


Consider our experience with natural rooms in our
everyday lives. A room has one or more doors through
which we enter. After spending some time in the room,
we come to know its layout and feel comfortable in
terms of knowing where things are located in it. This is
true regardless where one is standing in the room, e.g.,
at a doorway, with one’s back to a wall, or in the center,
looking in some direction. In fact, even if one enters the
room blindfolded and walks within it without touching
objects, one still knows the spatial layout of the room
relative to oneself, for example, where a desk or book
cabinet is in relation to oneself. This sense of self-pres-
ence in a familiar surrounding and feeling for one’s posi-
tion in it relative to its spatial layout are something we
take for granted because it is such a compelling, natural
aspect of our experience.

Interestingly, a variety of physiological evidence sug-
gests that there may be neurons that are responsive to an
animal’s spatial position within a familiar environment.
In recent experiments, arrays of multiple electrodes have
been used to record the activity of many individual cells
in an animal’s brain over prolonged periods, ¢.g., days or
weeks (McNaughton et al., 1996). When a rat is placed
in a novel environment, initially hippocampal cell activity
patterns are unrelated to the rat’s position. As the animal
becomes familiar with the environment, however, hippo-
campal units can be recorded that become active when
the animal is in particular loci in the environment. Thus,
as the animal moves about, different groups of “place
cells” become active. These cells may participate in the
neural representation of the spatial coding of the environ-
ment for the animal. The cell activity patterns are location-
dependent and are absent in unfamiliar environments.
Such physiological observations and other earlier work
have led to the notion that the hippocampus encodes or
provides the basis for a cognitive, spatial map (O’Keefe
and Dostrovsky, 1971; O’Keefe and Nadel, 1978).

2 Exteroceptive Sensory Inputs
and Presence

We have found that in the human, exteroceptive
sensory inputs are necessary in order for a sense of spatial
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Figure 1. Schematic illustration of the flight path of the aircraft used
in our experiments to generate periods of free fall. The inhabitants of
the dircraft are weightless during the “zero G” period.

orientation and presence to be continually maintained.
This requirement becomes obvious during exposure to
weightlessness in the free-fall phases of parabolic flight
maneuvers because then both one’s apparent orientation
as well as one’s sense of presence are dramatically af-
fected (Lackner, 1992; Lackner and Graybiel, 1978,
1983). In our studies, the subjects are in an aircraft that
flies in a parabolic path such that the resultant of G!,
Farth gravity, and of inertial force varies from 0G to
1.8G, with approximately 20-25 second periods of
steady state 0G and 1.8G, separated by transitions in
force level (see Figure 1).

In 0 G, the patterns of orientation and presence expe-
rienced depend on the sensory cues available. For ex-
ample, if a test subject is free-floating with his eyes
closed and with no part of his body in contact with the
aircraft, he may lose all sense of spatial anchoring, and of
presence, to the surroundings. Even though he knows
rationally that he is free-floating in a particular orienta-
tion in relation to the fuselage of the aircraft, he does
not feel in any spatial position in relation to it. By con-
trast, if contact cues are applied to the surface of the
body, the area of greatest pressure will generally be per-
ceived as the direction of down. Therefore, pressure on
the soles of the feet will make the subject feel upright,

1. Gis specified in terms of multiples of g, the acceleration of Earth
gravity, g = 9.8 m/s%.
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pressure on top of his head, upside down (Lackner,
1992; Lackner and Graybiel 1978, 1979, 1983).

Thus, by manipulating pressure cues it is possible to
change systematically the subject’s experienced body
orientation. It is notable (1) that even when losing a
sense of presence and of spatial position in relation to
the aircraft, the subject will retain a sense of his relative
body configuration (e.g., whether his torso is flexed or
extended), and (2) that while isolated touch and pres-
sure cues can give the subject a sense of up and down,
they do not necessarily reestablish his sense of presence
in the environment in terms of spatial location, presum-
ably because the isolated touch contact does not provide
spatially relevant information reflecting spatial position.
By contrast, on Earth, for example, if we are wheeled
blindfolded into a familiar room and allowed to stand
and touch a nearby object, we immediately know where
we are (or places we could be, if the cue is not definitive
for a particular location).

These test conditions in parabolic flight are important
because, as will be shown, they embody many aspects of
situations that can arise in virtual environments. But,
first, note that on Earth our activities and environment
are spatially polarized because of the force of gravity. We
walk upright on the ground, which is providing the di-
rection of down; ““up” is where the ceiling or sky is over-
head. Objects are spatially polarized as well, trees have
tops, lamps have bases, and so on. The practical implica-
tion of this observation is that we see and feel our world
and the objects in it from a limited range of perspectives
because we walk and look at objects from an upright
orientation. Except when in bed or in a reclining chair or
lying on the ground or a beach, we rarely see objects
from a horizontal body position. In our normal posture,
we can only push down on the arms of a chair and pull
down on window shades. Moreover, certain perspectives
are impossible. Unless we are artificially suspended in
some way, we cannot look at our feet and see them and
the front of our body entirely separated from the ground
except momentarily during a jump. The point is that we
have a restricted range of “canonical views” of our body
and of our environment under normal terrestrial condi-
tions. Only certain configurations of ourselves in relation
to the environment are possible.

The implications of this canonical perspective for ori-

entation and presence become obvious when individuals
are weightless. Under such conditions illusory changes
in perceived self and vehicle orientation can occur. We
have had the opportunity to test systematically in para-
bolic flight experiments how perceived orientation de-
pends on visual cues under weightless conditions. Figure
2 depicts a person free-floating in an aircraft in the
weightless phase of parabolic maneuvers. He is floating
parallel with the deck of the aircraft. If he bends his head
to look toward his feet, Panel B, he may experience a
change in body orientation such that he will no longer
feel horizontal in an aircraft in level flight but rather up-
side down, in a nose-down aircraft. Interestingly, he will
not experience rotation of his body and of the aircraft
through space to achieve the new orientation, but rather
a fading out of one orientation and a fading in of the
other until the new one is totally compelling. The ab-
sence of labyrinthine signals that would be generated
during actual rotation of the body may be the reason
that a sense of movement from one orientation to an-
other is not experienced (Lackner, 1992). The overall
patterns experienced can be understood on the basis that
the subject is carrying a “terrestrial orientation calibra-
tion”’; it is not possible in Earth’s 1G environment to see
one’s body statically dissociated from the “floor” unless
one is mechanically suspended. Other situations illus-
trated in Figure 2 make the same point: The nervous
system during nitial exposure to weightlessness gener-
ally acts on a 1G standard. It interrelates the available
sensory inputs concerning orientation and remaps per-
ceived body and external surround orientation to make
the entire ensemble of experienced orientations consis-
tent with being in a 1G force field. Because an aircraft
can change orientation to gravity, the spatial remappings
can involve aircraft orientation as well as body orientation.

3 Importance of Spatial Context
for Presence

Our parabolic flight studies have been carried out
with nearly 50 subjects and indicate that body position
in relation to the structural features and dependencies of
the spatial surroundings have a profound influence on
perceived spatial orientation (Lackner and Graybiel,
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Figure 2. Subjects who are free floating typically experience illusory changes in self and aircraft
otientation if they see their bodies totally separated from the deck (the “floor”) of the aircraft. See
Panels B and C. Arrows indicate the direction of gaze.

1978, 1983; Lackner, 1990, 1992; Lackner and DiZio,
1993a,b). This fact is of especial importance for virtual
environments because it is possible to create visual per-
spectives on spatial environments that would be impos-
sible under terrestrial conditions. One can, for example,
spatially “hover” in orientations physically impossible
under normal conditions. Under such circumstances,
illusions involving changes in experienced orientation of
self and visual spatial layout may be experienced, just as
they are in parabolic flight. Virtual environments as we
mentioned earlier can be “entered” in ways not usually
possible with real environments on Earth. The impor-
tance of this fact and its profound implications for spatial
knowledge can be better understood after a summary of
experiences we have had with the rotating room facility
in our laboratory. Figure 3 illustrates the room and its

position in relation to the overall laboratory complex.
The rotating room is used for studying human adapta-
tion to rotating reference frames and artificial gravity
environments. It is circular in shape and 22 feet in diam-
eter with a 7.5-foot ceiling, and rests on a large bearing
mounted on the floor of a large room that fully encloses
it. The rotating room has no windows, and when the
doors are closed, it is totally visually self-contained, with-
out a view to the exterior of the room.

A key feature of the rotating room for our concerns is
that it has two doors that are located about 180° apart
(see Figure 3). The floor of the rotating room is several
feet above the floor of the laboratory. Consequently, a
ramp anchored to the enclosure room floor is used to
walk up to the rotating room and to enter it or to bring
equipment into it through one of the doors. Entry and
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Figure 3. This diagram shows the different spatial configurations of the rotating room relative to the rest of the laboratory. The configurations

depend on which of the doors of the room is lined up with the access ramp.

exit are possible only when the room is stationary and
one of its doors is in front of the ramp. The interior of
the rotating room contains a wide range of test appara-
tus and equipment so that although its interior walls are
symmetric, its interior layout is highly nonsymmetric.
One’s view of the interior of the room is very different if
one enters it from one door or the other. This is, of
course, also characteristic of normal rooms that have
more than one door.

For reasons of habit, one particular door of the rotat-
ing room, is almost always positioned in front of the ac-
cess ramp when the room is stationary. Because of this
positioning, the laboratory staff and the subjects who
participate in experiments on the rotating room enter it
from the same door and thus from the same physical
location in the overall laboratory complex. Put differ-
ently, when the rotating room is not turning, it and the
laboratory represent a constant, static spatial configura-
tion. When the room is turning, its doors are always

closed, and because there are no windows, the people in
it never see its position change in relation to the outside
laboratory. That is, motion of the room in relation to a
stationary external reference—the laboratory complex
proper—is not perceived. Thus, only one spatial position
and layout of the rotation room in relation to the exter-
nal laboratory is ever experienced.

Several years ago we noticed by chance a fascinating
phenomenon that we have since explored and repeatedly
confirmed with over 25 members of the laboratory. One
day, after some maintenance work was done on the drive
system, the rotating room was positioned at the ramp so
that entry was achieved by means of the normally un-
used door. Every member of the regular laboratory staff
who entered the room reported being ‘““disoriented.”
The interior of the room seemed strange and unfamiliar,
and equipment seemed to be in unexpected places.
People did not know which way to turn to locate famil-
iar objects, e.g., computer terminals. The extent of this
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sense of unfamiliarity and lack of awareness of the spatial
layout of the room cannot be overemphasized. Nor-
mally, when one is familiar with a room, one can turn
without thought or calculation to locate things one has
placed in particular locations. Actions are carried out
“automatically.” If one closes his or her eyes and turns,
on reopening the eyes, the room seems normal; only
self-orientation in relation to the room has changed. In
the “re-oriented” rotating room, this simply is not the
case. The interior of the room seems strange in that
nothing seems to be where it should be. It is necessary
to relearn the spatial layout and the location of objects
and equipment. After several minutes of moving about
in the room, it slowly begins to seem familiar again, and
objects can be located.

We have found that if the rotating room is entered by
the “normal” door on subsequent days and then again
through the nonpreferred door after several weeks, the
sense of unfamiliarity and lack of spatial awareness of the
interior occurs again with nearly equal vividness. One
needs to re-adapt again to feel properly oriented in the
room. Interestingly, we have found, too, that if a subject
participates even in a single experiment in the room, the
spatial memory of the door through which he or she
entered is preserved. For example, if the subject enters
through one door and afterwards the room is stopped
with the other door facing the ramp, she is invariably
startled when that door is opened and she sees the same
part of the external laboratory from which she had en-
tered the other door of the rotation room. She expects a
different egress route out of the rotating room to lead to
a different part of the external laboratory!

These observations concerning the wrong door phe-
nomenon mean that spatial representations of our famil-
iar environments are embedded in a larger cognitive spa-
tial construct. This cognitive representation includes the
spatial layout of environments and the way in which we
enter them. In our illustrative situation, the interior of
the slow rotation room must be spatially represented in
relation to the entire laboratory complex and the normal
mode of entrance. When one is in the rotating room and
moves around, one sees its interior from many different
perspectives, many of them redundant regardless of
which door one came through. Nevertheless, it still mat-

ters from which door one entered in terms of whether it
seems familiar or not. This means that mechanisms of
path integration (cf. Israel et al., 1993; Klatzky et al.,
1990; Mittelstaedt and Mittelstaedt, 1980) must be in-
tegrating with respect to a larger spatial context than just
the locomotion path per se. This context includes repre-
sentations of relations among local environments, modes
of mutual access, and gravitation as well as other physical
constraints on sensory-motor information. In other
words, our spatial behavior is much more dependent on
how we got there and where we started from than has
been recognized from research and modeling of animal
orientation. This fact has important implications for how
our mode of access may influence our sense of presence
and familiarity in different environments. The direct im-
plication is that spatial navigation and spatial knowledge
of a situation are very different. One can navigate an
airplane or a ship by using compass headings and follow-
ing maps, but one does not retain knowledge or familiar-
ity of the exact route though the air or across the sea. It
is not like being able to walk blindfolded through the
rooms of one’s home or work place. Figure 4 summa-
rizes some of the factors contributing to our spatial
knowledge and sense of presence in an environment.

4 Spatial Memory and Presence

Perhaps the most profound description of spatial
memory is contained in Mark Twain’s, Life on the Missis-
sippi, in which he talks about what a Mississippi River
boat pilot knows. To navigate the river, the pilot needs
to know the bends of the river, the location of sandbars
not visible from the surface over the 4300 mile length of
the river, along with rapids, submerged rocks, wrecks,
and a myriad of other obstacles. Moreover, these hazards
change over time as the river cuts different channels, lays
down different deposits, and so on. Thus, the spatial
characteristics of the river change over time and the cap-
tain needs to update his spatial representations. But as
Twain so presciently remarks, the pilot’s task is not just
knowing the 4300 mile river but knowing it in both di-
rections! This remarkably insightful comment is fully
confirmed by our observations. Spatial knowledge asso-
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ciated with one mode of access to an environment may
not transfer fully if the environment is entered from a
different direction, and one does not have prior experi-
ence with both directions.?

This has important implications for the use of virtual
environments to train spatial knowledge of a real envi-
ronment. For example, assume one is going to train
emergency procedures on shipboard using a virtual envi-

2. We recently encountered another example of the “wrong door
phenomenon.” A small market that we frequent had a fire that dam-
aged it. The owner who has had the store over 20 years decided to re-
model it when repairing the fire damage. Part of the remodeling in-
volved moving the entrance door from the far left of the store front to
the far right. One of us on entering the store after the remodeling felt
the same strangeness as we encountered using the ‘““wrong door” to
the rotating room. The owner told us that it took a long time for him
to feel comfortable with the new door. He naturally wanted to turn
right on entering but this would run him into a wall, and it took sev-
eral weeks before the interior of the store again seemed normal to him
and he would spontaneously turn left on entering.

ronment system. Suppose the ship layout is internalized
for the fire-fighting crew by starting from one specific
“place” and then “going through” the different com-
partments of the lower decks and learning where differ-
ent doors and fire extinguishers, hoses, and so on are
located; training could be done under a variety of condi-
tions including reduced visibility to simulate emergency
conditions, such as smoke or flooding. If the starting
point of training were always the same, a particular ““ac-
cess” from the real environment to the same directional
sequence of spatial layout in the virtual environment,
then it may well be that training would transfer to the
real environment being modeled by the virtual one only
for a corresponding mode of entry into the lower decks.
If entry were made from a different location to allow a
different direction of traverse, one that had not been
used before, then the environment might seem unfamil-
iar and the “trained” individual could well be at a loss to
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know the location of doors and equipment with which
he or she is expected to be familiar.

5 Conclusions

The implications that we want to draw from the
sets of observations that we have presented are that de-
sign and training features of virtual environments may
give rise to unwanted and unanticipated side effects. For
example, creating environments with features that vio-
late characteristics of real terrestrial environments, e.g.,
inverting:the floor and ceiling in relation to the observ-
ers, may give rise to illusory changes in self-orientation
and of visual orientation. Allowing the observer to view
a virtual environment from perspectives not possible in a
terrestrial environment such as looking straight down
may similarly induce orientation illusions for some situa-
tions. On the other hand, providing experience with a
sufficient number of novel access routes in the virtual
environment may aid familiarization in the real environ-
ment. When employing virtual environments for train-
ing and familiarizing people with real environments, it
will be critical to evaluate what forms of spatial learning
are actually occurring and how they are anchored or re-
lated to the exposure conditions being used. This is es-
pecially important because virtual environments allow an
enormous range of flexibility not possible in real envi-
ronments. They can readily violate normal terrestrial
constraints and it is not always clear what aspects of real
environment are critical for performance on particular
tasks. In fact, this is one of the great advantages of vir-
tual environments—they provide wonderful research
tools for ﬁnderstanding the nature of sensory-motor
adaptation, orientation, and spatial cognition in our nor-
mal terrestrial environment.

Acknowledgments

This research is supported by NASA grant NAGW-4733, and
Navy grant NAWC-TSD #N61339-96-C-0026.

References

Israel, 1., Chapuis, N., Glasauer, S., Charade, O., & Berthoz,
A. (1993). Estimation of passive linear whole-body displace-
ment in humans. Journal of Neurophysiology, 70,
1270-1273.

Klatzky, R. L., Loomis, J. M., Golledge, R. G., Cicinelli, J. G.,
Doherty, S., & Pellegrino, J. W. (1990). Acquisition of rate
survey knowledge in the absence of vision. Journal of Motor
Behavior, 22,1943,

Lackner, J. R. (1990). Sensory-motor adaptation to high force
levels in parabolic flight maneuvers. In M. Jeannerod (Ed.),
Attention and Performance (pp. 527-548). Hillsdale, NJ:
Lawrence Erlbaum Associates.

Lackner, J. R. (1992). Spatial orientation in weightless envi-
ronments. Perception, 21, 803-812.

Lackner, J. R., & DiZio, P. (1993a). Muldsensory, cognitive,
and motor influences on human spatial orientation in
weightlessness. Journal of Vestibular Research, 3, 361-372.

Lackner, J. R., & DiZio, P. (1993b). Spatial stability, voluntary
action and causal attribution during self-locomotion. Jozs-
nal of Vestibular Research, 3, 15-23.

Lackner, J. R., & Graybiel, A. (1978). Some influences of
touch and pressure cues on human spatial orientation. Avsa-
tion Space and Environmental Medicine, 49, 798-804.

Lackner, J. R., & Graybiel, A. (1983). Perceived orientation in
free fall depends on visual, postural, and architectural factors.
Avintion Space and Envivonmental Medicine, 54, 47-51.

Lackner, J. R., & Graybiel, A. (1979). Parabolic flight: Loss of
sense of orientation. Science, 206, 1105-1108.

McNaughton, B. L., Barnes, C. A., Gerrard, J. L., Gothard,
K., Jung, M. W., Knierim, J. J., Kudtimoti, H., Qin, Y.,
Skaggs, W. E., Suster, M., Weaver, K. L. (1996). Decipher-
ing the hippocampal polyglot: The hippocampus as a path
integration system. Journal of Experimental Biology, 199,
173-185.

Mittelstaedt, M. L., & Mittelstaedt, H. (1980). Homing by
path integration in a mammal. Naturwissenschaften, 67, 566.

O’Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a
spatial map. Preliminary evidence from unit activity in the
freely-moving rat. Brain Research, 34,171-175.

O’Keefe, J., & Nadel, L. (1978). The bippocampus as a cogni-
tive map. Oxford, UK: Oxford University Press.

Twain, M. (1961). Life on the Mississippi. (Originally published
in 1883). New York: New American Library.






