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Abstract
This paper explores the hypothesis that the depgh and display quality of a 3D
volumetric display provides advantages for learrsimgple tasks. Experimental
data generated by human subjects using the Peaspc¥olumetric Display are
compared to like data generated using a 2D flaéestiiquid crystal display
(LCD). These data show that the Perspecta digplayides advantages over the
LCD display with respect to peak performance offdarasks.

Introduction

The ability to understand the environment is tiglitiked to sight because humans depend heavily on
their visual input to quickly acquire large amouotsnformation. Clearly, of the human sensedhsig

the greatest with regard to learning and cognitignNewly developed technology promises to aid
learning by allowing images to be rendered in 3Bcgd2] This paper explores the hypothesis that th
depth cues and display quality of a 3D volumetigplhy provides advantages for learning simplegask
Experimental data generated by human subjects tlsinBerspecta 3D Volumetric Display are compared
to like data generated using a 2D flat screendiaquystal display (LCD). These data show that the
Perspecta display provides advantages over the di§iiday with respect to performance of simple tasks

Experiment
PARTICIPANTS

106 male and female college students between &yasdl26 were invited to participate. Participants
were screened for vision problems such as uncedeagsion or depth perception problems. Human
subjects participating were randomly assigned ®afrtwo groups. The two groups differed in theéeor
in which they used the display devices.

APPARATUS

The Perspecta Spatial 3D system by Actuality Systént was used to run all experiments. This syste
consists of a computer, joystick, LCD and the Pectpspatial 3D display. The Perspecta Spatial 3D
display is an autostereoscopic volumetric 3D digplahis 360-degree-viewable display gives projécte
graphics true depth, producing imagery that appiaeg-dimensional without the use of additional
eyewear. [3] These features are achieved by virtdlee device’s mechanical nature. The Perspecta
projector is lit by a standard high-pressure megreuc lamp. Using mirrors, the image is projeatatb a
flat vertical screen. This screen rotates at Bijgged allowing the image to be projected in slibesugh
its 360 degree rotation. So “while traditional garter graphics techniques use a modern equivatent o
trompe l'oeil(use of monocular depth cues), 3D display techniefogxploit the human visual system's
inherently three-dimensional data-processing agchire.”[2]



TASK DESIGN

The task performed in this study consisted of gpfengame. Participants used a joystick to mantpula
the pitch and roll angles of a horizontal surfanemhnich a simulated maze was constructed. Changing
the board angles caused a simulated ball to rathtd the lowered sector of the maze. With an
appropriate series of joystick movements, partitipguided the ball from a start position throug t
maze to a finish position.

PROCEDURE

Participants were randomly assigned to Group A.of@Boup A used the Perspecta display in sessien on
and LCD in session two and Group B used the LCBession one and Perspecta display in session two.
Before session one was begun, the subjects wdradted on details of the game. Instruction ineldid

1) A verbal description of the joystick and how to ttohthe game.

2) Presentation of a mock maze board on a sheet ef gapwing only where the entrance and exit of
the maze were located.

3) A verbal description of the procedure including thienber of mazes, number of repetitions and the
displays to be used.

4) Statement that the objective of the game was tqptetemeach maze as quickly as possible.

During each session, three mazes were presentkd to % |
subjects to complete. All mazes were designed with [] ‘_srar_r_
common start and finish positions. Mazes were ] N ] Position
designed individually to present specific infornoatito
be applied to solution of the final maze. The ftssof [] N
each maze should be considered within the confets o ] L]
intent. Figures 1, 2 and 3 show these mazes agtlie ]
from above.
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Maze 1: This maze allows subjects to learn thetjclys *T

response, reaction of the ball to tipping of theenand Finish Position
wall/corner interaction.

Figure 1: Maze 1
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Figure 2: Maze 2




Maze 3: This maze completes the learning process by
reinforcing the use of the most probable path
(according to a random maze solver). The
reinforcement is achieved using a trap area that
complicates alternate paths making them inferior.

The mazes were presented to subjects in order and
during each session, each maze was solved fives time
before the subject proceeded to the next maze. The
game program recorded maze board attitude and ball
position at regular time intervals of approximat2@0
milliseconds (ms). It was from these data that the
utility of the Perspecta was calculated. Eachtgmiu

Figure 3: Maze 3

time produced was called a trial. Finish PoEiﬁ\o\n
The trials numbered from 1 to 5 for

each of three mazes in each sessio
for a total of 30 games per
participant.

ENVIRONMENT

Due to the optical nature of the
Perspecta, which uses a mercury al ~ '
bulb for projection, all trials on both Start Position
displays were played in a dark roon Z Axis

Participants used the Perspecta frol Figure 4: Maze 3 as seen on LCD

a standing position and were

permitted to walk around the display as desirede ICD was used from a sitting position with thezma
tipped 30 and rotated 3tsimilar to the perspective of one using the Paxspieom a standing position.
Figure 4 is a screenshot of maze 3 as shown oboGbe

Data collected during the experiments included tiba# position and attitude of the board. Thead
were processed for each trial of each experimedisover the solution path, time for that solutiand
joystick reversals in the x and z dimensions.

Results
RAW TIME DATA

It must first be acknowledged that the participanthe experiment had a wide distribution of apiind
aptitude for completing the mazes presented. ditiad the display technologies surely provided
different levels of utility to different participés These factors frustrate attempts to develeplyae
performance values. However, the raw time dafainles 1 through 4 holds important clues and cantex
for the learning gain analysis.



Gender differences were tracked but they are npairted in this paper because both genders showed th
same patterns with respect to learning gain andipeance. Tables 1 through 4 show time basedtsesul
sorted by average completion time in millisecon@sitliers were removed using the median of absolute

deviation method and all of these outliers wergdathan the mean. [4] Time averages and standard
deviations were then calculated for session/groapépermutations.

Table 1 Table 2
Session 1: Average Completion Times for Trial 1 ~ ##s%: Average Completion Times for Trial|5
Group| Display | Maze Ave(trial 1) Std. Group| Display | Maze Ave(trial 5) Std.
(ms) Dev (ms) Dev
B LCD 1 20761 5951 B LCD 1 17139 5184
A Perspecta 1 22012 663( A Perspecta il 17791 4483
B LCD 2 30200 6275 A Perspecta 3 27677 9610
A Perspecta 2 33331 10238 B LCD 3 29361 8603
A Perspecta 3 39491 16742 B LCD 2 28692 6292
B LCD 3 47818 22480 A Perspecta 2 31276 8339
Table 3 Table 4
Session 2: Average Completion Times for Trial 1 ~ ##s2: Average Completion Times for Trial|5
Group| Display | Maze Ave(trial 1) Std. Group| Display | Maze Ave(trial 5) Std.
(ms) Dev (ms) Dev
B Perspects 1 17865 52P% A LCD 1 18686 3863
A LCD 1 19812 4643 B Perspecta 1 19245 4094
B Perspects 3 27147 7712 B Perspecta 3 2313 4696
B Perspects 2 29239 8352 B Perspecta 2 2776 7056
A LCD 2 29851 7427 A LCD 2 29358 7613
A LCD 3 38996 14820 A LCD 3 30043 10520

These tables show wide deviations for the time dhthese trials. Experimental variability and the
participants’ unique aptitude made this type ofatéon typical of all trials.

When sorted by average time, Tables 1 and 2 shewesults grouping by maze. The grouping from
Table 2 (1,3,2) can be taken to represent a tinsecbmeasure of difficulty, with maze 1 the easaest
maze 2 the most difficult. Table 1 shows the gnogjpy maze number ordered 1,2,3 and very different
scores for maze 3 between groups. Collected thatassthis was caused by failures to recognize and
navigate alternate inferior paths.

Tables 3 and 4 do not show the strong groupingn#&se due to the Group A, LCD score. There are also
stark differences seen when comparing Table 3 sdorthe scores in their previous trial shown ibl€a
2. Table 5 shows more clearly this transition fribia previous trial shown in Table 2 (session lthto

subsequent trial shown in Table 3 (session 2).



Table 5
Group| Display Transition Maze | Session 1 Session 2Performanc PerformancTAve Std.
Type Trial 5 Trial 1 |Improvementimprovement Dev
Ave (ms) Ave (ms) (ms) (%)

B LCD to Perspecta 3 29361 27147 2214 7.b 8158
A Perspecta to LCD 2 31276 29851 1425 4.6 7883
B LCD to Perspecta 2 28692 29239 -547 -1.9 7322
B LCD to Perspecta 1 17139 17865 -726 -4.2 5205
A Perspecta to LCDO 1 17791 19812 -2021 -11.4 4563
A Perspecta to LCD 3 27677 38996 -11319 -40,9 12215

Although these performance differences are gernyanathin one average deviation, maze 3 shows a
significant difference in improvement between digpiransition types. This will be referred to las t
display transition bias.

Bowman et al. found a similar effect in work witeadd mounted displays (HMD) compared to a
workbench immersive tabletop display on which siscepic scenes are projected. [5] Bowman noticed
that when participants in their study transitiofiesin HMD to the workbench, performance dropped, but
when transitioning from the workbench to HMD penfiance increased. [5]. However, unlike the
Perspecta HMD-first participants maintained higberformance than workbench-first participants. [5]
Bowman interpreted this phenomenon to be evidehtteedHMD imparting a greater level of spatial
knowledge that assisted the user after transiidhé workbench display. [5] For the data in Tdble
Group B shows continued improvement through thesiteon while Group A shows a decline in
performance through the transition.

TIME UTILITY DATA

This study defines learning gain as “reductionhaf best maze completion time over successive tfas
given maze.” This learning gain was not intendeditectly represent learning, but the measurable
effects of learning. Learning gain is calculated &y, using Equation 1.

Thi = (Tbest_ T]) Equation 1

For equation 1, &s:iS a subject’s best time on the current maze amsltfie subject’s time on trial j of
that maze where j is an integer {1,2,3,4,5}. T, was negative, the trial was considered a “learning
trial” and Ty, was replaced by a change of zero, meaning thesenwamprovement. If T, was
positive, the trial was considered a “performamid’tand the T (current time) assigned tael; (best
time). Ty, was calculated between j and j+1 for j equal tindéeger {1,2,3,4}. Pseudocode for this
calculation is given below:

j
|

1,
1;

Tbest = TJ[j];
j+
WHILE(i<=4) do
deltaT[i] = Tbest — T[j];
IF( deltaTb[i] > 0)  Tbest = TJ[j];
ELSE deltaTb[i] = 0;
i++;
j+



END

The significant assumption made in this methothad participants learned during each trial evenrwhe
performance was poor, and therefore the learningwas never less than zero. Only during the
“performance trials” was there an opportunity tcasure the learning that occurred. This method uses
each participant as his or her own control to memasaprovement. This was pursued to reduce
variability generated by participants’ unique akiind aptitude for the game.

The outcome was a set of,; values whose lower limit was zero. The outlidr,; values were “topped”
at a confidence interval of 99.5% and then averdgedach value of i within each session/group/maze
permutation to get the learning gain for that paatian. The average learning gains were theio fé t
curve. Ritter and Schooler found that a power fionds the best match for fitting the learning\ar[6]
However, for a small number of trials, a diminighieturns function of order 1/i was adequate fiinfj
the learning gains. These gains were fit usingaiqn 2.

1 k
Thi=cCe ( (1+) ) Equation 2

where c is a constant, i is an integer {1,2,3,4d &ns the maze/display rate constant. This loisstant
over a given session/display/maze permutation epakesents display completion time utility for that
permutation. With or without gender as an addalaonsideration, there is a common pattern ofgela
k value for the group using the Perspecta displables 6 and 7 show the completion time utilitteda
Table 6
Session 1: Maze/Display Completion Time UtilityoBes
Group A Using Perspecta Display and Group B UsiG@pL

Maze 1 2 3
c k c k c k
Group A 49535 2.93 67177 3.18 110299 3.16
(Perspecta)
Group B 21119 2.12 19998 2.03 134758 2.99
(LCD)
Table 7

Session 2: Maze/Display Completion Time UtilityoBes
Group A Using LCD and Group B Using Perspecta Rigpl

Maze 1 2 3
C k C k C k
Group A 18003 2.21* 7311 1.15 100130 3.08*
(LCD)
Group B 15186 2.33 11724 1.48 45036 3.08
(Perspecta)
* inflated k

Maze/display pairs showing a faster decay in thenie@g gain will have a larger k value. In contras
maze/display pairs showing a slower decay in tamiag gain will have a lower k value. However,

when considering utility rankings among differerdzas one should be mindful that each maze contained
a unique package of information available for |&zgn



Two of the k values have been labeled as inflafdtbse session/maze permutations of Group A are
inflated because their first trial was poor complaethe session/maze permutations of Group B. The
display transition bias for mazes 1 and 3 influehites first trial and gave Group A more opportyrd
improve between trial 1 and 5, resulting in a highgalue. This phenomenon is encountered in the
teaching arena when pretest scores are artifidialyand therefore produce the illusion of moreefifve
learning/teaching.[7]

Tables 8 and 9 restate data from Tables 3 andkédafinom largest to smallest k constant.

Table 8
Session 1: Maze/Display Completion Time UtilityoBes
Group Display Maze C k
A Perspecta 2 67177 3.18
A Perspecta 3 110299 3.15
B LCD 3 134758 2.99
A Perspecta 1 49535 2.93
B LCD 1 21119 2.12
B LCD 2 19998 2.03
Table 9
Session 2: Maze/Display Completion Time UtilityoBes
Group Display Maze C k
B Perspecta 3 45036 3.08
A LCD 3 100130 3.03*
B Perspecta 1 15186 2.33
A LCD 1 18003 2.21*
B Perspecta 2 11724 1.48
A LCD 2 7311 1.15
* inflated k

In Table 8 the data from Session 1 demonstratagpgrg by display type and maze while Table 9 for
Session 2 shows clear groupings by maze. Highegadfik represent a curve that can and does drop
quickly. How far and fast the learning gain decayght depend on difficulty of the maze, deceptive
features and comparative opportunity for improvenégthin a given maze/display combination.
Whatever the factors involved, the grouping obsgisieows that the maze, not the display, was the
primary controlling feature determining the rangevhich k belongs.

JOYSTICK DATA

Subjects altered the roll (along the z dimensia) pitch (along the x dimension) of the board using
joystick. A joystick control reversal consiststbé joystick output value in a dimension reverstag

sign. Control reversals were totaled for the x amiimensions. With outliers removed the sum and
dispersion of control reversals for session/gro@zpermutations were essentially constant actoss a
trials. Tables 10 and 11 show these constants.



Table 10
Session 1: Maze/Display Average Control Reversals
Group A Using Perspecta Display and Group B Usi@{pL

| Maze 1 2 3
Average| Std.Dev| Average Std.Dev Average Std. Dev
Group A 4.75 3.37 12.38 5.68 11.42 6.92
(Perspecta)
Group B 3.50 2.37 8.46 3.59 10.25 5.92
(LCD)
Table 11

Session 2: Maze/Display Average Control Reversals
Group A Using LCD and Group B Using Perspecta Rigpl

| Maze 1 2 3
Average| Std.Dev| Average Std.Dev Average Std. Dev
Group A 4.20 2.57 10.35 4.54 10.07 5.01
(LCD)
Group B 4.44 2.49 10.86 4.79 8.04 3.84
(Perspecta)

One would expect that the number of control revensmuired to navigate a maze would reflect the
difficulty of the maze, and in general we see hkeesame groupings discovered by the raw time data.
addition, there were also more joystick reversaiglie Perspecta display than for the LCD in neally
cases

PATH DATA

Subjects were free to choose among multiple patiesigh the mazes. Mazes 1 and 2 were designed
without clearly defined superiority/inferiority mionships among paths. Maze 3 was designed
specifically to reinforce learning the value of osimg a superior path through the maze.

In order to compare paths, their relative diffiguthust be determined. Paths differed in widthgspe
with which adjustments to board attitude adjustrmevere required, length, range of possible speeds
within which a path was possible, opportunitiesaaserve speed from bounces off the walls etc.
Because of this complexity an objective measugatt difficulty was obtained using a random input
maze solver. The path of the ball through the meeetracked for the random solver. For a large
number of runs, random solver data provided thegidity (R.ar) of a each solution path randomly
occurring and minimum total of joystick reversats that path. A model for movement of particles
through labyrinth-type structures was adoptedtiesé data. In this model tortuosity i a constant that
reflects the physical and probabilistic nature pbaous solid. [8] By adopting this model the balthe
random solver is considered to be the particle amdonstant that defines the nature of a partiquaén.
Equation 3 shows howwas calculated:

_ 1+reversals, .
path = ( ) Equation 3

Ppath

The higher the index the more difficult the path was to completdese were summed to give an
indication of the collective difficulty of the sdions chosen for a given session/group/maze petionta
Tables 12 and 13 show these totahlues for mazes 1 and 2 where paths through #ze mid not have a



clear superior/inferior relationship. These maaesconsidered separately from maze 3 because its
purpose was to encourage use of a particular path.

Table 12

Table 13

Session 1: Maze/Display Total Tortuosity|
Scores for Mazes 1 and 2
Group A Using Perspecta Display and Grou

p B

Session 2: Maze/Display Total Tortuosity
Scores for Mazes 1 and 2
Group A Using LCD and Group B Using

Using LCD Perspecta Display
Maze 1 (9 paths) 2 (16 paths) Maze 1 (9 paths) 2 (lisspat
Group A 16.8 178.0 Group A 155 172.4
(Perspecta) (LCD)
Group B 13.1 130.6 Group B 154 1225
(LCD) (Perspecta)

Maze 1 results show little difference in the pathesen. This can be attributed to the large degfree
void space in this maze. This void space madetpatking somewhat arbitrary. Although probaltslti
for the paths in this maze varied from 0.24 to Og&¥eral paths had minimum reversal scores fr@m th
random solver equal to zero.

Maze 2 produced a wider array of probabilities andalistic set of minimum reversals for the pathke
total value for this maze shows that participants attechmore complex solutions on the Perspecta
display than they attempted on the LCD. Interegyinn session 2 Group A (the Perspecta first gjou
again chose to execute the more difficult pathsubh the maze while using the LCD. This asymmetry
suggests that the display used in session 1 hasting impact on the participants’ choices of path
session 2.

Maze 3 was designed to affect path choice by offgpiaths made inferior by a trap area. Thereby,
subject path choice was reinforced toward choofiegone superior path through the maze. Tablendl4 a
15 show the total results for maze 3.
Table 14
Session 1: Maze/Display Total Tortuosity
Scores for Maze 3 (4 paths)
Group A Using Perspecta Display and
Group B Using LCD

Table 15
Session 2: Maze/Display Total Tortuosity
Scores for Maze 3 (4 paths)
Group A Using LCD and Group B Using
Perspecta Display

Group A 25.5 Group A 23.6
(Perspecta) (LCD)

Group B 24.9 Group B 15.9
(LCD) (Perspecta)

These tables show that for maze 3 Group A (whietuke Perspecta first) again retained the tendiency
use more complex paths after switching displays.

Table 16 shows a dimensionless value representapdth choice frequencies. This number provides
perspective with regard to the choice frequencses whole for each group and maze combination. A
value of zero on this scale indicates that a sipgth was chosen by all participants in every.trial
value of ten indicates that the distribution oftpetoices for all participant trials of a maze weggal.

This table shows that in addition to being more plax, the paths chosen by Group A were more or
equally diverse than those chosen by Group B. agésn shows the lasting impact of using one displa
before the other.



Table 16

Sessions 1 and 2 Path Frequency Dimensionless Walbempare Path Diversity

Session 1 Session 2
Maze 1 2 3 1 2 3
Group A 7.12 7.96 1.87 7.05 8.75 1.50
(Perspecta first)
Group B 5.67 7.97 1.80 6.48 8.40 0.98
(LCD first)

Figures 5 and 6 show differences in path frequéarcynaze 2 during session 1.

Figure 5: Group A Session 1 Maze 2 trials 1-5

using Perspecta displa

Figure 6: Group B SessioMaze 2 trials 1-5

using LCD displa

Because of the multiplicity of paths in maze 2 {G#l) these graphs give the best indication dfahi
choices made by participants. Figures 7 and 8iaréar graphs for maze 3 which are roughly equinal

for both groups.

Figure 7: Group A Session 1 Maze 3 trials 1-5

using Perspecta display

Discussion

Figure 8: Group B SessibiMaze 3 trials 1-5

using LCD display

Examples of display technologies improving perfonceare abundant in existing literature and the
evidence shows little doubt that the volumetriqtigs improve the rate of performance improvement.
Tan et al. studied results from similar experimemiscerning the size of displays and found diffeesn
of some statistical merit. [9] However, the roatises for these differences from a human persgeates

still nebulous.



This study sought to quantify learning. Howevbeg tisplay transition bias seen for the raw time
averages of mazes 3 calls this concept of usingmeance to measure learning into question. When
considering this bias phenomenon perhaps it is mppeopriate to determine if the Perspecta device
actually prevented learning. This is to say thsstra of the Perspecta display may have improved
performance more quickly because they were requdréearn less. The visual cues and true 3D
appearance of the maze board in the Perspectaadayge the need for learning. This can be compared
a student working on a calculator versus a studenking with a pencil and paper. Loveless called t
the “calculator effect” and showed that test scomgwove when calculators are permitted regarddéss
math skills. [10] So the students with the caltid@Perspecta) may have performed better anddéarn
less while the students with only pencil and pdph@D) performed worse and learned more.

If this calculator analogy is applicable, it midig extended from these simple tasks to more complex
ones keeping in mind that for many mathematicadgascalculator is a necessity. With regard to the
Perspecta, there are classes of informationcématotbe visualized adequately by humans using 2D
display technologies. [2] The 3D structure of nealar docking simulations is an example member of
this class of data. [2] These structures are asityerepresentable due to rich and complex spatial
interactions which cannot be easily understoochiyttding less than 3D space. For these tasks 2ieiscr
users may never be able to equal performance eéedhy users of volumetric displays.

Conclusion

This work focuses on the utility of the Perspedav®lumetric display versus a flat screen display i

terms of a learning gain derived from participapestformance improvement. Performance of human

subjects was evaluated using maze completion jogstick control reversals, and solution path clmose

This evaluation shows that for Groups A and B, wbempared to 2D display device, the 3D volumetric

display technology:

1) Enhances the rate at which users improve peakmpaaftce at simple tasks.

2) Increases users’ general tendency to pursue aigpaths to reach solutions.

3) Enhances the users’ ability to successfully na@géternate paths and to recognize inferior paths.

4) Encourages a more diverse and more complex setudfans while the 2D display device
encourages a less diverse and less complex selutibss.

And when transitioning between displays:

5) There is a “display transition bias” observed wkeiitching from the 3D volumetric display to the
2D display device that is not observed when switghifom the 2D display device to the 3D
volumetric display. This phenomenon casts doubnttpis study’s method of using performance to
measure learning with regard to simple tasks.

6) The display used first has a lasting influencetandolution path chosen when using other displays.

Future Work

Learning and performance are intimately linkedfutfire work hopes to show how display devices aid
learning, a framework must be developed to disoemfrom the other. This of course will apply teas

other than maze solving. To do this the Lovelesdculator effect” should be researched and queditif

If efforts to measure learning are abandoned anfdnpeance measurement is pursued, researchers are
encouraged to examine path choice to solutionegdm of greatest interest. Experiments should be
developed to allow participants to locate and explibernate paths to a solution. In addition,lpeons
should be presented which have only one path tdisnlalong which performance is tracked.
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