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a b s t r a c t

Head-mounted displays (HMDs) allow users to immerse in a virtual environment (VE) in which the user’s
viewpoint can be changed according to the tracked movements in real space. Because the size of the vir-
tual world often differs from the size of the tracked lab space, a straightforward implementation of omni-
directional and unlimited walking is not generally possible. In this article we review and discuss a set of
techniques that use known perceptual limitations and illusions to support seemingly natural walking
through a large virtual environment in a confined lab space. The concept behind these techniques is
called redirected walking. With redirected walking, users are guided unnoticeably on a physical path that
differs from the path the user perceives in the virtual world by manipulating the transformations from
real to virtual movements. For example, virtually rotating the view in the HMD to one side with every
step causes the user to unknowingly compensate by walking a circular arc in the opposite direction, while
having the illusion of walking on a straight trajectory. We describe a number of perceptual illusions that
exploit perceptual limitations of motion detectors to manipulate the user’s perception of the speed and
direction of his motion. We describe how gains of locomotor speed, rotation, and curvature can gradually
alter the physical trajectory without the users observing any discrepancy, and discuss studies that inves-
tigated perceptual thresholds for these manipulations. We discuss the potential of self-motion illusions to
shift or widen the applicable ranges for gain manipulations and to compensate for over- or underestima-
tions of speed or travel distance in VEs. Finally, we identify a number of key issues for future research on
this topic.

! 2012 Elsevier B.V. All rights reserved.

1. Locomotion in virtual environments

In the real world we navigate with ease by walking, running,
driving, etc. Sensory information such as vestibular, propriocep-
tive, and efferent copy signals as well as visual information create
consistent multi-sensory cues that indicate one’s own acceleration,
speed and direction of travel. Since walking is the most basic and
intuitive way of moving within the real world, keeping such an ac-
tive and dynamic ability to navigate through large-scale virtual
environments (VEs) is highly desirable for many 3D applications,
such as urban planning, tourism, 3D entertainment, serious games,
and robotics. Although these application domains are inherently
three-dimensional, usually virtual reality (VR)-based user inter-
faces do not support real full-scale walking [1].

Immersive VEs were initially restricted to visual displays, com-
bined with interaction devices for providing (often unnatural)

inputs (e.g., a joystick or mouse) to generate self-motion. More
and more research groups are investigating natural, multimodal
methods of generating self-motion. Typically, immersive VEs are
characterized, for example, by head-mounted displays (HMDs)
and a tracking system for measuring position and orientation data.

An obvious approach to implement real walking in such a setup
is to map the user’s head movements or gaits to changes of the vir-
tual camera by means of a one-to-one mapping. This technique has
the drawback that the user’s movements are restricted by the lim-
ited range of the tracking sensors and a rather small tracked lab
space in the real word. Therefore, the first challenge for virtual
locomotion interfaces is that they enable walking over large dis-
tances in the virtual world while physically remaining within a
reasonably small space.

To address unlimited walking in immersive VEs, various proto-
types of interface devices have been developed to prevent a dis-
placement in the real world. These devices include torus-shaped
omni-directional treadmills [2–4], motion foot pads, robot tiles
[5,6] and motion carpets [7]. All these systems are costly and
support only a single user. For multi-walker scenarios it would
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be necessary to equip each user with a separate device therefore
increasing the costs enormously. Although these hardware systems
represent distinctive technological achievements, most likely they
will not be generally available in the foreseeable future due to the
described limitations. Hence there is a demand for alternative,
more cost-effective and practical approaches. As a solution to this
challenge, traveling by exploiting walk-like gestures has been pro-
posed in several scenarios that give the user the impression of
walking. For example, the walking-in-place approach exploits
walk-like gestures to travel through a VE, while the user stays
physically at almost the same position [8,9]. However, real walking
has been shown to be a more presence-enhancing and natural
locomotion technique than any of these navigation metaphors
[9,10].

1.1. Natural locomotion and redirected walking

As an alternative to the technological achievements in locomo-
tion hardware devices, a counter-movement has gained a foothold
in the VR community for supporting unrestricted real walking. Redi-
rected walking denotes approaches in immersive VEs that do not
rely on locomotion hardware, but which are inspired by findings
from the field of psychology. The goal of redirected walking is to
break the limitations imposed by the tracking space in the physical
world, and provide users with the ability to explore an arbitrarily-
sized VE. Therefore, several techniques with different strengths
and weaknesses implement redirected walking: Repositioning tech-
niques redirect the user by manipulating the correspondence be-
tween points in the physical and virtual world to compress a
larger virtual space into a smaller physical workspace [11,12].
Reorientation techniques, on the other hand, attempt to inconspicu-
ously rotate the user’s heading away from obstacles or the bound-
aries of the physical workspace [13]. Change blindness techniques
redirect the user by manipulating the scene geometry, for instance,
changing the position of a door to guide him in the physical world,
e.g., preventing him from leaving the tracked lab space [14–16].
Some of these redirection techniques are designed to be overt to
users, i.e., the user is aware of the manipulation. Subtle redirection
techniques, in contrast, avoid that users notice the manipulation. In
this article we focus on subtle redirection techniques.

With subtle redirected walking the user is redirected in the real
world via perceptually undetectable manipulations applied to the
displayed scene, causing users to unknowingly compensate by
repositioning or reorienting themselves [17]. In Fig. 1 the concept
of redirected walking is illustrated; the physical trajectory deviates
from the path in the virtual world. While initial proofs-of-concept

demonstrated the effectiveness of the techniques in preventing
collisions with physical obstacles in VR labs, later research focused
on identifying thresholds and factors that preserve or enhance the
effectiveness of the techniques, while keeping applied manipula-
tions to visual stimuli below just noticeable differences, i.e., mak-
ing the techniques undetectable for users.

1.2. Consistent perception of locomotion in virtual and real
environments

In addition to the problem of physically confined space, there is
a second challenge in constructing a fully natural locomotion inter-
face for VEs. This challenge consists in discrepancies between per-
ception in real and virtual environments. For example, distances in
virtual worlds are underestimated in comparison to the real world
[18–21], visual speed during walking is underestimated in VEs
[22], the distance one has traveled is underestimated [23–25],
and users have other general difficulties in orienting themselves
in virtual worlds [26–28]. Although this is helpful for redirected
walking – because users tolerate a certain amount of inconsistency
between visual and proprioceptive sensation in immersive VEs
[17,29–37] – it is nonetheless desirable that users have a consis-
tent and natural experience in their virtual world.

Perceptual illusions normally break the correspondence be-
tween objective properties of visual stimuli and their subjective
interpretation. Turning this principle around, visual illusions can
be implemented in VE software to support a better perceptual
match between the user’s perception of self-motion and the user’s
real self-motion in the virtual environment [38]. In particular, illu-
sions related to optic flow may change the user’s perception of his
self-motion in the virtual world independently of his actual self-
motion in the virtual world. This may be used to tune virtual loco-
motion cues in order to provide natural perception of self-motion
in immersive VEs.

In the scope of this article we provide a classification of differ-
ent approaches in the research field of redirected walking, and give
an overview of psychophysiological experiments that were con-
ducted to answer the question of how much manipulation applied
to the visual feedback in immersive VEs can be unnoticeable for the
user. Moreover, we discuss how virtual self-motion perception can
be changed by biasing cue integration with visual illusions, which
may reduce conflicts between real and virtual self-motion percep-
tion, or may be used to improve the effectiveness of redirection
techniques. We begin by describing a number of key limitations
in human self-motion perception.

2. Limitations and illusions in visual self-motion perception

When visual, vestibular, and proprioceptive sensory signals that
normally support self-motion perception are in conflict, such as
when visual motion stimuli are presented to stationary human
subjects, vision can dominate vestibular and proprioceptive infor-
mation. For example, in the illusion of linear vection [39] observers
feel themselves moving although they are physically stationary
simply because they are presented with large field visual motion
that resembles the motion pattern normally experienced during
real self-motion. This motion pattern is called optic flow, and much
research has shown that humans can in principle extract self-
motion information from optic flow (cf. [40,41]). Four aspects of
optic flow analysis are particularly important in the scope of this
article: (1) the perception of the momentary path (direction and
curvature), (2) the perception of the distance that has been
traversed during a movement, (3) the perception of speed of a
simulated self-motion, and (4) the perception of motion without
movement.

virtual
direction

virtual
rotation

virtual distance

real curve

real
rotation

real distance

backpack

HMD

Fig. 1. Redirected walking scenario: a user walks in the real world on a different
path with a different length in comparison to the path in the virtual world [80].
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2.1. Heading and path perception

The momentary direction of self-motion of a locomoting person
is called heading. Heading perception has been extensively re-
searched in psychophysical studies in which human subjects were
presented with an optic flow through a virtual scene, and had to
discriminate, for example, whether the self-motion depicted by
the optic flow would pass left or right of a target location in the
scene. This research found that humans are quite good at estimat-
ing momentary heading from optic flow [40,41] but prone to per-
ceptual errors in certain situations in which the flow field becomes
ambiguous [41–44].

One such situation occurs when the self motion consists of the
combination of forwardmovement and gaze rotation, i.e. when one
looks at an object during movement. When the optic flow displays
a rotation of gaze around a vertical axis in addition to the forward
movement of the observer the flow field looks very similar to a
flow field that arises from movement along a curved path [45],
and human subjects often confound the two and perceive self-mo-
tion along a curve [42,44,46]. This ambiguity provides a basis for
visually tricking subjects into believing they move in a curve when
in fact they move along a straight line, and vice versa. When hu-
man subjects are presented with flow fields that simulate true
movement along a curved path they are capable to correctly per-
ceive the momentary heading, i.e., the tangential to the path
[46–50]. Thus, the misperception of curved motion in the situation
described above suggests a perceptual bias towards interpreting
rotations in the optic flow display as movement on a curved path
[44]. This misperception is not due to a lack of vestibular input,
since it occurs also for real movement in darkness [51]. It can be
disambiguated by visual landmarks that signal body orientation
with respect to the environment [52–54].

A constant static rotation of the display also induces curved
walking trajectories towards a goal because it introduces an initial
mismatch between the direction of the goal and the body move-
ment [55–58]. Subjects in this case quickly become aware of the
mismatch and counteract it by steering a curve [59,60].

2.2. Travel distance

To convincingly provide the simulation of a large traversable
environment in a small confined space one needs to manipulate
the user’s perception of the distance traversed during a movement.
Visual motion during self-motion provides cues about the travel
distance, such as the speeds of the visual flow. Within the VE, these
cues are consistent such that they provide veridical information
about the distance covered in terms of the scale of the simulation.
Human subjects can use these cues to discriminate travel distance
intervals [61,62]. However, when travel distances have to be com-
pared to static distances, even within the VE, characteristic estima-
tion errors occur such that distances can be severely under- [23,63]
or overestimated [64], depending on the perceptual task given to
the subject [65]. These experiments have suggested that humans
keep track of the distance they traveled, or the remaining distance
to a goal, through a process of leaky path integration [65–67].

Several further sensory and motor signals in addition to vision
support travel distance perception during walking. Among them
are vestibular and proprioceptive cues, stride length, step fre-
quency, and motor efference copy signals. Success in manipulating
a user’s perceived travel distance in redirected walking requires to
manipulate the relationship between these cues such that the user
perceives a virtual (visual) distance that is different from the real
(proprioceptive or motor) distance. The contribution of the various
signals are seen when they are put experimentally in conflict, such
as when the visual movement is larger or smaller than the physical
(motor/proprioceptive) movement. This is effectively a gain change

of the visual motion with respect to the motor signals and has been
shown to alter the perception of travel distance [30,68,69].

2.3. Speed

A change in the gain between the physical movement and the
visual signal also affects the perception of the speed of one’s own
movement. The influence of walking on visual speed perception
is seen in the observation that visual speeds appear slower during
walking than during standing [22] and that visual speed estimation
during walking depends on various motor parameters [70,71].
However, humans show quick adaptation to changes in gain be-
tween motor and visual parameters [68,72]. Like the visual estima-
tion of travel distance [62] this recalibration is based on perceived
self-motion speed, not simply on visual speed [73].

Visual speed, i.e., the speed of motion signals in the optic flow
during self movement, is not uniquely related to self-motion speed,
since for any forward self-motion the visual velocity of any point in
the scene depends on the distance of this point from the eye. Points
further away move slower than points closer to the eye. Neverthe-
less, manipulations of visual speed affect perceived self-motion
speed. In this regard visual illusions are useful that rely on the
properties of human visual motion detectors to present an illusory
motion percept for stimuli that are, in truth, fully stationary.

2.4. Motion perception without movement

The human brain senses motion via motion detectors that can
be described as space–time oriented filters tuned for specific direc-
tions of motion [74]. These detectors respond to luminance signals
that move from one position to another within a certain time inter-
val, and consist of excitatory and inhibitory image regions that are
aligned with a particular motion direction. The final detector re-
sponse (motion energy) is generated by calculating the difference
between the (squared) filter responses in the preferred and the
opposite direction.

Because of the interaction between the two opposing directions
and the excitatory and inhibitor image regions of the individual fil-
ters, a contrast inversion of amoving image can generate an illusory
motion response in the reversed direction. This is known as reversed
phi motion. This contrast inversion effect is used in the four-stroke
motion illusion [75] to construct consistent unidirectional motion
from just two frames of a motion sequence, although the position
of image elements only jumps back-and-forth between frames.

Instead of the contrast inversion, which supports the reversed
phi part of the four stroke motion illusion, a gray screen can be
briefly presented after the two frames of a motion, resulting in
the illusion of two-stroke motion [76]. The gray screen disrupts
the detection of the opposite motion by the motion detectors
and masks the jump back to the first frame of the motion resulting
in continuous motion perception.

Themotion without movement illusion [77,78] creates a continu-
ous motion signal from just a single static image by applying a pair
of oriented edge filters to the image and re-combining them using a
time-dependent blending to form a transformed view of the image.
The oriented edge filters reinforce amplitude differences at lumi-
nance edges in images, which leads to a motion energy response
of the motion detectors, and cause the edges to be slightly shifted
forward or backward dependent on the orientation of the filter.

3. Redirection with gain manipulation

The previously described limitations of self-motion perception
can be exploited in immersive virtual environments to redirect
the user by decoupling the real and virtual traveling path. This is
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achieved by manipulating the visual feedback users receive about
their self-motion in the virtual scene. The users compensate for
the induced discrepancy between vision and other sensory signals
by adapting their real (physical) traveling path. As a result, users
may walk further or shorter, rotate further or shorter, or walk on
curve-like trajectories while apparently walking straight in the
VE. To achieve the redirection of users, gains are applied to the
tracked real-world movements consisting of translations, rota-
tions, or a combination of both. By combining both types of move-
ments users can navigate on curve-like trajectories. As the gains
are applied on the motion of the camera, all objects in the scene
are manipulated in the same manner. In the following, we describe
the technical implementation of the gain manipulation for transla-
tions, rotations, and path curvatures.

3.1. Translation

Assuming that the coordinate systems of the tracked lab space
and virtual world are calibrated and registered, a tracked change of
the user’s position defined by the vector Treal = Pcur ! Ppre, with Pcur
the current position and Ppre the previous position, Treal is mapped
one-to-one to the virtual camera. Then, the virtual camera is moved
by jTrealj units in the corresponding direction in the virtual world
coordinate system. The tracking system updates the change of
position several times per second as long as the user remains within
the range of the tracking system. A translation gain gT 2 R is defined
by the quotient of the mapped virtual world translation Tvirtual and
the tracked realworld translation Treal, i.e., gT :" Tvirtual

Treal
.When a trans-

lation gain gT is applied to a translational movement Treal the virtual
camera is moved by the vector gT # Treal in the corresponding direc-
tion. Thismeans that if gT = 1 the virtual scene remains stable consid-
ering the head’s position change. In the case gT > 1 the displacement
in the virtual scene is greater than in the lab space, whereas a gain
gT < 1 causes a smaller displacement in the virtual scene compared
to the displacement in the lab space. In practical implementations,
the translation gains are usually only applied in themainwalk direc-
tion, and not to lateral or vertical head movements [18].

3.2. Rotation

Real-world head rotations can be specified by a vector consist-
ing of three angles, i.e., Rreal :" (pitchreal, yawreal,rollreal). The
tracked orientation change is applied to the virtual camera. Rota-
tion gains are defined for each component (pitch, yaw, roll) of
the rotation. A rotation gain gR 2 R is defined by the quotient of
the considered component of a virtual world rotation Rvirtual and
the real world rotation Rreal, i.e., gR :" Rvirtual

Rreal
. When a rotation gain

gR is applied to a real world rotation a, the virtual camera is rotated
by a # gR instead of a. This means that if gR = 1 the virtual scene re-
mains stable considering the head’s orientation change. In the case
gR > 1 the rotation of the virtual scene is greater than the head turn,
whereas a gain gR < 1 causes a smaller rotation of the virtual scene
compared to the head turn in the lab space. For instance, if the user
rotates his head by 90", a gain gR = 1 maps this motion one-to-one
to a 90" rotation of the virtual camera in the VE. The appliance of a
gain gR = 0.5 means that the user has to rotate the head by 180"
physically in order to achieve a 90" virtual rotation; a gain gR = 2
means that the user has to rotate the head by only 45" physically
in order to achieve a 90" virtual rotation. Rotation gains are usually
applied to yaw rotations, which are the most often manipulated
movements for redirected walking [17,31–35].

3.3. Path curvature

Instead of multiplying gains with translations or rotations, off-
sets can be added to real-world movements. In particular, if a

translational movement of a user is tracked in the lab space, a rota-
tional offset can be added to the virtual camera orientation, e.g.,
rotating the camera around the center of the user while the user
walks straight. For example, when the user moves straight ahead,
iterative camera rotations to one side enforce the user to walk
along a curve in the opposite direction in order to stay on a straight
path in the virtual world. If the injected manipulations are reason-
ably small, the user will unknowingly compensate for these offsets.
Curvature gains gC 2 R are used to describe the resulting bend of a
real-world path. The curve is determined by a circular arc with ra-
dius r, and we define gC :" 1

r. In case no curvature is applied it is
r =1) gC = 0, whereas if the curvature causes the user to rotate
by 90" clockwise after p

2 m the user has covered a quarter circle
with radius r = 1) gC = 1.

4. Perceptual thresholds for gain manipulations

Gain manipulations are effective ways to decouple the user’s
path in the virtual world from the path in the real world (Fig. 2),
and to enable path modification in the real world that confine
the real movement to a smaller space than the virtual movement.
However, in order to avoid breaks of the immersion in the virtual
world [79] it is desirable that the manipulations go unnoticed by
the user. Hence, one wants to decouple the user’s real movement
from his virtual movement without the user noticing. This is possi-
ble because of the limitations of self-motion perception described
above, but obviously only within bounds. Thus, one must ask what
the thresholds for perception of deviations between the real and
the virtual movement are. As long as the manipulations of the
scene stay below these thresholds, the displacement of the virtual
world might be faster, slower or even curve-like instead of straight
while the user believes to walk straight at his usual pace.

Thresholds for gainmanipulationswere determined in a series of
experiments by Steinicke et al. [80]. These experiments used a two-
alternative forced-choice (2AFC) task in which the subject was asked
whether he perceived a physical movement as smaller or greater
than the virtual movement that was displayed in the HMD that he
wore. In each trial, the subject had to perform a predetermined
movement (either a rotation or a translation), and the HMD dis-
played a movement that was either smaller than the real one
(g < 1) or it was greater (g > 1). The performance was measured as
the proportion of ‘‘greater’’ responses as a function of g. The value
of g for which the subject responded equally often with ‘‘greater’’
and ‘‘smaller’’ gives thepoint of subjective equality (PSE). It represents
the gain at which the subject judges the physical and the virtual
movement as identical. If the PSE is not identical to g = 1 the subject
over- or underestimates the virtual movement with respect to the
real movement. If g becomes increasingly larger or smaller than
the PSE, differences between the virtual and the real movement be-
comemore noticeable. The detection threshold is defined as the gain
at which the proportion of correct responses was 0.75. Because the
gain can be larger or smaller than the PSE, there is a separate thresh-
old for gains larger than 1 (the upper detection threshold (UDT)) and
for gains smaller than 1 (the lower detection threshold (LDT)).

Fig. 3a and b illustrate the PSEs together with the detection
thresholds for rotations and translations. Rotation angles can be in-
creased up to a gain of gR = 1.24 or decreased down to a gain of
gR = 0.67 without the user noticing. Evaluating rotation gains using
a 3rdTech HiBall low-latency tracking system, Bruder et al. [81]
determined thresholds of gR = 1.26 and gR = 0.68. In similar exper-
iments using a Barco CRT projector to emulate a zero-latency
HMD, Jerald et al. [82] found ranges of head rotations to go unno-
ticed by subjects between gR = 1.052 and gR = 0.887, which are
tighter than found for current-state HMDs and tracking systems.
Both results indicate that users appear to be more sensitive to
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scene motion if the scene moves against the direction of head mo-
tion than if the scene moves with the head motion. The results are
consistent with the asymmetric sensitivity to virtual head rota-
tions observed by Jaekl et al. [36], who found in an experiment
aimed at determining perceptually ‘‘stable’’ head yaw rotations a
shift towards a gain of gR = 1.15. Jerald and Steinicke [83] discuss
potential reasons for this phenomenon. Analyzing body rotations
over different angles in immersive VEs, Bruder et al. [84] found
similar thresholds, as well as the tendency that gains applied to
smaller rotation angles appear less detectable by users, which pro-
vides interesting guidelines for practitioners. In experiments eval-
uating the effects of attention on detectability of rotation gains,
Peck et al. [31,85] found that the practically applicable ranges of
rotation manipulations can be significantly increased if ‘‘distrac-
tors’’ are embedded in the visual stimulus.

For translations, Steinicke et al. [80] found that virtual transla-
tions can be scaled up to a gain of gT = 1.26 or scaled down to a gain
of gT = 0.86 (Fig. 3b). Bruder et al. [81] found thresholds of gT = 1.29
and gT = 0.87 for an experimental setup using a different HMD,
tracking system, visual stimulus and subject groups. While in these
experiments subjects were instructed to focus on scene motions,
anecdotal evidence suggests that translation gains up-scaling vir-
tual motions by up to +100% are still not considered as overly dis-
tracting by users if they are engaged in a task in the virtual
environment [35].

Steinicke et al. [80] also investigated detection thresholds for
path curvature during manipulations of curvature gain. Subjects
walked a straight path in the VE, which was physically bent by a
curvature gain gC either to the left or to the right. Subjects then
had to judge if the physical path was bent to the left or to the right.
Analysis of the response data showed that the user’s path can be
bent without the user noticing by 13" (gC = 0.045) to the left or
to the right after walking a 5 m distance (Fig. 3c). Thus, a straight
path in the VE can be turned into a circular arc in the real world
with a radius of approximately 22 m. Therefore, if the lab space
covers an area of approximately 40 m $ 40 m, the user can perform
unlimited straight movements in the VE, while in fact he is walking
on a circular arc in the physical world. These results approximate
space requirements suggested by Razzaque [17], who pointed out
that a VR lab space of approximately 60 m $ 60 m would be suffi-
cient to render vestibular feedback to changes in heading entirely
undetectable to users. In a different experiment, Bruder et al. [81]
found a radius of 14.92 m sufficient for 75% detection thresholds,
which may be explained by the different physical setup, visual
stimulus and subject groups, which have been suggested as poten-
tial factors affecting detectability of manipulations [17]. Investigat-
ing reasons for varying sensitivity to curvature gains, Neth et al.
[86] observed that the detectabiliy of curvatures was reduced for
slower translation velocities, whereas higher velocities resulted
in increased sensitivity to curvatures and tighter ranges of possible
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Fig. 2. Self-motion redirection: (a) discrimination between virtual and physical rotation, (b) discrimination between virtual and physical straightforward movement, and (c)
discrimination of path curvature.
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manipulations. Along the lines of adaptive curvature controllers
proposed by Engel et al. [87], which were based on determining
detection thresholds for each user before exposure to virtual tasks,
they suggest to incorporate a control logic into practical redirected
walking implementations that derives maximum curvature gains
from user behavior. This approach has the potential to result in less
space requirements than imposed by constant manipulations
based on the average or lowest individual detection thresholds
measured over a population of test subjects.

These results show that redirected walking is a useful, low-cost
technique to implement real walking in VEs, even for large VEs and
small physical spaces. One has to note, moreover, that the gain
thresholds obtained in these experiments are minimum values,
since the subjects were explicitly attending to the differences be-
tween real and virtual movements. If they do not attend to these
differences thresholds are likely to be even higher. In addition, dis-
tractors can be added to the scene that shift away the user’s atten-
tion during gain manipulations [85]. Moreover, rotation,
translation and curvature gains may be used in combination. Rota-
tion gains, in particular, can be applied during saccadic eye move-
ments when the user is stationary, because saccadic suppression
will mask the visual rotation further. Thus, when the virtual scene
invites many turns, a combination of rotation and translation gains
can make the virtual space almost infinitely large [87].

5. Tuning ego-speed perception with self-motion illusion
techniques

When the mapping of a user’s movements from the real world
to a virtual scene is changed with gain manipulations, a quantita-
tive discrepancy between real and virtual motions is introduced.
This discrepancy is in addition to discrepancies that exist between
perception in real and virtual environments in general. Visual illu-
sions can be used to remedy these discrepancies. It is possible to
affect the user’s perception of ego-speed, for example, via apparent
self-motion illusions by manipulating optic flow fields [38]. These
illusions can tune a user’s ego-speed judgments to compensate for
over- or underestimations of speed or travel distance that are often
found in immersive VEs. Moreover, they can also be used to shift or
widen the applicable ranges for gain manipulations discussed in
Section 4. Below we will discuss how these illusions can be imple-
mented in VEs and how they affect the user’s self-motion
perception.

5.1. Adding visual ego-speed signals to virtual environments

The principle behind the different techniques is the following:
the view that the user sees in the HMD is modified by adding mo-
tion signals to the image that stimulate motion detectors and cause
the perceived self motion to be either smaller or larger than the
true self-motion. The additional motion signals are blended into
the image and need to be consistent with the direction of the user’s
real self-motion in order to affect only speed components. The vi-
sual speed of the optic flow illusions is thus specified relative to the
user’s virtual self-motion, which is known from the head tracking
and the elapsed time between two frames.

As described in Section 3, the actual motion of the user can be
scaled with translation gains gT, causing the user’s virtual motion
to deviate from the real-world movement with gT # Treal. In the
same way, additional motion signals from illusory motions can
be scaled with gains gTI 2 R relative to the scene motion with
%gTI & gT' # Treal. For instance, gTI > 0 results in an increased motion
speed, whereas gTI < 0 results in a decreased motion speed of the
visual illusion on top of the virtual scene motion generated with
gain gT from the user’s movement.

Fig. 5 illustrates a number of different techniques for adding vi-
sual ego-speed signals to virtual environments [38]. In Fig. 5a–c
layered optic flow fields are transparently blended over the virtual
scene: particle flow fields (a), sinusoidal gratings (b) or a surface
textured with a seamless tiled pattern approximating those in
the virtual view (c). The optic flow stimuli can be steered by mod-
ulating the visual speed and motion of the patterns relative to the
user’s self-motion using the 2D vector displacement that results
from translations as described above. The speed can be modulated
with gains gTI 2 R applied to the translational components of one-
to-one scene motion for computation of the displacement vectors.

Fig. 5d–f shows illusions based on the properties of human mo-
tion detectors described in Section 2.4. Fig. 5d shows an application
of four-stroke motion applied to the peripheral parts of the scene. In
this illusion, two images A and B as well as the contrast reversed
images Ac and Bc are displayed in the following looped sequence
to the viewer: A? B? Ac ? Bc. This results in a perceived con-
stant motion A? B, although the position of image elements only
jumps back-and-forth between frames. In Fig. 5e, a single motion
signal A? B together with masking by a gray inter-frame stimulus
to support continuous motion perception is used in a variant of
two-stroke motion. Fig. 5f shows an application of the motion with-
out movement illusion. This illusion is constructed from just a
single still frame by applying a pair of oriented edge filters, i.e., sec-
ond derivative of a Gaussian and its Hilbert transform [78]. The
so-generated two images are blended over time to create a contin-
uous motion signal from a single static image (see [38] for imple-
mentation details). In all three cases, manipulations of the images
are applied that induce additional motion stimulation on top of any
movement of the scene view that is due to the movement of the
user.

5.2. Blending techniques

The additional motion signals in Fig. 5 can be applied to the
entire virtual view, or, as was done in the figure, only in specific
regions of the user’s view. Limiting the areas in which the manip-
ulations are applied is useful to avoid too much interference with
the perception of the VE and the immersion. Visual illusions in
immersive VEs may distract the user, in particular, if they occur
in the region of the virtual scene on which the user is focusing.
Thus, it makes sense to apply the manipulation only to the periph-
eral regions of the view, i.e., regions outside the center of interests
but still within the view provided by the visual display device. This
preserves accurate vision with highest acuity around the optical
line-of-sight (Fig. 4). Moreover, such a peripheral restriction is also
well matched to the properties of the human visual system, which,
in the periphery, is highly sensitive to motion and has only poor
spatial resolution. Perception of self-motion therefore relies to a
large part on peripheral motion stimulation.

Pixels in the central region can be rendered with the camera
state defined by one-to-one or scaled mappings, and an illusory
motion algorithm can be used only for the peripheral region. To
provide a seamless transition between the central and peripheral
regions of the views, i.e., to provide illusory motion signals only
in the periphery, basic circular alpha blending proved to be appli-
cable [38] (Fig. 5). Thus, potential visual distortions in the periph-
ery do not disturb foveal information of objects the user is focusing
on.

While, as mentioned above, the human visual system collects
self-motion information from the peripheral parts of the visual
field, a further specialization exists for the ground plane. In natural
optic flow fields, the ground plane, respectively the lower part of
the visual field, contains the most reliable information about self-
movement [41,88–91]. These cues provide information about the
walking direction, as well as velocity of the observer. In contrast
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to peripheral stimulation, visual modulations can thus be applied
to the ground plane exclusively (see Fig. 4). Therefore, an adaptive
alpha blending can be incorporated. Pixels corresponding to ob-
jects in the scene can be rendered with the camera state defined
by one-to-one or scaled mappings, and an illusory motion algo-
rithm can be used only for the pixels that are flagged to correspond
to the ground surface. As a result, users maintain a clear view to fo-
cus objects in the visual scene, while optic flow cues that originate
from the ground can be manipulated.

6. Effectiveness of ego-speed tuning

Bruder et al. [38] measured the effect of optic flow illusions on
ego-speed judgments and compared the efficacy of the different
illusion and blending techniques. As in Steinicke et al. [80], sub-
jects were asked in a 2AFC procedure whether the physical move-
ment was smaller or greater than the virtual movement in the
HMD. Different illusory motions were blended over the visual
self-motion displayed in the HMD with gains gTI varying between
!1 and 1, thus attenuating or amplifying visual ego-speed signals.

For each condition, it was determined how much the PSE shifted
with the addition of the illusory motion. These measurements
were taken for four different settings of the translational gain gT
between the virtual and the real movement: the one-to-one map-
ping (gT = 1), the PSE obtained in the study of Steinicke et al. [80]
(gT = 1.07), and the lower (gT = 0.86) and upper gT = 1.26) detection
thresholds obtained in that study (cf. Section 4).

They found that the four-stroke, two-stroke, and motion with-
out movement illusions significantly affected the judgments of vir-
tual locomotor speed, and shifted the PSE at which virtual and real
movement seemed identical to the subject. For layered motion
stimuli only the infinite surface texture affected speed judgments;
particle flow fields and sinusoidal gratings rather gave the impres-
sion of a transparent overlay of independent motion. Ground plane
blending was typically as effective as blending in the full periphery.

The effectiveness of illusory motion stimuli on ego-speed per-
ception can be used for two improvements in VE perception. On
the one hand, the typical underestimation of virtual walking in
case of a one-to-one mapping from real to virtual movements
(such as the 7% underestimation observed by Steinicke et al.
[80]) can be compensated by applying a slightly increased illusory
optic flow, thus making one’s virtual ego-speed appear identical to
one’s physical motion in immersive VEs. On the other hand, added
illusory motion can counter the changes of virtual ego-speed that
occur when gain manipulations are used to redirect users in
immersive VEs (see Section 3). For example, at a translation gain
of gT = 0.86, i.e., the lower detection threshold, adding four-stroke
motion with a gain gTI " 1:2 leads to perceived equality between
virtual and physical motion. Thus, an increased or decreased illu-
sory optic flow can be used to shift the perceived ego-motion to-
wards the PSE even when translation gains larger or smaller than
1 are applied to virtual self-motion. Therefore, applying even larger
gains than the detection thresholds identified by Steinicke et al.
[80] becomes possible, as illusory optic flow stimuli can increase
the range of undetectable motion manipulations in redirected
walking applications.

7. Conclusion and future directions

In this article we have reviewed and discussed many perceptual
aspects related to natural locomotion in current immersive VEs.

Fig. 4. Expansional optic flow patterns with focus of expansion (FOE) for transla-
tional movements, peripheral area, and ground plane [38].

Fig. 5. Illustrations of layered motion with (a) particles, (b) sinus gratings and (c) textures fitted to the scene, as well as (d) contrast inversion, (e) masking and (f) motion
without movement. Illusory motion stimuli are limited to peripheral regions.
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We have shown how psychophysiological findings about self-mo-
tion perception can be exploited by practitioners in the field of
VR to enable omni-directional and unlimited walking in virtual
worlds with redirected walking techniques. We have discussed
experiments and studies in which the effectiveness of different ap-
proaches is evaluated and compared. Finally, we have described re-
cent work on how the perception of self-motion in VEs can be
changed with illusions related to optic flow, independent of a
user’s true virtual self-motion. The described techniques open up
new vistas for providing consistent self-motion cues in immersive
VEs.

While the discussed approaches have shown their potential to
enable natural locomotion in immersive VEs, evaluations of these
techniques have revealed certain limitations. For instance, a clock-
wise rotation of the virtual view in a HMD can cause the user to
unknowingly compensate by walking a circular arc in the coun-
ter-clockwise direction. However, the psychophysical experiments
have revealed that when users focus on their walking direction, the
illusion of walking on a straight trajectory in the VE is only pre-
served if the physical trajectory follows a circular path of usually
more than 40 m in diameter, which proves to be a strong practical
limitation in typical lab settings. While theoretically several users
may be redirected in the same physical lab space [92], one has to
avoid collisions between users, which increases the required space
even further.

However, the thresholds obtained in the experiments represent
quite conservative estimates. The attention of the subjects was di-
rected towards the deviations and the final thresholds resulted
from the mean across all subjects. When the detection of devia-
tions from natural walking is not in the focus of attention, such
as when the user in an interaction focuses on some task within
the environment higher gains might go unnoticed by the user. Sec-
ondly, simply taking the mean threshold over all subjects bears the
problem that some individuals may detect deviations already at
lower thresholds whereas others detect deviations only at higher
thresholds. Individual gain estimations might increase the range
of possible gain manipulations for some users. To ensure that gain
manipulations go unnoticed by all users without the extra time to
measure each individually one could alternatively take the lowest
individual threshold found in a representative sample. However,
the obtained thresholds would now be comparatively low and, of
course, even lower than the overall mean. Therefore, if the gain
estimation procedure could be reduced to a simple calibration for
an individual user, individual gain estimation constitutes the best
solution to achieve the optimal range of manipulations for every
user.

Considering that no technique presented so far is generally
applicable in VR labs of much smaller dimensions, practitioners
in the field of virtual locomotion face the problem of either design-
ing hybrid approaches based on a combination of different tech-
niques that may suffice to make redirected walking applicable in
typical VR labs, or improving the effectiveness of the existing ap-
proaches [13]. We have shown that self-motion illusions related
to optic flow can be applied to change the perception of ego-speed
in a VE, which has great potential to improve the effectiveness of
redirection approaches. A key challenge in the field of virtual loco-
motion remains a more general understanding of the limitations of
movement perception in immersive VEs, and to identify how fur-
ther perceptual illusions may be exploited to make redirected
walking generally applicable.

Another challenge concerns the prediction of a user’s virtual
behavior. Implementations of redirected walking require reliable
prediction of a user’s path in the VE to derive physical paths on
which the user is guided in the lab space. With reliable path pre-
diction in the VE unlimited and omni-directional walking becomes
possible, during which users cannot observe discrepancies

between physical and virtual paths. Moreover, users may be
guided on physical paths to desired proxy props which provide
passive haptic feedback during tangible interaction [35]. Such path
prediction, however, raises two key challenges. The first is to define
a physical path along which the user can be guided safely and
without noticing any deviations between physical and virtual path.
This path planning should be based on perceptual thresholds but it
also needs to take into account future actions of the user. The sec-
ond challenge is related to these actions. For efficient redirection it
would be required to know in advance what the user will do in or-
der to find the most appropriate situations in which the manipula-
tions can be applied. Short-term prediction could be implemented
via extrapolation of movement trajectories, whereas long-term
prediction becomes only possible if the user’s goals of the locomo-
tion can be deduced. Therefore, a semantic model of the VE is re-
quired and potential goals have to be known.

Another open issue is the effect of adaptation to motion manip-
ulations in VEs. Humans tend to adapt to gain changes between
physical and visual movement if these changes are applied consis-
tently over a certain time (e.g., [30,68,69,72]). Such adaptive prop-
erties of the perceptual system also open up possibilities for
manipulation, which have not been investigated yet in this context.
Adaptation requires that the user stays and acts within a VE for a
longer time. This transforms the user’s perception of the VE such
that he learns to interact with the VE in a particular way. The po-
tential of these learning effects remains to be explored, but will
provide interesting directions in the area of redirected walking.
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