
nique, which enables the user to travel more effectively in the VE
by creating an intuitive linear mapping between the user’s hand and
the virtual cursor. In the linear offset approach, the direction of
v̂o f f set remains the same with v̂chest→hand . The magnitude of v̂o f f set
depends on two preset parameters: maximum arm reach Marm and
maximum offset length Mo f f set , as well as the magnitude of the
v̂chest→hand :

v̂o f f set = (Mo f f set ·
‖v̂chest→hand‖

Marm
) · v̂chest→hand

‖v̂chest→hand‖

=
Mo f f set

Marm
· v̂chest→hand

(4)

In equation (4), the offset vector v̂o f f set changes linearly with the
hand vector v̂chest→hand , which implies that when the user’s hand is
close to the body, the offset added to the virtual cursor will be short;
vice versa, when the user tries to move her hand away from the
body, the offset length will increase accordingly. This design pro-
vides a natural extension to the user’s arm by dynamically adjusting
the offset length based on the arm motion.

Figure 3 shows offset distance of the four offset techniques by
a hand position. According to the graph, only the Go-Go offset
technique has a nonlinear mapping function. By adjusting the co-
efficients, all techniques allow the cursor to reach a predefined max
distance position when the user’s hand reaches to her maximal arm
extent HandMAX except for the no offset technique. The maximum
distance (from the virtual cursor to the user’s body) is approxi-
mately 72” (≈ 1.83m), but it is varied with the user’s arm reach.

4 EVALUATION

We conducted two formal user studies to evaluate cursor offset tech-
niques on user performance in a CAVE system when navigating
a MSVE using an exo-centric scene-in-hand navigation technique.
This section describes the experimental design and procedures.

4.1 Environment
Our CAVE system consists of three large displays and a Polhemus
Fastrak tracker with a wide range emitter (Figure 4). The physical
size of each display is 8ft × 6.4ft (2.44m × 1.95m) with a screen
resolution of 1280×1024. The overall dimension of the CAVE is
8ft × 8ft × 6.4ft (2.44m × 1.95m × 1.95m ) and screen resolu-
tion is 3840×1024. The head tracker is attached to the side of the
shutter glasses. For hand tracking and operations, the user holds

Figure 4: Our three-side CAVE system. Polhemus Fastrak tracks the
position and orientation of the user’s head and 3D input.

Figure 5: A screen capture of our virtual environment. The docking
box (white outline) is placed at the center of the center display and
the target box (red outline) is located at a random position above the
grid ground.

Figure 6: A pair of the buttonball devices. Each buttonball has three
buttons on its surface and a Fastrak receiver inside of the ball to track
the user’s hand position.

a precision-grasped buttonball that has a 6DOF receiver fixed in-
side (Figure 6). The virtual environment used for the experiments
is written with OpenSceneGraph [29] and a custom VR API.

4.2 Experimental Design

A 7DOF navigation task is used in both experiments to evaluate the
effect of varying the offset between the physical tracker and the vir-
tual cursor. The 3D virtual cursor is a transparent 3D sphere in the
scene that represents the buttonball (Figure 5). The user is asked to
perform the navigation task by holding a buttonball with her dom-
inant hand. We use a scene-in hand travel technique [26] for the
view manipulation. The top left button engages 6DOF navigation
using the scene-in-hand metaphor and the top right button engages
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rate controlled scaling [3] (Figure 6). The center of scale is de-
termined by the cursor’s position when the top right button is first
pressed [19]; a separate, small red sphere will appear to indicate the
center of the scale.

A screen capture of our virtual environment is shown in Figure
5. The VE consists of a checker-board ground plane and two trans-
parent color boxes. The size of the ground is 8ft × 8ft. The initial
position of the ground plane is set in a manner that half of it ap-
pears in front of the center screen and the other half appears behind
the center screen. At the center of the center screen is the docking
box, which is a transparent cube with a side length of 1 inch. This
cube has a white outline and a different color at each face. It re-
mains stationary relative to the screen during travel. For each trial,
a target box with a red outline appears at a random location above
the ground plane. This cube can show up in any one of three sizes:
25%, 100% or 400% of the docking box’s size, and at any location
within the range of the ground plane. The position, orientation and
size of the target box are randomly generated across the trials. The
goal of the task is to align the target box with the docking box. To
finish the task, the user must travel to maneuver the view pose and
view scale to match the size and orientation by using the buttonball
device.

A timer appears at the upper left of the screen indicating how
much time has elapsed since the start of the current trial. Right be-
low the timer is the trial indicator, which tells the user how many
trials have been completed. Upper right of the screen shows the
offset mode for Experiment 1 and the offset length for Experiment
2. When the distance of corresponding vertices between the tar-
get box and the docking box is within a tolerance (0.84cm) [30],
the outline of the target box turns green and a chime sound plays.
The user must release the navigation engagement button to stop the
timer. Once the outline of the target box becomes green, the user
can press the third button (the bottom one) to finish the trial, and
next trial will start immediately, in which case the timer will be
reset to zero.

4.3 Procedure

Upon arrival at the study location, each subject is first asked to
sign the informed consent form and then complete a short pre-
questionnaire. Next, the subject is briefed with the purpose of the
experiment and is introduced the VE and tracking devices.

After the experimenter has demonstrated the docking process,
the subject is asked to wear the stereo shutter glasses and begin a
short training session where she learns how to use the buttonball
and to engage the view manipulation. Each practice trial is iden-
tical to those performed during the experiment and the ordering of
the practice condition blocks is the same as it would be in the ac-
tual trials. During the practice, the experimenter remains in the
study environment with the subject to act as a guide and the subject
is encouraged to ask any clarifying questions. The entire training
session lasts for approximately ten minutes.

In Experiment 1, the subject is also asked to complete a calibra-
tion step before she can advance to the actual trials. The calibration
step measures the foremost reach of each subject and sets the pa-
rameters so that the virtual cursor can reach the same point when
the subject straightens her arm forward under fixed-length offset,
Go-Go offset and linear offset conditions. To acquire the arm mea-
surement, the subject is asked to stand in the center of the envi-
ronment, reach straight forward while holding the buttonball. The
experimenter watches the subject perform this calibration step to
ensure that a proper measurement is recorded. The foremost dis-
tance of the virtual cursor using fixed-length offset and linear offset
can be determined by the arm reach alone, but for Go-Go offset, the
gain factor k is also needed to be adjusted based on the value of the
arm extension in order to reach the same distance.

When the subject is ready and parameters are all set, she can

start the actual trials. As we described in the experimental design
section, there are four sessions in either of the studies. Each ses-
sion contains 30 trials and uses a different offset technique or offset
length. Each subject is instructed to align the target cube with the
docking cube as quickly as possible, but no time limit is imposed.
The subject can take a short break between the sessions. The appli-
cation records the task completion time and number of button clicks
for each trial. At the end of the experiment, the subject is asked to
fill out a post-questionnaire regarding subjective preferences on the
offset techniques or offset lengths, as well as opinions on how the
target box size and parallax condition affect the interactions.

The repeated measures ANOVA (analysis of variance) with per-
trial mean of task completion time is used for quantitative anal-
ysis for both experiments. The reported F tests use α=.05 for
significance and use the Greenhouse-Geisser correction to protect
against possible violation of the sphericity assumption. The post-
hoc tests are conducted using Fisher’s least significant differences
(LSD) pairwise comparisons with α=.05 level for significance.

4.4 Experiment 1
Experiment 1 compares four different offset techniques for naviga-
tion tasks: No Offset (NO), Fixed-Length Offset (FO), Go-Go Off-
set and Linear Offset (LO). Each participant should complete 120
trials (5 trials× 4 offset techniques× 3 box sizes× 2 parallax con-
ditions) in a within-subject design repeated measures ANOVA. We
recruited sixteen participants (twelve male and four female; four
CS major and twelve non-CS major). All participants have 20/20
(or corrected 20/20) eye vision and no disability using their arms
and fingers. One participant is left-handed and the other eleven are
right-handed. Participants have high daily computer usage (6.38
out of 7) and nine of them have experience with 3D user interfaces
(UIs), such as Microsoft Kinect or Nintendo Wiimote.

The experiment has three main factors: offset technique, target
box size and target box’s initial position. The target box can appear
either in the positive parallax part of the ground plane which is the
space behind the docking box, or in the negative parallax part which
is the space in front of the docking box. The offset technique order
is counterbalanced between subjects.

The primary hypotheses of Experiment 1 are:

H1: The fixed-length offset, Go-Go offset and linear offset tech-
niques are expected to have faster completion time than no
offset because they increase the 3D cursor distance.

H2: The linear offset technique is expected to have faster task
completion time than the fixed-length offset, because it is eas-
ier to navigate to the negative parallax area.

H3: The linear offset technique is expected to outperform the Go-
Go offset technique, because the Go-Go technique increases
the cursor distance quadratically so that it makes the view
pose more sensitive to control.

4.4.1 Quantitative Results
Table 1 shows average of task completion time (CT ) and standard
deviation (SD) by offset technique and box size conditions of Ex-
periment 1. The result of a three-way (Offset Technique × Box
Size × Parallax) repeated measures ANOVA shows a significant
main effect on task completion time for the offset technique factor
(F(1.81,27.16)=10.92, p<.001, η2

p=.421, see Figure 7). Pairwise
comparisons show that the completion time of LO (M=15.06) is
significantly faster than NO (M=26.33, p<.001), FO (M=19.48,
p=.013) and Go-Go (M=23.55, p=.001). In addition, the com-
pletion time of FO is significantly faster than NO (p<.001). The
task completion time of Go-Go is not significantly different from
either NO (p=.306) or FO (p=.176). As we hypothesized (H1,
H2 and H3), the linear offset technique outperformed other offset
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Table 1: Average completion time (CT) and standard deviation (SD)
of each condition in Experiment 1

NO FO GoGo LO

size CT SD CT SD CT SD CT SD

25% 32.9 9.9 28.5 15.7 29.9 11.3 20.4 8.0
100% 17.0 5.2 10.2 4.3 15.8 9.8 8.8 3.0
400% 29.1 9.6 19.7 7.0 25.0 11.4 16.0 5.1

all 26.3 10.8 19.5 12.6 23.5 12.2 15.1 7.4

Figure 7: Boxplot of task completion time of offset techniques (No
Offset, Go-Go Offset, Fixed-Length Offset and Linear Offset).

techniques. These results indicate that the user takes advantage of
LO for the traveling task. Compared to NO, however, adding a
quadratic offset to the virtual cursor (i.e. Go-Go) does not enhance
user performance of the traveling task while FO and LO do. Inter-
estingly, the results indicate that FO is not better than Go-Go.

The main effect for Box Size is also significant (F(2,30)=
104.48, p<.001, η2

p=.874). LSD tests show that completion time
of 100% box size (M=12.97, SD=2.73) is significantly faster than
25% box size (M=27.89, SD=7.36, p<.001) and 400% box size
(M=22.45, SD=6.08, p<.001). In addition, completion time of
400% box size is significantly faster than 25% box size (p<.001).
This is because 100% box size only requires 6DOF while others
require 7DOF (6DOF+scale) for the navigation task.

6DOF vs. 7DOF
To clarify the effects of offset techniques for different DOFs, two-
way ANOVAs were performed on different box sizes respectively
(25% vs. 100% and 400% vs. 100%). The results reveal a sig-
nificant interaction effect on task completion time for Box Size
× Offset Technique (25% and 100%, F(3,45)=3.106, p=.036,
η2

p=.172). There is a simple effect of the offset technique con-
dition in 25% box size (F(3,45)=6.067, p=.001, η2

p=.288), and
there is also a simple effect of the offset technique condition in
100% box size (F(1.633,24.491)=11.584, p=.001, η2

p=.436). In
6DOF tasks (100% box size), LO is faster than NO (p<.001)
and Go-Go (p=.003). FO is faster than NO (p<.001) and Go-
Go (p=.021). But there is no difference between Go-Go and NO
(p=.615) and LO and FO (p=.147). In 7DOF tasks (25% box size),
however, only LO is faster than all other techniques (NO (p<001),
FO (p=.017) and Go-Go (p<.001)).

There is an interaction effect between DOF and offset technique
conditions (400% and 100%, F(3,45)=3.662, p=.019, η2

p=.196).
The results show a simple effect of the offset technique factor in
400% box size (F(1.840,27.594)=12.012, p<.001, η2

p=.445). LO
is faster than other three techniques (NO (p<.001), FO (p=.009)
and Go-Go (p=.002)). In addition, FO is faster than NO (p<.001).
Overall, the results indicate that users perform 7DOF tasks faster
with LO than with other three techniques, while in 6DOF tasks, the
difference between offset techniques is less significant.

4.4.2 Subjective Preferences

Participants rate arm fatigue level on a 7-point Likert scale from 1
(’Not at all’) to 7 (’Very Painful’), after finishing each offset tech-
nique’s session. The Friedman test shows a significant main ef-
fect on fatigue rate (χ2(3)=7.992, p=.046). However, Wilcoxon
signed-rank tests with a Bonferroni correction (p<.008) do not
show any significant difference between levels (FO vs. NO: p=
.041, Go-Go vs. FO: p=.030, and LO vs. Go-Go: p=.042).

When asked which offset technique is the easiest when the target
box appears in the positive parallax area, eleven out of sixteen an-
swered LO, two answered Go-Go, one answered FO, one both FO
and LO, and one did not choose any technique. For the negative
parallax, twelve selected LO as the easiest technique, two selected
FO, one answered both FO and LO, and one did not choose.

When asked to choose the easiest offset technique overall, twelve
out of sixteen preferred LO, one preferred FO, one preferred Go-
Go, one chose both FO and LO and one chose both FO and Go-Go.

4.5 Experiment 2

The results of Experiment 1 show that the linear offset technique
outperforms other offset techniques. Based on this, we evaluate the
effects of four different offset lengths: 0” (0cm), 24” (60.96cm),
48” (121.92cm) and 96” (243.84cm) of the linear offset technique
on the same navigation task. We choose these 4 offset lengths based
on the dimension of our CAVE environment. The distance from the
center of the CAVE to a screen is 4ft (48”). With the 48” offset
length, the user can move the cursor in a negative or positive par-
allax area with little arm movement. We speculate that if the offset
length is shorter or longer than 48”, then the user performance will
decrease because it requires more arm movement to move the cur-
sor to a certain parallax area.

We recruited another sixteen participants for Experiment 2 (nine
male and seven female; ten CS major and six non-CS major). Each
participant performs 120 trials (5 trials × 4 offset lengths × 3 box
sizes × 2 parallax conditions). Two participants are left-handed
and the other ten are right-handed. Participants have high daily
computer usage (6.56 out of 7) and seven of them have experience
with 3D UIs.

The primary hypothesis of Experiment 2 is that adding a trans-
lational linear offset to the virtual cursor would help user perform
better than without it. But we do not have a definitive conjecture
about which offset length is the most effective under our virtual en-
vironment setting, because the short offset condition and the long
offset condition are expected to work better in negative parallax
area and positive parallax area respectively, while the medium off-
set condition could potentially excel on average.

4.5.1 Quantitative Results

Table 2 shows average of task completion time (CT ) and standard
deviation (SD) by box size and offset length conditions of Exper-
iment 2. The result shows a significant interaction effect for Box
Size × Offset Length (F(2.73,40.89)=4.23, p=.013, η2

p=.220,
see Figure 8). There is a simple effect on completion time of off-
set length for 25% box size (F(1.869,28.034)=17.925, p<.001,
η2

p=.544). Completion time of 0” is significantly slower than 24”
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Table 2: Average completion time (CT) and standard deviation (SD)
of each condition in Experiment 2

0” 24” 48” 96”

size CT SD CT SD CT SD CT SD

25% 34.5 14.0 20.9 5.9 21.3 8.2 18.1 3.6
100% 14.9 4.4 9.7 3.0 8.6 3.3 8.0 2.1
400% 30.3 16.5 18.9 6.9 17.7 5.1 15.9 5.2

all 26.6 15.2 16.5 7.3 15.9 7.9 14.0 5.8

Figure 8: Task completion time by box size and offset technique. The
error bar represents ± 1.0 standard error.

(p<.001), 48” (p<.001) and 96” (p<.001). In addition, comple-
tion time of 24” is significantly slower than 96” (p=.040). For
100% box size, there is also a simple effect on completion time of
offset length (F(3,45)=26.512, p<.001,η2

p=.639). Same as 25%
box size, completion time of 0” is significantly slower than 24”
(p<.001), 48” (p<.001) and 96” (p<.001) and 24” is significantly
slower than 96” (p=.047). Moreover, there is a simple effect on
task completion time for 400% box size (F(1.394,29.911)=10.806,
p=.002, η2

p=.419). Completion time of 0” is significantly slower
than 24” (p=.006), 48” (p=.002) and 96” (p=.003) and 24” is sig-
nificantly slower than 96” (p=.046). Overall, 96” is the fastest off-
set length for all three box sizes and it is also significantly faster
than 24”. However, there is no statistical difference between either
48” and 96” or 48” and 24”.

There is a significant main effect of box size on task comple-
tion time (F(2,30)=83.58, p<.001, η2

p=.848). Pairwise compar-
isons show that the completion time of 100% box size (M=10.28,
SD=1.74) is significantly faster than 25% box size (M=23.73,
SD=5.76, p<.001) and 400% box size (M=20.70, SD=5.46, p<
.001). Also, 400% box size is significantly faster than 25% box size
(p=.009). This result indicates that users would perform better if
no scaling operation is required (i.e. 6DOF) and scaling down the
virtual scene is easier than scaling the scene up.

The main effect of offset length on task completion time is also
significant (F(1.68,25.20)=19.67, p<.001, η2

p=.567). Pairwise
comparisons show that the completion time of 0” (M=26.58) is
significantly slower than 24” (M=16.49, p<.001), 48” (M=15.86,
p<.001) and 96” (M=14.01, p<.001). Task completion time of
24” is also significantly slower than using 96” (p=.016). However,
the completion time using 48” is not significantly different from
either 24” (p=.670) or 96” (p=.125). This result indicates that
adding an appropriate length to the virtual cursor would be helpful
to enhance user performance for the navigation task.

4.5.2 Subjective Preferences
The Friedman test shows a significant main effect on fatigue rate
(χ2(3)=12.520, p=.006). Followed up Wilcoxon signed-rank tests
with a Bonferroni correction (p<.008) show that users felt more
arm fatigue with 0” than with with 24” (Z=−2.804, p=.005, r=
5.66). They also felt more arm fatigue with 0” than with with 96”
(Z=−2.698, p=.007, r=5.66).

When asked which offset length is the easiest when the target box
appears in the positive parallax area, twelve out of sixteen answered
96”, three answered 24” and one answered 48”. For the negative
parallax, six chose 96”, five 24”, four 48” and one 0”. Overall, ten
out of sixteen preferred 96”, three 48” and three 24”.

5 DISCUSSION AND LIMITATION

The result of Experiment 1 shows that the linear offset technique
performs better than both no offset and Go-Go offset techniques.
However, we could not find any statistically significant difference
between the Go-Go and no offset techniques although the Go-Go
technique has the the same maximum offset length of the cursor as
the linear technique. This could be explained by different levels of
sensitivity due to the gain factor. The Go-Go technique changes the
cursor position quadratically in the nonlinear mapping area, which
increases the sensitivity of the gain factor. While the previous re-
search shows the advantage of the Go-Go technique for object se-
lection and manipulation [17], it did not bring any advantage to
the user for the direct view manipulation technique. Furthermore,
the linear offset technique outperforms other techniques, including
the fixed-length offset technique, when the navigation task requires
7DOF (pose+scale) interaction.

Previous research shows that minimal offset is optimal for ob-
ject selection or manipulation tasks in a surround screen VE [9], an
HMD [14] and a Responsive Workbench [15]. The results of Ex-
periment 2, however, indicate that the 96” offset length enhances
user performance the most. We conducted an informal study that
extended the offset length to 144” (365.76cm) but the result did not
show any statistical difference between 96” and 144”. The main
difference between our navigation task and their selection or manip-
ulation task is that their task does not allow the user to release and
re-grab a target object during the trial. For our navigation task, the
user is able to freely relocate the cursor without having to manipu-
late the view. In addition, the user does not need to select a specific
object for view manipulation, which gives her the ability to engage
in view manipulation anywhere in the virtual world. This freedom
requires relatively less accuracy of the interaction technique which
is affected by the gain factor.

Our study’s task is 7DOF navigation. User controlled view scale
adjustment is a fundamental part of the interaction, which makes it
possible that an offset technique that only allows the cursor to ex-
tend to, say, 10ft in physical space is sufficient, because this trans-
lates to range of 10ft × View Scale in virtual space. If view scale
is not changeable, for instance in a system with 6DOF navigation
and a selection task, then being able to extend the cursor 100’s or
1000’s of ft in physical space becomes necessary. It is our expe-
rience and of others, however, that when performing 7DOF navi-
gation in MSVEs using an exo-centric navigation technique (such
as scene-in-hand or the Mapes-Moshell bi-manual technique [11]),
users normally need and use much smaller motion range of the cur-
sor than in this selection example. For example, Wartell et al. [28]
navigate MSVEs in the Responsive Workbench with cursor based
7DOF navigation techniques with only a fixed-offset. However, we
found when trying similar techniques in the CAVE, fixed-offset is
not optimal; yet prior experience suggested that it is not necessary
to be able to reach 100’s of ft in physical space. Therefore a linear
offset technique appears to be optimal.

The results of both Experiment 1 and 2 do not reveal any statis-
tical differences of the parallax factor. However, based on the sub-
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jective results and our observation during the experiments, users
have difficulty manipulating the view with the fixed-length offset
technique when a target box is close to the user. Most users would
step backwards under this circumstance in order to bring the cursor
closer to the target box. This may be the reason why it took the
user more time to finish the navigation task with the fixed-length
technique than with with the linear offset technique. Using the
fixed-length technique, the user cannot bring the cursor all the way
towards her body.

One of the important factors in the measurement of usability and
efficiency of an interaction technique is accuracy evaluation. This
could be done by separating DOFs (translation, rotation and scale).
In this paper, however, we solely focus on how the offset techniques
help accomplish 6DOF and 7DOF navigation tasks. The efficiency
and usability across offset techniques likely differs depending on
the type of interaction technique with which it is combined and the
task. As some previous research reported, a nonlinear arm exten-
sion technique outperforms other techniques for selection. It is also
possible that the offset techniques discussed here may perform dif-
ferently with other navigation techniques or navigation tasks.

6 CONCLUSION AND FUTURE WORK

In this paper, we presented two formal user studies of 3D cursor
offset techniques in a head-tracked, stereoscopic three-side CAVE
system. Experiment 1 compared four different 3D virtual cursor
offset techniques and Experiment 2 compared four different offset
lengths for navigation tasks in the CAVE system. Our results sug-
gest that using the linear offset technique could reduce the time to
complete 6DOF and 7DOF navigation tasks. Furthermore, a longer
offset distance (96”) is more helpful to the user to complete the task
than a shorter offset distance.

We feel that it would be necessary to find the maximum offset
length, so that the user could take the most advantage of the cursor
offset for navigation tasks in a multi-display virtual environment.
In addition, we would like to explore how the offset techniques and
distances affect the efficiency of two-handed interaction techniques.
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