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ABSTRACT

The U.S. Army Simulation and Training Technology Center (STTC) has been performing research and development
in the field of virtual locomotion. Th is technical challenge has been thoroughly researched for many y ears and
many locomotion concept systems have been designed, developed and studied over the years b ut yet still a v iable
system is lacking. The basis of these studies is th at while immersed into a v irtual training environment, a so ldier
must be able to move a virtual representation (i.e. avatar) of himself in the virtual environment as he moves in the
real world. The movements of the virtual character should also provide realistic and human-like motions in order to
maintain the soldier’s feeling of immersiv eness so that he remains focused on completing his mission. Ast here
have been many forms of virtual locomotion, the STTC decided that it would be beneficial to perform a Trade Study
of virtual locomotion systems from various companies and agencies. The first goal of this work was to investigate
different forms of virtual locomotion systems to determine if there are any links or similarities in developed systems.
Another goal was to determ ine if there we re any components that are essential to the design and development of a
virtual locomotion system. The last goal was to investigate the systems to identify what system(s) provided the most
human-like immersive experience. A nu mber of requirements and metrics were determined along with evaluation
scenarios and criteria t o quantify them. Thi s paper discusses the results of t he study of t he virtual l ocomotion
systems, how the systems work and the techniques that allow a use r to use t he various systems. This paper will
discuss various forms o f lo comotion d evices and systems and will p resent the results, lesson s learned and o ther
insights learned during this study.
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INTRODUCTION

Locomotion is defined as “the act or power of moving
from place to place”. Natural human locomotion is the
self-propelled movement of a person through the real
world, t ypically perf ormedo nf oot (T empleman,
Denbrook & Sib ert 19 99). W hen associated w ith a
Virtual E nvironment (VE), s uch as t hose for military
training and commercial retail video games, the term is
referred to as ‘virtual locomotion’. Virtual locomotion
is descri bed a s a cont rol t echnique for allowing a

person to move in a natural way over long distances in
the VE, while rem aining within a relativ ely s mall
physical space (Templeman, Denbrook & Sibert 1999).
Virtual 1 ocomotion s hould also cl osely mimic natural
human lo comotion as realistically as p ossible. Th is
idea has bee n the main goal of re searchers for many,
many years, yet still a viable virtual locomotion system
has still not been developed.

The U.S. Army Simulation and T raining Technology
Center (STTC ) has bee n res earching and devel oping
virtual locomotion concepts and prototypes in order to
find a realistic and human-like system. In th is paper,
multiple lo comotion con cepts and system s willb e
discussed th ath aveb eend evelopedb y multiple
companies and a genciest o determine three m ain
research goals. T he fi rst goal wast o investigate
different f orms of vi rtual | ocomotion sy stemst o
determine if th ere are an y lin ks or similaritiesi n
developed systems. The second goal was to determine
if there were an y components that are essen tial to the
designan d d evelopmentofavi  rtuall ocomotion
system. Having found the essential pieces that produce
virtual 1ocomotion, the researchers could then use the
previous research to answer our third goal. Th e third
goal was to in vestigate th e syste ms to id entify wh at
system(s) prov ided th e m ost hu man-like i mmersive
experience. Vi rtual 1 ocomotion performedina VE
should closely mimic natural human locomotion to the
best of its ab ilities. Asn o virtual lo comotion system
can ex actly match natural human lo comotion, we will
discuss those systems that ¢ losely mimic or that are
approaching the goal of becoming more human-like in
nature. Quantifiable metrics were developed to try to
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help categorize each locomotion system and to separate
certain locomotion concepts from others for the sake of
comparison. Categorizing t he ¢ oncepts a nd sy stems
was not an easy task and some of the locom otion
concepts fiti nto m ultiple categories. Th iswillb e
discussed later in the paper. This paper also discusses
the results, 1 essons 1earned and other insights 1earned
while performing this research study.

BACKGROUND

The study o f1ocomotion dates back for many, many
years and has been a subj ect of researchers in multiple
fields. The origins of the study of locomotion go back
toresea rchers studying  archeological finds and
studying the way dinosaurs, birds an d ot her speci es
were able to m ove from on e place to another and to
study the different ways that the anim als perform ed
these m ovements. Inthe 1970’s th e term "artific ial
reality", was co ined by My ron Krueger, but the term
“virtual reality” can be traced back to Antonin Artuad;
a French playwright, actor, poet and director (Davis, E.
1998). Th e development o f v irtual reality allo wed a
user to look around and view multiple VEs, b ut users
soon wanted a cap ability that could be used to explore
the virtual environments in full and up close. Soon a
need for virtual locomotion became necessary. During
this same time many roboticists from all over the world
were also becoming increasingly interested in
locomotion for bipedal robots. Virtual locomotion was
also introduced in the 1980’s to a vast majority of users
with t he i ntroduction of't he vi deo gam e. Vi rtual
locomotion had now invaded many households through
the invention of video games.

Ina video game, the userisimmersedintoa virtual
world and then presented with some sort of ch allenge.
These challenges include driving a simulated car while
racing ot her ¢ omputer ge nerated cars or by m oving
through the VE collecting items to use to gain access to
the next level or to find a weapon needed to destroy the
“boss” in order to continue to the next level. Du ring
the past ten years, video games and computer gaming
have become more real isticand haves eenah uge
increase in usage due to the ove rall increase of the
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power and size of graphics cards, processor speed and
memory fou nd i nt oday’s computers. Video gam e
systems have also seen a hug e rise over t he years in

usage due to the crisp, sha rp images of models, terrain
and objects. The am ounto fcontrolaus erhast o
interact with the game has also dramatically increased
over th elastten years. Adv  ancesin jo ysticks,
feedback, and the ability to play games with anyone,
anywhere have al | made thet ypical vi deo gaming
system less th an typical. Th e ability to play a g ame
sitting at your own home with someone else an ywhere
in the world is of huge interest for many users and has
helped propel the game system industry into the future.
All current gaming sy stems allow all users to play by
themselves, with friends or with complete strangers via
on-line play. As  with di stributed com puter game
platforms, t he com mercial video gam e sy stems al so
allow a use r to play other gamers all over the world,
from across the street to across the globe.

With the continued increase in interest and in money,
commercial games have multiplied not only in title, but
also in production. The United States military has also
found a key in terest in usin g th ese alr eady pop ular
games to h elp trai n th eir soldiers forav ariety o f
different scenar ios ag ainst d ifferent o pponents. Th e
military has loo ked at t he com mercial video game
industry to help make games that appeal to soldiers and
soon-to- be soldiers using games as recruitment tools in
some cases a nd for training in other ca  ses. The
military has som e di fferent needs from games t hat
generally differ from commercial video games in many
different aspects. Video games typically use levels that
users have to move through to get to an end goal or the
next level whereas the military is not focused on levels
or finding key items or destroying bosses to advance to
the next level. Mi litary training scenarios need larger
terrains that cl osely mimic if not exactly re plicate real
live terrain where co mbat battles may be fought or for
training of soldiers in a variety of different settings and
conditions that wou 1d normally h avet he so ldier
travelling. Vi deo games also typically require you to
shoot many items and people whereas military training
does not al ways involve shooting e verything in si ght.
Because of'these clear distinctions a nd others, the
military has beeni ncreasingly 1 ookingt o VEst o
effectively train their soldiers. Advances i n the fields
of real-time ¢ omputer gra phics, be havioral ani mation
and artificial i ntelligence ar e en hancing our ab ility to
create realistic VEs in which p articipants can acquire
skills th ataren ormallyt oo co stly, d angerous or
otherwise i mpossiblet oa chieve usingt raditional
training m ethods (Lane, M arshall and R oberts 2 006).
As the cost of war continues to increase, many leaders
are turning toward VEs to help train their soldiers to be
ready a nd able to deal with an y scen ario in an y
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condition.  Virtual loc omotion is necessary for
dismounted s oldiers t o t rain i n vi rtual en vironment
training scen arios in ord er to co ntinue the so ldier’s
sense of reali sm and imme rsion. T he soldier m ust
perform virtual locomotion that closely matches that of
natural human locomotion or he will lo se the sense of
immersionin the VE . A virtual | ocomotion ¢ ontrol
man-machine interface woul d not only increase the
immersiveness an d fidelityo fv irtual train ing
simulations b ut wo uld al so hel p maximize t raining
effectiveness by reducing the time required to achieve
the same level of proficiency in a liv e situation (Lane,
Marshall and Roberts 2006).

LOCOMOTION

Natural human locomotion is based on a few scientific
principles. L ocomotion c ontrol i s di vided i nto t wo
components: cont rol o ver the di rection of m otion
(steering) and control over the rate of m otion (speed)
(Templeman, Denbrook & Sib ert 1999). B oth actions
should wo rk together to produce lo comotion. Th e
speed of | ocomotion can be cont rolled by gai t
frequency a nd/or foot forces ei ther t hrough t ouching
the floor or through moving the locomotion device that
is used to produce motion and speed. Steering control
is broken into two separate parts: direction and style.
The direction of | ocomotioni s controlled t hrough
either waist steering, head steering or feet steering with
waist st eering bei ngt he mostcom monly used
directional steering . Th e style of locom  otion is
controlled by assum inga b ody posture n ormally
associated with a particular m ovement (e .g. r unning,
stepping, etc...).

In describing 1ocomotion, one must define coordinate
systems as lo comotion d eals with tran slational an d
rotational m ovement. For t ranslational movement,
typically th e Cartesian coo rdinate syste m is u sed to

provide the X, Y andZ translational directional
movement. Thi sisre ferredtoasa 3 Degrees of
Freedom (DOF) coordinate system.

s The 3 DOF coordinate system
allows translational movement in
any direction in space.

90°

X

Figure 1. Cartesian Coordinate System of 3
Degrees of Freedom
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When studying locomotion sy stems, to understand the
full po sition and pose orientation o ft he avat ar,
rotational movement must also be accounted for. For
rotational movement a six Degree of Freedom (6 DOF)
system must be use d which includes the translational
movement in three directions of the axes (X, Y and Z)
as well as the rotation m  ovement around each axes
(Roll, Pitch and Yaw).

The 6 DOF coordinate
system allows translational
movement in any direction

in space along with
rotational movement around
each of the three axes.
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Figure 2. Cartesian Coordinate System
of 6 Degrees of Freedom

LOCOMOTION TRADE STUDY

The ST TC has bee n pe rforming w ork in the area of
virtual 1 ocomotion f or som ey ears now researching
different vi rtual ] ocomotion sy stems tousef or
dismounted soldier virtual locomotion. Recently, a
trade study was performed to study and research past
and cu rrent s ystems t hath ave been designed a nd
developedt oal lowana vatart o perform vi rtual
locomotion. The researchers wanted to define the true
key pieces tha t are necessary in devel oping a realistic
and natural virtual locomotion system; including all the
different m otion gest ures a real h uman req uirest o
perform natural human locomotion. In addition to that,
the researc hers wante d to  define, categorize, apply
metrics and summarize the multiple virtual locomotion
concepts that had been rese arched. T he trade study
covers m ultiple con cepts for virtual lo comotion
systems, but does not ¢ hoose a “pe rfect” syste m as
different applications require different solutions. Each
system was defined, researched, categorized by type of
locomotion concept and s ummarized base d off of the
information that was gathere d for each syste m. At the
end of the study, the gathered information was used to
form a hy pothesiso n what1 ocomotion sy stem(s)
provided the most human-like and realistic concept.

METRICS

Before metrics can be postulated, a set of requirements
must be prese nted as a guideline for their deri vation.
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This sect ion is orga nized assuch . M any oft he
references d iscuss  over-allrequi rements f or
“simulating a natural capability”.

The metrics that were focused on were the metrics that
would help meet the research goals. The team wanted
to: (a) find as many locomotion systems as possible to
research, (b) find any similarities b etween the systems
and (c) fi nd the sy stem(s) that pr oduced the m ost
human-like realistic virtual locomotion.

Accuracy

To determine the accuracy of each system compared to
other syste ms, we gathe red specification sheets from
various ve ndorsan dat temptedt ov erifyt heir
specifications through ask ing th em to sh ow us th eir
testing and ex periments where they acc omplished the
specifications that they claimed. The only true way to
decipher the true accuracy of any of the systems versus
another sy stem woul d be to actually take t he sy stem
and perform an independent test to quantify the actual
specifications that are stat ed by each company. T he
accuracy of c laims for each system could then  be
identified i n o rder t o c ompare an d c ontrast t o ot her
systems in the sa me category as so me systems just do
not have comparable metrics because of the design of
the various systems.

Latency

Latency is determined based on two factors, the frame-
rate to the immersed user (client) and the update rate of
the com puter generated as pects of the VE andt he
virtual lo comotion system. Time to lo ad terrain, or if
terrain is built in successi on, how long t o move from
one terrain generated scenario to the next, etc. Also the
time that the human gives the command to walk, the
time it takes for the computer to recognize the “walk”
instruction and allo ws that instruction to occur would
alsoadd tot he latency oft he system. Sim ilarly to
accuracy, latency can only be veri fied by testing the
locomotion sy stem as an inde pendent re searcher t o
verify th e act ual fram e rates, laten cyinco mputer
cycles, etc. It is also important to note that all systems
studied would have to use the same I mage Ge nerator
from the same VE t o make a fair comparison to other
systems.

Human Factors

Human Fact ors quest ionnaires wo uld al so be use d to
collect i nformation f rom vari ous use rs who t est t he
system. Motion sickness , ease-of-use, comfort rating,
constraints, movement around obstacles, ease of
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performing locom otion, etc...are all human factors
questions t hat co uld be as ked i n questionnaires t o
produce some qualifiable data from the different virtual
locomotion sy stems. The researchers must be ca reful
to di vide cert ain cri teria t hat coul d com e from ot her
sources Dbesides the locom otion ¢ oncept, suc h as
motion sic kness couldre  sult from thesol dier’s
activities the night before, the movement of the scenery
in the VE moving too fast or it could simply come from
not adj ustingth e H ead Mounted Device ( HMD)
correctly th at is u sed and no t th e | ocomotion system
itself.

Fatigue

Any virtual locomotion system that can be categorized
as being human-like must produce some sort of fatigue
onthe user. Surely th e amo unt of fatigue will no t
exactly match the natural human fatigue le vels because
of the typical confine d space th at v irtual lo comotion
systems co me with, but s ome level must be create d.
Locomotion devices that use joysticks  create less
fatigue than those that use running in place and motion
platforms. The other main issue with fatigue is how to
properly measure fatigue? This has b een an on-going
debate between researchers and no one set of methods
has been proven successful.

Speed Control

Speed con trol is a  definable qu antifiable m etric th at
can beuse dtocom pareeachsyste m to anothe r.
Experiments of how well speed control is handled are a
definite m etric th at m ust b e tested an d co mpared t o
each and every virtual locomotion system. Also, how
well the virtual locomotion system can be controlled at
different speeds is also a quantifiable metric that must
be inv estigated. Id eally,th e virtual lo comotion
controller should be able to sustain the same speed as a
human being performing the same movement should be
achievable, but with accura cy and latenc y involve d,
that achievement is not straightforward.

Steering Control

Steering control is also a quantifiable metric that can be
tested and compared between systems. Although many
systems use various different methods of steering, they
are all still trying to reach the same goal. How steering
is performed in each system is also something to watch
closely as m ost virtual lo comotion system s that we re
researched use d a wi de variety of st yles to pe rform
steering control. Again, the goal of steering control is
to closely mimic a human’s style of steering, but in the
virtual systems, latency, accuracy and physi cs may not
allow that to happen exactly.
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MOTION GESTURES

Motion gestures are al 1 of t he di fferent posesa nd
movements a hum anm ustperf ormtoachi eve
locomotion. Any virtual locomotion must also account
for the many types of motion postures and movements
required to successfu lly n avigate th rough and aroun d
solids and obstacles placed in the virtual environment.
A realistic, hu man-like v irtual lo comotion system
should con tain a cap ability t o allow for each of th e
following types of poses and movements:

Scanning/Steering - To peer out at or observe
repeatedly or sweepingly to a large advance; survey.

Walking — S hort u pright s trides w hich only ha ve a
minor impact on fatigue.

Jogging — Longer upright strides which have a slightly
increased impact on fatigue but at a higher speed.

Running — Longer upright strides which have a higher
impact on fatigue and a higher speed.

Sprinting — Longest upright strides which have highest
impact on fatigue, but can only be m aintained for a
short period, but the highest speed.

Turning — Generally associated wit h the pel vis
orientation but can also align with the leg and torso (in
crouched or prone gesture).

Jumping — Elev ating th ¢ body thr ough v ertical leg
force and in some cases transversing horizontally.

Climbing — Use of e xtremities to grasp and na vigate
ladders and other vertical items at a sl ower speed and
moderate fatigue,

Crouching — Lowering th e torso and leg s to allo w
navigation under obstacles but at a slower speeda nd
moderate fatigue,

Crawling — Lowert he en tire bo dy (a ka pr one) t o
navigate under very 1ow obstacles, provide cover, and
at a slow speed of motion and moderate fatigue.

Swimming - Pro pelled m otiont hroughal iquid
medium ( note: swimming was not in cluded in th is
study as the researchers w ere interested in human
locomotion performed on land.)
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The following figure illustrates these motion gestures.

L fk_h;'_gﬁ

Crouching-  Crawding -

Scanning / Wihalking - Jumping - Climbing -

angle, a true virtual loc omotion system must account
for these abilities available to live humans.

NN

Steering Sprinting Landing Squatting Prone D

Figure 3. Motion Gestures and Modes

The combinations of motion gestures along with over-
riding na vigation m ethods (spee d, st eering, an d
scanning) represent multiple combinations by which to
test any concept against specific use cases. For each of
these combinations, a set of requirements and metrics
must be evaluated in order to assess the validity of any
specific approach.

In the next section, the initial requirements along with
the general metrics are presented which can be used to
assess conce pts. Thea uthor’s note, that these
requirements (and their use-case need values) have not
been formally vetted against Army applications. The
process of devel oping the Locomotionsy stem
specifications was out of the scope of this initial trade
study.

Straight Motion

Straight motion consists simply of navigating straight
line paths in all k ey directions; forward and backward
while keepingy ourhea d facing forward. T he
evaluation scenario should include a sufficient distance
to veri fy al 1t he m otion ge stures a nd “s peeds” an d
include any transition of directions.

Curved Motion

Curved m otion co nsists o fnavi gating no n-linear
(curved) paths similarly in all key directions; forward,
backward, and side-to side.  The e valuation sce nario
should incl ude a sufficie nt distance to verify all the
motion gest ures and “speeds” and include any
transition of directions.

Steering / Scanning Motion

Steering and scanning motion combines the influences
of st raight an d cu rved m otion (with gestures a nd
transitions) but allows for decoupling of view port and
motion direction. Fu rther, this com bination p rovides
options for t he st eering reference m otion to s pecific
body parts (head, pelvis, thigh, torso, etc). While many
“game” systems link the head angle to the steering
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Steering and Scanning Motion: In steering motion the body faces in the direction of mofion,
whereas in scanning motion the body turns independently of the direction of motion.

Figure 4. Steering and Scanning Motion
(Templeman, J. N., 2003)

TEST COURSE

The vi rtual envi ronment t est cours ei s arel atively
simple course with key stressor points such as external
stimulus, open vers us tight spaces, and all aspects of
motion and ge sture re quirements di scussed; i ncluding
vertical, tran slational and rotatio nal sp eed d iversity.
Most (if not all) o fthe ev aluation po ints and m otion
gestures can be combined into this type course.

Like an y ev aluation scen ario, th is test requ ires a
common dat abase bet ween vi rtual en vironments t o
quantify m etrics; in ab solute perform ance. Sincei n
this stud y, relative p erformance is desired, t hen a
common vi rtual dat abasei srequi red and any
differences between im  age gene rators, where the
live/virtual tran slation results are measured - m ustbe
accounted for.

The test co urse sh ould in clude vertical div ersity to

accommodate the motion gestures related t o climbing,
crawling, crou ching,an d walking up and dow n
stairways and all of the other motion gestures that must
be used for virtual locomotion.

(E:) ]I g ]I — Jump
) < m=== Clim
~H /N [ ] — glrout::h
= = H[>= Ll === Crawl
o / @  Acquisition
<] I'”l <] < I(L] <] foaue
Paadk
rot2 == /\ Path
| <1< < Lgt_nnﬂ

Figure 5. Simple Test Course with Motion
Gestures and Obstacle Types



Interservice/Industry Training, Simulation and Education Conference (I/ITSEC) 2010

CATEGORIZATION AND CONCEPTS

While reviewing the published info rmation on virtual
locomotion ¢ oncepts a need for cat egorization
emerged; t here we re s o m any di fferent locomotion
systems and concepts a nd m any wi th onl y sm all
variations from o thers. In the study, an initial set of
categories were proposed but by no m eans were meant
to fu lly en capsulate th e novelty of an y p articular
approach. In this sectio n, the m ajor cat egories are
introduced a nd a conce ptis used to illustrate each
category. The concept described is only for illustration
of categ ory and do es not con stitute an y perfo rmance
assessment or preference by the authors.

Desktop

The desktop category had to be i ncluded as the basic
interface for humans to navigate and pose in virtual
environments. This is the standard interface for gamers
and ca n include a com bination of common human
interface  devices (Mouse, Keyboard, Joystick,
Gamepad) for moving and interacting with the virtual
environment. M any newer gaming sy stems are no w
developing unique c ontrollers and t echniques such as
allowing the user to use his/her body to also provide
movement and co ntrol o f their avatars . Des ktop
controllers ca nuse m ice and keyboards t o per form
locomotion. Most commercial gaming systems include
either a si ngle pole joystick with buttons ora double
pole joystick with multiple buttons. Th e double pole
allows one pole for translation and one for rotation of
the avatar. Som e of the newer techn iques, likethe
Wii™ Remote Controller, allow users to play games by
using their o wn b ody movements al ong with using a
variety of hand controllers.

Figure 6. Wii™ Remote Controllers with Axes

This fundamentally unique controller has been used for
multiple applications including some that also allow a
user t o e ffectively use t he r emote t o perf orm vi rtual
locomotion (W illiamson, Wingrave and LaVi ola,
2010). Microsoft’s X-BOX 360 has also announced a
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similar motion based sy stem using no controller at all
called “Kin ect”™ th at will allow users to p lay video
games so lely with the use of th eir own body motion.
In ad dition to that, SONY has also announced a new
system debuting soon called PlayStation M ove™ that
will no t on ly allo w p layers to use th eir bo dies as
controllers but also to become a part of the video game
through Augmented Reality.

The m ain | imitations with d esktop system s are th at
typically you would be sitting down to p lay the game
and your feet would not be moving or helping you to
perform locomotion in any way. Som e of t he ne wer
movement cont rolled games aret ryingto overcome
this p henomenon, but m ost of t he m ovement ba sed
games are st ill infantile a nd lack the accuracy needed
for m ilitary training app lications. Jo ysticks and
buttons are st ill u sed in most First Perso n Sho oter
(FPS) action games to perform all of the actions of the
avatar wh ichisu nrealisticin  matching human
locomotion. The joysticks and buttons also provide the
users with tools and m ethods that you would not have
access to in a n actual com bat environm ent. Gravity
guns, flaming arrows and long distance lasers etc... are
putinto games for fun,butdonotexistin the real
world. Co mmercial g aming co mpanies may a Iso
increase th e ran ge of th e weapon or the k ill rad ius
which m ay be differe nt for actual com bat wea pons.
Most games include “negative training aspects” such as
having access to weapons that do not exist in the real
world, joysticks and buttons that allow you to perform
actions do notex istin th e real worl d orincrease d
physics al lowing y ou t o ru n fast er, jump hi gher or
longer, etc... These actions are quite different between
desktop training games and actual combat weaponry.

Hybrid Capture / Controller Systems

A hybrid capture / controller system is o ne that uses a
variety of different methods to allow a user to perform
virtual locomotion. Many of these hybrid systems use
partial sens ors, partial meaning on one leg, thigh, or
foot, with a co mbination of jo ysticks an d bu ttons t o
perform locom otion. T hese syste ms do not c reate a

large am ount of fatigue as most users us e joy sticks
with a desktop sy stem, but us ually wear di smounted
soldier man-wearable suits so they can stand up as they
would in natural human locomotion. The limitations
on hu man lo comotion with h ybrid systems are th at
many stillu  sejo ysticksan dbu ttonst o perform
translational | ocomotion wit hout u sing their feeto r
hands as they would in the real world. This type of
navigation/locomotion co ntroli nterface canal  so
encumber t he m aneuverability o fso Idiers during
critical co mbat tasks such as 1ooking around ¢ orners,
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moving through buildings and stacking on walls (Lane,
Marshall and Roberts 2006).  Because a soldier’s
decision-making focus is taken off o fthe scenario to
artificially en gage a simulation button, there are task s
introduced that are not pr esent in act ual com bat
(Marshall, H., Garrity, P.  et. al.). The buttons and
joysticks bring in negative training aspects as they are
new devices added to a weapon for training that are not
on the soldier’s weapon during battle.

The o ther issu e with Hybrid Cap ture / Co ntroller
Systems is that most trainees have a limited amount of
space a vailable for them to traini n (Sibert, L.E.,
Templeman, J.N. & Page, R.P.2004). A person must
be ab le to m ove naturally th rough the VE while,in
fact, rem aining within t he bounded physical space of
the tracking system. Therefore many of the locomotion
systems are tie d to the fact th at the trainee has to stay
within the tracking area of the system while performing
virtual locomotion. This usually requires the trainee to
run in place or wal k in plac e and while is not truly
human-like, it isth eclo setin ap proaching being
human-like as it does not require a sep arate d evice to
perform lo comotion in. Du e to the fact that th ere is
limited area to perform locomotion in, at rainee may
have t o pe rform a “proxi ed” st yle of i nteraction t o
perform in the real wo rld which is th en translated into
realistic locomotion while in the VE.

Treadmills

Omni-Directional Treadmills (ODTs) are a locomotion
concept that has many di fferent sy stems wi th vari ous
discrepancies between each. In general, an ODT is a
device that allows a person to perform locomotion in
any di rection whi le the useris standing on a set of
treadmills. The ability to move in any direction is how
these conce pts differ from othe r system s. These
systems have been i mplemented in various forms for
over the last ten years but none have been found to be
the virtual locomotion solution. Many systems involve
large balls that a human enters and uses his inertia and
movement to start the ball, but then changing direction
can be som ewhat di fficult and has caused many first
time users to roll over with the ball.

Various forms oft readmill sy stemsh avebee n
developed over time including unidirectional treadmills
also. With m ovement only allowed in one direction
though, these systems make it hard to steer especially if
theuse ri sweari nga HMDt ovi ewt he vi rtual
environment. Escal ating t readmills have also been

researched and devel opedi nto vi rtual locomotion
systems that use stair-walking and ski-walking exercise
systems ast here base. Tread mill ap plications for
locomotion have had m ultiple d esigns and con cepts.
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Most treadmill systems have problems with inertia and
are har d to start and st op at times and very hardto
change directions once the treadmill has started. Many
users find them hard to use (especially with a HMD on)
because it is hard to change direction while moving and
the u ser h as to lo ok down to see where they are
therefore ignor ing th e VE an d h is/her m ission p lan.
Another issue with these devices is th at most are no t
able to work out side or in a field training environment
because of the ir size, long setup tim e, portability and
cost. These systems generally do not meet most of the
criteria ofa  pproaching ahu man-like lo comotion
system as the systems apply to much inertia on the user
and then the system becomes hard to change directions
or turn on a dime.

Controller / Pedal / Techniques

These techn iques tak e th e ability o fyour feet in to
account to allow you to perform locomotion with little
tethered equipment to the users. A few syste ms have
used sensors placed in the botto m pads of user’s s hoes
to calcu late the p ressure of the user’s feet and where
that pressure is located to perform locomotion. Foot
pads are placed inthe wuser’s shoes a nd if theuse r
pushes f orward ont he pads,t heira vatar m oves
forward. Ift he user si mply stands on each foot, the
locomotion stops. If the user puts more pressure on the
back heel of the foot, the avatar will move backwards.

Figure 7. Foot Force Pressure Sensors

Other systems have the user sit down at a workstation
and use two pedals to simulate walking, while using a
two pole joystick to perform locomotion and rotational
viewing. Asthese locomotion c oncepts are actually
using the user’s feet in the locomotion concept, they
are adding more realism into the locomotion concepts.

The controller pedal technique systems appear to be the
closest app roaching sy stems t o obt aining human-like
natural 1 ocomotion. Iftheuser stands up and uses
minimally obt rusive m eans of placing se nsors, t hen
these systems may work. The fact that a foot pad is set
into your shoes and can transmit an d collect data is in
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line with a natural locomotion system. The issue is that
some ofthese systems still allow the user to sit do wn
and use a joystick for locomotion. Another issue is that
all of t he sensors have to be perfectly placed for the
system to wo rk and evenifall o fth e se nsors were
calibrated, they would not stay in alignment for lo ng.
The m ajority of t hese sy stems use accelerom eters
which in troduce drift in tot he system an dth e data
would then be corrupted. Keeping the se nsors in the
correct lo cation is cru cial to th ese system s. W ith a
person ju mping, crawli ng, ru nning, et c...inth is
configuration, the chances of the se nsors not moving
seem unrealistic.

Motion Pad Techniques

Motion pads are very common in console games and
are oft enuse dt o ge nerate speedi nformation fo r
locomotion in the virtual environment. In some cases
motion pads can also sense orientation through weight
shifts or with the augmentation of an orientation sensor
somewhere on the body (pelvis, head, etc).

Figure 8. Wii™ Fit Motion Platform

Other m otion pad sy stems are available in the
commercial gam ing i ndustry and co uld easi ly be
redeveloped or used f or research ex periments. Dance
Dance Re volution (DDR) was a ve ry popular arcade
game for many years and now with the home gaming
systems becom ing so popular, t hese s ystems are
finding th eir way in to liv ing roo ms as n othing m ore
than plastic that you lay on the floor and each square
has asens orinit. These syste  msco uldalso be
developed as locomotion solutions in the near future.
Motion platforms and motion controllers are becoming
increasingly po pular lately an d cou 1d even tually b e
used as lo comotion devices, but it is stil 1too early in
their d evelopmentto say. Mo sto fth e motion
platforms out today are not accurate in their movement
and the user moves fairly fast over large VEs with little
to no control or accuracy.
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SUMMARY

Int hisp aper,atrad est udy ofm ultiple v irtual
locomotion systems of t he past and o f the present was
provided in an atte mpt to find similarities between the
systems and to fi nd si milar com ponents f or sy stems
thatm ayfo rmth eb asicn ecessities of  virtual
locomotion. Finally, a discussion of wha t syste m(s)
allow the most human-like, realistic virtual locomotion
system was presented.

The sim ilarities in all o fth e syste ms are t hat all are
subject t 0 acc uracy e rrors a nd latency iss ues. T he
researchers hope to st udy e ach system ’s latency and
accuracy errors in more detail in order to further define
the m ost realistic, hum an-like system . The res earch
showed that each syste m and every locomotion system
must have t wo m ain co mponents: spee d control and
steering co ntrol.  Although m any sy stems handl e
steering differently (i.e. wai st, head and/or feet), they
are common to all syste ms as they are the basis for all
locomotion. There are also multiple syste ms th at are
attempting the same goal: realistic, h uman-like virtual
locomotion, b ut many are com ing fr om di fferent
concepts and ideas and many researchers have separate
opinions about what “human-like” truly means.

CONCLUSIONS

During t he ¢ ourse of't his st udy, m any di fferent
concepts and systems that attempt to re-create n atural
humanl ocomotioni n virtual envi ronments were

researched. The conditions that any locomotion system
must have i no rdert oac hieve natural h uman-like
locomotion were discovered and were discussed. The
locomotion s ystem must beas unconstrained a s
possible allowing users to move about as they normally
would in their natural form. Th e l ocomotion system
must use asm any of t he natural h uman sensat ions
integrated into the system to give the user more of an
immersive environment. Al so, the locomotion system
must n ot in troduce negative train ing aspects to th e
trainees. The locomotion sy stem must allow the user
to maintain multiple po stures (i.e. stand ing, crawlin g,
etc...) as they would inthe  real world a s that also

increases his/her immersive feeling and allows him/her
to p erform more realistic po ses and orien tations as

he/she would whi le per forming nat ural hum an
locomotion. The systems should also allow for multiple
postures t 0 oc cur a nd notb e con fined t o onl y one
posture f or t he ent ire | ocomotion period. Acc uracy
must be cl ose between natural human locomotion and
virtual locomotion. Latency must be decreased in the
virtual 1 ocomotion sy stem to ap proach natural human
locomotion. Human fact ors must be st udied an d
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limited as much as possible to allow the user to contain
his/her feeling of i mmersiveness. There s hould be no
outside interference when training a soldier in a VE as

to keep the soldier immersed in the VE and focused on
his/her mission. R ecursive techniques should be used
to co nstantly i mprove th e virtual lo comotion syste m
through questionnaires and user tests. New techniques
are still atte mpting toso lveth eag e oldissu e of
performing vi rtual | ocomotioni n ordert om akeit
seamless, realistic and human-like.

For th e next p hase of th is study, t he STTC will be
partnering wit h co mpanies in o rderto test  their
locomotion co ncepts or syste msto v alidate th eir
systems speci fications t hat we re provided for eac h
system th at was stud ied. Th e researchers willb ¢
inviting th e companies that m ake th e lo comotion
systems t o pa rticipate i n our u pcoming expe riments.
The researcher’s main purpose for this is to gain some
experimental dat a from eachm ajor category of
locomotion devices to use to com pare the systems all
on an e ven scale and to verify the specifications that
are listed on e ach company’s website. It was shown in
Phase I t hat more inform ation is nee ded (testing and
experimentation) tot ruly beablet oc ompare the
different 1 ocomotion sy stems. A virtual locomotion
test co urse willb e d eveloped so th at all syste m
specifications can be ve rified a nd tested for eac h
system against its claimed specifications. Soldiers will
be used to testth e system s v igorously an d prov ide
feedback through q uestionnaires wh ich will  be
collected and used to ¢ ompare and c ontrast all of the
different vi rtual 1 ocomotion sy stems fai rly and n on-
partially.
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