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A BSTRACT
Unobstructed locomotion in virtual reality (VR) using natural walking is often not possible due to the differing placement of obstacles in
the physical and virtual environments. Redirected walking is a technique that helps to enable natural walking in VR by imperceptibly
rotating the virtual environment such that users adjust their physical
trajectory and avoid physical obstacles. Traditionally, the algorithms
responsible for applying redirected walking focused mainly on steering users away from physical obstacles, with little regard for the
locations of obstacles in the virtual environment. However, recent
work showed that considering both the physical and virtual environments when applying redirected walking can lead to significantly
fewer collisions with physical obstacles. We formalize the notion of
alignment: the concept of comparing the physical and virtual environments according to some feature present in both environments.
We provide a generalized definition of alignment that allows it to
be used in any research problem, and we present an example of
how alignment can be used to yield significant improvements in VR
locomotion with redirected walking.
Index Terms: Redirected Walking—Alignment—Locomotion;
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I NTRODUCTION

AND

BACKGROUND

Exploration of virtual environments (VEs) using locomotion interfaces that enable natural walking is often preferred over interfaces
that use artificial locomotion [7]. One such interface is redirected
walking (RDW), which works by slowly rotating the VE around the
user while they locomote, which causes them to adjust their physical
trajectory to remain on their intended virtual path [6]. Using RDW,
we can steer users away from physical obstacles that may otherwise
obstruct their path in the physical environment (PE). The algorithm
responsible for steering users is known as a redirection controller [5].
Over the years, many redirection controllers have been developed
to try and minimize the number of collisions with physical obstacles
that users incur while exploring large VEs. Since the VE can have
any one of an infinite number of possible configurations, it is common for researchers to simply abstract away the VE as an infinite,
empty plane in an attempt to develop controllers that can work in
arbitrary environments. However, the VR locomotion problem is difficult precisely because of the differences in the sizes and locations
of obstacles in the PE and VE. Thus, abstracting away the VE can
actually hinder progress in developing effective controllers, since
a large piece of information relevant to the locomotion problem is
essentially being ignored.
Recently, Thomas et al. [10] and Williams et al. [12] showed
that information from the virtual environment can be compared
with information from the physical environment, and that this can
improve the capabilities of redirection controllers. This technique
of comparing information from the PE and VE has been coined as
alignment. Thomas et al. [10] used the user’s distance from a goal
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position in the PE and VE to apply redirection such that the user will
reach the physical goal position when they arrive at the virtual goal
position. This allowed the user to interact with a haptic proxy object
located at the physical goal, which corresponded to an interactive
object located at the goal position in the VE. Williams et al. [12]
measured the user’s proximity to obstacles in the PE and VE, and
used the difference in these proximities to guide redirection as the
user explored the VE, such that the user’s proximity to obstacles in
the PE and VE was as similar as possible. With this, they achieved
significantly fewer collisions with obstacles than state-of-the-art
controllers did.
While the concept of alignment, comparing information from
both the physical and virtual environments, is new to the redirected
walking community, it is not new to VR research as a whole. Yoon
et al. [13] measured the similarity of the users’ physical and virtual
surroundings in order to optimize the placement of virtual avatars
in telepresence applications. González-Franco et al. [2] measured
the angular distance between an embodied virtual avatar hand and
the user’s physical hand and used this measurement to gain a better
understanding of how much disagreement between the physical
and virtual arm positions that users tolerated. Aymerich-Franch et
al. [1] studied the impact of the difference between a user’s physical
and virtual body on their feelings of social anxiety. Though other
researchers have used comparisons between the PE and VE to gain
insight into their particular research problems, to the best of our
knowledge this concept has not been studied formally until recently
by Thomas et al. [10] and Williams et al. [12].
In this paper, we provide a formal and generalized definition for
alignment, to make it easier for researchers to adopt the concept in
their own research. We also showcase its usefulness in the context
of virtual locomotion with redirected walking. Finally, we provide
some advice on using alignment, and discuss potential applications
of alignment to other locomotion interfaces.
2 A G ENERALIZED D EFINITION OF A LIGNMENT
Prior work that used concepts of alignment were specific to the
research question those papers studied. Thus, their presentation of
the idea of measuring and comparing features between the PE and
VE is not easily extendable to other research problems. Here, we
provide a generalized definition of alignment that is not specific to
any particular problem space, so that it can be easily adopted in
other research problems. To help solidify the concept of alignment,
in Sect. 3 we provide a case study of a recent publication that used
alignment to develop a redirection controller that achieves state-ofthe-art performance.
Given a physical and virtual environment pair, we wish to compare some feature of the two environments. We define an alignment
metric, A(E), which measures the feature in a given environment,
E. It is possible that the alignment metric is the metric that is normally used to measure the feature in question. Given a measure of
the feature in each environment, we then define a distance function
dist(A(E1 ), A(E2 )) which computes the distance between the two
metric values. This distance function tells us how similar or dissimilar two values of the alignment metric are. The metric and distance
function should be defined such that when dist(A(E1 ), A(E2 )) = 0,
the feature of interest is the same in the PE and VE. As the configurations of the environments change, the similarity between the
two environments changes, and the value of dist(A(E1 ), A(E2 ))

(a) A PE/VE pair that is not aligned.

(b) A PE/VE pair that is aligned.

Figure 1: A diagram of the alignment metric used in [12].

changes. The value increases as the environments become more
dissimilar, and decreases as they become more similar with respect
to the feature of interest.
3 E XAMPLE : R EDIRECTION U SING A LIGNMENT
This example of alignment comes from the recent publication by
Williams et al. [12], wherein they presented ARC, a redirection
controller that steers users away from physical obstacles while they
explore the virtual environment. In their work, the controller steered
a simulated user in a physical environment with the goal of steering
the user to a physical location that is aligned with the virtual one, to
minimize the chance of collisions.
Their alignment metric is the user’s distance to nearby obstacles
directly in front of the user, and to the left and right of the user.
Given the user’s heading, θ , and location in the environment, p, the
alignment metric A(E) is sum d(p, θ ) + d(p, θ + π2 ) + d(p, θ − π2 ).
Here, d(p, θ ) is the distance to the closest obstacle in the direction
θ , starting from position p in 2D Euclidean space. Their distance
function is the sum of the absolute value of the pairwise differences
in the distances to obstacles in the physical and virtual environments:
dist(E phys , Evirt ) = |d(p phys , θ phys ) − d(pvirt , θvirt )|
π
π
+ |d(p phys , θ phys + ) − d(pvirt , θvirt + )|
2
2
π
π
+ |d(p phys , θ phys − ) − d(pvirt , θvirt − )|.
2
2
Here, p phys and pvirt are the user’s positions in the physical and
virtual environments, and θ phys and θvirt are the user’s headings in
the physical and virtual environments, respectively.
Using this alignment metric and distance function, Williams et al.
developed a controller that steers the user such that their proximity
to obstacles in the physical environment matches that of the virtual
environment. A sample of the results of this controller is shown in
Fig. 2. The full results (see [12]) indicate that steering based on
alignment can significantly reduce the number of collisions a user
incurs in complex physical and virtual environments.
Williams et al. found that, using their alignment metric and
distance function, users steered by ARC experienced significantly
fewer collisions with physical obstacles. Furthermore, they found
that ARC steered users with rotations of the VE that were less intense
than the rotations induced by other controllers. This leads to a more
enjoyable experience for users since they are less likely to notice the
VE rotations and experience simulator sickness while locomoting.
For the environment pair in which the PE and VE were identical, but
the user’s starting location in the two environments was different,
the authors found that in some cases ARC was able to steer the user

Figure 2: Results of steering using alignment (ARC [12]) or the
state-of-the-art controllers (APF [11] and S2C [3]). ARC achieves
significantly fewer collisions than the other methods.

in the PE such that their physical and virtual positions matched,
at which point the redirection could be completely disabled—a
behaviour which was not present in the redirection controllers they
compared against.
4

O BSERVATIONS

AND

F UTURE W ORK

One especially attractive advantage of alignment is that, with a carefully defined metric and distance function, it works in any arbitrary
environment. This is crucial if we wish to increase the democratization of virtual reality; specific solutions that only work in environments with particular shapes are not usable in the vast majority of
use-cases for virtual reality.
In our experiments with alignment-based redirection controllers,
we noticed that the alignment metric and distance function can have
a large impact on the performance of the controller. That is, a
metric that measures one feature may be much less descriptive of
the environment than another feature is, and one distance function
may be less accurate than another at measuring the similarity of two
environments. This highlights the importance defining a metric and
distance function that encapsulate environment information that is
relevant to the research question. Doing this properly is not always
easy, however. There may be multiple features that relate to the
research question, and choosing the most relevant one may not be
straightforward. For example, the user’s location (coordinates) and
their position relative to obstacles are both relevant features for
VR locomotion. However, position relative to obstacles is usually
more important since locomotion is mainly influenced by local
environment features [4]. Additionally, since virtual reality is closely
tied to human perception, it may impractical to define a meaningful
alignment metric or distance function. For example, measuring and
comparing the degree of presence evoked by being in two different
environments is not easily framed in terms of numbers (alignment
metric) and equations (distance function).
Despite potential difficulty in adopting alignment for some subjective research questions, we believe that alignment is still a powerful
tool that can be used to help create better virtual experiences. The
efficacy of measuring and comparing two environments with respect
to some salient feature is supported by the fact that this idea has
been utilized in areas outside of virtual locomotion [1, 2, 13]. In
this paper, we presented an application of alignment to redirected
walking controllers. Alignment can likely be applied to other types
of locomotion interfaces. For example, alignment could be used to
measure the user’s position relative to open spaces in the physical
environment, which can then guide the reconfiguration of the virtual
environment architecture to most-closely match the nearby physical
space in a locomotion interface like flexible spaces [8, 9].

R EFERENCES
[1] L. Aymerich-Franch, R. F. Kizilcec, and J. N. Bailenson. The relationship between virtual self similarity and social anxiety. Frontiers in
Human Neuroscience, 8:944, 2014.
[2] M. Gonzalez-Franco, B. Cohn, E. Ofek, D. Burin, and A. Maselli. The
self-avatar follower effect in virtual reality. In 2020 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR), pp. 18–25. IEEE, 2020.
[3] E. Hodgson and E. Bachmann. Comparing four approaches to generalized redirected walking: Simulation and live user data. IEEE
Transactions on Visualization and Computer Graphics, 19(4):634–643,
2013.
[4] D. R. Montello. Navigation. Cambridge University Press, 2005.
[5] N. C. Nilsson, T. Peck, G. Bruder, E. Hodgson, S. Serafin, M. Whitton,
F. Steinicke, and E. S. Rosenberg. 15 years of research on redirected
walking in immersive virtual environments. IEEE Computer Graphics
and Applications, 38(2):44–56, 2018.
[6] S. Razzaque. Redirected walking. University of North Carolina at
Chapel Hill, 2005.
[7] F. Steinicke, Y. Visell, J. Campos, and A. Lécuyer. Human walking in
virtual environments, vol. 56. Springer, 2013.
[8] E. A. Suma, S. Clark, D. Krum, S. Finkelstein, M. Bolas, and Z. Warte.
Leveraging change blindness for redirection in virtual environments.
In 2011 IEEE Virtual Reality Conference, pp. 159–166. IEEE, 2011.
[9] E. A. Suma, Z. Lipps, S. Finkelstein, D. M. Krum, and M. Bolas. Impossible spaces: Maximizing natural walking in virtual environments
with self-overlapping architecture. IEEE Transactions on Visualization
and Computer Graphics, 18(4):555–564, 2012.
[10] J. Thomas, C. Hutton Pospick, and E. Suma Rosenberg. Towards
physically interactive virtual environments: Reactive alignment with
redirected walking. In 26th ACM Symposium on Virtual Reality Software and Technology, pp. 1–10, 2020.
[11] J. Thomas and E. S. Rosenberg. A general reactive algorithm for
redirected walking using artificial potential functions. In 2019 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR), pp. 56–62.
IEEE, 2019.
[12] N. L. Williams, A. Bera, and D. Manocha. Arc: Alignment-based
redirection controller for redirected walking in complex environments.
arXiv preprint arXiv:2101.04912, 2021.
[13] L. Yoon, D. Yang, J. Kim, C. Chung, and S.-H. Lee. Placement
retargeting of virtual avatars to dissimilar indoor environments. IEEE
Transactions on Visualization and Computer Graphics, 2020.

