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Abstract

The ability to locate, select and interact with objects is fundamental to most
Virtual Reality (VR) applications. Recently, it was demonstrated that thealirtu
hand metaphor, a technique commonly used for these tasks, can &sployed
to control the virtual camera, resulting in improved performance ardexslua-
tion in visual search tasks.

In this work, we further investigate the effects of hand-assisted viewinger
behavior in immersive virtual environments. We demonstrate that hasidted
camera control significantly changes the way how people operate theialvir
hands, on motor, cognitive, and behavioral levels.

1 Introduction

In immersive VR systems, a direct capture of user hands witiam tracking equip-
ment is the most common technique for controlling the virhand in VR; the same
is true for the virtual camera [4]. In conventional VR implentations, the hands and
eyes are assumed to act independently.

A view sliding technique, introduced by Sherstyuk, Vincand Jay [22], binds
these two input streams together, providing dynamic, tagnated camera controls.
The view sliding mechanism proactively modifies the locatad the user viewport
on the image plane, shifting it towards the current positbthe virtual hand. As a
result, the hand remains inside the viewable area duririgeasse, even for display
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devices with a narrow field of view. This creates an illusibattthe display device,
for example, a head mounted display (HMD), has a larger fieldewv than it has in
reality. The new technique received positive user evalaatin experimental studies.
There were indications that users actually perceived anfidiel of view, induced by
view sliding. Also, it has been shown that view sliding alkousers to achieve better
scores in operating their virtual hands, using a task-dégmirperformance metric.

In this work, we continue to explore the effects of the vieidialy technique on user
performance in VR. We introduce several metrics relateti¢osirtual hand metaphor,
in order to evaluate user performance on a motor and cogméiel. We present exper-
imental evidence that there exists a correlation betweemse of the new technique
and the shape and even the direction of the learning curvas$ts that involve active
use of virtual hand.

In the first sections, we present the essential material@xidw sliding technique,
including motivation, literature review of the related wamd the technical implemen-
tation, from [22]. The new method of analysis of the experntaédata, new evaluation
metrics and the results of the analysis are presented ilmsedt - 8. This material con-
stitutes our main contribution on the subject.

2 Motivation: need for a wider view

The utility of the virtual hand often depends on the useriitglio see it. Ensuring
this is not an easy task in immersive systems which employ IdMfh limited field
of view (FOV), typically ranging from 40 to 60 degrees diagliy By contrast, the
width of human field of view, for each eye, extends approxelyal50 horizontally
(60° overlapping, 99to side) and 135vertically (60 up, 75 down).

Figure 1 demonstrates how severe the limitations imposedrtarrow FOV on the
use of virtual hands can be. The two users hold their handie dtdrders of the visible
frame, showing the working volume where they can maniputaéé hands without
losing sight of them. For curiosity sake, the readers areowgé to try this simple test
with their own hands, and then compare their poses agamgtibtographs in Figure 1.
The results will be nothing less of surprising.

2.1 The problem: where are my hands?

Direct observations in previous experimental studies P21,24] suggest that most
people feel uncomfortable when they lose sight of their Ban&/R. After seeing over
a hundred people in various VR settings, we assert that neess umake a conscious
effort to coordinate head and hand movements to ensurééiahnds remain in view.
As a result, they significantly restrict their hand moversdayt keeping them inside the
narrow viewing zone. When reaching for objects located otefaior far right, users
tend to rotate the whole body, which looks very unnatural. ME&aching down, they
often tilt the head forward in a very inconvenient mannegtasvn in Figure 1, bottom
right.

In a survey conducted by Boger [2], it is reported that the mmmplace horizon-
tal field of view (50 or lower) and the commonplace vertical field of view {38



lower) are considered “good enough” by fewer than 10% ofeyed population. For
a 4:3 aspect ratio display configuration, these values spored to diagonal FOV of
approximately 60 and 50 degrees, typical for many commigrasailable HMDs [6].

It has also been shown that, in the general case, restriied inevitably limits users’
ability to interact with the environment [17].This bringp the question: how can one
expand the hardware-limited field of view in immersive VR kggtions? In our spe-
cific case, how we can ensure that the virtual hand does ne tbe viewing area of
the HMD?

2.2 Hardware solution: a better HMD

One obvious way to extend the workspace for hand manipulatio/R is to use an
HMD with a wider field of view. In recent years, the advancesnicrodisplay tech-
nologies spawned a number of models with panoramic or ngarpramic viewing
fields: 150 Wide5HMD by Fakespace Labs [3], @iSight HMD series with 82 to
180° FOV by Sensics Inc. Completely new display architecturesweroduced, such
as hyperbolic mirror by Kiyokawa [11]. Overall, after beingarly extinct in the last
decade, panoramic HMDs are going through a renaissance.phas

However, upgrading to a panoramic HMD may not always be fmactA major
reason is the cost. All the models mentioned above staricgpfar above $28, and
some go over into 6 figures. A second reason is the increasssl rAa of writing, all
consumer-level panoramic HMDs weigh approximately 1 kg oren This may not
be a problem in applications where users mostly observectiges but if active body
movements are expected from users, the inertia of the HMD lbeapme noticeable
and degrade performance. Thus, at present, upgrading tecagrmaic HMD may not
always be a practical or cost-effective solution.

2.3 Software solution: a better interface

We applied a software solution to the problem of limited hiidly of the virtual hand,
by improving the control-response loop between the usegsiimotions and the virtual
camera parameters. Instead of a direct transfer of user totation to the virtual
camera, we employ a non-isomorphic mapping, which alsowtsdor the position of
user hand. First, we briefly describe the previous work it fileéd.

3 Previous work on non-linear camera control

Several researchers have explored non-isomorphic mappietgveen the orientation
of the user’s head and/or body and the virtual camera. The breethod used for this
purpose is an amplified transfer function from the user’atiohal head motion to the
virtual camera orientation. The core idea behind this tephis to minimize user
efforts in rotating the virtual camera, by setting its amgulelocity to be larger than
that of the user’s actual head motion. Poupyrev, WeghosFats (2000) presented a
complete framework for processing non-isomorphic rotatitapping, with a detailed
analysis of its possible implementations for general 3D Wpses, including camera



controls. Hinckley et al. [13] compared usability of varsdnput devices in orientation-
matching tasks.

LaViola et al [14] investigated how modified camera rotatioay be used in CAVE
systems. Their goal was to turn a three wall CAVE with 2R0rizontal field of view
into a completely closed environment with 36dewing. Several mapping schemes
were tried and compared, such as direct scaling of headaotdtead and torso rota-
tion, and more elaborate approaches. In a more recent dtatfipla and Katzourin
showed that non-isomorphic rotation improved user peréoroe by 15% in surround-
screen virtual environments [16]. In the follow-up expegimal study, LaViola et
al [15] explored how viewing conditions and display teclogyl affect the user per-
formance in rotating tasks.

For HMD-based systems, encouraging results were repoytdddkl et al [8] who
investigated the human tolerance to errors between hedadmsaind the visual display.
Their findings show that changes in the orientation of hegatiom did not influence
the user’s performance. Also, there was no apparent effabeairection of gravity
either [9]. The authors reported that given the choice ofistid)g the HMD rotation
response manually, participants tended to amplify thetiostaas it felt “more natu-
ral”. These findings were supported by experimental stugyetay and Hubbold [10]
who developed an immersive environment with amplified heaation and compared
user performance with and without amplification. Amplifgyihead movements lead
to a 21% improvement in a visual search task. This conditias also preferred by
participants, who believed it to be the control conditionisliBe was expressed for the
real control condition without amplification, where moventeefelt, “slowed down”.

The results described above suggest that amplifying uset fegation is a promis-
ing technique for controlling cameras in VR environmentthvimited display capa-
bilities. This technique appeared effective for certajpety of tasks and environments,
such as visual search in scenes where interaction with Btgtmited. However, for
other types of tasks and conditions, a rotation-based apprtm camera controls may
lead to problems.

Firstly, mappings that involve head-only rotation havetéd use in systems where
users are required to operate their hands. The locatioreofittual hands also needs
adjustment, otherwise users will not be able to see them.oRerdimensional rota-
tions, e.g. about the vertical Y-axis only, the hands and etation may be amplified
by the same mapping scheme, as discussed by Jay and HubBbldHdwever, in a
general case of arbitrary 3D rotations, the hands can noetedfusted in the same
way simply because they rotate and move independently fnerhéad.

Secondly, as discussed by Poupyrev et al [19], amplifyingadnitrary rotation
in 3D does not satisfy two important requirements, calleddhectional and nulling
compliances. The directional compliance demands thatrttpdified rotation happens
around the same axis as the source rotation. The nulling k@mee means that re-
turning the the head into the initial position, must alsocethe amplified response.
Non-conformance to these requirements severely violatesrglly accepted recom-
mendations for user-interface design, discussed by Brittgpscomb and Pique [5].
As of this writing, there are no published solutions desoghthow to circumvent this
fundamental property of 3D rotation, in the context of bimiglusable camera controls
for immersive VR applications.



4 Sliding viewport

We proposed to improve the usability of existing HMD-basdtidystems and increase
the perceivedsize of the field of view, by dynamically shifting all four cuers of the
viewport in the camera space. The amount and the directitveafhift is derived from
the position of the virtual hand, moving freely in the envingent.

We base our approach on the fact that the human eye is a higyiditise perception
device, with its movements being proactive, anticipatiojoas [12]. Studies show
that the eyes are generally positioned at only task-reteMajects, such as the virtual
hand, hand-held tools and locations of tool applicatioree (dor example, Biguer,
Jeannerod, Prablanc [1], and Rosenbaum [20]). Thus, ourigit@ ensure that the
moving virtual hand remains in continuous view.

4.1 The algorithm implementation

The algorithm is illustrated in Figure 2. The virtual harmtially located in the north-
east corner of the viewport (drawn as a solid), is moving afs@y the viewable area
(drawn as a contour). The hand’s new locat{ary), projected onto the image plane,
resides inside two slali¥start, Xstog and [Ystart, Ystog. Normalized values ok andy
determine the amounts of horizontal and vertical view shifdlculated by a mapping
functionW(x,y). In a new shifted view, the hand becomes visible again (Eiguyr
right). Figuratively speaking, the viewport slides ofxay) plane within the fixed box
of maximal values{stop andYstop

The view sliding is performed at the frequency of the graphomp, computing
horizontal and vertical view displacemeitX andAY as described below. For clarity,
we show solutions only for the first quadrant of the screerespahere all angles are
positive.

X =Xo+AX(p),
AX(p) = kWh(an), 1)

AY (p) =k Wy(av),

Xo,Yo initial location of the upper right
corner of the viewport
X,Y new shifted values
p=(x,y,z) hand position in camera space
ax = arctar{x/z) the hand’s azimuthal angle
ay = arctarfy/z) the hand’s elevation angle
Hstart,Hstop  horizontal hand tracking range
(e.g., 17/50°)
Vstart; Vstop ~ Vertical hand tracking range
(e.g., 12/40°)
k amultiplier, useful range.5— 1.7



The k-factor explicitly controls the sliding speed. The rangauséful values was ob-
tained experimentally during system development. In tlex stidy, described in sec-
tion 5, we sek = 1.5 for all participants. In more elaborate settings, thisapater can
be adjusted for each user individually, during system catibn.

A windowed W-shaped quarti(l — a%)? was used as a mapping function. The
shape of this curve, which is basically a smooth step-fon¢cgnsures smooth viewport
adjustment over distance, as it has zero derivatives at Q éoxhtions. For horizontal
mapping, we have

0, ay < Hstart;
Whiay) = | (1— 33)2, Hstart < ax < Hstop, (2)
1, ax > Hstop:

The argumené, for horizontal mapping function is computed as the nornealikori-
zontal hand’s positions between the start and end values:

ay = (ax— Hstart)/(Hstop— Hstart) 3)

Note that the actual FOV of the display device (i.e., the HMID&s not change its
horizontal nor vertical sizes during the process. We onlyp lisers to peek “outside
the frame” of the HMD by temporarily shifting that frame irethight direction at the
right time. It is also important to note that the viewportlgig is performedn addition
to conventional view controls due to head tracking. Ourmégplhie complements, rather
than replaces, the normal tracking of the user’s head.

4.2 View locking rules

The viewport sliding mechanism does not need to be engagedapently. Instead,
it should be turned on and off in real time, as the applicatierds dictate. These
needs are specific for each application and each context.et4owcertain situations
are fairly common. For example, when the user is simply olisgtthe scene, without
active interaction, the viewport shifting should be swédtoff. The VR system can
make a good guess that the user is in a “sight-seeing” modis ibrhher hands are
staying out of view for a long time and are hanging down atdmfh’s length. When
the user is actively interacting with the environment, tivtual hands usually remain
in view for a relatively long time (a few seconds), which canused as a signal to
activate the viewport sliding mechanism, or “lock” the view the hand. In a similar
fashion, the four wheel drive is many vehicles is engageg ahlen needed in real
time, without direct intervention from the driver.

After experimenting with different heuristics for viewpdocking, the following
rules yielded useful results, with a good balance of effectiess (the “just-in-time”
feature) and unobtrusiveness.

e View lock is engaged when the hand stays within the area whkereXstart and
Y| < Ystart lOnger than 2 seconds (“locking zone” in Figure 2, left, sthih

light-gray).

e Lock is engaged when a hand-held tool is being used.



e Lock is broken when the hand stays outside of adjustment gghe Xstop and
ly| > Ystop) longer than 1 second.

e Lockis broken when the user works with Ul elements that haentpre-arranged
to fit the view, such as 2D menus operated by pointing or tawghi

e Lock can only be applied to the dominant hand; this simple puévents multiple
conflicts when both hands may start competing for the divaatif the shift, for
example by moving out of view in the opposite directions.

These rules are applied in each cycle of the simulation Ig&tfirst, the lock is
set to false and, while it remains false, all lock-enablinigs are executed. If, at some
stage, the lock is enabled, all lock-breaking rules are ldgkclf the lock survives all
the tests, the view adjusting values are calculated andeappising equations 1, 2
and 3.

During preliminary experiments with the system, we testéteioconditions for
engaging and disengaging the view lock. Specifically, vesltrising speed-based rules.
For example, the view was allowed to be locked only if the umsard’s speed did not
exceed a certain limit at this moment. We rejected this heeause it seemed unlikely
to find “good” values for such speed limit, that would feelurat to all users. On
the contrary, rules solely based on position and visibdityhe virtual hand are more
general, easier to understand and less susceptible ttioasién user temperament and
hand-manners.

4.3 Summary of the viewport sliding algorithm

The main difference between our approach and the previouk isahat we use a
2D solution for an intrinsically 2D problem (narrow horizahand vertical values of
FOV on the image plane), while other researchers exploreal@@rithms for the same
problem. By switching from the 3D scene-graph space to a 28escspace, we gain
the following advantages:

e Compatibility with other techniques.
The view sliding technique will work in the presence of otB&r Ul enhancing
algorithms, such as Go-Go arm stretching [18], because sieling does not
alter the content of the scene-graph: coordinates, tremsfton matrices, etc.

e Hand-eye coordination.
This problem was reported by Jay and Hubbold [10] and is afiyuaddressed
by the design of the view sliding mechanism, based on thditotaf the virtual
hand.

¢ Nulling and directional compliances.
Substituting translations in 2D for rotations in 3D presarboth compliances in
the system responses, which makes this approach attré&mti8® Ul design.

e Convenient parameter space.
Using the starting and ending values of horizontal and c&ringlesH andV



provides a convenient way of specifying the extents of thedhaacking zones.
These angles are usually listed in the reference charts ést MMD models.
Also, this parameter space closely matches the convelti@saription of the
human visual field. Thus, the view sliding can easily accomat® the asym-
metric nature of human vision, by settiltfyandV values separately for each
viewing quadrant.

5 Experimental study

The viewport sliding technique was tested in pilot trialsstrated in Figure 3 and
appeared very promising. To check whether it will work inl rg@plications, we con-
ducted an experimental study using our VR medical simulator

The experiments were organized as a between-subjects:. stadfyof the group
had the view sliding mechanism enabled, while the rest uselitional tracking-only
view controls. The goal of the experiments was to collect esmdpare objective and
subjective evidence on how the view sliding technique afg@participant performance
in operating their virtual hands.

5.1 The participants

A total of 28 volunteers participated in the study, recié@enong medical students and
staff members. Most participants were in their twentidd)ad normal or corrected-to-
normal vision, and none had previous experiences with VIRpaiticipants success-
fully completed the exercise, with the exception of one persvho complained about
feeling claustrophobic early in the session.

5.2 The mission

The user mission was based upon scenarios developed fhirtgawass casualty triage
inimmersive VR by Vincent et al [24]. Each participant wakexto perform a medical
examination of 10 life-size virtual patients, one patieinh &ime. The whole exercise
lasted between 10 and 15 minutes, performed in a singleosessi

During the examination, participants had to check the p#tievital signs using
medical instruments, as shown in Figure 4. The instrumeste selected by pointing
and operated by placing them at touch-sensitive zones opdtients’ bodies: the
neck and both wrists for checking pulse, upper arms for mésagilood pressure,
etc. All 10 patients were placed at arm’s length from theipi@dnts, about 1 meter
above the floor level (Figure 4). To prevent the participdris developing patterns
in their movements, the virtual patients were oriented imdman directions and put in
different poses. Thus, to check the pulse at the neck andwrigts, required different
movements for each new patient.



5.3 The equipment

During the mission, the participants were fully immersei ithe environment, using
a stereoscopic 40FOV HMD. The head and both hands were tracked in 6 degrees
of freedom by & lock of Birdsmagnetic motion tracking system by Ascension Cor-
poration, running in extended range mode with a 9 foot tragkadius. The scene
was rendered at 25 frames per second by a custom-made VRnslgased on open
sourceFlatland engine [23]. The rendering rate was deliberately lockedratteer low
value, to ensure consistent response from the system amat.t Most of the time,
the participants were expected to have a single virtuakpath view, of complexity
between 10,000 and 15,000 polygons each, as shown in Figaneddle and bottom
rows. However, due to 6 DOF camera tracking, it was possdr@ders to see all ten
virtual patients at once, which put significant load on thederer. Because the view-
sliding mechanism is executed at the frequency of the geagbop, it was essential to
keep the update rate constant.

5.4 The procedure

After putting on an HMD and gloves with magnetic motion seaseach participant
went through a quick calibration sequence, adjusting hikesrhand positions and
body height in VR. Then, the participant spent a few minutéh ane virtual patient,

practicing tool access and vital signs checking. Partigipavith the sliding view en-
abled were briefly informed about this feature, in simplentef“You may notice that
when you move your virtual hand, the view will follow the handirection, to accom-

modate”). However, these users were not offered any additiime to practice view
sliding. Instead, they were expected to learn it as theynessed with the mission.

6 The results: general outcomes

As we mentioned before, the goal of this study was to assekaralyze how the hand-
assisted viewing affected user performance and experiandggual environment. For
that purpose, we collected both subjective and objectiideece from each participant.

6.1 User evaluation

After completing the mission, participants were asked tfit a short survey, which
included the following questions. The answers are summdiiiz Table 1.
Question 1. For this exercise, my ability to keep my hand in view was veny i
portant:
. strongly disagree
. disagree
. heutral
. agree
. strongly agree
. In this experiment, the visible area for hand manipulatiaas:
. much too small

Question
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2. somewhat too small

3. just right

4, somewhat more than needed
5. much more than needed

Question 3. The way the view followed my hand felt natural and helpfuf¢oéd
to participants with view sliding enabled):
1. strongly disagree
2. disagree
3. neutral
4. agree
5. strongly agree

User group/  Median Mean SD  95% confidence
guestion score score interval

Normal view

Q1 4 (agree) 3.84 140 3.00t04.69
Q2 3 (justright) 2.46 0.88 1.93t0 2.99)(
Sliding view

Q1 4 (agree) 3.93 1.14 3.27t04.59
Q2 3 (justright)y 2.79 0.58 2.45t0 3.124)
Q3 4 (agree) 400 113 3.28t04.72

Table 1: Summary of the participants evaluation reports.

Answering the first question, both groups agreed on impoetaf having the hand
in view. This result is important, as it supports our argutegpresented in section 2.1.

For the second question on the size of the visible area fait haamipulation, both
groups came up with median 3 answer (just right). Notabky, 36%-confidence in-
terval for normal viewers dipped below 2 (much too small)rked with ) in the
table, while sliding viewers started at 2.45 valug)( However, the difference be-
tween the two groups was not statistically significant. Appéy, the view sliding
technigue alone could not turn a*4BMD into a display that feels “just right” for all
participants.

The answers to the third questions, indicating that théngjidiew was helpful and
natural, are most encouraging. Evidently, participanteevedle to make good use of
the new technique intuitively, without special training.

We should note that the subjective evaluation of user egpee with the hand-
sliding viewport controls, discussed above, has mostlsitative purpose. Thus, it
is rather simple and far from being complete. The main cbation comes from the
analysis of objective data, collected during the experisig¢hat captured user activities
and performance on a minute-by-minute basis. The datasteuand detailed analysis
are presented in detail in section 7.

10



6.2 A special note on motion sickness

We heard concerns the the view sliding may cause user discbarfd even motion
sickness. Apparently, this was not an issue in our studyhgper due to a short ex-
posure time and the fact that the participants did not haveat@l in the scene. The
virtual patients were brought to them instead, on the iesbns command. However,
it seems reasonable to expect that under other circumstanoation sickness may
become noticeable, especially if users are required teltrav

6.3 From the session logs

In this study, the VR software kept detailed logs of all useticms and system re-
sponses. Among other data, we recorded aggregate timesthdeiew was shifted,
for each user. The view lock was engaged and disengageddatgdo the rules de-
scribed in section 4.2. On average, the participants sfhtdf their total time in VR

with the view shifted towards their hands. Details are givehable 2.

View shift Mean time, % SD
all directions 25.42 1.44
down 17.99 2.03
up 2.444 0.85
left 2.329 1.20
right 2.648 0.59

Table 2: Time spent in shifted view, as percentage of totakian time.

As the table shows, the view was most often sliding downwandgch was ex-
pected, because all virtual patients were placed low, aarshio Figure 4. Similar
times for all the other directions confirm that the areas of &pplication were suffi-
ciently randomized.

For both groups of participants, we compared the missionpbetion times; the
summary is given in Table 3. Although the users with the sfidviewport enabled
showed slightly better results than the control group, tifferénce between the two
groups is not statistically significant.

Normal view Sliding view| Difference

Completion time (sec)

Median 800.0 710.0 p1 = 0.6430
Mean 738.62 725.27 p2 =0.8417
SD 166.68 156.28

Table 3: Mission completion times for both groups of papiits. Values op; andp,
show results of the Wilcoxon rank sum test and Welsh two-sarnest, respectively.

The most interesting results came from the time-based sisaty user activities.
During each session, the VR system recorded all user actitns-stamping them

11



with the 1/25 second precision (the frequency of the systéennal update cycle). The
logging system gave us a valuable tool for measuring and tovimjg user progress

over time, using various performance metrics. These resuét discussed in the next
section.

7 Time-based analysis: effects of sliding viewport tech-
nique on user performance and the learning process

In our VR system, all Ul commands are implemented using augestased language
(Sherstyuk et al [21]), that employs a pairwisetention + confirmation” command
structure. In order to issue a complete command, the userfirgisndicate an inten-
tion to perform such command. Upon receiving the intentiart,the Ul module starts
a timer, waiting for the second signal that may either confimcancel the pending
command. All intention, confirmation and cancellation gseare recorded by the Ul
processing module as text messages, time-stamped andllogge mission log file.

7.1 Evaluation metrics

Next, we define the three metrics used to evaluate usersrpenfice in both groups.
These metrics are: command execution rate, hand jitteramdeek time.

7.1.1 Command execution rate

By examining the ratio of the number of executed commandsaatmber of intended
commands, we can estimate how effectively users communigil the Ul system.
For example, a user might initiate a tool-application comchhy placing the tool on
the patient’s bodyigtentionsignal) and then withdrawcéncellationsignal). In this
case, the command is not complete and the system recordsas$fart”. High rates of
command executions indicate that the user is confident inHear she proceeds with
the task. Also, that means that the user is comfortable \wighl controls, too: the
number of false starts is low. Low values of execution ratgest that the user is either
uncomfortable with the Ul or simply does not know what to davihg a reasonably
large number of participants (28 people total) allowed usdlhect a large number
of intentions and cancellations events at any given timerval. Thus, we define the
collective execution rate as a function of time spent on tission, as follows:

1 N E tAt
Execution rate R(t,At) k where
Ik (t,At)

N number of users who were issuing commands during
[t,t + At] time interval
Ik number of intended commands issued by tkser
Ex number of executed commands issued by lser
We have already employed the execution rate metric for atialy user proficiency
in traveling in VR [21]. In that study, the values were bas@dnthe numbers of

12



intentions and confirmations collected over the whole domadf the VR session. In
the present work, we examine the trends of the execution aata function of time
elapsed from the beginning of the missibnThe time stet used in all calculations
was chosen 60 seconds. In this study, we associate the mxecate with the users’
proficiency in operating their virtual hands.

7.1.2 Hand stability

In order to select and pick up virtual objects reliably, gsgust point at them with a
steady hand. To executa@ol pick upcommand, the user first indicates an intention
to do so, by pointing at the desired tool on the instrument {sae Figure 4, top). The
confirmation is issued upon a 0.5 second time-out, duringtiie user must continue
pointing at the selected object. During that time, the systaptures the length of the
path traveled by the tip of the index finger (recall that usends are tracked with
6 DOF). The average hand jitter is defined as follows:

ZJl

, Where
Tk t, At

Hand jitter, J(t,At) =N z

Ik number of intended commands, that triggered the timer
for userk, on|t,t + At] time interval
Tk total elapsed time when the jitter values were collected
for userk, on|t,t + At] interval
wgj length of the path traversed by hand of user
captured for every pending commandg =1,..., Ik

Effectively, the hand jitter is the speed of the user handasueed and averaged over
time while the system was waiting for command confirmation.th®se times, users
were expected to hold their hands steady.

7.1.3 Tool seek time

The logging system made it possible to capture the exacttiteesals elapsed from the
moment a tool was picked up until the moment it was appliedolighing dedicated
areas on the virtual patient’s body (see Figure 4). We caehintervals “tool seek
time” and associate them with the user ability to locate atwkss random places in
the working area. In particular, we were interested in s@ak walues for the watch
tool, which was used for checking the pulse. The seek timeegalvere collected as:

13



Ex

2i=1S]
Ex(t,At)

: 1N
Seek timeS(t, At) = N z , where
K=1

Ex number of executed commands, issued by lser
during[t,t + At] interval. In this case, the command is
“apply watch” by touching the correct place on the
patient’'s body.

s; seek time values, in seconds, captured from the moment
when the watch was picked up and until it was applied,
j=1,...Ex

7.2 Different views — different behaviors

Execution rates, hand jitter values and tool seek times lateed in Figures 5 and 6,
for participants with normal and sliding viewport, respesly. Apparently, the two
groups demonstrated very different trends in how they weiegutheir virtual hands.
To investigate further, for all six data sets shown in Figus@nd 6, linear models were
fit

yi=a+bx+e

using the least squared regressions, wigeege values for execution rates, hand jitter
and tool seek time and is independent time variable. In all 6 cases, we tested the hy
pothesidh £ 1, i.e., that they; values are changing with time consistently. Significance
probabilitiespsiope for all models are summarized in Table 7.2. There, a doultég-as
isk (xx) marksp-values with a strong significance & 0.01) and a single asterisk)(
marks values with standard significange<{ 0.05). In Figures 5 and 6, the correspond-
ing linear models are plotted as solid and dashed linesectisply. For datasets with
PPsiope> 0.05, linear models are not plotted, as this is an indicatia tihe scattered
samples do not show any consistent trend in their value @hang

Normal view  Sliding view
Figure 5 Figure 6
Execution rate  improves degrades
Pslope 0.00172 ** 0.0420 *
Hand stability  no change degrades
Pslope 0.3590 0.015543 *
Tool seek time  no change improves
Pslope 0.1605 0.00173 **

Table 4: Trends in virtual hand usage for both groups.
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7.3 Use of sliding viewport and reversed shape of the clasaic
learning curve

Perhaps, the most surprising result of this study is thap#nrgcipants with the sliding

viewport appeared to be exempt from the “practice makeepgrfieneral rule, as the
top chart in Figure 6 suggests. The participants in the obgtoup demonstrated the
classical learning pattern, when people start at low vadunesimprove over time. In

our case, shown in Figure 5, top chart, users with normal \&tasted at execution
rates of 85.20% (standard error 1.8) and reached 100% tevilaedend of the trials.

Participants with the sliding viewport, on the contrarypwied reverse behavior, with
the start value of 94.77% and steady decline over time to #/&ufe 6, top). Their

hand jitter also increased by the end of the mission (Figureiédle).

7.4 Aggregate metric values

For completeness sake, we compared the values of execat®rhand jitter and tool
seek time, averaged over the whole duration of the miss@mgdch participant, and
then averaged for each group. The results are presentedTibie 5. As the tests
indicate, there was no significant difference between uséhsthe normal view and
with the sliding view in any of the aggregate values of therfprmance. This result
emphasizes the utility of the time-based analysis, useisrstudy.

Normal view Sliding view| Difference
Execution rate (%)
Median 89.80 91.74 p1 = 0.6664
Mean 89.99 89.31 p2 = 0.7651
SD 5.38 5.46
Hand jitter (cm)
Median 7.99 5.11 p1 = 0.2066
Mean 7.95 5.39 p2 = 0.1445
SD 4.89 3.30
Tool seek time (sec)
Median 9.556 8.880 p1 = 0.3107
Mean 11.260 9.459 p2=0.1914
SD 4.15 2.36

Table 5: Aggregate characteristics for both groups of ppdnts. Values op; andp,
show results of the Wilcoxon rank sum test and Welsh two-$amest, respectively.

7.5 Discussion

In this study, we used three characteristics of user pedoo®: the execution rate,
hand stability and tool seek time. The first two describe tlbomcomponent of how
users handle the Ul controls; they are completely taskgaddent. The last one, tool
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seek time, has a strong cognitive element in it, because use required to apply the
tools not just anywhere, but in well defined locations. Tieafuired an active search
which is a task-dependent procedure. Thus, the three m@trwide both micro- and
macro-descriptions of user actions.

By observing degrading values of execution rate and hamdisgdor participants
with the sliding viewport camera control, one might expdwtttthe task-dependent
metric, tool seek time, should also degrade. Yet, the revisrsrue: by the end of
the mission, participants significantly improved theirltptacing skills, reducing the
search time from 11 seconds to 5 seconds (Figure 6, bottoth pttow it can be
explained?

We believe, an analogy with learning how to drive a car may déefhl. Novice
drivers tend to do everything strictly “by the book”: theydioate turns, observe road
signs, take multiple precautions diligently. However,shgerfectly executed low-
level actions do not help them in high-level navigation sasduch as getting to their
destination place faster or not getting lost on the scengefsnced drivers, on the
contrary, are more loose with their movements and actiommilevoperating the car
controls. They drive without thinking consciously abdwtw to drive; instead, their
mind is preoccupied witlwhere-to-ggoroblems. By devoting all their attention to the
application tasks, they are able to navigate better.

Moreover, experienced drivers also learn to sidestep retamded procedures in
operating car controls. For example, after reaching aeltaiel of confidence, some
people prefer to steer using one hand only. Similarly, VRraisg@parently learned
to ignore the recommendation to keep the pointing hand aslgtas possible during
command execution. Users found out that small amountstef fitre still allowed by
the Ul system, and learned to use this fact to avoid overrstigathemselves.

We argue, that the sliding viewport technigue allowed the¥si® direct their atten-
tion from managing motor components of the Ul controls movearrds the application
tasks. Freed from the need to keep the pointing hand ins&lealrow viewing cone,
people were able to use their hands in a more relaxed way. Asudtrthe hand jitter
values increased and the general style of interaction \WwéHtl controls became less
strict and more “noisy”. However, the task-related scongsroved.

8 Conclusions and future work

We presented new results of the user study on the viewpdalihglitechnique. This
semi-automatic real-time camera control mechanism éffedgtquadruples the work-
ing volume of the virtual hand, as illustrated in Figure 3.

We introduced several performance metrics, both for mobor @gnitive skills,
and studied how they change under control and experimentalittons. We showed
that traditional implementation of the virtual camera tesin learning curves of clas-
sical style, when users start at low values and show steawyrgss over time. Con-
versely, the view sliding technique prompts radically @iéfnt trends in user progress.
In particular, the time-based analysis of user performéwetged us observe an unusual
phenomenon of “regressing learners”, or people with deditearning curves.

This result alone merits additional experimental studieshe context of various

16



applications of the virtual hand metaphor. Some result leaen obtained already.
Using the time-based analysis of user travel activitiesi) We were able to categorize
all travelers into “progressing”, “regressing” and “neltrlearners, basing on their
progress in mastering travel controls over time. There, sexluwo travel metaphors:
steering-by-pointing and teleportation towards a targgbth techniques require an
active use and precise control over the virtual hand. Wesbelthat the observed
polarization of the virtual travelers into three categsnieas due to the fact that the
execution rate metric reflects certain personal qualitissitant and risk-averse users
are likely to operate the travel Ul controls with lower vaduef execution rate, than
self-confident and risk-seeking users. Another factor thay have influenced the
values and trends in execution rates is that some peoplelaatisvcalled “natural”
players, who almost immediately grasped the idea behindrével Ul, and started
using it confidently, showing very high execution rates. Séhpeople demonstrated
the “regressing” pattern in the their travel skills. Int&iegly, regressing users also
showed best task completion times, which is consistent thighfindings presented
in this work. The results of the study on virtual travel aregantly under review.
We expect that adding view-sliding extension to hand-basee| techniques, such as
steering and teleportation, may help to learn more aboud4ese coordination during
travel in VR.

9 Closing remarks

The experimental results show that people seemed to likesliding, which is clearly
an argument for using it in VR interface design. Tool seelketiaso decreased, in-
dicating that as people get used to using it, they becomerbattiocating the tools
they need. However, people also become less precise imtloggments, possibly be-
cause the non-isomorphic mapping provided by view slidglg$s precise than their
usual experience of how their field of view changes. If thisdsrect (it requires fur-
ther study) this is potentially important for VR design imgeal. Use non-isomorphic
mappings because people, in general, feel positive abeuat #nd they help them to
get the task done, but be prepared for a decrease in the egaireir movements.
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Figure 1: VR users demonstrate areas of hand visibility fd0aHMD: horizontal
(top) and vertical (bottom). Both hands and head are trackéddegrees of freedom.
In order to see their hands, users sometimes have to assuynegne®mfortable poses
(bottom right).

20



stop J@K
A
(e}
start 'W () 5]

locking zone shifted viewport

original viewpo

=

t original viewport

camera space

Xstart  Xstop

Figure 2: The sliding viewport algorithm computes new posei of the viewport,
based upon the current position of the hand in camera spase rasult, the view
slides towards the hand, ensuring its continuous visjbilit

Figure 3: Two composite images showing the extents of thiic{laft) and sliding
views (right). For this test, the user was asked to draw tiéotws of his visible areas,
without turning his head. The view sliding technique mom@ntiquadruples the area.
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Figure 4: The user (top left) is picking the watch tool frone thstrument tray in VR
(top right). The watch is then used to check pulse rates doalipatients, at their
neck and wrists. Note that only one of the two locations cagdsm at any given time,
forcing the user to either turn physically, slide the viewrhgving his hand or do a
combination of both.
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Figure 5: Progress of the control group of participants witinmal view over time:
conventional learning curve, climbing up to nearly 100%pjtchand jitter remained
constant (middle) and tool seek times did not change sigmifig (bottom). psiope
values: 0.00172, 0.3590, 0.1605.
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Figure 6: Participants with sliding viewport demonstratietlining learning pattern,
hand stability degraded, tool seek times improved from $2nds to 5.56 seconds.
Psiope Values: 0.0420, 0.0155, 0.00173.
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