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ABSTRACT

Non-isomorphic rotational mappings have been shown to kef-an
fective technique for rotation of virtual objects in 3D degk en-
vironments. In this paper, we present an experimental sttty
explores the performance characteristics of isomorphat reom-
isomorphic rotation techniques in a surround screen \iasi-
ronment. Our experiment compares isomorphic rotation nath-
isomorphic rotation techniques utilizing three separaiplaca-
tion factors, two different thresholds for task completiand two
different angular ranges for virtual object rotation. Cesults show
that a non-isomorphic mapping with an ampli cation factbtlwee
is both optimal in terms of completion time and accuracy ad i
most preferred by our test subjects. In addition, our resuggest
that, in a surround screen virtual environment, rotatisksausing
both isomorphic and non-isomorphic rotational mappings loa
completed faster and more accurately compared to previadies
exploring rotation in 3D user interfaces.

Keywords: non-isomorphic rotation, 3D interaction, evaluation.
surround screen virtual environments

Index Terms: 1.3.6 [Computer Graphics]: Methodology and
Techniques—Interaction techniques; H.5.2 [Informatiotetfaces
and Presentation]: User Interfaces—Evaluation/mettuapol
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The ability to effectively rotate objects in 3D space is apamant
part of many 3D user interfaces. In fact, rotating 3D objéxzart
of one of the fundamental 3D interaction tasks (i.e., selacind
manipulation) used in 3D applications [1]. Given the impoxe
of 3D rotation tasks in 3D user interfaces, it is worthwhibede-
sign, evaluate, and understand how 3D rotation technigedermm
under different conditions so guidelines can be estahlisfidese
guidelines can then assist 3D user interface designersoosaty
appropriate 3D rotation techniques that maximize speedefind
ciency while minimizing rotational error.

One approach to rotating objects in 3D space is to use non-
isomorphic mappings [1]. Non-isomorphic mappings let siser
teract with virtual world objects at an ampli ed scale, inntast
to isomorphic mappings (i.e., one-to-one mappings) thahtaia
a direct correspondence with the physical and virtual verlgor
example, with a non-isomorphic mapping, a user rotatingekid
input device 20 degrees about thaxis in the physical world would
rotate the corresponding virtual object 40 degrees (wighagbpro-
priate ampli cation factor). In the isomorphic case, thetwal ob-
ject would be rotated only 20 degrees. Thus, although isphior
mappings are the most natural in terms of interaction in Hysigal
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world, they have signi cant shortcomings due to limited gas of
input devices and anatomical constraints of users. Thesécsim-
ings are especially evident for rotation tasks, since frarl full
360 degrees of rotation can be dif cult with vision-basealcking
systems. In addition, human joints have limited rotatiotut€hing
(i.e., releasing a virtual object, re-adjusting the hamdi eontinu-
ing the rotation) is often used to compensate for thesedtinits.
However, clutching can be cumbersome and tiring when dgalin
with large rotations.

To explore the effectiveness of non-isomorphic rotatiothte
niques, Poupyrev et al. [14] conducted an experiment tostiwe
gate the performance characteristics of a non-isomormiation
techniqgue compared with conventional isomorphic rotafama
3D object rotation task. The results of their experimentwath
that the non-isomorphic rotation technique performed 13a%tefr
than the isomorphic technique without a statistically s@gnt loss
in accuracy. In addition, subjects signi cantly preferrie non-
isomorphic rotation technique over standard isomorpHiatian.

Although Poupyrev et al.'s experiment showed the value of no
isomorphic rotation, it left questions that have yet to bsveared.
Therefore, the focus of this paper is to extend and augment th
knowledge gained from their experiment in two fundamentaysv
and broaden what we know about non-isomorphic rotation in 3D
interfaces. First, with Poupyrev et al.'s experiment, oohe non-
isomorphic mapping (an ampli cation factor of 1.8) and owlye
threshold (rotation tasks were considered complete whemttor
fell below 18 degrees) were used in their experimental desig
this paper, we extend their experimental setup to includeethon-
isomorphic mappings, in addition to standard isomorphiation,
and include a second, smaller threshold to see how thesedees
affect performance when more precise rotations are regjusec-
ond, Poupyrev et al.'s study was conducted using a desktap en
ronment with a Polhemus SpaceBall, a solid sphere embeditied w
a 6DOF tracker. In this paper, we perform our experiment in a
surround screen virtual environment (SSVE) that has heattitrg
and a stereoscopic display. This environment lets us déterih
the results found in Poupyrev et al.'s study transfer to éedint
type of virtual environment and hardware con guration.

In the next section, we discuss work related to non-isomiorph
mappings and non-isomorphic rotation. Section 3 brie yiegs
the mathematics used to implement non-isomorphic rotatiaur
study. Section 4 describes our experiment in detail alornf sta-
tistical results. Section 5 presents a discussion of oueréxgntal
ndings and ties them to prior work. Finally, Section 6 camdés
the paper.

2 RELATED WORK

Non-isomorphic mappings can be applied to both the trapslat
and rotation of virtual objects in 3D user interfaces. Fanglation,
there have been several non-isomorphic techniques forttzothla-
tion of virtual objects and navigation through virtual exwiments
[2, 11, 12, 13, 17]. Other non-isomorphic mapping techniciioe
translation can be found in [1].



In contrast with non-isomorphic translation, non-isonfocBD
rotation technigues have received less attention. Eaunljies by
Chen et al. [3], and Hinckley et al. [6], explored user perfance
with different 3D rotation techniques. However, their walid not
focus on non-isomorphic mappings using 3D input devicegn&h
al. focused on the effectiveness of 3D rotation with 2D calfgrs
while Hinckley et al. compared 3D rotation using 6DOF tracki
devices with two standard 2D rotation techniques: ARCBAId a
the Virtual Sphere. Ware and Rose also conducted studids wit
3D rotation [16]. Their work was focused on understanding th
differences between rotating virtual objects and real aibje

Poupyrev et al.'s [14] work introduced a mathematical frame
work and design guidelines for developing non-isomorpliicr8-
tation techniques and was the rstto conduct an experimegpioe-
ing their effectiveness. This work spawned further redeanto
the development and evaluation of non-isomorphic rotatiomap-
pings. For example, LaViola et al. [10] and Jay and Hubbold [8
both developed non-isomorphic rotation techniques forlgyimg
head rotations in virtual environments to counteract efdview
problems. LaViola et al. developed a technique that gavesuse
full 360 degree eld of regard in a surround screen virtualiesm-
ment that had only three walls. However, they did no evatuati
to determine the effectiveness of their technique. Jay ani-H
bold developed a similar technique that targeted eld ofwjgob-
lems in head mounted displays, Their experimental reshtia/ed
signi cant performance improvements for a visual searck taut
that users cannot interact normally without the correspandody

A non-isomorphic rotation involves amplifying the rotatiovhile
maintaining the direction of rotation. To perform this ogéon, we
can apply a coef cienk to g and de ne a quaternion
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whereq'é is the ampli ed rotation from an input device arng
is the orientation applied to a virtual object. This equatgsumes
an unspeci ed initial orientation de ned by the identity agernion
(0;0;0; 1) and is referred to as an absolute rotational mapping [14].
However in our experiments, we chose to use a relative ootali
mapping given the output of our tracking device. To perfogh r

ative rotation, an explicit reference orientatigg is required that
connects t@c and is computed as

qa = (e 1) a0: 3)

Given this equation, we can compute a relative non-isononah
tation at each step of the event loop by calculating the relative
orientation of the input device from its orientation at sitepl, am-
plifying it, and then combining it with the orientation ofelvirtual
object at step 1. The resulting equation is then

dg, = (0o G ") 0, ;- 4)
Note that ifk = 1, a relative isomorphic rotation is performed.

movements ampli ed to the same degree as the head movementsq ExperIMENTAL STUDY

In both these cases, the work focused on navigation ratherrt
tation of virtual objects.

More recently, Froehlich et al. [5] used a non-isomorphic ro
tational mappings as part of the design of desktop-based o
vices, the GlobeFish and GlobeMouse, for creating largatioms
and increase the sensitivity of smaller rotations. Thegtpiésted
several scaling factors from one to ve and found three to lostm
appropriate for their devices but did not report any perfamoe
results for the other factors. Dominjon et al. [4] comparet-n
isomorphic rotation with a hybrid haptic-based approaahpier-
forming rotations. They used a scaling factor of four anchfbthat
their approach had better performance than the non-isdriwap-
proach. However, as with Froehlich et al., Dominjon et atl mibt
experiment with non-isomorphic rotation techniques in ¥ 6Sn
fact, to the best of our knowledge, this paper presents thiestudy
on non-isomorphic rotation in a tracked, stereoscopic SSVE

3 NON-ISOMORPHIC ROTATION

There are many different angular representations for semténg
3D rotations in virtual environments. One of the more powerf
representations is with quaternions because they providera
pact representation, avoid problems with gimbal lock, aedela-
tively straightforward to use [15]. Given these advantasyss that
Poupyrev et al. [14] developed a framework for designinghbot
isomorphic and non-isomorphic mappings using quaternioes
chose to use them in our work. The details of using quatesnion
for rotations are beyond the scope of this paper. Thus, wg onl
present the necessary details for implementing the isanimend
non-isomorphic rotation techniques used in our experiméuir-
ther detail on quaternions can be found in [9].

A quaternion is a four dimensional vector represented asra pa
(v;w) wherew is a real number andis a 3D vector. For a quater-
nion to be a valid rotation it must be of unit length. A unit tpra
nion can represent a single rotation about a unit &xsd angleg
in the following forms:
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We conducted an experimental study to further explore non-
isomorphic rotation of virtual objects. Our study had twoima
goals. First, we wanted to expand Poupyrev et al.'s [14] Brpen-

tal design. There has been no previous work on non-isomorphi
rotation in 3D user interfaces (see Section 2) that has pedd

a systematic evaluation of the effect different rotationpima-
tions have on speed and accuracy. Poupyrev et al.'s studyedioo
compare conventional isomorphic rotation with a non-isgrhiz
rotation technique using an ampli cation factor of 1.8. Tather
understand the utility of non-isomorphic rotation, we églshon-
isomorphic rotation with ampli cation factors of two, theeand
four along with the isomorphic rotation technique to seehére
are any bene ts to higher ampli cation factors. Additiohalwe
wanted to determine the bene ts of non-isomorphic rotatiech-
nigues when users need to rotate virtual objects very amyrdn
Poupyrev et al.'s study, a threshold of 18 degrees was chimsen
determine when a virtual object rotation was complete. Ineou
periment, we added a second threshold of six degrees so e cou
measure the performance bene ts of non-isomorphic ratatiben
more accurate rotations are required.

The second goal of our study is to understand the bene ts of
non-isomorphic rotation in a surround screen virtual emvinent
(SSVE). Poupyrev et al.'s study was conducted in a desktep en
vironment with no head tracking and stereoscopic visioneréh
fore, we wanted to determine if Poupyrev et al.'s resultagfer
to such an environment. Since there have been no previongseff
to compare non-isomorphic rotation with conventional isophic
rotation in a SSVE, we felt it was important to determine if 3D
user interface guidelines regarding non-isomorphic iaafrom
Poupyrev et al.'s work should be updated.

4.1 Subjects and Apparatus

Sixteen subjects (13 male, 3 female) were recruited fronuiaker-
graduate population at Brown University with ages rangiranf
18 to 23. Of the 16 subjects, 13 were right handed while twaewer
left handed and one subject was ambidextrous. All of theesibj
had little or no experience with 6DOF input devices. Sincedia
eye coordination is related to the participants' abilityp&rform the



Figure 1: The Wanda (left) and the 6DOF tracker embedded sphere
(right) used in our experiment.

experiment, we also asked participants if they played vigheroes.

11 out of the 13 males and all three females answered yesgo thi

question. The experiment took 25 to 35 minutes per subjetalin
subjects were paid $10 dollars for their time.

The experiments were conducted in Brown University's sur-

round screen virtual environment (three walls and a oor egso-
lution of 1024x768 per wall. The refresh rate was 120Hz (6pklz

eye). A 6DOF Polhemus FASTRAK magnetic sensor was placed

inside a rubber ball and used as the input device for rotdtieg

virtual objects. A Wanda was used as a triggering device én th
non dominant hand. Figure 1 shows the input devices usecein th

experiment.

4.2 Experimental Task

The experimental task design followed the design of origma
matching experiments by Poupyrev et al. [14]. Participavese
instructed to rotate a solid shaded 3D model of a house frcem-a r
domly generated orientation into a target orientation t&gare 2).
They were told that while they should not rush, they shoutd @i
minimize their time and maximize their accuracy. The tameét
entation was such that the house lay at on a checkerboamkepla
and its front (indicated by a door) faced the opening of th¥/I5S

As with Poupyrev et al., the house was designed to provide max

imum cues to understanding it's orientation from any anglih
asymmetric placement of windows, its chimney, and the aajor
of its walls. In addition, text on the screen displayed a dpton
of the ampli cation coef cient, describing the ampli catin factor
as none, small, moderate, or large which equates to one tisone
morphic mapping and non-isomorphic mappings with amplica
(i.e., scale) factors of two, three, and four, respectively

Figure 2: A subject rotating the house model to its target orientation.

for each trial began when they rst pressed the button, amteén
when they released the button and the error of orientaticnumeer
the threshold.

4.3 Experiment Design and Procedure

We used a4 x 2 x 2 balanced, within subjects factorial desiggre
the independent variables were coef cient of ampli catiire.,
scaling factor), amplitude of rotation (i.e., angular repgle ned
as the angular distance between the starting and targetatiens,
and the orientation error threshold. The coef cient of anept
tion varied as an integer between one and four, the amplitate

always random but constrained to be between 20 and 60 degrees

(small) or between 70 and 180 degrees (large), and the atient
error threshold was either six or 18 degrees.

The dependent variables were completion time and oriemtati
error. Completion time is the time from the user rst pregsthe
Wanda button until releasing the button while the orieptagrror
is below the error threshold. Orientation error is the aagdis-
tance between the orientation of the house upon complettrigla
and the house's target orientation.

The experiments began with a pre-questionnaire, followealb
explanation of the SSVE, the devices involved, the expeartaie
task and procedure, and the techniques involved in accehipgj
the task. There was then a training session where the suwigect
given one trial under each of the 16 conditions to be testadh(e
possible combination of four ampli cation coef cients éi, scal-
ing factors), two amplitudes of rotation, and two error #irelds).
This allowed the user to get used to the techniques, devices,
conditions in the experiment. After the training sessiarhjects
were asked whether they felt comfortable with the isomarpatnid
non-isomorphic rotation techniques. In each case, theestubaid

Users could rotate the house when the button on the Wanda wasY€S and the experiment was started. The subject was them bfve

depressed. The user would start or stop the rotation byipgees
releasing the button on the Wanda. The user could itergitiathte
the house by holding the button, rotating the ball devickasing
the button, repositioning the ball device, holding the ditietc. as

many times as necessary. Each time the user released tbae,butt

the orientation error (de ned as the angular distance betwbe
current and goal orientations) was calculated. When tra &ras
below the threshold, the house would immediately disappedr
reappear in a new random orientation, indicating that tia¢ lhad

been accomplishet Participants were told that the time measured

INote that in Poupyrev et al's study, a three second delay wad in
between trials.

sets of 10 trials, each set represented one of the test mrgjiand
each of the 10 trials within a given set had the same amplocat
coef cient, amplitude of rotation, and orientation errdwreshold.
To control for order effects, the ordering of the 16 sets was r
domized for each of the 16 subjects.

In the post-questionnaire, subjects were asked which dbtire
ampli cation coef cients they preferred and if they had afuyther
comments on the experiment.

4.4 Results

A repeated measures three-way analysis of variance (AN@\4%)
performed for each of the dependent variables with scalatg f
tor (S), threshold (T), and angular range (A) as the independ



variables. Table 1 summarizes the main effects of the inubge
variables as well as their interaction for both time and rerBoth
threshold and angle signi cantly affected completion timbile
both scaling factor and threshold signi cantly affectedoer For
completion time, there also was a signi cant interactiofeetf be-
tween threshold and angle. These results make intuitiveesgisien
the nature of the independent variables. Given that wededste
angular ranges, between 20 and 60 degrees (small amplinde)
between 70 and 180 degrees (large amplitude), the largditad®
requires more rotation to place the house model in its tangenta-
tion thus requiring more time to complete the task. For theshold
condition, subjects often had to perform more than one kintc
step to obtain a correct target orientation during trialthwhe 6
degree threshold requirement. Thus, completion times lmuder.
For error, the nature of the threshold condition createdjai siant
effect because subjects had to be more accurate with theréedeg
threshold than the 18 degree threshold.

Effect Time Error
S Fs13= 3:26 Fz.13= 4:8
p= 0:056 p< 0.05
T Fri5= 1366 Fr15= 22.96
p< 0:05 p< 0:05
A Fi.15= 5546 | F1.15= 0:001
p< 0:05 p= 0:979
s T F3;13 = 0:29 F3;13 = 1:575
p= 0:832 p= 0:243
s A F3;13 = 0:78 F3;13 = 0:562
p= 0:523 p= 0:649
T A F1;15 = 5:03 F1;15 = 0:573
p< 0:05 p= 0:46
s T F3;13 =073 F3;13 = 0:97
p= 0:552 p= 0:436

Table 1: The main and interaction effects for scale factor (S), thresh-
old (T), and angle (A) for both time and error.

We performed a post-hoc analysis on scaling factor for both-c
pletion time and error to gain a better understanding of ¢kation-
ship between scaling factor and user performa&n&er both com-
pletion time and error, we performed pairwise comparisaiagi
Holm's sequential Bonferroni adjustment [7] with three qmam
isons ata = 0.5 for isomorphic rotation (S1) and each of the scaling
factors S2, S3, and S4. For error, there were no signi caffierdi
ences between S1and $gE 0:543 p= 0:595), and S1 and S3
(tis= 1:72,p= 0:105) but errors were signi cantly higher for S4
thanS1(;s= 3:61,p< 0:0167). For completion times, there was
a signi cant difference between S1 and $g€ 2:71; p< 0:0167),
and S1 and S3{s = 2:54; p < 0:025), but not between S1 and S4
(ti5= 1:09; p= 0:292). These results show that subjects performed
11.5% faster with the S2 scaling factor and 15.0% faster thi¢h
S3 scaling factor with no statistically signi cant loss incracy.

Figure 3 shows the mean values for completion time across S1-
S4 along with 95% con dence bands. The gure shows that the
mean completion times decrease from S1 to S2 and S3 before in-
creasing with S4. In addition, the standard deviationsofedld a
similar trend, decreasing from S1 to S2 and S3, then inargasi
with S4. The gure also shows S3 having the lowest mean com-
pletion time. The results from the post-questionnaire (Sgere
4) show that subjects overwhelmingly preferred the S3 sgdhic-
tor. These two gures suggest there is a correlation betvsediect
preferences and mean completion time for the rotation t8skce
there was no signi cant difference between S1 and S3 for¢see

2These tests collapse the threshold and angle conditions.

Figure 3: Mean completion times (in seconds) for each scaling factor
with threshold and angle collapsed. There are signi cant di fferences
between S1 and S2 and between S1 and S3.

Figure 5), the data suggests that a scaling factor of 3 iepble
ampli cation coef cientin a SSVE.

Figure 4: Subject preferences for scaling factor.

As part of the post questionnaire, we also asked subjectsnte ¢
ment on their experience with the techniques. Five subjests
ported that they needed a few extra trials before they feit yer-
formance was at a high level. This comment suggests that some
of the subjects may have needed more training time to gei-accl
mated to the techniques. Given the fast completion timedamd
error rates for the different conditions, we feel that giysubjects
any more training time would have not signi cantly improvpdr-
formance. In addition, two subjects thought that having lenma
ampli cations would be better for tasks where only a smalbamt
of rotation was needed.



Figure 5: Mean error (in degrees) for each scaling factor with thresh-
old and angle collapsed. Only S4 is signi cantly different o ver S1

5 DiscussION

Our experimental ndings show some striking differenceshwi
other studies reported in the literature. Poupyrev et a#l] f&-
ported an average of 6.8 degrees of error across both isdimorp
and non-isomorphic rotation techniques while Hinckley let[&]
reported 6.7 degrees of error. Both of these studies usadikisi
experimental design to our own with Poupyrev et al. empliagiz
speed and Hinckley et al. emphasizing accuracy. Our resiuts
an average of 3.9 degrees of error for all scaling factors.efwh
we separate the trials with a threshold of six from those whith
threshold of 18, we get average errors of 3.41 and 4.40, cespe
tively. These are also below Ware and Rose's [16] result 64 4.
degrees of error for rotating ordinary physical objectsr &am-
pletion time, Poupyrev et al. reported an average of 5.16rskx
for isomorphic rotation and approximately 4.75 secondsnfmr-
isomorphic rotation, and Hinckley et al. reported an averafgl7.8
seconds for isomorphic rotation. Note 17.8 seconds for Idiéaycet
al. is based on the subjects focusing on accuracy with fitiie-
ing on the rotation techniques. Our results show task caiople
times at an average of 2.2 seconds for isomorphic rotatidriLe86
seconds for the non-isomorphic techniques.

We believe that these differences in completion time andi-acc
racy can be attributed to the different hardware con gumagi used
in the experiments. The experiments discussed in thetliteravere
all conducted using a desktop con guration, while our ekpent
was conducted in a SSVE. Hinckley et al.'s [6] observaticat the
accuracy of rotation might be less affected by the manimriata-
pabilities of the interface then by the dif culties subjsdtave in
perceiving and adjusting the rotation error appears to bt gal
in our case. A SSVE with head tracking and stereoscopic view-
ing provides a much more natural representation of virtbgais
(i.e., closer to physical realty) than a desktop con guwatiWe be-
lieve this conjecture also extends to completion times diwtech
would explain why the completion times for our tasks were muc
faster than those in the reported literature.

Another difference with our experimental results and Poepy
et al's results is the scaling factor used for non-isomarphbia-
tion. Poupyrev et al. used a scaling factor of 1.8 based orirexalp
evidence. Our results show that this factor may not be the efes
cient or preferred given that a scaling factor of three wasferred

by subjects in our study and also provided the fastest tasiples
tion times. We believe that this preferred ampli cationtfaidis also
related to the fact that we used a SSVE con guration.

Clearly, using a SSVE makes a difference in user performance
for both isomorphic and non-isomorphic rotational mappindgnen
rotating virtual objects. However, there are a nhumber ofcfiac
that still need to be addressed to determine the precisemeas
behind this difference. Head tracking that allows for motjmar-
allax and/or stereoscopic vision could be the distinguighactor.
Also, the size of the size of the display, refresh rate, agribfects
(effects of being within a different generation), pro cigas with
video games (hand-eye coordination) as well as trackingdadd
all play a role in determining the differences between osuits
and results from prior work. The common thread with these fac
tors is that they contribute to how virtual objects are peexkin a
VE as well as how subjects' cognitive abilities are tailotediard
certain 3D tasks. Thus, there are several experimentalesttithat
should be conducted in future work to further determine Hoesé
factors contribute to user performance with both isomar@rd
non-isomorphic rotation in 3D user interfaces.

6 CONCLUSION

We have presented an experiment which explores non-isdnworp
rotation in surround screen virtual environments (SSVHy. €udy
compared conventional isomorphic rotation with non-isqoha
rotation using three separate ampli cation factors undes tif-
ferent thresholds for accuracy and two different angulaiges.
Our results have shown that rotation tasks can be compl&t@ddl
percent faster with an ampli cation factor of three thantwiso-
morphic rotation without any statistically signi cant lesn accu-
racy. In addition, we found that test subjects greatly prefénon-
isomorphic rotation with this ampli cation factor. Our na$s also
suggest that both isomorphic and non-isomorphic rotatam ke
performed faster and more accurately in a SSVE, where percep
tion of virtual objects is more closely matched with physieal-
ity. More experiments are needed to determine the exaabriact
that contribute to this enhanced performance. However, &e b
lieve that this paper extends the knowledge regarding pegoce

of non-isomorphic rotation and presents a good foundatofuf-
ther analysis.
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