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ABSTRACT

Eric Burns
MACBETH: Management of Avatar Conflict By Employnteof a Technique Hybrid
(Under the direction of Frederick P. Brooks, Jr.)

Since virtual objects do not prevent users from epraing them, a virtual
environment user may place his real hand insideirtual object. If the virtual
environment system prevents the user’s hand afratarpenetrating the object, the hand
avatar must be placed somewhere other than thésusat hand position. | propose a
technique, named MACBETH (Management of Avatar GcnBy Employment of a
Technique Hybrid) for managing the position of arnsshand avatar in a natural manner
after it has been separated from the user’s real Hdae to collision with a virtual object.
This technique balances visual/proprioceptive éjsancy in position and velocity by
choosing each so that they are equally detectable.

To gather the necessary information to implementQ&&TH, | performed user
studies to determine users’ detection thresholdviBual/proprioceptive discrepancy in
hand position and velocity. | then ran a user stiodevaluate MACBETH against two
other techniques for managing the hand avatar iposit the rubber-band and
incremental-motion techniques. Users rated MACBEaRHmMore natural than the other
techniques and preferred MACBETH over both. Ussesformed better on a hand
navigation task with MACBETH than with the incrent@Amotion technique and
performed equally well as with the rubber-band teghe.
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Chapter 1:  Introduction

Is this a dagger which | see before me,

The handle toward my hand? Come, let me clutch thee
| have thee not, and yet | see thee still.

Art thou not, fatal vision, sensible

To feeling as to sight? or art thou but

A dagger of the mind, a false creation,

Proceeding from the heat-oppresséd brain?

| see thee yet, in form as palpable

As this which now | draw.

Thou marshall'st me the way that | was going;

And such an instrument | was to use.

Mine eyes are made the fools o' the other senses,

Or else worth all the rest. . . . [Shakespelsiacbeth2.1.33-45]

In this soliloquy, Macbeth is tormented by a visiwina dagger floating in front of
him. Reaching for it, he ends up with nothing buts&ful of air. Most users of virtual
environments (VEs) can sympathize with Macbeth: stmlarge VEs do not offer any
haptic feedback, and users are left reaching fgatd that they can see but cannot touch.

When a head-mounted display user with a hand av@amgraphical object
representing the tracked position of the real hinthe VE) reaches out for a virtual
object and encounters this “dagger-of-the-mind’bpem, unless some special provision
is made he sees his hand avatar penetrate thalvotject (Figure 1-1). Lindeman,
Sibert, and Templeman found that this penetratiakes it difficult for users to perform
precise tasks, and that user performance improveenwisual interpenetration was
prevented by using simulated surface constraintadgman, Sibert, & Templeman,
2001].

However, preventing visual interpenetration recuitbat the user's hand avatar
sometimes appear somewhere other than where this wsal hand is (Figure 1-2).
Preventing the interpenetration thus creates argpancy between the user's sensory
cues from vison and proprioception — the intereaise of body position and motion. For
virtual environments in which a psychological statgresence is desirable, the choice to
prevent or not prevent avatar interpenetration wittual objects should be made based



on whether the visual interpenetration or the Wewaprioceptive discrepancy is less
likely to be noticed by the user.

Figure 1-1. Interpenetration problem: A user ns@e his hand avatar penetrate a
virtual object when the object he is reaching foed not exist in the real world.

Wirtual
0 Avatar
Hand
{zeen)

Tracked
Eeal
Hand

Fosition

(Felt)

Figure 1-2. Sensory discrepancy problem: Preventisual interpenetration requires
that the user’s hand avatar sometimes appear soe@ndther than where the user’'s
real hand feels according to the proprioceptivessen




1.1 Thesis statement: Part 1

Users are more likely to notice visual penetratibmirtual objects by the
hand avatar than the discrepancy in visual andrfmogptive hand-
position cues introduced by preventing such petietra

Psychologists have studied intersensory discrepéorcgecades. J. Gibson [1933]
found that when vision and proprioception disaggegticipants tend to perceive their
hand position to be where vision tells them itaigghenomenon calledsual dominance
or visual capture Many researchers have explored visual dominandeother aspects of
sensory integration. Welch [1986] compiled an ereelsurvey of the literature prior to
1986. Van Beers, Sittig, and Denier van der Gord9l%nd van Beers, Wolpert, and
Haggard [2002] are notable examples of researchesthen. These studies dealt
primarily with the perception of hand position undensory discrepancy and not whether
participants detected the discrepancy itself. fiisepart of the thesis statement concerns
the latter. | performed a study to test this thesid found it to be true (Chapter 2).

1.2 The question raised by preventing visual interpenetrations

When visual interpenetrations are prevented,udes’s hand avatar can no longer
appear where the user’'s hand is. If a user’s avaad cannot be placed at the location
of his real hand at every simulation time stepntivbere should it be placed?

Two commonly-used approaches to managing the agatation after collision with
a virtual object are the rubber-band method and ittemental-motion method
[Zachmann and Rettig, 2001]. Thaibber-band methodminimizes the position
discrepancy between the real and virtual handvetyesimulation time step, as if they
were connected by a rubber band. However, thdtriesswuelocity discrepancy, as the
virtual hand sometimes sticks to surfaces wherrghkhand is moving (Figure 1-3), and
when the hand avatar slides off the edge of a alirtipject, it sometimes pops to the
position of the real hand when the real hand ismmting.

Theincremental-motion methddithfully preserves the motion of the real harfehr
each increment of movement the real hand makesyithwl hand is moved the same
amount. However, the result is a position discnegahat may grow unboundedly if the
hand avatar repeatedly collides with virtual olge¢Figure 1-4). The rubber-band
method minimizes position discrepancy while disrdgay velocity discrepancy; the
incremental-motion method minimizes velocity digaecy while disregarding position
discrepancy.



Rubber-band Method

Virtual avatar hand

Virtual object

Tine Tune
L | hn ,

Tracked real hand

Figure 1-3. Under the rubber-band method, wherser tbacks his hand out of a virtual
object, the hand avatar stays as close as possililee user’s real hand, sticking to the
surface while the real-hand is moving, until thegteation is cleared.

Incremental-motion Method

Avatar hand

Virtual object

-

Time | “SJ)@ | Time

Real hand

Figure 1-4. Under the incremental-motion methde, hand avatar faithfully preserves
the movement of the user’s real hand but has neigiom to reduce the position
discrepancy between the real and avatar hands. Wjikated collisions, this position
discrepancy can grow unboundedly.



1.3 Anidea

| postulate that a method that combines the idét#seaubber-band and incremental-
motion techniques to minimize sensory discrepanmcyoth hand position and hand
velocity will be better than either technique aloné propose the following: almost
preserve the velocity of the real hand, like theemental-motion method, but introduce
some velocity discrepancy to reduce the positisctrépancy over time (Figure 1-5).
This technique would ensure that:

1) the hand avatar moves when the real hand moves
2) the hand avatar returns to the position of the maatd

A Technique Hybrid
Avatar hand ' =
\ Virtual object |+ "SR
/ . |
| |
Tune Tine
— o

Real hand

Figure 1-5. Position discrepancy can be reducednloying the hand avatar slower than
the real hand when the user is moving his real hamdard the hand avatar’s position
(center) and faster when he is moving his real handy (right).

Others have pursued this area. Colgate, Staniey, Brown [1995] suggested
calculating forces for a haptic device by concelbfusonnecting virtual objects to their
real counterparts by a damped spring. This tectenapuld also be used to bring virtual
objects (with an assigned mass) back to the paositioa real object. This technique
would not remove position discrepancy instantankypas does the rubber-band method,
but would do so over time. Therefore, velocitycdepancy would be less than under the
rubber-band method. Zachmann and Rettig [2001hendescription of the incremental-
motion method, actually state, “when the [real ot}jdas moved by a certain delta the
[virtual] object will try to moveaboutthe same delta” (emphasis added). Mowabgut
the same amount as the real object can reduceofiBop discrepancy. The damped-
spring model is discussed in Chapter 4.



What is yet to be done is to decide how best tarzd the two discrepancies. |
propose a method that starts from the incrementgiom technique, in which the user’'s
real and avatar hands have position discrepancyhanelocity discrepancy (other than
that created by collisions). Velocity discreparmmfysome “proper” amount can then be
added to reduce the position discrepancy. | pregbat the proper amount be chosen
systematically, according to principles:

1) A velocity discrepancy should never be introdudeak is more detectable than
the existing position discrepancy because its saditvould make the overall
manipulation more detectable.

2) Position discrepancy should be reduced as quicklpassible. In other words,
the largest velocity discrepancy possible shouldnduced without violating
the first principle.

These principles dictate that the level of the e#jodiscrepancy introduced should be
exactly as detectable as the level of the exigiogjtion discrepancy.

Creating such a technique hybrid requires knowirggléevels at which users detect
position discrepancy and velocity discrepancy. Thet study yielded detection
thresholds for position discrepancy (Chapter 2)se&ond study yielded user’s velocity
discrepancy detection thresholds (Chapter 3). &hésesholds were then used to
implement the proposed method, called MACBETH (Mgpemaent of Avatar Conflict By
Employment of a Technique Hybrid) (Chapter 4).

1.4 Thesis statement: Part 11

If a user’s hand avatar is rejoined to the readhsmthat sensory
discrepancy in position and velocity are equalized or more of the
following will result:

e The user will rate the technique as more natural.

e The user will prefer his virtual environment expace.

e The user will perform better on tasks in a virteavironment.

A third study tested MACBETH against the rubberdbamd incremental-motion
methods (Chapter 5). Overall, MACBETH was rated bsers as statistically
significantly more natural than both the rubberdbamd incremental-motion techniques
and was statistically significantly preferred totlbamethods. On a task which |
considered an average case, users performed asvitltelMACBETH as they did with
the rubber-band technique, and statistically sigaiftly better than they did with the
incremental-motion technique.



Chapter 2:  Study 1 - Sensitivity to Visual

Interpenetration vs. Visual-proprioceptive Position
Discrepancy

This chapter is a modified form of an article psb&d inPresence: Teleoperators and
Virtual Environment$Burns, Razzaque, Panter, Whitton, McCallus, & B@006].

Figure 2-1. This participant believes he is aignat a virtual game board directly in
front of him.

2.1 Questions and Hypotheses

This study explored three questions:

1) Are users more sensitive to visual interpenetraborto visual-proprioceptive
position discrepancy?

2) When users arexpectingvisual-proprioceptive discrepancy, how much more
sensitive are they than when they ao¢ expectingt?

3) Do users report that visual interpenetration oruaigroprioceptive position
discrepancy is easier to detect?



My hypotheses were:

1) Visual-proprioceptive discrepancy detection thrédficare higher than visual
interpenetration detection thresholds; interpemietnas easier to detect.

2) Visual-proprioceptive discrepancy detection thrédhi@re higher when users are
not expecting discrepancy.

3) Users will report that visual interpenetration iasier to detect than visual-
proprioceptive position discrepancy.

The study confirmed all three hypotheses with stigal significance op < 0.05.

2.2 Study Design

Forty right-handed introductory psychology stude(8 males and 21 females)
participated in this study. All gave consent andravgiven class credit for their
participation.

The study consisted of three parts. Part | medstga&ction time. Part Il measured
detection thresholds for visual-proprioceptive thpancy. Part Ill measured detection
thresholds for visual interpenetration. All papgents completed Part | first, but the
order of Parts Il and Il were assigned randomifter the three main parts, users were
given an exit questionnaire and then interviewed.

Parts Il and Il used a partial method-of-limitssgm to find users’ detection
thresholds. A complete method-of-limits designgsts of an ascending series (starting
with no stimulus and increasing it until the usergeives it) and a descending series
(starting with a detectable stimulus and decreasingtil the user no longer perceives it).
These two series balance each other because asgeswlies overestimate detection
thresholds, and descending series underestimatetidet thresholds. However, in a real
scenario either stimulus would start from zero wihie® hand avatar first contacted a
virtual object and then grow until it was detecteflince, the goal is to determine how
large these stimuli camrow before being noticed the ascending-series dessgn i
appropriate and does not overestimate the degireditold.

2.2.1 Part | — Reaction time

A detection threshold is the magnitude of a stirawtithe time of its detection. One
can measure the stimulus magnitude only at a usens of report, one reaction time
later:

treport = ldetectt treact



Therefore, | measured participants’ reaction tinsesas to estimate their detection
thresholds.

In this part of the study, each participant saramt of a black computer screen and
held a joystick in the right hand. At random ineds the screen turned white, at which
point the participant clicked the joystick buttasm quickly as possible. The interval was
recorded as the reaction time. Participants pexolrthis task 45 times.

I assumed that performing this task would not digaintly affect users’ subsequent
performance because:

1) The task was dissimilar from those following, somas unlikely to produce a
significant training effect.

2) The task was short enough (less than five minakeg)it was unlikely to produce
fatigue effects.

2.2.2 Part Il — Detection threshold for visual-propriocée position
discrepancy

Part Il measured participants’ detection threshédds/isual-proprioceptive position
discrepancy. Each participant wore a Virtual Rede&ystems V8 HMD and held a
joystick in the right hand. Both the head and hesede tracked using a 3rdTech Hiball
3000. The participant sat in a chair (Figure Z4jl was visually immersed in a virtual
room with four large colored panels on the frontiwdhe participant’s hand avatar held
a remote control (Figure 2-2).

Figure 2-2. The user’s view of the virtual roonthwthe Simon game board on the wall —
The user’s hand avatar, holding a TV-like remotetad, is in the foreground.



Participants played a game similar to Hasbro’s ®itnoParticipants watched as
panels lit up successively in a random sequencéemgth five. Participants then
duplicated the sequence by aiming at the appr@ppanels in turn and clicking the
joystick button. After a participant completed leaequence correctly or made an error,
a new sequence began. To keep participants enghgedred their performance. The
score was displayed on the wall over the colorew|satogether with the top score of all
participants to date.

Before the game began, | told participants thatstiuely was about perception and
performance in a VE and therefore, it was very irtgpa for them to report if they
noticed anything odd about the VE experience, Hgihg down the joystick button for
five seconds. | then gave three examples of ewbpriswould want to report: the game
stopping, the computer display having problemghervirtual hand having drifted away
from the real hand.

This part of the study was divided into two secsiorin part IlA, participants were
not directly primed to expect visual-proprioceptaiecrepancy; in part IIB, they were.

2.2.2.1 Part llIA — Unprimed threshold

The Simoff game began, and after a geometrically distribuggstiom interval,
averaging 25 seconds, the participant’s hand avedarmade to drift from the real hand
position. The hand drifted left along a cylindentered at the participant’s estimated
shoulder position (a fixed offset from the headkex) (Figure 2-3).

To investigate position discrepancy, | needed t@dntain that participants noticed
the extentof the drift and not the motion itself. Therefoteneeded to execute the drift
such that it was imperceptible.

Pre-study piloting showed that participants cowdtedt even a very slow drift if they
held their hands completely still and watched forTiherefore, during the study, the hand
avatar drifted only if the user’'s hand was moviagtér than 5 cm/s. When the user’s
hand was so moving, the hand avatar drifted 0.4ffe#s/s (5 mm/s for someone with a
63.5 cm arm). With these values, none of the jirg-participants detected the drit.

The hand avatar drifted until the participant régdrnoticing the discrepancy or
until it reached 60 degrees. If the participawt bt report the discrepancy, | asked if he
had noticed anything odd. If not, I told him tisaimething odd had happened and asked

! This method of gradually increasing the sensosgrépancy is essentially Howard's
[1968] method ofliscordance shapingised to induce perceptual adaptation.
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him to guess what it was. If he did not guessemtly, | told him that the hand had
drifted and asked again if he had noticed.
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Figure 2-3. The participant's hand avatar driftedt about the shoulder.
2.2.2.2 PartlIB — Primed threshold

When Part IIA ended, | told participants that thstrof Part 1l was divided into eight
trials of the Simofi game, and in each trial the hand avatar would @%@ percent
chance of drifting. In one trial each, the handtawvdrifted left, right, up, and down with
respect to the real hand. In the other four tridde hand did not drift. The order of the
drift conditions was selected from an 8x8 balanktatin square matrix (each order was
used five times over the 40 participants). Thes# donditions correspond to the
position discrepancy that would be introduced wlaereal hand penetrated a virtual
object from its left, right, top, and bottom sudagrespectively.

| instructed participants to report drift as sogriteey noticed it and to report the drift
direction. 1 told them that it was much more intpot to report the drift immediately
than to get the direction correct. | then toldnththey would be rewarded with bonus
Simor? points for correctly identifying drift, regardles whether they chose the correct
direction but would be penalized the same numbgoaofts for reporting drift when none
occurred. The points were awarded so users waildynore the drift recognition task in
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favor of the Simofi game score. The penalty motivated users notgortalrift when
they did not detect it.

2.2.2.3 Measures

In both [IA and IIB, | measured the maximum anguéset between the virtual and
real hands at the time of report, as well as thgimmam linear distance between them
(for comparison to the visual interpenetration shi@ds). | recorded what the participant
reported as odd (if anything) in Part A and whigrection the user believed the hand
drifted after every drift report in Part B. | reded the mean point score per second in
Part A and on each trial of Part B.

2.2.3 Part lll — Visual interpenetration detection thresiid

Part Ill measured each participant’s visual-integieation detection threshold.
Participants wore the same HMD and held the saysigik as in Part Il. In this part, the
user’s real hand movement did not control the wirtband. Instead, when the user
clicked the button at the beginning of a trial, theual hand moved under simulation
control toward a planar virtual object (either blédop or a wall). 1 told participants that
in each trial the virtual hand had a 50 perceninchaof penetrating the virtual object.
They were instructed that if the hand penetratedotbject, they must click the button as
soon as they noticed. Participants repeateddhis40 times.

The hand speed was varied so participants couldismttime alone to judge when
the hand would penetrate the object. Penetratiohh@and-speed orders were selected
from independent 40x40 balanced Latin square neatricl told participants that they
were free to look around the room and gather depéls from the other walls, but | asked
them not to move their heads to view the hand feodifferent angle. If at any point the
user’s head moved more than 15 cm from its stafogition, the user’s view went blank
and recorded audio instructions asked the usetonmtove his head position during the
task. The user then clicked the joystick buttondotinue.

Viewing hand penetration from different angles amith different backgrounds
affects the difficulty of this task. Detectionaasiest from a viewing angle perpendicular
to hand motion because the closing gap betweenittual hand and object are directly
visible. Conversely, detection is most difficuibin a parallel viewing angle because the
point of contact is obscured by the hand itselflunbecomes extreme, so the user must
rely on depth cues to detect the penetration (Eigu4).

| originally chose a study condition that | felpresented a commonplace occurrence
in VEs, named the vertical-motion condition (Secti@.2.3.1). However, since |
hypothesized that sensory discrepancy is hardeetect than visual interpenetration, |
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feared that my choice of visual penetration conditivould be biased toward making
penetration detection easy. Hence, | added anatiae difficult condition, named the
horizontal-motion condition (Section 2.2.3.2). IHigen participants were randomly
assigned to the vertical-motion condition and 2ten&ssigned to the horizontal-motion
condition. One participant’s data was accidentialby.

O Time O Time Time Time

— —rg — —
— —

Figure 2-4. Detecting the collision of a ball witie ground is easier when viewed from
the side (perpendicular to motion direction), I¢ftan when viewed from above (parallel
to motion direction), right.

2.2.3.1 Vertical Motion

In the vertical-motion condition, participants viesv a virtual hand holding a
cylinder above a wood-textured tabletop that stbott meters off the ground (Figure
2-5). The hand was placed based on the heighteoiser's head so that its point of
impact with the table was 45 degrees below the'sib@rizontal view direction. When
the participant clicked the button at the beginnoigeach trial the virtual hand began
moving down toward the tabletop. This conditionmas a common scenario in which a
person is seated at a table and places a hangh arf itowith arm outstretched.

Figure 2-5. The vertical-motion condition: Paipants viewed a hand holding a
cylinder above a tabletop. Left —the hand’s st@riposition; Right — the hand after
penetrating 2 cm.

This condition matches the condition in Part 1l because each represents silgles
outcome of a user moving a hand down through aalitabletop. Without simulated
surface constraints, the virtual hand penetratesahletop, as in this conditiowith the
constraints, the virtual hand stays on top of #Hige, creating a position discrepancy in
the up direction with respect to the real handnakeup condition in Part II.
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2.2.3.2 Horizontal Motion

In the horizontal-motion condition, participanteewied the virtual hand 20 cm in
front of a wall that was approximately 40 cm frone tviewer. The wall was featureless
so as to offer minimal depth cues (Figure 2-6). eWparticipants clicked the button to
start each trial the hand began moving toward thkk w

-

Figure 2-6. The horizontal-motion condition: Pafpants viewed a hand holding a
cylinder in front of a wall. Left — the hand’s diag position; Right — the hand after
penetrating 2 cm.

2.2.3.3 Measures

In each condition, | recorded the hand penetratiepth at the time of the user
report.

2.3 Results and Analysis

The 40 participants yielded 19 sets of completa.datiost six sensory discrepancy
values due to software malfunctions, 16 due toefalsrms on trials in which the hand
would have drifted (when the participant reporteit dhefore it began), and 16 because
time ran out before completion of the experiment.

2.3.1 A note about statistical analysis

With all t-tests and ANOVAs in this research, |w@as& normality of the population
distributions. This assumption is weak, meanirg rissults of t-test and ANOVAs are
robust if the assumption fails to hold. In moss$t$ée | also assume equivalence of
variance of the two populations being sampled. @dpgivalence of variance assumption
is stronger, meaning the results of the tests dkpeare heavily on the assumption.
Whenever | have reason to doubt equivalence oanee, | use test variants that do not
use a pooled variance for the two sample populatidtowever, it is important to keep in
mind that the strongest assumption | make whengusiase tests is that the underlying
model is additive, meaning that the value of thécamne variable is determined by a
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linear combination of the independent variablehis Bssumption is made by all who use
these tests, and no method exists to test it.

2.3.2 Simplifying analysis by combining data across drifirections

To simplify data analysis, | wished to treat thessey discrepancy thresholds for the
four drift directions as four different measurenseot the same threshold. First, | tested
the thresholds for each direction for statisticallynificant differences.

A repeated-measures ANOVA failed to find a sigmifit difference among the four
drift directions for the 19 participants with coref@ dataKs; s4=.80,p > .49). However,
this analysis ignores the possibility that partéeits with missing data vary systematically
with respect to participants with complete datac& the participants most likely to have
missing data are at the two extremes of performanaeder-responders, who took a long
time to report and ran out of time before complgtime experiment; and over-responders,
who reported drift before it actually occurred -€dnnot claim that participants with
missing data do not vary systematically with respe@articipants with complete data.

To include the effect of participants with missu@ta, | used a Markov chain Monte
Carlo multiple imputation method [Yuan, 2000] tongeate 30 complete datasets using
the mean and covariance structure of the obsera¢éa dl did not have a method to
combine the results of 30 repeated-measures ANOS®&$,performed the simpler two-
tailed t-test on the six individual direction pafos each dataset and combined the results
to produce the statistics shown in Table 2-1. €hmsrwise t-tests are more susceptible
to type | error (finding a statistically significardifference when none exists) for
individual large differences than a repeated-messWNOVA. However, none of the
pairs produced a statistically significant diffecenso no large differences are likely to
exist between any of the drift direction pairs. eTihability to use the repeated-measures
ANOVA sacrificed its added power to find small eifénces across all drift directions,
but if these differences exist, they are small.

Table 2-1. Results of the two-tailed t-test fachedirection pair on the multiply-imputed
data set of sensory discrepancy thresholds.

. : Magnitude of position
Direction pair discrepancy difference (m) tag P

left / right .043 1.92 .063
left / up .026 1.05 .30
left / down .013 34 74
right / up .017 -1.03 .31
right / down .030 -.803 .43
up / down .013 -.29 A7

15



Neither the test on the complete datasets noreffiteoh the imputed datasets showed
statistically significant differences, but not find a difference does not automatically
imply that one does not exist, especially sincehetast has an issue that calls its
credibility into question:

» The test on complete datasets excludes participatitsse data may vary
systematically.

* The test on multiply-imputed datasets requires t#uitisg values for a high
percentage of missing data (20 percent).

Therefore, | cannot conclude that no differencestsxibetween the drift directions.

However, the lack of statistically significant @ifences is evidence that differences
among drift directions are small enough that | nsaynbine the four thresholds into a
mean discrepancy threshold for each user.

2.3.3 Detection threshold comparison

Angular sensory discrepancy thresholds
for primed and unprimed trials
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Figure 2-7. Mean angular visual-proprioceptive aispancy thresholds — Bars
represent a 95 percent confidence interval forrtrean.

Figure 2-7 shows the mean angular unprimed andegridiscrepancy thresholds
from Part Il. Figure 2-8 shows the mean linearrimpd and primed discrepancy
thresholds from Part Il alongside the mean visotdrpenetration thresholds from Part
lll. These values represent the estimated stimildwels at the time of detection,
calculated from report times and reaction timesgmeeaction time = 260 ms, standard
deviation = 20 ms) as follows:

threshietec = POSeport - treac * Vhand
where threshieree is the detection thresholgiosepor is the position discrepancy or
penetration depth at the time of repdid,s iS the user’s reaction time, angh,q is the
hand speed. | discarded false alarms prior tautaiog the mean detection thresholds.
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Figure 2-8. Mean detection thresholds for visualfgioceptive discrepancy and visual
interpenetration — Bars represent a 95 percent ickemfce interval for the mean.

Because the visual-proprioceptive discrepancy asdaV interpenetration detection
thresholds may have different variances, | analyhedh using MANOVA. The analysis
showed a significant difference between primed @gndiscrepancy thresholds and
visual-interpenetration thresholds for both thetical-motion condition ; 17 = 61.74,

p < .001) and the horizontal-motion conditidf (;o = 322.23p < .001). Comparing the
unprimed sensory discrepancy thresholds againsvitwal interpenetration thresholds
(when users were primed to expect visual interpatien) is not meaningful because of
the different user expectations.

The sensory-discrepancy thresholds were higher thanvisual interpenetration
thresholds even though they were underestimatetivimreasons. First, | assumed that
the hand avatar was moving throughout the duraifdhe participant’s reaction time. |If
the user held his hand still or removed it fromfied of view, the hand would not have
moved during this time, and the reaction distarm@es subtracted from the discrepancy
would be too large, resulting in a reported thrédltoat is too small. Second, the mean
detection threshold ignores the false alarm ratéhefparticipants. Figure 2-9 shows
mean detection thresholds as a function of the murob false alarms reported by the
participant. A linear regression of mean detectim@shold on number of false alarms
yielded a statistically significant downward trefugtercept = 0.227m, slope = -0.0217m,
F1 31 = 8.68,p < .006), meaning that the participants with thedst thresholds had the
most false alarms. Their low detection threshaldggest that they performed the task
well. However, their high false alarm rates revdat these participants were not
consistently able to discriminate sensory discrepdrom its absence. Therefore, their
low thresholds are misleading.

Often researchers ascertain the discriminability teé stimulus by analyzing
receiver-operator characteristics [Heeger, 2003].However, receiver-operator
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characteristic analysis requires a study desigh dhaws users to miss a stimulus by
reporting that it does not exist when it does [@Qoré/ard, & Enns, 1999]. Since the
method of limitglesign used in this study increases the stimuited lentil the stimulus is
detected, it is impossible for a participant tograsstimulus. | instead used the data from
all participants without regard to false alarm sdi@ estimate a mean detection threshold.
The resulting estimate is conservative becauselake from participants with high false
alarm rates artificially lowers the mean.

Mean sensory discrepancy threshold vs.
Number of false alarms
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¢ Participant data,
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Threshold (m)
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Figure 2-9. Mean unprimed sensory discrepancystoéls as a function of the
participant’s number of false alarms — N valuesresent the number of participants
with the given number of false alarms.

2.3.4 Sensory discrepancy detection threshold compariggth respect to
priming

Figure 2-10 shows a top-down view of the unprimed @rimed mean visual-
proprioceptive discrepancy thresholds. A correfatitest showed that these two
thresholds are mildly correlated, with= .352,p < .042. A repeated-measures t-test
showed the unprimed thresholds to be statisticglipificantly higher than the primed
thresholds withtz3 = 9.008,p < .001. However, the systematic underestimatiorhef
primed detection thresholds, indicated by the ligdbe alarm rate (Figure 2-9), calls this
result into question. | cannot assume that ungfighetection thresholds are subject to
the same underestimation, because a linear regnes$iunprimed threshold on false
alarm rate failed to find the same trend as thandowith primed threshold.

However, the mean unprimed detection thresholdhderestimated for a different
reason. Seventeen participants did not reportddresent on the unprimed trial. Instead,
the trial ended when the hand avatar reached aegfed offset from the real hand.
These participants were then asked if anythingadaisabout their experience:
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* Five immediately mentioned the hand drift, thougleyt had not reported it.
These participants were not included in the stesistor the unprimed trial,
because their lack of reporting was likely due tansunderstanding of the
instructions rather than a lack of detecting theseey discrepancy.

» Eight could not guess what was odd about the esipeei when told that | had
introduced a manipulation. However, when askdtal noticed that the virtual
hand had drifted, they said thdi notice. One of these participants volunteered
his understanding of where his real hand was iaticel to his avatar hand, but
did so incorrectly.

* Four said they did not notice at all that the hawnatar had drifted.

top view !

- e = = =

Figure 2-10. An overhead view of hand placemeanitsesponding to the mean
thresholds in Figure 2-8: 1) Hand avatar positi@) Mean threshold in primed trials
(19.1°) 3) Mean threshold in unprimed trial (45.4°

In addition to the 12 participants who never repdran odd event on the unprimed trial
(not including the five whose data was discardewht participants reported some other
odd occurrence before they noticed the hand haftedlri Therefore, 20 out of 34
participants (only 34 instead of 40 because, inited to discarding the five
nonresponders who had noticed drift, | lost onerinmgd trial due to an equipment
malfunction) yielded values that represented loweunds on their real detection
thresholds. | can only be sure that the reportaldiesfor 14 out of 34 participants
represents an actual detection threshold. Theretbe resulting unprimed threshold
estimate is conservative.
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2.3.5 User report of task difficulty

On an exit questionnaire, users rated the diffycaftdetecting sensory discrepancy
and visual interpenetration on a scale of 1 toBkcause these data fall into discrete
categories which have an inherent order, the paran@dered multinomial regression
test is appropriate. The regression of user repodifficulty on the type of threshold
(sensory discrepancy or visual interpenetratioon&d that participants rated the task of
detecting hand drift significantly harder than tbatletecting visual interpenetration with
X1 40= 62.7,p < .001 (Figure 2-11).

User report of task difficulty

Difficulty rating
SN

1 ‘ I

Recognizing hand drift Recognizing visual interpenetration

Figure 2-11. User report of task difficulty on eate of 1 to 7 (1 — easiest; 7 — hardest) —
the bottom of each box represents the 25th peteantark, the mid-line is the median,
and the top of the box represents the 75th peleenkirror bars represent the minimum
and maximum responses.

2.3.6 Performance effects of visual-proprioceptive dispeacy
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Figure 2-12. Mean score per second on trials inclvlthe hand did or did not drift —
Bars represent a 95 percent confidence intervatliermean.
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For each trial of the Simon game, | calculated plagticipant’'s mean score per
second. A repeated-measures t-test showed sigmifycpoorer performance on trials
during which the hand drifted than on those dunivtgych it did not, withtzg = 3.18,

p < .003 (Figure 2-12). This led me to questiorvigual-proprioceptive discrepancy
affected a user’s perceived hand position suchgbegbrmance on a manual task would
suffer. | returned to this question in Study 3 §pter 5).

2.4 Discussion

The results of Study 1 support my hypotheses: alptoprioceptive discrepancy
thresholds were statistically significantly highttan visual interpenetration thresholds,
visual-proprioceptive discrepancy thresholds weagistically significantly higher when
users were not expecting it (although, as discydbesi result is not beyond question),
and users reported that detecting visual interpatiet was statistically significantly
easier than detecting visual-proprioceptive disaney.

Lindeman, Sibert, & Templeman [2001] found that dimted surface constraints
improve users’ speed and accuracy on manual tas#tstheat users prefer simulated
surface constraints to their absence. This stadyduded to these results by finding that
users are less likely to notice the position disarey resulting from simulated surface
constraints than the visual interpenetration thadbe otherwise occur.
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Chapter 3: Study 2 - User Sensitivity to
Visual/proprioceptive Discrepancy in Hand

Velocity

This chapter is a modified form of a paper presgatehe ACM Symposium on Virtual
Reality Software and Technology in November 2006r{8 & Brooks, 2006].

3.1 Question

What is the detection threshold for velocity digenecy (difference in velocity
between theviewedvirtual hand and théelt real hand — | refer to this vector as the
discrepancy vect)?

3.2 Study Design

3.2.1 Participants

Thirty-three introductory psychology students paptted in this study. All gave
consent and were given class credit for their pigdtion. Three participants developed
symptoms of simulator sickness soon after beginthegstudy and were excused, leaving
17 males and 13 females.

3.2.2 Equipment

Each participant wore a Virtual Research Systemsh&&d-mounted display and
held a joystick in the right hand. Both head amahdchwere tracked using a 3rdTech
Hiball 3000. Participants sat in a chair and waseially immersed in a one-room VE
that measured 4.6 m by 2.3 m with a 2.7 m by 1&aove behind them (Figure 3-1).

3.2.3 Stimulus

3.2.3.1 The magnitude of the discrepancy vector

Weber's Law states that the magnitude of the staliéstinguishable difference
between two stimuli, or difference detection thaddhis directly proportional to the
magnitude of the base stimulus [Fechner, 1966qumation form:



Al =k* |
Wherel is the intensity of the base stimulug,is the difference detection threshold, and
k is some constant relating the two.

Figure 3-1. View of the VE from above. The wkiglhows where the user sat, facing the
long brick wall.

Weber's Law was empirically developed fddifference detection thresholds
(difference thresholdsfor short). Although this study concerdscrepancydetection
thresholds discrepancy thresholdsfor short), they are very similar to difference
thresholds. Adifference thresholds the magnitude that one stimulus must diffenfro
another in thesamemodality for a person to be able to distinguistntiCoren, Ward, &
Enns, 1999]. Adiscrepancy thresholds the magnitude that a stimulus in one modality
must differ from a stimulus in differentmodality for a person to be able to distinguish
them.

Applying Weber's Law, by analogy, to discrepancyesholds, | have made the
simplifying assumption that the velocity discrepattreshold will be a constant multiple
of the base stimulus (in this case the real-hahotitg):

Av = k* Vreal
For simplicity, | measure the fact@rbecause, unlike the absolute velocity discrepancy
threshold 4v), k is invariant to changes in the user’s real-hardoy (viea). Therefore,
in each trial, the stimulus level is a potentialueafor k, andthe hand-avatar velocity is
set to:

—_ — * —_
Vavatar - Vreal +Av = Vreal +k Vreal - (1+ k)Vreal

wherek is positive for faster conditions and negativedimwer conditions.
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| later tested the assumption that the discrepim@&ghold is constant with respect to
real-hand speed (Section 3.3.3).

3.2.3.2 The orientation of the discrepancy vector

Since the stimulus in this study is a vector, it ¥ary not only in magnitude but in
direction as well. The vector’s orientation mayeaf the discrepancy threshold, as it
affects which sensory receptors get excited and Hovg therefore necessary to specify a
frame of reference and then to deal with the pakrariation of discrepancy threshold
with respect to orientation.

3.2.3.2.1 Frame of reference
The frame of reference for the orientation of thgckpancy vector is somewhat
complicated, as two coordinate systems are involved

1) Vision: Based on the position and orientationhaf yes

2) Proprioception: Based on the position and oriemmatof the muscles
transmitting the sensations of motion

| chose the visual frame of reference as the bemmef and used the real-hand
velocity vector to represent the influence of thegpioceptive frame of reference.

The visual frame of reference has its origin betw#ge user's eyes and is most
naturally described in spherical coordinates withcorresponding to the horizontal
placement on the reting, corresponding to the vertical placement on thmaetandr
corresponding to the distance from the origin (Feg8r2).

3.2.3.2.2  Studying the potential variation of discrepancyesirold with respect to
orientation

The discrepancy threshold cannot be measured fon eé the infinite possible
discrepancy vector directions. However, if | assuthe detection threshold in an
arbitrary direction is a linear combination of tetection thresholds in its three spatial
component directions, then detection thresholds oedy be measured in the component
directions.

In reality the assumption of linearity does notchoMWhen users perform arbitrarily
complex movements, the added complexity decreases dccuracy of their
proprioceptive feedback. Therefore, this assumptiall likely yield conservative
velocity discrepancy detection thresholds. Inithplementation of MACBETH, such an
underestimation means that the introduced velatiggrepancies will be less than those
which would have been possible, and the hand awathnot return to the user’s real
hand as quickly as it could have. The assumptfdmearity allows a tractable solution
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to the problem of choosing a velocity discrepanbgttmatches a given position
discrepancy. Though the resulting implementatioiMACBETH might not remove
position discrepancy as quickly as possible, itaiely will not make the situation worse.

Figure 3-2. The eye viewed from above. Thouglnitigidual objects on each of the
straight lines have different x, y, and z coordesain a Cartesian coordinate system, they
have the sameé and¢ values in spherical coordinates, and their imagesl in the same

position on the retina.

3.2.4 Conditions

Pilot studies showed that movements to the lefbsecrthe visual field did not
necessarily have the same discrepancy detectieattblds as movements right across the
visual field (likewise for up and down, and towadd away). This is not surprising,
since the muscles are used in different ways tbpareach motion. Therefore, for each
directional component | measured the detectionstiolel for hand motion in both the
positive and negative directions. For each oféhésneasured one detection threshold
for when the hand avatar moved more quickly thanrdal hand and one for when it
moved more slowly. This yielded 12 conditions (Bctional components x 2 real-hand
motion directions x 2 faster/slower conditions).

3.2.5 The execution of each condition

3.25.1 Thetrial

Participants underwent a series of trials, eacttuth yielded a single binary data
point of whether or not the participant detectestddpancy for a given stimulus level in a
given condition.
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At the beginning of a trial, a panel on the virtuwall in front of the user indicated
which direction the user was to move his hand. gémticipant clicked the button on the
joystick, and a sphere appeared indicating whegeutter should move his hand to start
the trial (Figure 3-3). When the participant movesl real hand to the apparent location
of the sphere, his hand avatar disappeared, anchdnsl movement controlled the
movement of the sphere. The sphere’s velocityseass follows:

\Y/

avatar

= (1+ stimulugyv,

real

Figure 3-3. At the beginning of each trial, a sghindicated where the user should
move his real hand to start the trial. A paneltba wall indicated the direction the user
was to move his hand during the trial.

The user then moved his hand in the direction §ipelcby the panel until the sphere
disappeared at an invisible goal position whichadirandomly with the trial. The user’s
mean real-hand speed was recorded from when theresp¥as intersected to when the
goal was reached. Upon reaching the goal, thersplisappeared and the panel on the
wall changed to a response menu with three paafitsying the participant to choose
whether the movement of the sphere appeared fasbs; thesamespeed, oslowerthan
the real hand. The user selected a panel withser |pointer controlled by his gaze
direction. When the laser pointer dot passed @vganel, the panel would light up
(Figure 3-4). The user made the final selectioncligking the button on the joystick.
When the user clicked the button, his hand avgtpeared again with a new sphere to
indicate the starting position of the hand and & panel to specify the direction of
motion for the next trial.
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Faster

Figure 3-4. At the end of the trial, the user st&dd whether the movement of the hand
avatar appeared faster, slower, or the same spedti@areal hand.

3.2.5.2 Velocity discrepancy detection vs. position dis@epy detection

| was concerned that instead of comparing the wglof the real hand to that of the
virtual hand, participants might notice the accuating position discrepancy between the
real and virtual hands. If | assume that partieipgay attention to velocity discrepancy
(because | have asked them to), position discrgp@monly an issue if it ignore
detectable than velocity discrepancy. |If itassdetectable, | can be sure that in any trial
in which the participants noticed position discmpa they would have also noticed
velocity discrepancy, so their reports are corfecthe purpose of this study. However,
if position discrepancy imoredetectable, there might be times when participdiatsiot
notice velocity discrepancy, but reported thatshbere moved faster or slower because
they noticed the position discrepancy. The resoiltStudy 1 suggest that the position
discrepancy is likely not a concern because itsain threshold is very large.

However, as a precaution | undertook to make mositliscrepancy harder to
recognize. These efforts focused on the end ofiimel motion, since:
1) Atthe end of the hand motion, the hand avataarihést from the real hand.

2) | feel that users are most cognizant of positi@tmipancy at the end of the hand
motion because their attention shifts from the opwtof the hand (which has
stopped) to the position of the hand.

To make position discrepancy harder to recognizthatend of the hand motion, the
invisible goal position of the hand varied fromatrio trial, so that users would not know
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where the end of the hand motion would be. Thetesd had to move the sphere until it
disappeared. Because they required reaction tinstdp their hands, the final resting
position of the hand was not directly comparabléhofinal visible position of the virtual
sphere. Therefore, position discrepancy was nmettly assessable.

However, despite my efforts at throwing users ofénf detecting position
discrepancy and the fact that humans are bad aettdej it anyway, | cannot be certain
that participants are not, in fact, noticing thaigion discrepancy rather than the velocity
discrepancy. In a worst-case scenario, howeveppdition discrepancy is what they
notice, | know that their detection thresholds &boeity discrepancy are higher than the
current discrepancy, SO my measurements are a reatise estimate of their actual
detection thresholds.

3.2.5.3 The adaptive staircase

For each trial, the stimulus magnitude — the paaéntlue ofk that determined the
velocity discrepancy — was selected according tb-wp, 1-down adaptive staircase
method. Staircase designs focus the majority iafstin the stimulus region of most
interest (around the areas where participants soragtanswer one way, but sometimes
answer another)Adaptivestaircases refine the step size to help the a@rconverge to
a detection threshold faster.

The first trial had either a small discrepancy magte (the bottom of the staircase,
in this case, 0.0) or a large discrepancy magnjtadesen based on the results of a pilot
study (1.0 for faster conditions and -0.6 for slowenditions). The next trial's stimulus
level was increased or decreased by one step dftédimease, depending on whether the
participant reported the discrepancy correctlynmorrectly (for faster conditions, a step
up was in the positive direction; for slower coratis it was in the negative direction).
The stimulus level would not advance beyond theeexés of the range (-1.0 to 1.0).
The beginning step size was 0.2. Each time thiécp@ant responded the opposite of the
previous trial, the step size was halved until aimum step size was reached. The
minimum step size was 0.1. Each staircase cordinumgil the participant had made 10
reversals or had completed 50 trials.

3.2.5.4 Groups of staircases

The goal of all the trials was to find, for eachtpgpant, the detection threshold for
each of the 12 conditions. The detection threshad found by fitting a Gaussian ogive
to the participant’'s detection rate at every stusullevel (the percentage of the
presentations of that stimulus level that the pgrdint detected) by minimizing the
weighted sum of square differences of the dataegata the ogive fit values divided by
the ogive fit values at every point. This minintina was accomplished by varying the
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mean and variance of the ogive. This method miasithe chi-square of the Gaussian
ogive fit to create an estimate of the participgipsychometric functiofthe cumulative
distribution function of a user’'s probability of téeting the stimulus — Figure 3-5 is a
sample). From the psychometric function | extrd@aabsolute detection threshofthe
stimulus level at which the participant had 50 petcaccuracy, also known as theint

of subjective equalitgr PSE).
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Figure 3-5. A sample psychometric function fiatoser’s data points for the left/faster
condition

The number of trials needed to create a good psyetrec function can be achieved
by:

1) One long staircase that requires many reversatsdehding

2) Several shorter staircases that require fewer saleto end

Choosing several shorter staircases has two adyesita

1) After the first few trials, participants may recagm the staircase nature of the
presentation of the stimuli. Several staircaseg begarandomly interleaved so as
to make it difficult for a participant to determiménere he is on the staircase.

2) Though | wish to concentrate the data in the cemtkrthe participant’s
psychometric function, it is desirable to have mtran one data point at the
extremes. Each staircase guarantees data atattiegipoint, which is a high or
low extreme.

| concurrently ran six staircases for each condjtibiree starting low and three starting
high, to ensure three data points at each of ttrer@es.
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3.2.6 Participant groups

Participants were randomly placed into three groupise participants in each group
experienced 4 of the 12 conditions. The four coods were chosen so the participant
would have two opposite hand motions (left andtrigh and down, or toward and away)
with a pair of faster and slower conditions for leacThe staircase for each trial was
chosen randomly with the requirement that its heald motion be in the direction
opposite to the last hand motion. This requirenvead added because participants have
a tendency to compare the hand-avatar velocityhéo pgrevious hand-avatar velocity,
rather than to the velocity of the real-hand. Bgkmg the real-hand motion the opposite
of the previous trial, it was more difficult forers to make this mistake.

3.2.7 Data

| used the 50% detection threshold for each ofpgaeicipants that experienced a
condition to construct a confidence interval fore tipopulation’s mean detection
threshold. | used the hand-speed measuremengstithe assumption that the detection
threshold follows Weber’s Law.

3.3 Results

3.3.1 Psychometric functions

| created 120 psychometric functions, one for eaaticipant (N = 30) for each of
four conditions (Figure 3-5 is an example). Ondip@ant’s data in the toward/slower
condition was erratic to an extent that the cotr@hacoefficient of the data with the
subsequent ogive fit was not statistically sigrifit Thus, the estimated psychometric
function did not yield a dependable detection thoés. That participant’s data for that
condition was discarded. Eight of the remainin@ $&ts of data yielded psychometric
functions that had a detection threshold greatan th.0 (Figure 3-6 is an example).
Since the greatest stimulus for which data wasctdd was 1.0, the detection thresholds
for these datasets lay outside the region of datedata and were extrapolated from data
that comprised less than half of the psychometnction’s region of most interest. For
this reason, these values are at high risk of aointalarge amounts of error. | decided it
would be safer to replace these detection threshwith the value of 1.0, recognizing
that this represents a lower bound on the reakttetethreshold. Therefore, my reported
detection thresholds are conservative.

3.3.2 Mean detection thresholds

Mean 50% detection thresholds for all 12 conditiaresshown in Figure 3-7.
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Figure 3-6. An example psychometric function ftomup/faster condition with a 50%
detection threshold higher than 1.0.
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Figure 3-7. Mean 50% detection thresholds for algroprioceptive discrepancy. Bars
represent 95% confidence intervals for the mean.

3.3.3 Testing the assumption that the detection threshtwtlows Weber’s
Law

If the discrepancy detection threshold follows Webeaw, the threshold should be
a constant fraction of the user’s real-hand vejocitn other words, the slope of the
function relating threshold to real hand speed khbe 0. To test whether the slope is
indeed 0, for every trial, | measured the usersaimband speed from the beginning of
the hand motion to the end (ttv&al hand speell | divided each user’s set of trials for a
condition into the half whose trial hand speedsenadsove the median trial hand speed,
and the half whose trial hand speeds were belowfiWeber's Law holds, these two
half-sets should indicate the same discrepancgliiotd (since | measured it as a fraction
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of the base stimulus). | constructed a psychométnction for both of these half-sets,
plotted their detection thresholds against theimméial hand speeds, and found the
slope of the line connecting the two points. Fegg8+8 shows a histogram of these slopes.
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Figure 3-8. A histogram showing the distributidrstopes of the function relating
velocity detection threshold to real-hand veloédyall conditions.

Three sets of data yielded ogive fits whose cotimiacoefficient with the actual
data was not statistically significant. These sets, therefore, could not be used. In the
remaining 234 half-sets of data (117 pairs), theege 15 detection thresholds greater
than 1.0 that, as described in section 3.3.1, lacgg with the value of 1.0, yielding a
conservative estimate.

| performed a mixed-model ANOVA with study condiioas a fixed factor,
participant number as a random factor, and slofgbheasutcome variable. Specifying the
participant as a random factor adjusted for mudtibservations within subjects. | tested
the null hypothesis that the mean slopes in evengition were simultaneously equal to
zero. | could not reject this null hypothesis witfp, 7s= 1.22,p = 0.285. Though this
test does not prove that the detection thresholss dwt vary with hand speed, | was
unable to prove that it does vary. | will contintee assume that the Weber's Law
assumption holds.

3.4 Discussion

Study 2 yielded 12 velocity discrepancy threshatles for the hand avatar moving
faster and slower in six directions of real-handtioo These values are necessary to
implement MACBETH.

32



Chapter 4:  Design of MACBETH

MACBETH removes position discrepancy by introducwejocity discrepancy that
is equally detectable The ideal methodology for choosing this equallgtectable
velocity discrepancy is based on the following fstep algorithm (Figure 4-1):

1) Find the existing position discrepancy.
2) Find the probability of detecting that discrepancy.

3) Find the point on the velocity discrepancy psychoimdunction with an equal
detection probability.

4) Find the velocity discrepancy that correspond$i& tate of detection.

Position discrepancy Velocity discrepancy

100.0 @ k‘* 100.0 @ o

Detection Rate (%)
o
(s}

[a=)
Detection Rate (%)
g
]
=

° .
# @ M y
00 : : 00 :

0.00 0.0% 0.10 0.1% 0.20 0.25 0.30 0.00 0.50 1.00 1.50 2.00 2.50

Position discrepancy (m) Velocity discrepancy (multiple of real-hand velocity)

Figure 4-1. The idea behind MACBETH : 1) Find éxesting position discrepancy 2)
Find the probability of detecting that discrepar®)yFind the point on the velocity
discrepancy psychometric function with an equaédgbn probability. 4) Find the
velocity discrepancy that corresponds to that i@teetection.

However, this algorithm requires psychometric fumres for both position and velocity
discrepancy. Since each person’s psychometridimgare different and obtaining the
data necessary to construct a psychometric funecéiquires hours, this algorithm would
have a lot of calibration overhead for each usér.is therefore impractical. Some
simplifying assumptions are necessary to make MATBIBractical.



4.1 Assumptions to make MACBETH practical

Assumption 1. A user’s psychometric functionsgosition and velocity discrepancy are
the same shape, such that when tReaxes are normalized by dividing
stimulus values by the 50% detection threshold, tih@ functions are
identical.

Justification: Assumption 1 proceeds from the idbat the same set of factors
determines the relation between vision and proppton for both
position and velocity judgments. Therefore, theameosition and
velocity detection thresholds will be correlatedtheir variances in the
same way. Since the mean and variance of the determine a
psychometric function’s shape, the two psychomdtritctions will be
the same shape. | have no evidence for this claim,am willing to
assume it is reasonably accurate.

Implications: The entire psychometric function i® rlonger necessary: equal
normalized stimulus levels are equally detectal#{#.that is necessary is
the 50% detection thresholds with which to nornealize stimulus levels
(Figure 4-2).

Though with Assumption 1 it is only necessary toehthe 50% detection threshold
for position and velocity discrepancies, rathemtlize whole psychometric function for
each, the method described in Study 2 to find ®f Sletection threshold requires first
finding a psychometric function. Therefore, anothesumption is necessary to avoid
having to find psychometric functions for each user

Assumption 2: Each individual's position and vetpdiscrepancy thresholds vary from
the population means in the same proportion.

Justification: As with Assumption 1, Assumption Bogeeds from the idea that the
same set of factors determines the relation betwermsion and
proprioception for both position and velocity judgnmts. Therefore, a
good observer of position discrepancy will alsoégood observer of
velocity discrepancy, so the two detection thredtavill vary together.

Implications: The population mean 50% position aetbcity discrepancy thresholds
represent stimuli levels of equal detectability éwery individual and can
still be used as anchors for normalizing stimulegels. Therefore, a
single user study could measure an estimated piHaean detection
threshold which could be used for every user.
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Figure 4-2. If the psychometric functions for piosi and velocity discrepancy are
similarly shaped (left), such that when they arenmalized by dividing the stimulus levels
by the 50% detection threshold, the functions beci®ntical (right), the appropriate
velocity discrepancy will be the normalized velpdiscrepancy of the same value as the
normalized position discrepancy.

These assumptions allow for the implementation &&QBETH without requiring
information about each individual user. But on#ialilty still remains. Whereas the
velocity discrepancy thresholds from Study 2 aeadly 50% detection thresholds, it is
not clear that the position discrepancy threshédds Study 1 are also 50% detection
thresholds. Method-of-limits designs do approxeng0% detection thresholds, but in
Study 1 only the ascending series half of such sigdewas used. Since it was not
balanced with a descending series, Study 1 migi loaerestimated the 50% position
discrepancy detection threshold. Based on thaestymerformed, one final assumption is
necessary for the implementation of MACBETH.

Assumption 3: Thresholds from study 1 were 50%gholds.
Justification:  Assumption 3 might be true or it mmighot. However, the measured
thresholds are plausible approximations for 50%gholds, and making
this assumption is necessary to proceed with thplementation of
MACBETH.
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Implications: MACBETH can be implemented using theta from Studies 1 and 2,
though a potential overestimation of the positiascepancy threshold
might result in position discrepancy being removaedre slowly than
necessary.

4.2 MACBETH algorithm

/[Part 1:
/[Based on the movement of the real hand, deterthméesired avatar hand position if it
/lwere not to collide with any objects

/IStart like the incremental motion method

i deal Movenent

real HandPosi ti on - previ ousReal HandPosi ti on
goal Posi tion

avat ar Posi ti onLast Frane + i deal Movenent

Convert positions to canera-centered spherical coordinates

For each spherical coordinate conmponent
mul ti pl eCf PositionDi screpThreshold =
abs( of f set Fr omAvat ar ToReal Hand) /
posi ti onDi screpancyThreshol d

//Set appropriate velocity discrepancy thresholselzon the direction of real
/lhand movement, and whether the hand avatar riedssmoved faster or slower
/lto move it closer to the user’s real hand (teiemred to aBJACBETH’s
/lequation

vel oci tyDi screpThreshol d =
appropri ateVel ocityDi screpThreshol d
vel ocityDi screpancy =
mul ti pl exf Posi tionDi screpThreshold *
vel ocityDi screpThreshol d * real HandMovenent

/[Take the extra movement created by the velogggrdpancy in each component, and
/ladd to the goal hand avatar position

goal Position = goal Position +
novenent DueToVel oci t yDi scr epancy

| f nmovenent due to velocity discrepancy causes hand avatar
to overshoot position of real hand in any conponent
Set the hand avatar position conmponent to be that of
t he real hand

Convert positions back to Cartesian coordi nates
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//[Remove anomalies due to switching to sphericatdioates

| f position discrepancy conponent is larger than it started
Set conponent to its previous val ue

/IPart 2:
/IPerform collision detection and correction

/[To approximate continuous collision detectionvedand avatar to goal position in
/[several steps

VWhile no collisions have been detected and the hand avat ar
has not reached the goal position

Move the current hand avatar position one step
Test for collisions

If collision
Move the avatar hand out of the object in the

direction perpendicular to the face it penetrated
4.3 Threshold values used to implement MACBETH

The threshold values measured in Studies 1 andr@ uwsed in the implementation
of MACBETH (Table 4-1).

Table 4-1. Detection threshold values measurestimies 1 and 2, used in the
implementation of MACBETH.

Position discrepancy threshold
All directions treated thg  19.09° (0.20 m)

same
Velocity discrepancy threshold
Real-_Hand Faster scale Slower scale
Motion
) . factor factor
Direction
Left +0.44 -0.08
Right +0.40 -0.06
Up +0.51 -0.16
Down +0.38 -0.27
Toward +0.63 -0.46
Away +0.69 0.00
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4.4 Motion profiles

Motion profile for an arbitrary real-hand motion
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Figure 4-3. Motion profile for an arbitrary realdnd motion using MACBETH
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An example MACBETH motion profile for an arbitraftgand motion in one
dimension is shown in the graphs in Figure 4-3.e Position discrepancy decreases
steadily, but the velocity discrepancy varies dsirection of both position discrepancy
and real-hand velocity.

Figure 4-4 shows the position and velocity discreyaover time for each of the
three techniques in a case like the one shown gnr€il-3 where a user penetrates a
virtual object and then moves his hand away from dhject at a steady velocity. The
rubber-band technique decreases the position @seoy most quickly, but does so by
exhibiting its characteristic “sticking” problenThe hand avatar does not move until the
real hand meets it, leading to a velocity discregarqual to the user's real-hand
velocity.

Motion profiles for lifting hand off virtual table after penetrating
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Figure 4-4. Position and velocity discrepanciesdach technique when a user
penetrates a virtual object and then removes ha$ mand at a constant velocity.

4.5 All three techniques are instances of virtual coupling

Virtual coupling is a method used to calculate ésréor haptic displays when a user
penetrates a simulated object [Colgate, Stanley,Brown, 1995]. The user’s real hand
on the haptic display handle is connected virtutdlythe simulated hand by a damped
spring. The force displayed by the haptic devecthen calculated by the damped spring
equation:
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F = -kx-Bv
Wherek is the spring constant aldis the damping coefficient.

The rubber-band technique, the incremental-motemhnique, and MACBETH
can all be viewed as versions of this model wiffedent values for the constants. In the
absence of a haptic display, calculating a forcaas useful; however, calculating the
movement of the avatar hand is. The force in theva equation can be replaced using
Newton’s second law of motion:

F =me
which yields:

ma= —kx— Bv
In this equation, the three constants do not hayepaysical meaning. Since the avatar
hand is not real, it does not have mass and teare real spring to have a spring constant
and damping coefficient. To simplify the equatiime mass can be set to 1, leaving:

a=-kx-Bv
By manipulatingk andB, all three hand avatar management techniquesean b
represented.

The rubber-band technique corresponds to a spangpér system with an infinite
spring constant and a finite damping coefficiengaming the acceleration of the hand
avatar with respect to the real-hand position iteipially infinite. The incremental-
motion technique corresponds to a spring-dampeesysvith a spring constant of O or
an infinite damping coefficient with a finite spgrconstant, meaning the acceleration of
the hand avatar with respect to the user’s read hgosition is always 0. MACBETH
corresponds to a spring-damper system in whichdémeping coefficient is a function of
the user’s real-hand speed. This can be showmimpining the spring-damper equation
above with MACBETH’s equation:

.« _ velocity_threshold* real _hand_ velocity* x(i)
v(i)=- —
position_threshold
to determine the appropriate amount of velocitycidipancy. First, acceleration in the
spring-damper equation can be approximated by:

2 Vi)~V =)
At

to get:
VOZVE=D - -y -1)
At
Solving forv(i) yields:
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v(i) = —Atkx(i —1) + 1- BAt)v(i —1)
For simplicity of notation, a change of variablenche applied to the MACBETH
equation as follows:

. velocity threshold* real hand velocity* Xx(i .
v(i) = - y_ = = Y ():—Qx(l)

position_threshold
Substituting this value of(i) into the spring-damper equation yields:
- Qx(i) = =Atkx(i —=1) + (1- BAt)[-Qx(i —1)]
Since the current position of the hand avatar éspgfevious position plus the amount of
change, the left side of the equation can be exgmnd

=Q[x(i =1 +v(i —1)At] = —Atkx(i —1) + (1 - BAt)[-OQx(i —1)]
Substituting fowv(i-1), once again, yields:

-Q[x(i =1 — OQx(i —1)At] = —Atkx(i —1) + (1 - BAt)[-OQx(i —1)]
Simplifying this equation yields:

k
B= Q +
Q
Expanding Q yields:
B = velocity _threshold* real _hand _ velocity(i) k
B position_threshold velocity_threshold* real _hand_ velocity(i)

position_threshold
The velocity and position thresholds for a giverediional component of discrepancy are
constant. Ifk is chosen as an arbitrary constant, the valug fofr a given direction of
discrepancy varies as a function of the user’shiaatl velocity.

4.6 Computational time

Without any claim that the rubber-band and incretaemotion implementations are
optimal, | measured the per-frame time required dach calculation. The median
computation time required for MACBETH was slightly dar than that required for
either of the other techniques. However, the contipmadime was still a mere fraction
of the 16.7 ms frame time on a 60 Hz display (FigLfs).
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Figure 4-5. Per-frame computation time — the bottdrmeaxh box represents the 25th
percentile mark, the mid-line is the median, and dtpedf the box represents the 75th
percentile.
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Chapter 5:  Study 3 - Evaluating MACBETH

5.1 Hypothesis

MACBETH offers an improvement over the rubber bandimmremental motion
methods in user-rated naturalness, user prefe¢E experience, or user performance
on a hand navigation task.

5.2 Study Design

Testing the avatar management techniques reqgaitadk that would ensure that
the user’s hand would collide repeatedly with virtabjects. Having the user navigate
the hand avatar through a tight maze would makeatly impossible to avoid frequent
collisions. The participant’s time to complete thaze then measured performance.

Since the maze design might give a particular avatanagement technique a
performance advantage, | intended to design thr&ees two that tipped the scales to
the advantage of MACBETH’s two competitors and oneaye case.

The maze designed to favor the rubber-band metlaodahstaircase shape, which
required repeated up and left motions (Figure 5A3.the avatar hand slid off the edge
of a surface, it would snap to the user’s real-hposition, covering the distance more
quickly than with either the incremental-motion neethor MACBETH. Furthermore,
this method put the incremental-motion model atsadli/antage because these repeated
collisions in the same direction would result in @sigon discrepancy that grew with
every collision.

| could not find a maze to favor the incrementaltiomo method. | thought a maze
that required repeated back and forth movements, thé same number of collisions in
each direction would favor the incremental-motionthd because the increments of
discrepancy would tend to cancel each other out, edsewith the rubber-band method
the user would have problems with the ball stickiogstirfaces as he moved his hand
from one surface to an opposite surface and bageatedly. A pilot study showed that
such a maze did not actually favor the incrememiaiion method. It proved difficult to
design any maze that did give the advantage tanttremental-motion method. So, |
was forced to abandon that goal.



Figure 5-1. Staircase Maze — The participant maeeed the hand avatar (the red ball
in the upper right) through the maze from the grealhib the lower right to the red ball
in the upper left.

Therefore, the only other maze was the “average.’caseandomly generated 10
mazes by starting from the entrance and using @oramumber generator to decide in
which direction the maze would go next. The mazeswenstrained to fit in an 8x8
grid so that they did not become too wide or tatldsers to navigate them. The maze
with the longest path length of the ten was thencssdefor use in the study (Figure 5-2).

I wanted to test the hypothesis proposed in Chapté#nat the potentially large
position discrepancies that can arise with the meral-motion technique lead to a
misperception of hand position. Therefore, | addeshooting task to the end of each
trial to see if users’ accuracy varied with avatamagement technique. | measured the
time to shoot after completing the maze and thtadce from the target center to where
the ball landed.

| was most interested in which avatar managemehnigae participants would feel
was most natural. Therefore, on each trial, users agked to rate the naturalness of the
avatar management technique on a scale from 1 to 9.

| paired trials so that each would use a differamtar management technique. At
the end of the two trials, participants were askedckviof the two they preferred.
Statistical tests for binary data such as | reabritem this question have low power
(probability of rejecting the null hypothesis ifetmull hypothesis is indeed false), but |
decided to try anyway.
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Figure 5-2. Randomly-generated maze — The secondweeazgenerated to be an
"average" case.

Each user was to see all possible pairings offtteetavatar management techniques,
in both possible orders, with both mazes. Thisdgdl12 sets of 2 trials. These pairings
were balanced using a balanced Latin square matrix.

A pilot study suggested that there might be a sicamt learning effect during the
first few trials of the study. Every participartietefore, ran through the 12 pairs of trials
once as a training period and then did so agairefalr

5.3 Study Execution

5.3.1 Participants

Twelve right-handed introductory psychology studef8smales and 9 females)
participated in this study. All gave consent and evgiven class credit for their
participation.

5.3.2 Equipment

Each participant wore a Virtual Research Systems \&ldmeounted display and
held a joystick in the right hand. Both the head hand were tracked using a 3rdTech
Hiball 3000. Participants sat in a chair and wegsially immersed in the VE from Study
2 (Figure 3-1).
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5.3.3 The sequence of a pair of trials

At the beginning of each trial, the user’s right thaavatar was displayed as a red
sphere capable of passing through virtual objeétgyreen sphere indicated the desired
starting position of the user’s hand for the trisllhen the participant moved his hand to
the green sphere, the red sphere turned greenaad o longer pass through virtual
objects.

The participant then moved his hand through theemahich was suspended in air
in front of the user. If the user pulled his haadiard himself, out of the maze, the ball
that followed the user’'s hand became red againaagiken sphere appeared, indicating
the last position of the hand that was inside theemaWhen the red sphere again
intersected the green sphere, the user continuathghthe hand through the maze until
it reached a red sphere at the exit of the maze.

When the user reached the red sphere at the etheahaze, the maze disappeared
and the user aimed at a target on the wall behiadrthaze (Figure 5-1) and clicked the
button on the joystick to fire the ball at the &irgWhen the button was clicked, the ball
traveled in the direction of the vector connecting user’'s dominant eye with the center
of the ball. The ball traveled until its centet thie wall, where it stayed embedded in the
wall. The experimenter then asked him to rate titeralness of the avatar management
technique.

The user then performed another trial, identicalegx for the use of a different hand
avatar management technique. At the end of thendecial, the experimenter also asked
the participant which of the two trials he preferréfb give participants incentive to do
as well as possible, a feedback screen appeardteomall after the user answered. The
feedback screen displayed all three performancesunesa for each of the two trials:
maze time, distance from the target center, andtsigptime.

5.3.4 Data

Each trial yielded four pieces of data:

1) Maze traversal time
2) Time to pull the trigger, measured from the enthefmaneuvering task
3) Distance from the center of the target

4) A rating on a scale from 1 to 9 of the naturalnekshe avatar management
technique, plus an explanation of what seemed uralatbianything

Eachpair of trials yielded the following additional piece ddita:

5) Participant’s preference between the two avatar ne@anagt methods
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5.4 Results

For each measurement, | analyzed the data frotma# together and then analyzed
each set of trials for each maze separately. Thigue for all values except the
performance time values, which are really not comiplaracross maze type. The mazes
were different lengths, requiring different navigatitimes, and their end points were at
different positions, so moving to aim at the tangetld take different amounts of time.

5.4.1 User rating of naturalness

Table 5-1. Results of an ordered multinomial regoessf naturalness rating on avatar
management technique — the results of the overalbfes| values equal are presented
along with unadjusted pairwise comparisons.

Both mazes
Test M ean d.f X p
Overall 2 10.00 0.007
Incremental-motion vs. 5
rubber-band 5.68 1 Ll 0.24
Incremental-motion vs. 5
MACBETH 6.75 1 49.79 <0.001
Rubber-band vs. 5.68
MACBETH 6.75 1 3.93 0.047
Staircase Maze
Overall 2 7.66 0.022
Incremental-motion vs. 4.23
rubber-band 6.08 1 6.35 0.012
Incremental-motion vs. 4.23
MACBETH 6.19 1 16.93 <0.001
Rubber-band vs. 6.08
MACBETH 6.19 1 0.05 0.82
Randomly-generated M aze
Overall 2 10.12 0.006
Incremental-motion vs. 5.77
rubber-band 5.27 1 0.28 0.60
Incremental-motion vs. 5.77
MACBETH 731 1 53.19 <0.001
Rubber-band vs. 5.27
MACBETH 731 1 12.15 0.001

Users rated MACBETH as more natural than the othertésbniques, although on
the staircase maze, user ratings were not stafigtgignificantly higher than the rubber-
band method (Figure 5-3). Because these datafaldiscrete categories which have an
inherent order, | tested these data with the par&r@tered multinomial regression test.
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Results of the ordered multinomial regression ofturadness rating on avatar

management technique, adjusting for multiple oleéras per participant, are given in

Table 5-1. All three overall tests rejected thel hypothesis that all mean naturalness
ratings were equal. Pairwise estimates showed alltlyee pairs to be significantly

different. In all tables, results falling shortsiétistical significance are shown in gray.

User report of naturalness

I L = u O Incremental motion
L B Rubber band

o O MACBETH

Naturalness (scale of 1to 9)
P N W A~ 00O N 0 ©

Both Staircase Randomly-
Mazes Maze generated
maze

Figure 5-3. User reports of naturalness on a séeden 1 to 9 - the bottom of each box
represents the 25th percentile mark, the mid-linbkesmedian, and the top of the box
represents the 75th percentile. Error bars reprigghe minimum and maximum

responses.

5.4.2 Preference

User preference
. I | v
v ¥ 088

K 0.77 0.79
= . 0.75
3 0.67 0.67
5 0.60 B Rubber band over
» 0.46 0.54 incremental motion
£ 051 : — | ®MACBETH over
5 incremental motion
< O MACBETH over
=] rubber band
Q
©
[T

0 T T T

Both Mazes Staircase Maze Randomly-
generated Maze

Figure 5-4. User preference - values represenfihetion of the pairs of trials in which
the user chose the first technique over the seeastdtistically significant results are
indicated with arrows

Figure 5-4 shows that in a 2-alternative forced-chotest, users preferred
MACBETH to incremental motion in all cases and pnefdrMACBETH to the rubber-
band method in the randomly-generated maze anttanoverall analysis. However,
users preferred the rubber-band method over MACBETHth® staircase maze. A
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logistic regression showed only three of the paewt®mparisons to be statistically
significant (Table 5-2).

Table 5-2. Results of a logistic regression onptederence data, testing the null
hypothesis that the probability of preferring oeetinique over another equaled 0.5 — the
results of the overall test of all values equaDtb are presented along with the

individual unadjusted tests.

Both mazes
Test Fraction | }% p
preferred
Overall 3 9.84 0.020
_Rubber-band over 0.67 1 266  0.10
incremental-motion
_MACBETH over 0.77 1 625  0.012
incremental-motion
MACBETH over rubber- 0.60 1 0.81 0.37
band
Staircase Maze
Overall 3 10.05 0.018
_Rubber-band over 0.79 1 566  0.017
incremental-motion
 MACBETH over 0.88 1 615  0.013
incremental-motion
MACBETH over rubber- 0.46 1 0.09 0.76
band
Randomly-generated M aze
Overall 3 7.87 0.049
_Rubber-band over 0.54 1 011  0.74
incremental-motion
 MACBETH over 0.67 1 204 015
incremental-motion
MACBETH over rubber- 0.75 1 3.50 0.062
band

Because statistical tests on binary data have inotly low power, | decided to
increase the power by using all data available. @asg that users’ preference for the
techniques did not change significantly over theirse of the study, | added the
preference data for the first 12 trial pairs angbahe data from a pilot run of the study
with 24 participants. The pilot study was identi¢al the final study except that
participants were not asked to rate the naturaloeti®e technique, and they did not have
the 12 training trial pairs before beginning thaltrthat counted. Adding these two extra
sets of data quadrupled the amount of preferenta. d&kunning the same logistic
regression on this larger data set, | found thatotverall preference for MACBETH over
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the rubber-band method became statistically sicpmfi, as did the preference for
MACBETH over both the incremental-motion and rubband methods for the
randomly-generated maze (Table 5-3). However, boa¢hoverall preference and the
preference on the randomly-generated maze for thoer-band method over the
incremental-motion method remained not statistycaignificant, and the preference for
the rubber-band method over MACBETH on the staircaaee disappeared completely
(Figure 5-5).

Table 5-3. Results of a logistic regression onptreference data (including data from

training trials and pilot study), testing the nalpothesis that the probability of

preferring one technique over another equaled OtBeresults of the overall test of all
values equal to 0.5 are presented along with thiévidual unadjusted tests.

Both mazes
Test Fraction
preferred d.f. X2 b
Overall 3 20.64 <0.001
'Rubber-band over 0.54 1 066 042
incremental-motion
. MACBETH over 0.77 1 5170 <0.001
incremental-motion
MACBETH over rubber- 0.67 1 1267 <0.001
band
Staircase Maze
Overall 3 17.79 <0.001
Rubber-band over
incremental-motion 0.68 1 7.40 0.007
 MACBETH over 0.79 1 29.92 <0.001
incremental-motion
MACBETH over rubber- 0.50 1 0 10
band
Randomly-generated M aze
Overall 3 19.20 <0.001
'Rubber-band over 0.41 1 240 012
incremental-motion
 MACBETH over 0.75 1 3003 <0.001
incremental-motion
MACBETg'aﬁ‘C’ler rubber- | g3 1 2693 <0001
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User preference
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Figure 5-5. User preference (including data fromitiag trials and pilot study) - values
represent the fraction of the number of pairs dltribetween two techniques in which
the user chose the first technique over the seeastdtistically significant results are

indicated with arrows

5.4.3 Time to navigate through maze

On the staircase maze, users performed worst witlernmantal motion, better with
MACBETH, and best with the rubber-band method. Onr#melomly-generated maze,
users performed best with MACBETH, but not statislycaignificantly better than with
the rubber-band method (Figure 5-6). A mixed modRIOVA, adjusted for multiple
observations per participant, showed that both MACBEahd the rubber-band method
yielded statistically significantly better perfornee than the incremental-motion method
(Table 5-4).

Time to navigate through maze

12 4
- 10
T
S 8 [ | |@ Incremental Motion
§ B Rubber band
2 6 + O MACBETH
£
= 41— —

2 | -+ |
0 T
Staircase Maze Randomly-generated Maze

Figure 5-6. Mean times to navigate through the mézesller numbers are better) -
error bars represent 95% confidence intervals fo tneans
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Table 5-4. Results of a mixed model ANOVA on timauigate through maze, adjusting
for multiple observations per participant. Restittan the overall test of all values equal
are presented along with unadjusted pairwise congoes.

Stair case Maze

Test Means d.f. F p

Overall 2,130 39.82 <0.001
Incremental-motion vs. 577

rubber-band 2.82 1,130 74.13 <0.001
Incremental-motion vs. 577

MACBETH 3.59 1, 130 40.32 <0.001
Rubber-band vs. 2.82

MACBETH 359 1, 130 5.11 0.026
Randomly-generated M aze
Overall 2,130 11.55 <0.001

Incremental-motion vs. 12.06 1,130 12 46 <0.001

rubber-band 9.93
Incremental-motion vs. 12.06
MACBETH 929 1, 130 21.07 <0.001
Rubber-band vs. 9.93
MACBETH 929 1, 130 1.12 0.29

5.4.4 Shooting accuracy

| hypothesized that the large position discrepang@essible with the incremental-
motion method would lead to a perceived hand pastitber than that of the hand avatar.
Such a perception would lead to poor performanceammiming task that required
knowledge of the hand avatar position. Participanteeed performed better on the
shooting task with both MACBETH and the rubber-bandthmé than with the
incremental-motion method (Figure 5-7). There wastatistically significant difference
between performance with MACBETH and the rubber-barethod on either maze
(Table 5-5). However, observation of participantggasts that the poor shooting
performance using the incremental-motion techniyas not due to a misperception of
hand position but rather, the increased physidétdity of aiming the hand avatar that
was in front of the body by using the real hand Wwhi@s displaced laterally by a large
amount.
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Figure 5-7. Mean distances from the target centethe shooting task - error bars
represent 95% confidence intervals for the means

Table 5-5. Results of a mixed model ANOVA on distironetarget center, adjusting
for multiple observations per participant. Restittan the overall test of all values equal
are presented along with unadjusted pairwise congoes.

Staircase M aze
Test Means d.f. F p
Overall 2,130 3.88 0.023
Incremental-motion vs. 0.109
rubber-band 0.014 1,130 5.81 0.018
Incremental-motion vs. 0.109
MACBETH 0014 1, 130 5.86 0.017
Rubber-band vs. 0.014
MACBETH 0014 1,130 0.0001 0.99
Randomly-generated M aze
Overall 2,130 11.55 <0.001
Incremental-motion vs. 0.021
rubber-band 0.013 1,130 12.46 0.001
Incremental-motion vs. 0.021
MACBETH 0.014 1, 130 21.07 <0.001
Rubber-band vs. 0.013
MACBETH 0014 1, 130 1.12 0.29

5.45 Time to shoot

Neither of the overall tests rejected the null hjpests that all mean times to shoot
(Figure 5-8) were equal (Table 5-6). Therefore,ryige tests gave no useful
information.
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Figure 5-8. Mean times to shoot after completingrtfaze - error bars represent 95%
confidence intervals for the means.

Table 5-6. Results of a mixed model ANOVA on timedotsadjusting for multiple
observations per participant - Neither overall tesbduced statistically significant
results.

Stair case Maze

Test d.f. F p
Overall 2,130 1.70 0.19
Randomly-generated M aze

Test d.f. F p
Overall 2,130 0.54 0.59

5.4.6 Independence of measures

It seems possible that a user’s report of natusalnpreference, and performance
would be all highly correlated and would be three sneas of the same phenomenon,
rather than three different measures. | perforrmedinformal investigation into this
possibility.

Overall, users rated MACBETH as most natural and pedeit over the other
techniques, which suggests a direct correlation btweaturalness and preference.
However, participants preferred the technique they tlated most natural in only 53.3%
of trials, and a graph of preference as a functibthe difference in rated naturalness
between two trials showed a sligiggativetrend (Figure 5-9). However, the data points
vary from the trend line enough to suggest thatinaétess and preference are not highly
correlated at all.

A scatter plot of naturalness ratings versus maxedishowed that naturalness
ratings do not vary consistently with maze time (ffgg5-10). Therefore, any correlation
between the two measures is very weak.
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Figure 5-9. Users' preference for the technique ttagégd as more natural varied enough

to suggest that the two measures are not highlyetated.
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Figure 5-10. Values of maze time with respect tonadttess show a subtle downward

trend.

Preference ratings also seemed to be uncorrelatdd maze time.

show any appreciable correlation between the two megagkigure 5-11).

5.5 Discussion

The most interesting result from this study is tloaerall, users rate MACBETH as a
more natural technique than either the rubber-lmandcremental-motion techniques and
prefer MACBETH over both. Users did indeed perforrtidyeon the staircase maze with
the rubber-band method, since that maze had besignee specifically to favor that
method. However, it was notable that in the oveaalhlysis of both mazes together,
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preferred the trial in which they took longer tovigate the maze in 77 trials, and
preferred the trial in which they took less timeommly 67 trials. A chart showing which
trial was preferred based on the difference in ntame between the two trials did not



users performed statistically significantly betteith MACBETH than with the
incremental-motion method, and no worse than thbeusband method.

Preference vs. difference in maze time between two trials

15

0.5 1

-05 T T T T T
0 5 10 15 20 25 30
Difference in time to navigate maze (s)

Figure 5-11. Trial preference as a function ofi@iénce in performance between the two
trials. Pairs in which the trial with better perfmance was preferred were assigned a
value of 1, and pairs in which the trial with wongerformance was preferred were

assigned a value of 0.

As hypothesized, users performed worse on the shyptask with the incremental-
motion technique. However, from my observing theip@ants, it seems more likely
that the physical task of aiming became more diffias they were required to move
their hand in some other direction to point thel Balaight ahead, than that there was
some sort of perceptual reason for the worse aiming.

Shooting time did not differentiate among the thmesthods.
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Chapter 6:  Conclusions

6.1 The thesis statement and the findings

The first part of the thesis is:

Users are more likely to notice visual penetratibmidual objects by the
hand avatar than the discrepancy in visual andrfwogptive hand-
position cues introduced by preventing such petietra

Study 1 showed this to be true.
The second part of this thesis is:

If a user’'s hand avatar is rejoined to the readhemthat sensory
discrepancy in position and velocity are equalizet or more of the
following will result:

e The user will rate the technique as more natural.

e The user will prefer his virtual environment expeie.

e The user will perform better on tasks in a virteaVironment.

| used the data from Studies 1 and 2 to manageamsahsory conflict such that sensory
discrepancy in both displacement and velocity ameimmzed together. Study 3 then
showed the first and second bullets to be true hadhird most likely not to be true.
However, users performed with MACBETH no worse than thidywith the rubber-band
and incremental-motion methods.

| found no reason that the incremental-motion matebould ever be used. The
rubber-band method is slightly easier to impleméran MACBETH, but overall, it
seems that MACBETH should be the method of choice.

6.2 What I would have done differently knowing what I do now
and with plenty of time and money

6.2.1 Design Study 1 for direct comparison to Study 2

Study 1 was designed to compare the detectabifityisual interpenetration to
visual/proprioceptive discrepancy and not to coragaosition discrepancy thresholds to
the velocity discrepancy thresholds measured idysBu Table 6-1 shows the differences



between the studies that weaken my claim that thereghancy thresholds measured in
each can be directly compared.

Table 6-1. Differences in study design

First study Second study

Measured deteptlon th.reshold using only an Measured a 50% detection threshold
ascending series, which overestimates the directly from a nsvchometric function
509 detection threshold y Psy

Users most likely underwent sensorimotpor
adaptation, which continually recalibratgd
how vision and proprioception relate to one
another, increasing the threshold for
detecting a difference between them

The randomness of the stimuli worked
against sensory adaptation

Users distracted from detection task by

playing the Simof game No secondary task to distract users

6.2.2 Run more participants for both Study 1 and 2

With more time and money | would have run many, maoye participants through
the redesigned Study 1 and Study 2. The 95% oemdl intervals for the means in
Study 2 were quite large. For example, the confidanterval for the mean detection
threshold in the toward/slower condition ranged fi@244 times the real hand speed to
0.843 times the real hand speed. With more ppaits, these confidence intervals
would shrink and would remove uncertainty from thduga that are used for the
balancing of visual-proprioceptive discrepancy.

6.3 Future work

6.3.1 Packaging this up and making it publicly available

| should like to create a package that would takeaeked hand position and scene
geometry as inputs and would return an avatar hapsitipn as determined by
MACBETH. However, this requires some sort of geneedlicollision-response library.
| currently use SWIFT++ [Ehmann & Lin, 2001] to det collisions, but preventing the
hand from penetrating virtual objects | must do effysit was simple to do so in Study 3
since the hand avatar was a sphere colliding with-db@ped objects. However,
providing realistic collision response for arbiyrabjects needs something more.
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6.3.2 Prediction

If one could predict when a user is about to peteet@avirtual object and by how
much that user is likely to penetrate, the systemld introduce velocity discrepancy
before collision to create an opposite positioncidipancy to that about to occur.
Therefore, when the user would see his avatar cotitacobject before his real hand
actually reached the same space. He would then biegiprocess of stopping and would
penetrate the object less. If the pre-collisiosipon discrepancy were half the total
distance the user would normally penetrate, themsiee would have only penetrated half
as deeply. Therefore, the maximum position disomey and subsequent velocity
discrepancy would be halved (half before the caltisend half afterward).

Such a prediction algorithm requires knowledge arusehavior when contacting
virtual objects. Perhaps all users act similaalygd a simple prediction technique based
on distance from objects and direction of hand moam would suffice. However, it is
also possible that every user acts differently gnedprediction technique would need to
adapt to the user’s style of interaction. A stwbuld then need to be done to make sure
that the prediction actually reduced the averag®usm of discrepancy rather than
increasing it due to prediction errors.

6.3.3 Rotation

This entire work has dealt with discrepancies in fpmsi but not in orientation.
When a user contacts an angled surface with his, Hendhight expect to see his hand
rotate to lie flat on the surface. Therefore,adtrcing some orientation discrepancy may
be more natural for the user. However, it is unclehen to introduce a rotation and
when not to. Furthermore, it is unclear whetherrtiust natural method for removing
rotational discrepancy is similar to that employed MACBETH or if rotational
discrepancy should be eliminated immediately astipasdiscrepancy is in the rubber-
band method.

6.3.4 Adding an arm

In all of my studies, participants had a disembodmand avatar in the virtual
environment. It is unclear how an avatar arm waffdct the use of MACBETH. A
difference in position of the hand requires a défee in orientation of the arm. So, the
guestion of rotations would need to be answered firs
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