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ABSTRACT
To allow users to perform real walking in a virtual environment
larger than the physical space, redirected walking (RDW) techniques could be employed. Users do not notice this manipulation
and immersion remains intact when RDW is applied within certain
thresholds. Although many studies on RDW detection thresholds
exists, in none of these studies, users were performing an additional
task during the threshold identification process. These existing
thresholds could be only conservative estimates and the potential
of RDW may not be fully utilized.
In this paper, we present an experiment to investigate the effect
of cognitive load on curvature RDW thresholds. The cognitive load
was imposed using a dual task of serial seven subtraction. Results
showed that gender and cognitive load have significant effects on
curvature RDW thresholds. More specifically, men are on average
more sensitive to RDW than women, and being engaged in a dual
task increases users’ RDW thresholds.

CCS CONCEPTS
• Human-centered computing → Virtual reality; Empirical
studies in HCI ; • Applied computing → Psychology.
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1

INTRODUCTION

Compared to other locomotion methods in virtual reality (VR) such
as using joysticks or walking-in-place, it has been shown that real
walking provides a stronger sense of presence [34, 39] and allows
better way-finding and distance estimation [24, 29]. However, the
limitation of real walking in VR is that it is not possible to explore
a virtual environment (VE) larger than the available tracking space.
Redirected walking (RDW) is one approach to solving this problem
[25, 26]. By applying non-identical mappings between the real and
virtual walking trajectories, the larger VE could be compressed to fit
into a smaller physical space, and when these mappings are within
certain thresholds, they are not noticeable to users. There are three
main types of RDW techniques: curvature gain, rotational gain and
translation gain, which manipulate users’ heading, rotational speed,
translational speed in the VE, respectively [23, 33].
Efforts have been spent on identifying the perception thresholds
of RDW gains [5, 11, 14, 32] and different factors that influence
them. It has been shown that on average men have lower thresholds
than women in curvature gains [28] and but higher thresholds in
rotational gains [38]. Walking speed is also a significant factor, the
faster a user walks, the more easily they can detect curvature gains
[19, 22]. The threshold range for rotational gains is wider when
the field of view is larger [38] and the slower the change rate of
rotational gain is, the less users detect it [9]. In most existing threshold identification studies, the only task that was given to subjects
was to detect redirection. This, however, does not reflect a typical
VR application, where users normally perform application-specific
tasks. The additional cognitive load that is imposed on users by
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these tasks may have an effect on how sensitive they are to redirection. Bruder et al. looked at the cognitive demand of RDW, and also
found that cognitive tasks influenced users’ walking behavior [6].
Nevertheless, how these tasks affect redirected walking thresholds
(RDTs) was not investigated. Hodgson et al. found that users noticed RDW significantly less when given a spatial memory task [13].
However, this was obtained through post-experiment interviews
and no threshold was quantified. This paper is therefore dedicated
to bridge the gap in understanding how RDTs change when users
are engaged in another task and what this implies for future RDW
applications.

2

RELATED WORK

Dual tasks should generally be difficult enough to capture users’ attention, but not too difficult that it prevents them from performing
the primary task successfully. These tasks can be of different types:
physical, visual, auditory, verbal, or arithmetic. Physical tasks such
as carrying a tray with objects on top while walking [3, 8, 27, 40]
are unsuitable in a VR application due to safety and practicality
concerns. An example of visual tasks would be asking the subject to press a button as soon as an object appears in the field of
view [17]. Auditory tasks involve asking the subjects to identify the
noises (hand clap, dog bark, etc.) or voices (man, woman, child)
that they hear from a recording [42]. Verbal tasks require subjects
to name things of the same characteristics such as animals, flowers, etc. [1, 4, 7, 10, 35]. Meanwhile, arithmetic tasks comprise of
a wide range of tasks such as: random digit generation (generate
random numbers in a given range), counting backwards, serial 3 or
7 subtraction (e.g. subtracting three or seven from a given number),
subtract or add numbers to letter (e.g. k - 1 = j) [12, 30, 31, 41].
Individual’s ability to perform the dual task may differ. Tasks that
require mathematical skills such as serial seven subtractions may
require little attention for subjects who are used to working with
numbers but could severely affect other subjects. A test of verbal
fluency could be quite a challenge for subjects with language difficulties. Nevertheless, the task difficulty at the beginning of the
experiment should not be the only factor to be considered. Naming
words that start with a given letter may be easy in the beginning,
but as the test progresses may become very challenging. On the
other hand, provided that the subjects were given sufficient training
and the starting number changes every trial, the attention required
to performed serial subtractions could be quite constant over time.
Regardless of the type of dual task chosen, it is important to take
into account the difference in individual ability, and therefore when
the effect of the dual task on a primary task is to be investigated, a
within-subject design would be more appropriate.
Outside the context of RDW and VR, in studies of balance and
walking gait, a dual task is very commonly used to assess subjects’ motor capabilities, especially in elderly or Parkinson patients
[31, 35, 41]. It could be used as a predictor for fall risks among
these subjects as the dual task significantly affects their gait and
walking stability. However, for healthy adults, it has been consistently shown that the cognitive load induced by the dual task does
not change gait characteristics such as stride length and walking
stability but only reduce their walking speed [12]. Compared to
reality, it has been shown that subjects could perform the serial N
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subtraction task equally well in VR [18]. Moreover, the dual task
has also been used to investigate the impact of cognitive load on
spatial orientation [17]. In this study, the primary task involved
subjects to point to their original starting position after walking
through two different way-points and the dual task required them
to perform the visual detection task as fast as possible. It was found
that subjects made significantly larger angle error while performing the dual task compared to the single task condition. In another
study, subjects walked on a treadmill and their body movement was
mapped onto an avatar that is shown on a screen in front of them.
The movement of the avatar was either real-time (75ms) or delayed
randomly up to 1350ms and subjects had to indicate when they recognized the avatar as themselves. It was shown that when subjects
had to perform the dual task of serial seven subtraction, they had
significantly more erroneous self-attribution of the avatar than in
the single task condition [16]. The same result was also observed
when walking was performed in VR. In this study, subjects were
asked to walk a 1.8m long path while watching an avatar on a large
projection screen [15]. The avatar’s body movement followed the
subject’s body movement in real-time, but its path is deviated ±5
to ±30 degrees from subjects’ real path. Interestingly, even though
the experiment was conducted for the understanding of movement
kinematics and trajectory formation during goal-directed walking,
the manipulation applied to subject’s path (albeit measured in deviated angle instead of curve radius) is in fact the same as our RDW
technique in third person perspective. Also using the serial seven
subtraction as the dual task, this study found that while the dual
task did not affect subjects’ walking accuracy and trajectories. i.e.
they still were able to compensate for the deviation and arrive at the
target, it significantly reduced their walking velocity. Furthermore,
while performing the dual task, subjects also had significantly lower
motor awareness compared to in the single task condition.
In this experiment, we aim to fill in the gap in understanding the
effect of cognitive load on curvature RDTs. Considering the consistent finding of reduction in walking speed during the dual task
condition, it could be hypothesized that the RDTs would increase
when subjects perform the dual task. Whether this hypothesized
increase in RDTs is purely the result of the decrease in walking
speed, or the combination effect of the decrease in speed and the
extra cognitive load will also be investigated.

3

EXPERIMENT DESIGN

The first step of designing the experiment is to select a dual task
that is compatible with the existing RDT identification procedure.
As subjects are required to walk back and forth many times for
their RDTs to be identified, the selected dual task needs to have
the same level of difficulty as the experiment progresses. Since
verbal tasks where subjects are required to name items will get
increasingly challenging over time, only auditory tasks, visual tasks
or arithmetic tasks are suitable. Among these remaining tasks,
auditory discrimination tasks would require a lot of audio clips
to be pre-generated, and the visual task of detecting objects’ abrupt
appearance in the field of view would potentially be too disruptive
and may cause subjects to stop walking. An arithmetic task, such
as the serial N-subtraction, would be ideal as it imposes continuous
load while not interrupting subjects. For this experiment, the serial
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(a) The VE

(b) Experiment set-up

Figure 1: Experiment design and set-up

Adjusted walking speed (m/s)

seven subtraction task was selected. Since three-digit numbers
would be too long for subjects to say, we opted for subtraction from
two-digits numbers only. To ensure that subjects could still make
the subtraction until the end of each 7.5m walk, a large enough two
digit number (between 70 and 100) must be randomly selected.
The VE used in this experiment consists of a virtual room of
the size 10m×10m containing a red target, which the subjects must
always walk towards (Figure 1a). Before each walk, subjects had
to walk to a starting position that is shown on the display and
rotate on the spot at this position until a tick mark appeared. The
starting positions and directions were automatically calculated depending on the curvature gain applied such that subjects remained
inside the physical space during the whole walk. As previously discussed, the ability to perform the dual task could vary significantly
between subjects. Therefore, in order to investigate the effect of
cognitive load on RDTs using a reasonably small sample size, a
within-subject design was selected, in which each subject performs
the RDTs identification procedure two times, one with and one
without the dual task. A two-alternative force-choice (2AFC) task
was used where subjects perform two walks in each trial, in only
one of which a non-zero curvature gain is applied. Curvature gain
is quantified as the inverse of the radius of the curve users walk in
reality if they walk on a straight line in VR. In existing studies, it
was found that direction of the curvature has no significant effect
on RDTs [21, 22]. Even though subjects could get accommodated to
same direction curvature gains over a period of time [2], the 2AFC
procedure should help diminishing this effect. Therefore, in this
experiment, it was arbitrarily chosen that redirection be applied to
the right direction only. Subjects have to answer the question: "In
which walk were you redirected: first or second?" Depending on the
correctness of the response, and combined with all the responses
from previous trials, an adaptive Bayesian method called QUEST
[36] calculates the conditional probability of the threshold being at
a certain location and this value is used as the next tested curvature gain. The threshold identification process for each condition
is completed after subjects have performed 25 trials.
The experiment set-up consists of an Oculus DK2 with a built-in
SMI eye tracker and an Intersense IS-1200 inside-out 6-DOF optical
tracking system in a tracking space of 13.3m×6.6m (Figure 1b). The
scene was designed to run at the HMD’s maximum frame rate 75Hz.
Subjects answered the questions using the embedded eye tracker
by first looking at the answer ("Left" or "Right"), and remain on the
"Confirm" button for 3 seconds to confirm.
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Figure 2: Adjusted response plot showing the effect of dual
task on subjects’ walking speed
redirection should feel, how to perform the dual task while walking
and how to answer the questions using the embedded eyetracker. A
strong level of curvature gain was selected (gain = 0.25, equivalent
to a curve radius of 4m) such that the redirection would be obvious.
The training phase ended once the subject had correctly identified
which walk the curvature gain was applied in three successive trials.
This phase lasted about 10 to 15 minutes including set-up time.
In the experiment phase, the stimulus levels were adjusted depending on subjects’ answers following the QUEST method. At the
beginning of each walk in the single task condition, when subjects
arrived at the starting position, a black screen appeared and faded
out after 2 seconds showing the view of the VE. At the beginning of
each walk in the dual task conditions, the procedure is the same but
a random number appeared on the black screen. As subjects started
walking, they also started the subtraction by saying the number
that they saw on the screen first. Each condition lasts about 20
minutes. The order of the trials were counter-balanced to take into
account learning and adaptation effects.

PARTICIPANTS AND PROCEDURE

Fifteen subjects (aged from 22- 38 (M=26.3, SD=4.3), 7 male and 8
female, right-handed, with normal or corrected-to-normal vision)
participated in this experiment. Subjects were recruited through
the university marketplace and no subject had previous experience
in RDW. After having signed the consent form and understood
the procedure of the experiment, the experiment began. The single
and dual task conditions were administered in two separate blocks.
The order of the blocks was counter-balanced across subjects. Each
block consists of a training phase and an experiment phase.
The purpose of the training phase is to familiarize subjects with
how to get to the starting positions and align themselves, how

4.1

Results and Discussion

All fifteen subjects completed the experiment and no subject reported any discomfort at the end of the experiment. The experiment
ran without intervention from the experimenter except for one incident where a subject was so focused on the subtraction task that
they closed their eyes but kept walking and almost collided with
the physical boundary. The subject was then reminded that they
should focus on reaching the target as the primary task and the
experiment could continue smoothly from then on. The subject’s
response in this particular trial was omitted from the calculation of
their final threshold. Some subjects had difficulties performing the
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dual task in the training trials and a few had to count with their
fingers. Since the purpose of the dual task was to overload subjects’
attention, their performance and accuracy in this dual task was
not recorded. However, based on our informal observation, most
subjects could perform the subtraction quite accurately.
Many previous studies both in VR and in reality have consistently found that for healthy adults, performing a dual task in
addition to a walking task decreases their walking speed but does
not change their gait characteristics such as stride length, sway
amplitude, etc. [12, 30, 31]. However, Bruder et al. found that subjects swayed significantly more during the dual task condition
when the gain is higher than 0.1 [6]. We therefore performed the
first analysis to examine if our results agree with these existing
findings. The average speed over all subjects and condition was
1.05m/s (min=0.83m/s, max=1.33m/s, sd=0.12m/s). We fitted a linear
mixed model with walking speed as the dependent variable and
condition (dual task, single task), gender as independent variables
and subject as random variable. Our linear mixed model becomes:
speed ∼ task + gender + (1|subject). It was found that only task
condition has a significant effect on the walking speed with mean
difference=0.09 m/s (standardized coefficient=0.66, p=0.003) (Figure
2). This agrees with numerous findings in previous gait studies of
healthy adults that subjects tend to slow down when they have to
perform a dual task. To investigate if the dual task would also affect
head sway magnitude, a similar model was constructed with sway
magnitude (instead of speed) as the dependent variable. A walking
path without head bobbing was fitted using the path model proposed by Wendt et al. [37] and the sway magnitude was calculated
as the average orthogonal distance from the subject’s position to
this fitted path (see Supplementary Materials). The average sway
magnitude over all subjects and conditions was 0.0259m (min =
0.012m, max = 0.0442m, sd = 0.0082m). Results showed a significant
effect of the dual task with mean difference = 0.008m (standardized
coefficient=1, p<0.001) and gender with mean difference = 0.009m
(standardized coefficient=0.9, p=0.002) on sway magnitude. Men
tend to sway more than women, and in general subjects sway more
while performing the dual task.
For each of the fifteen subjects, two RDT values were found corresponding to the single task and dual task conditions. Thresholds
vary across individual from 0.026 (equivalent to 38.11m radius) to
0.247 (4.06m radius) with a mean of 0.148 (6.75m radius) and standard deviation of 0.059. The wide range of threshold values draws
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Figure 3: Adjusted response plot showing the effects of dual
task (a) and gender (b) on sway amplitude
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Figure 4: Adjusted response plot showing the effects of dual
task (a) and gender (b) on curvature gain thresholds

attention to the fact that one value for all may not be the solution
for optimal user experience during RDW. In order to investigate the
effect of the dual task on RDTs, we again fitted a linear mixed model
with threshold as the dependent variable. The independent variables are walking speed, task and gender as independent variables,
and subject as a random variable. The model becomes threshold
∼ speed + task + gender + (1|subject). Results showed that gender
is again proven to be a consistent significant effect on RDTs, with
men on average have lower RDTs than women (mean difference =
0.06 (standardized coefficient=0.99, p = 0.0035) (Figure 4b). There
was a significant effect of the dual task on RDTs, with the RDTs in
the dual task condition is on average 0.043 higher than the RDTs in
the single task condition (standardized coefficient=0.69, p=0.012).
This finding confirms our original hypothesis and suggests that results obtained from single task RDT identification paradigm is only
a conservative estimate of the thresholds. In reality, when users
are performing specific tasks in the VE, a higher gain could very
well be applied without them noticing. Surprisingly, there was no
significant effect of speed on RDTs (p=0.4). It is important to note
that the average speed difference between the two task conditions
is about 0.1m/s, which is much lower than the speed difference of
0.25m/s in previous speed controlled studies [20, 22]. Therefore, a
possible explanation for this finding is that the effect of walking
speed on RDTs is not strong enough to elicit a significant difference
in RDTs when the speed difference is not large enough.

5

CONCLUSION

In this paper, we investigated the impact of cognitive load on curvature RDTs by asking users to perform a serial seven subtraction
task during RDW. Cognitive load was found to also have a significant impact on RDTs, specifically, users detect RDW less while
performing a dual task. Gender again was shown to have a significant effect on RDTs. In agreement with existing studies, it was
found that performing a dual task reduces users’ walking velocity,
however, speed did not have a significant effect on RDTs, as the
speed reduction was probably not large enough.
While this result means stronger gains could be applied in RDW
applications, future work still remains to understand how much
cognitive load different specific tasks in VR impose on users, how
cognitive load changes as users become more proficient in the tasks,
and how different levels of cognitive load affect RDTs.
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