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Abstract

The capabilities of body-wearable computers (BWC) and
modern audio equipment were compared in a micro-gravity
environment. In the experiment carried out, the speed of
performance on timed tasks was compared for BWC and the
audio playback devices currently used by astronauts. The
BWC provided faster performance times than audio equip-
ment when used in amicro-gravity environment. In addi-
tion, the BWC was found to provide faster performance
timesin normal gravity than in zero gravity.
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Introduction

The body-wearable computer (BWC) is one of the newest
forms of technology emerging from the broad field of
advanced human-computer interactions. The portability and
easy access of the BWC allowsit to be used to assist in the
performance of complicated tasks in locations where it
would be impossible to use another form of computer. The
BWC generally consists of a PC computer and battery pack
attached to awaist belt or vest, wireless communications
hardware, a head mounted display (HMD), and an input
device (keyboard, touchpad, or voice operated speaker).
The BWC is confined to the personal space of the user and
permitsthe operator to input or extract information whilein
thefield for avariety of disciplines. Some studies have been
conducted to compare the performance capabilities of the
BWC to standard methodsfor accomplishing everyday tasks
[1,3-9].
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However, no formal studies using the BWC have been con-
ducted in micro-gravity although they have been suggested
[2]. Most research has shown that the BWC can be effective
in reducing time and effort in task performance. For exam-
ple, research conducted at Carnegie Mellon University dis-
covered that atypical inspection procedure required 40%
less time using the BWC than using the conventional proce-
dure[1]. Incontrast, Ockerman [6] found that the BWC per-
formed slower and less efficiently (albeit not significantly)
than abook of instructionswhen completing an origami (the
ancient Japanese art of paper folding).

Astronauts currently use audio technology and conventional
notepad in order to perform installations, repairs, or mainte-
nance on NASA equipment in space. The primary purpose
of this research was to determine how the technology now
used by astronauts compares with the technology and capa-
bilities of body-wearable computersin the performance of
varioustasks under timed situations. The specific datato be
collected was whether instructions for accomplishing tasks
in micro-gravity using BWCs can beassimilated inlesstime
and with greater efficiency than with audio equipment,
thereby allowing for more rapid task completion. It is antic-
ipated that if this technology proves superior, the audio
equipment and conventional notepad will be replaced with
BWC technology in the U.S. space program.

Materials and Methods

The BWC used in the experiment was the Mobile Assistant
IV ™ by Xybernaut Corporation. Thecomputer unit consists
of a900g CPU module with 233 Mhz processing speed, 128
MB of RAM, afour-gigabyte hard drive, and dual PC cards.
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The CPU moduleisworn onthe body containedin avest and
ispowered by 4509 lithium battery that isattached intherear
of thevest. The screenimageis projected onto a470g head
mounted display (HMD) with the display projecting out-
wards. The display consists of aVVGA monocular color
screen and can be worn on the | eft or right side of the head.
The Mobile Assistant IV ™ can be voice-operated with the
optional microphone and earpiece speaker. Inaddition, itis
capable of recording information with an integrated minia-
turevideo camera. Thisoptional equipment was not used in
the experiment.

The Mobile Assistant IV ™ uses Windows 98™ as its oper-
ating system. Microsoft Word™ was utilized in the experi-
ment to manipulate the tria files that were projected on the
HMD. This program proved to be easy to use in the micro-
gravity environment and simple to manipulate when files
had to be opened and closed.

The audio equipment used in the experiment consisted of a
Sony Walkman and adj ustable headphones. TheWalkmanis
powered by two reusable AA batteries and is capabl e of
playing, rewinding, forwarding, and stopping atapein
progress at any time.

Twelvetapeswere used to record task instructionsfor usein
the microgravity environment. Tapes were placed in the
Walkman prior to the experimental trials.

The micro-gravity environment for the experiment was sim-
ulated by the KC-135 aircraft located at Ellington Field in
Houston, Texas. The plane fliesto an elevation of 24,000
feet and then steeply climbs to 32,000 feet using a 45° tra-
jectory. Once 32,000 feet has been reached, the plane glides
for aperiod of 20-30 secondsbeforereturning to 24,000 feet.
Two gravity’s (G's) are experienced during the rapid ascent
and descent of the plane and zero G is experienced when the
planeis suspended at 32,000 feet. The plane flew 40 parab-
olaswith a1-2 minute interval between each parabola. The
experiment was conducted during the periods of weightless-
ness (zero G).

The“simple tasks’ within the experiment were conducted
using 24 2X2 inch Rubik’s cubes supplied by the OddZon
Corporation. Twelvetaskswere devel oped using eight-step

storage bags in order to prevent a mismatch of cubes from
occurring during the tests.

All of the procedures for solving the “simple tasks’ were
written in Microsoft Word™ and saved on the Mobile
Assistant IV™ for use onthe KC-135. Opening and closing
of the tria files provided researchers with access to all
twelve “simple task” solutions.

Each of the 12 “simple task” solutions were recorded on
individual tapesin order to prevent a mismatch from occur-
ring. Placing atapeintheaudio recorder and pushing “play”
allowed researchers to solve the cube for a particular proce-
dure using audio instruction.

The time required to solve each task was monitored using
stopwatches and recorded using data sheets created in
Microsoft Excel ™. All equipment was attached to the plane
or secured in abag aboard the KC-135. The experiment con-
sisted of three phasesin which both methods were tested in
either the microgravity environment or under normal grav-
ity. Phasesoneand two took place aboard the K C-135 under
microgravity conditions. Phasethree also took place aboard
the KC-135 but under normal gravity conditions. Research-
ers 3 and 4 flew aboard the KC-135 for phase one, research-
ers 1 and 2 flew aboard the KC-135 for phase two, and
researcher 5 conducted the ground trial (phase three) aboard
the KC-135 on the runway.

To conduct phase one of the experiment, one of the two
researchers aboard the plane wore the BWC and prepared
the device to open and close solution files. The other
researcher provided the proper cubes, disposed of used
cubes, timed tasks, and recorded times to solve tasks on a
datasheet. The researcher wearing the BWC began solving
trial 1 when the plane was experiencing microgravity and
ended thetrial by either solving the task or failing to solve
the task in the 20-30 second period of microgravity. During
this period, the other researcher would timethetrial by start-
ing and stopping the stopwatch with notice from the
researcher wearing the BWC. Once atrial had been com-
pleted, the time to complete the task would be recorded,
cubeswould be exchanged, and preparation for the next trial

procedures that would enable the researcher to solve the Lﬁ?ﬁ;gﬁ&?famg BWC to Audio Equipment in Microgravity and
cube puzzle. An outside observer was responsible for the i ) Ground
development of these "simple tasks." This prevented Microgravity Data Data
researchers performing the tasks aboard the plane from wit- Audio Equipment Body Wearable
nessing the puzzle solutions prior to the experiment. Recher T T Rohr 2 Rschfé’mﬂ“ts;chr TR
Inorder to prepare eachindividual task, the outside observer IASK 013 1659 THME ﬁ_eggnds 16.66
followed an eight- step procedurein reverse order to arrange 2 18.34 215 25 69 18.69 19.38
the cube in the position to be solved. Then, during the 3 15.46 16.75 15.94 13.03
experiment, the researcher was able follow the eight-step 4 19.66 15.56 29.03 14.87
experimental procedure to solvethe cube. A cubewascon- -2 ig'gg L5 i‘;"i‘i 22.16 ig?g
sidered "solved" when all six sides of the cube werein their VG 1775 1753 5123 043 1420
proper color order. Pairs of cubes were kept in individual STD

DEV 1.67 2.06 5.98 3.47
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would take place (opening and closing of filesin Microsoft
Word). Thisprocedure occurred for trials 1-6. Whentrial 6
had been completed, the BWC was exchanged in order for
the other researcher to perform trials 1-6. The researcher
who had been wearing the BWC now undertook the respon-
sibilities of the other researcher. The same procedure was
followed in order to complete the second pair of trials (1-6).

In order to compl ete the audio portion of the experiment, one
of the two researchers aboard the plane wore the audio
equipment and prepared the device to play the tape contain-
ingthesolutionfor trial 7. Theother researcher provided the
proper cubes, provided the proper tapes, disposed of used
cubes, timed tasks, and recorded times to solve tasks on a
datasheet. The researcher wearing the audio equipment
began solving trial 7 when the plane was experiencing
microgravity and ended thetrial by either solving thetask or
failing to solve the task in the 20-30 second period of micro-
gravity. During this period, the other researcher would time
the trial by starting and stopping the stopwatch with notice
from the researcher wearing the audio equipment. Once a
trial had been completed, the time to compl ete the task
would be recorded, cubes would be exchanged, and prepara-

Table 1b. Comparing BWC to Audio Equipment in Microgravity and
Normal Gravity
. . Ground
Microgravity Data Data
) . Body Wearable
Audio Equipment C)c/)mputer
Rscher 1 | Rschr 2 Rschr3 | Rschr4 | Rschr5
TASK TIME (seconds
7 16.63 14.62 15.78
8 14.44 17.13 15.32
9 17.06 17.05 17.15
10 13.56 16.78 16.44
11 17.78 15.9 18.31
12 13.22 15.79 15.16
AVG 15.45 16.21 16.36
STD
DEV 1.95 0.97 121
Pct Diff 13% 7% 13%

tion for the next trial would take place (rewinding, removal
of the existing tape, and placing a new tape in the tape
recorder). This procedure occurred for trials 7-12. When
trial 12 had been completed, the audio equipment was
exchanged in order for the other researcher to performtrials
7-12. Theresearcher who had been wearing the audio equip-
ment now undertook the responsibilities of the recorder/
monitor. The same procedure was followed in order to com-
plete the second pair of trials (7-12).

The same procedures were followed in phase two of the
experiment except the trialswere reversed for each method.
That is, trials 7-12 were used when testing the BWC and tri-
als 1-6 were used in order to test the audio equipment.

Again, the same procedures were used to complete phase
three of the experiment except no equipment exchange
occurred. Researcher 5 used trials 1-6 when testing the
BWC and trials 7-12 to test the audio equipment.
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Results

When comparing the BWC to the audio equipment, certain
parameters had to be established relative to the level of dif-
ficulty for each simple task. For example, tasks 1 and 7,
though being different tasks (having a differing eight step
solution), were equal in difficulty if done using the same
method in the same environment. It wasinitially intended to
prove this generalization. However, unforeseen events pre-
vented the acquisition of datafrom researchers 3 and 4. Sec-
ond, it was believed that an individual's performance using
both methods became more efficient with experience in
solving "simpletasks." For thisreason, tasks1 and 7, 2 and
8, 3and 9, etc. were compared throughout this paper.

Comparing BWC to Audio Equipment in Microgravity

Table 1aand Table 1b display data collected by all research-
ersin microgravity and in normal gravity. Although
researcher 3 collected datafor the BWC in microgravity, the
trials were not completed due to spatial disorientation and
were discarded. The average time to completetrials 1-6
using the BWC for researcher 3 was 21.23 seconds (5.78
seconds more than researcher 1 and 5.02 seconds more than
the time for researcher 2). In addition, the standard devia-
tion for trials 1-6 using the BWC for researcher 3 was 5.98.

The average time to complete trials 1-6 using the audio
equipment for researcher 1 and researcher 2 was 17.75 and
17.53 seconds, respectively. The average time to complete
trials 7-12 using the BWC for researcher 1 and researcher 2
was 15.45 and 16.21 seconds, respectively. Using thet test
(p significant=.1), it was found that the values attained by
researcher 1 (average times for audio and BWC) were sig-
nificantly different (p=0.05). When the averages for
researcher 2 (average timesfor audio and BWC) were com-
pared using the t test, it was found that the values recorded
were significantly different (p=0.08) as well.

The recorded times for tasks 1-6 (audio equipment) and
tasks 7-12 (BWC) were compared and analyzed for
researcher 1 (Figure 1). The chart clearly illustratesthat the
BWC required lesstimeto complete the“simple tasks’ than
did the audio equipment. In fact, performance using the
BWC in micro-gravity was faster by 13%.

FIGURE 1. COMPUTER VERSUS AUDIO EQUIPMENT FOR
RESEARCHER ONE IN MICROGRAVITY
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The recorded times for tasks 1-6 (audio equipment) and
tasks 7-12 (BWC) were compared and analyzed for
researcher 2 (Figure 2). Again, the BWC required lesstime
to completethe” simpletasks’ than did the audio equipment.
It was found that the BWC was 7% faster than the audio
equipment when solving the“simpletasks’ in microgravity.

Comparing BWC to Audio Equipment in Normal Gravity

The average time to complete trials 1-6 using the BWC for
researcher 5 was 14.20 seconds. The average time to com-
plete trials 7-12 using the audio equipment for researcher 5
was 16.36. When these averages where subjected to at test,
they were found to be significant (p=0.1). However, these
values proved to be less significant than the val ues attained
by researchers 1 and 2. Thiswas primarily dueto alarge
standard deviation in the data for the BWC (sd=3.47).

FIGURE 2. COMPUTER VERSUS AUDIO EQUIPMENT FOR
RESEARCHER TWO IN MICROGRAVITY
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When theindividual trialswere compared for both the BWC
and the audio equipment (Figure 3), the BWC proved to be
the faster method for solving tasksin normal gravity. The
BWC was calculated to be 13% faster than the audio equip-
ment. Although the individual data points are closein real
time, it isthe average time that is important in this experi-
ment, not individual times. The overall time saved is what
will reduce costs and labor for the space program.

FIGURE 3. COMPUTER VERSUS AUDIO EQUIPMENT FOR
FOR RESEARCHER FIVE IN NORMAL GRAVITY
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Comparing Two Methodsin Microgravity and Normal Gravity

The average times required to compl ete the tasks using the
BWC and the audio equipment for researchers 1, 2, and 5
constitute the overall results (Figure 4). The average times
for both of the BWC data sets are clearly lower than the
average times for both of the audio equipment data setsin
microgravity. In addition, the average times for both the
BWC and the audio equipment for researcher 5 in normal
gravity are lower than the average times for the BWC and
the audio equipment data sets for both researchersin micro-
gravity.

The average time for the BWC in normal gravity was 1.25
and 2.01 seconds faster than the average times for research-
ers1and 2, respectively. The average time for the audio
equipment in normal gravity was 1.39 and 1.17 seconds
faster than the average times for researchers 1 and 2, respec-
tively. The dataon aper trial basisis presented in Figures 5,
6, 7, and 8.

Discussion and Conclusion

Based upon the research performed, the BWC, when com-
pared to audio equipment, is afaster and more efficient
method for providing instructionsfor solving simpletasksin
amicro-gravity environment. Further research isindicated
in order to determine with certainty that the BWC can be
used efficiently in a micro-gravity environment to ensure
that it will be able to conserve time and money in the future
for the space program. Using the BWC and the audio equip-
ment on the ground (normal gravity) proved to be faster in
solving “simple tasks’ than using these same methodsin a
microgravity environment.

FIGURE 4. COMPUTER VERSUS AUDIO EQUIPMENT FOR
THREE RESEARCHERS (RESEARCHERS 1 & 2 IN
MICROGRAVITY AND RESEARCHER 5 IN NORMAL GRAVITY)
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It isrecognized that only alimited amount of data was
obtained because of physical problemsbeyond the control of
the research. The lack of datafrom researchers 3 and 4
(phase 1) wasprimarily related to spatial disorientation asso-
ciated with weightlessness. In addition, it was not possible
to collect audio data because of poor headphones on the cas-
sette recorder. Noise within the aircraft made it impossible
to hear and understand the audio instructions from the pre-
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recorded tape during phase 1. Feedback from these
researchers enabled researchers 1 and 2 (phase 2) to over-
come these unexpected problems by 1) obtaining a high
quality headphonein order to hear audio instructions and 2)
employ an additional strap that would hold the researchers
firmly to the deck of the planein order to reduce excess

FIGURE 5. COMPARISON OF TIME REQUIRED BY RESEARCHER ONE
IN MICROGRAVITY & RESEARCHER FIVE ON THE GROUND (BWC)
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FIGURE 6. COMPARISON OF TIME REQUIRED BY
RESEARCHER TWO IN MICROGRAVITY & RESEARCHER
FIVE ON THE GROUND (BWC)
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FIGURE 7. COMPARISON OF TIME REQUIRED BY
RESEARCHER ONE IN MICROGRAVITY & RESEARCHER FIVE
ON THE GROUND (AUDIO EQUIPMENT)
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movement and spatial disorientation. Because of the use of
U.S. Air Forceaircraft for thisresearch, it wasimpossible to
reschedule the lost mission.

Specifically, it was determined that the BWC is between 7-
13% more efficient than audio equipment when solving
“simpletasks’ in amicrogravity environment. Althoughin
real numbersin the tasks performed in the research, this per-
centage may seem insignificant, it constitutes a substantial
amount of time over the duration of a shuttle mission or a
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space station shift. When added up, these savingsin time
translateinto atask that normally takeseight daysto perform
in space would only require alittle under seven daysto com-
plete. In case of emergency, aone or two second difference
might also be life saving.

Therewasa 13% difference between the BWC and the audio
equipment when “simple tasks” were performed on the
ground. Thisindicatesthat the BWC may be ableto be used
at the same efficiency in micro-gravity asit can be used on
the ground. However, the data obtained by researcher 2 sug-
geststhat time saved using the BWC may vary with theindi-
vidual. That is, human and environmental factors may have
adirect effect on an individual’s ability to perform using a
BWC.

Recommendations

For future research using the BWC in amicrogravity envi-
ronment, it isimperative that a visor type HMD be worn
rather than the | eft or right side HMD arm attachment. This
recommendation is important especially for research done
aboard the KC-135 aircraft. Thetwo G forcethat is exerted
upon the BWC during ascent and descent of the aircraft
causes the extended HMD to be pushed downward. Simi-
larly, the zero G force that is experienced during weightless-
ness pulls the extended HMD upward. This phenomenon
complicates tasks because readjustment of the HMD is con-
tinuously needed. A visor type HMD would not be affected
by such forces.

This research, because of the small amount of data, cannot
be considered definitive in describing the capabilities of the
BWC in amicrogravity environment. It is recommended
that future research include performing additional ground
comparisonsof the BWC and audioinstructional equipment.
If possible, additional comparisons in the micro-gravity
environment would be helpful also.

Toub [10] described the importance of usability studies and
experimental design evaluationsfor wearable computersand
believes these investigations to be an underused tool in the
field of computer science. This study provides useful data
for the progress of BWC research and devel opment, and
helpsto fill the void in BWC usability research.

FIGURE 8. COMPARISON OF TIME REQUIRED BY
RESEARCHER TWO IN MICROGRAVITY & RESEARCHER FIVE
ON THE GROUND (AUDIO EQUIPMENT)

N
&

1

,A
o}

BRES2MIC
@ RES5GROUND

Time (secs)

@

o

1&7 288 389 4810 5811 6812

TASKS

Volume 32, Number 1 January 2000 61



Acknowledgments

This work would not have been possible without the dona-
tion of the body wearable computer by the Xybernaut Cor-
poration. We also thank the OddZon Corporation for their
kind donation of 36 Rubik’s cubes and Southwest Airlines
for providing transportation.

A special thank you isdueto the following employees of the
Kennedy Space Center for their expertise and kindness:
Irene Long, MD., Shannon Potter, and Gus Koerner, Ph.D.
and special thanks go to Patricia Currier, Mission Scientist
and the project manager at the Kennedy Space Center , for
her insights and guidance.

References

Department of Defense. 1995. DARPA TIA-Smart
ules-Technology Programs. ETO. August, 1995.

Mod-

Matias, E., |. S. MacKenzie, and W. Buxton. 1996. A Wear-
able Computer for Use in Microgravity Space and Other
Non-Desktop Environments. In Companion of the CHI 96
Conference on Human Factorsin Computing Systems (p.
69-70). New York, NY: ACM.

Nagjjar, L. J., J. J. Ockerman, and C. Thompson. 1997a.
Using a Wearable Computer for Mobile Training and Per-
formance Support. In T. Muldner & T. C. Reeves (Eds.),
Educational Multimedia/Hypermedia and Telecommunica-
tions, 1997 (p. 1461). Charlottesville, VA: Association for
the Advancement of Computing in Education.

Nagjjar, L. J.,, C. Thompson, and J. J. Ockerman. 1997b.
Using a Wearable Computer to Improve the Performance of
Quality Assurance Inspectorsin a Food Processing Plant.
Paper Presented at the CHI ’ 97 Workshop on Wearable
Computers. Atlanta, GA.

Ockerman, J. J. and A. R. Pritchett. 1998. Preliminary Inves-
tigation of Wearable Computers for Task Guidancein Air-
craft Inspection. In Proceedings of the 2" | nternational
Symposium on Wear able Computers.

Ockerman, J. J,, L. J. Ngjjar, and C. Thompson. 1997. Eval-
uation of a Wearable Computer Performance Support Sys-
tem. In T. Muldner & T. C. Reeves (Eds.), Educational
Multimedia/Hypermedia and Telecommunications, 1997
(pp. 788-793). Charlottesville, VA: Association for the
Advancement of Computing in Education.

Pentland, A. P., M. Petrazzuoli, A. Gerega, and T. Starner.
1997. TheDigital Doctor: An Experiment in Wearable M ed-
icine. In Proceedings of the First International Symposium
on Wearable Computers (ISWC ' 97). IEEE Computer Soci-
ety.

Siegel, J. and M. Bauer. 1997. A Field Usability Evaluation
of aWearable System. In Proceedings of the First Interna-

62 January 2000 Volume 32, Number 1

tional Symposium on Wearable Computers (ISWC ' 97).
|EEE Computer Society.

Thompson, C., L. J. Ngjjar, and J. J. Ockerman. 1997. Wear-
able Computer Based training and Performance Support
Systems. In S. Aronberg (Ed.), 19" Interservicell ndustry
Training, Simulation and Education Conference Proceed-
ings (pp. 746-752). Arlington, VA: National Training Sys-
tems Association.

Toub, R. 1996. The Importance of Usability Studies and
Experimental Design Evaluations for Wearable Computer.
(Online Report): Eugene, OR: University of Oregon,
Department of Computer and |nformation Science

Authors Contact Information:

Matthew Dooris

University of Texas-Houston
GSBS

Houston, TX 77225
713-283-8616
mdooris@gshs3.gs.uth.tmc.edu

Michadl Moorman

Saint Leo University

P.O. Box 6665

St. Leo, FL 33525
352-588-8317

mike.moor man@saintleo.edu

Bryan Gregory
Marilyn Brown
Saint Leo University
P.O. Box 6665

St. Leo, FL 33525
352-588-8317

Heather Wright
University of Georgia
Athens, GA 30605
706-316-1841

SIGCHI Bulletin



