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Abstract
Transfer functions with a high translational gain can increase the range of walking in virtual reality. These functions deter-
mine how much virtual movements are amplified compared to the corresponding physical movements. However, it is 
unclear how the design of these functions influences the user’s gait and experience when walking with high gain values. In 
a mixed-methods study with 20 users, we find that their best transfer functions are nonlinear and asymmetrical for starting 
and stopping. We use an optimization approach to determine individually optimized functions that are significantly better 
than a common approach of using a constant gain. Based on interviews, we also discuss what qualities of walking matter to 
users and how these vary across different functions. Our work shows that it is possible to create high-gain walking techniques 
that offer dramatically increased range of motion and speed but still feel like normal walking.

Keywords Virtual reality · Walking · Non-isometric · Transfer function · Gain · Locomotion · Acceleration · Stopping

1 Introduction

Walking is a good way to travel in Virtual Reality (VR) 
(Langbehn et al. 2018). For example, it is more enjoyable, 
less sickness-inducing, and offers better task performance 
and spatial updating than teleportation or joystick control 
(Langbehn et al. 2018; Peck et al. 2011; Nabiyouni et al. 
2015; Interrante et al. 2007; Williams et al. 2006; Riecke 
et al. 2010; Ruddle and Lessels 2009; Zanbaka et al. 2004; 
Usoh et  al. 1999). However, VR systems, by default, 
translate the user’s physical movements to the virtual 
environment isometrically (i.e., one physical meter equals 
one virtual meter). Therefore, a user can walk only as far 
in VR as the physical space permits. A key challenge of 
walking in VR is overcoming the limited range of travel 
while maintaining the benefits of physical walking.

One way to extend the range of travel for walking in 
Virtual Reality is to apply a gain to the virtual movement, 
resulting in non-isometric walking. The gain value increases 
the virtual movement compared to the corresponding 
physical movement, allowing the user to travel faster and 
farther virtually. For example, walking a physical distance 
of 25 meters can be scaled to virtually walking a distance of 
250 meters by applying a translational gain of 10. A transfer 
function describes the relationship between the physical 
and virtual movement (Nabiyouni and Bowman 2016). The 
transfer function controls how the gain value is applied 
based on input from the tracked physical movement, and 
thus produces a non-isometric virtual movement.

The most common and straightforward transfer functions 
use a 1:N mapping so that the virtual displacement is always 
a constant factor N greater than the physical displacement 
(e.g., Williams et  al. 2006; Tirado et  al. 2019; Wilson 
et al. 2018). More advanced transfer functions instead use 
a nonlinear or piece-wise mapping to scale the gain value 
dynamically, based on the user’s velocity, for example. With 
a nonlinear transfer function, users gradually accelerate 
to their maximum virtual speed and avoid jarring motion 
effects for small head movements. This approach has been 
shown to increase the usability and limit VR sickness effects 
of transfer functions with a high gain (Williams-Sanders 
et al. 2019; Interrante et al. 2007). However, the design 
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space for transfer functions is extensive, and no guidelines 
exist on how to design these functions.

For relatively low gain values1 of less than three, a 1:N 
mapping, resulting in a constant gain, can be used without 
affecting spatial orienting performance, user experience, or 
VR sickness too much (Williams 2008; Wilson et al. 2018; 
Steinicke et al. 2010; Williams-Sanders et al. 2019). Even 
lower gain values are often used in redirected walking tech-
niques to make the manipulation of the virtual movement 
imperceptible (Steinicke et al. 2010). However, for larger 
gain values, the sudden acceleration (when starting to walk), 
deceleration (when stopping), and high virtual speed become 
problematic. For example, small head movements become 
distracting (Williams et al. 2006), gait and performance 
are significantly reduced (Abtahi et al. 2019; Wilson et al. 
2018), and many users are affected by VR sickness (Tirado 
et al. 2019). Nonlinear transfer functions can alleviate some 
of these issues but may also induce a “sensation of lag,” 
and it is still difficult to be accurate at high-gain values 
(Abtahi et al. 2019; Interrante et al. 2007). Furthermore, 
current transfer functions apply the same curve to both the 
moments of acceleration and deceleration, overlooking dif-
ferent requirements a user may have for starting swiftly and 
stopping accurately. Little work exists on the shape of the 
transfer function curve and how different configurations may 
align with different user preferences.

In this work, we explore the design and use of transfer 
functions that individually control the curves for accelera-
tion (starting) and deceleration (stopping) in high-gain VR 
walking to improve performance and user experience. By 
specifying a mapping between a fixed physical and virtual 
distance, we can vary these curves separately in a controlled 
manner. We describe our approach for varying the accel-
eration and deceleration using only two parameters of the 
transfer function’s curve. In the first part of a user study, a 
Bayesian optimization approach samples the different trans-
fer functions to predict the best configuration based on walk-
ing performance and usability scores. In the second part, we 
interview the participants to study qualities of walking that 
matter to users and how these may vary across configura-
tions. Our results show that users prefer asymmetric trans-
fer functions and that their best configurations significantly 
outperform configurations using a constant gain. We find 
that a good transfer function “feels like normal walking, but 
fast” - as one of our participants put it - even for a high-gain 
value of 10.

2  Related work

2.1  Nonlinear transfer functions

The most straightforward approach to using non-isometric 
walking is to apply a constant gain (i.e., a transfer func-
tion with a constant 1:N mapping) to all directions of move-
ment. The gain increases forward motion but also lateral and 
vertical motion. When walking, the head is also swaying 
side-to-side and bobbing up and down. Even simply turning 
the head when standing still results in some lateral motion, 
which would be greatly exaggerated when using high-gain 
values. This makes it difficult to control small, local move-
ments and can result in disturbing motion while walking 
(Wilson et al. 2018; Williams et al. 2006; Williams-Sanders 
et al. 2019; Abtahi et al. 2019; Tirado et al. 2019). Williams 
et al. investigated the effect of non-isometric walking with 
constant gains of 1.0, 2.0, and 10 on spatial orientation and 
concluded that it is a viable locomotion method (Williams 
et al. 2006). However, they noted that small head movements 
become distracting at a gain of 10. Wilson et al. (2018) used 
a constant gain and relatively low gain values (1–3) to inves-
tigate its effect on interaction performance: they concluded 
that a constant gain of 2 is still usable, but accuracy, simula-
tor sickness, and frustration become problematic above that. 
Abtahi et al. (2019) also found that walking with high con-
stant gain values (up to 30) diminishes positional accuracy 
and causes users to modify their gait due to lack of control.

Gradually increasing the gain values with the user’s 
velocity avoids the problem of a high-gain scaling small 
head movements (Interrante et al. 2007; Williams-Sanders 
et al. 2019). In “Seven League Boots,” one of the first stud-
ies using non-isometric walking, Interrante et al. (2007) 
did this by linearly scaling the gain value by the walking 
velocity: When the velocity is low, the gain value is also 
low. This approach minimizes the disturbing effects when 
maneuvering or moving slowly. In a pilot study, the authors 
reported that the Seven League Boots technique, using a 
maximum gain of 7, was strongly preferred over flying with 
a joystick, natural walking, or using a constant gain. They 
further described that enabling the technique via a button 
press may allow for a greater feeling of control while having 
it always on “may induce a sensation of lag in the system” 
(Interrante et al. 2007).

Williams-Sanders et al. (2019) investigated three non-
linear transfer functions: quadratic, cubic, and exponential. 
Their piece-wise transfer function increases the gain nonlin-
early as the user’s velocity increases, up to a certain thresh-
old velocity, after which it applies a constant gain. They 
also investigated the position of this threshold and found 
that users prefer a threshold of 0.5 m/s over 0 m/s (effec-
tively constant gain) and 1.0 m/s (similar to Interrante et al.’s 1 Some authors have used gain values of up-to 100 (e.g., Williams-

Sanders et al. 2019).
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approach (Interrante et al. 2007)). The authors gathered user 
ratings of “local control,” “global control,” “sickness,” and 
“feeling unbalanced” for the three functions, but it is unclear 
how these relate to user experience or walking performance. 
Their main experiment used a large, open outdoor environ-
ment, and their results show that users can maintain good 
spatial orientation for gain values of up to 50.

A shared characteristic of the velocity-controlled trans-
fer functions above is that the curve for increasing velocity 
(starting to walk) and decreasing velocity (stopping to walk) 
is identical. However, Abtahi et al. (2019) reported that users 
found the Seven League Boots technique rather tricky to 
use and often required multiple smaller steps to stop on the 
target. Seven League Boots, unlike the other two methods in 
their study, diminishes positional accuracy at high gains, and 
users modify their walking behavior to compensate for their 
lack of control. The Seven League Boots technique became 
particularly difficult to use at a gain of 30.0: Some partici-
pants said that they “would step too far or not enough and 
lose track of where it was, and would keep trying to correct 
and adjust to get on the right spot”, or that it felt “disorient-
ing and difficult to be accurate” (Abtahi et al. 2019). So, it 
seems that transfer functions should be improved to better 
support stopping when walking with high gain.

Previous work suggests that nonlinear transfer functions 
are a promising solution to prevent scaling small movements 
and disturbing motion when using a high gain. However, the 
effect of different transfer functions on the quality of walking 
remains unclear, particularly for different task requirements: 
For example, when the goal is to start moving quickly or 
to stop comfortably and accurately. We address this issue 
by changing the curve of the transfer function separately 
for the beginning and end of the trajectory with asymmet-
ric transfer functions. This approach allows us to evaluate 
a broad range of transfer functions and determine how fast 
the transfer function should accelerate people when they 
start to walk and how fast it should decelerate them when 
they want to stop.

2.2  Effects of non‑isometric walking on user 
experience and performance

People readily adjust their locomotor control to changing 
circumstances (Mohler et al. 2007b). Some work has shown 
that people re-calibrate their gait in the presence of unnatu-
ral optical flow, but not their walking velocity (Rieser et al. 
1995; Mohler et al. 2007b). However, previous work using 
virtual reality (VR) has shown that gait - including walking 
velocity - is significantly degraded compared to walking out 
of VR (Mohler et al. 2007a; Janeh et al. 2017, 2019). This 
effect is still worse for non-isometric walking (Janeh et al. 
2017; Abtahi et al. 2019; Tirado et al. 2019) and it seems 
that translational gain, perceptible or not, affects walking 

velocity (Nguyen et al. 2017; Janeh et al. 2017; Abtahi et al. 
2019). Janeh et al. (2019) also showed that degraded gait 
effects persist with a longer duration of isometric walking in 
VR. Users walk more slowly with increased step frequency 
and decreased step length during non-isometric walking, and 
these effects may become more substantial for higher gain 
values (Janeh et al. 2017; Tirado et al. 2019; Abtahi et al. 
2019). However, it remains unclear how different accelera-
tion curves and gain values influence gait.

Several different aspects of the subjective experience of 
non-isometric walking have been investigated. For example, 
Interrante et al. (2007) asked users to rate the Seven League 
Boots technique on the items “easy to use”, “feels natural”, 
and “induces cybersickness.” Tirado et al. (2019) reported 
that walking with a constant gain function and high gain can 
induce significant simulator sickness, but only in some users.

Abtahi et al. (2019) investigated a more extensive set of 
qualities by combining a custom questionnaire with parts 
of a Standard Embodiment Questionnaire (SEQ) and a 
workload questionnaire (NASA TLX). They performed a 
principal component analysis and found two factor loadings 
of “Preference” and “Embodiment”. The first contained 
the preference questions (e.g., “I liked walking around in 
this mode”) and the workload questions. The second factor 
contained the embodiment and physical demand questions. 
These results offer valuable insight into what the qualities of 
walking are. The authors recommend investigating dynamic 
gain changes next but warn that in a preliminary study, they 
found that dynamic changes can cause simulator sickness 
symptoms. However, “gradual and slight gain changes may 
be possible without inducing motion sickness or a sensation 
of lag” (Abtahi et al. 2019).

Previous work shows that transfer functions influence 
both pragmatic (e.g., gait, accuracy) and hedonic (e.g., 
simulator sickness) qualities of walking in VR. However, 
VR locomotion research usually compares non-isometric 
walking against alternative locomotion techniques instead 
of comparing different transfer functions. Furthermore, more 
work is needed to understand how non-isometric walking 
influences the user experience, particularly in terms of sub-
jective qualities of walking with a high gain. We address 
this issue by measuring the effects of transfer functions on 
gait and usability and explore what subjective qualities of 
walking matter to users.

3  Designing transfer functions

Walking from a standstill to a target and stopping comprises 
three phases: gait initiation (accelerating), steady-state walk-
ing, and gait termination (decelerating and stopping). Since 
starting and stopping to walk have different requirements 
and gait behavior, we can apply a unique transfer function 



 Virtual Reality

1 3

to either phase to create optimal behavior for both. Combin-
ing the two different behaviors into a single function results 
in an asymmetric transfer function. In this section, we (1) 
detail a design process for transfer functions for walking in 
virtual reality (VR) and (2) discuss how to best vary the gain 
for acceleration and deceleration independently. In the next 
section, we use this to (3) systematically generate different 
transfer functions, (4) experimentally determine the optimal 
transfer function, and (5) evaluate their effect on the quality 
of walking.

3.1  Position‑controlled transfer functions

A typical transfer function for non-isometric walking 
takes a physical displacement or position value as input 
and multiplies this by the gain value to create a virtual 
displacement or position greater than the physical one 
(for gain values >1.0). In a velocity-controlled transfer 
function, the gain is scaled (non-)linearly based on the user’s 
physical walking velocity. In this work, we use position-
controlled transfer functions with a defined trajectory 
between beginning and end points (see Fig. 1). We assume 
a standstill-to-standstill travel task where the virtual target 
location is known, and the user can walk to the target in a 
relatively straight line. This assumption allows us to ignore 
the special cases of turning and reducing velocity during 
the trajectory, which we leave for future work. The transfer 
function then scales each physical point along the trajectory 
by the gain value to produce a farther virtual point. By 

varying the gain value along the physical points, the transfer 
function produces a nonlinear movement along the virtual 
trajectory. The conceptual idea is exemplified in Fig. 2.

In Fig. 2 the virtual and physical trajectories are normal-
ized so that x = 0.0 corresponds to the physical starting posi-
tion and x = 1.0 corresponds to the physical target position. 
The transfer function is a Cubic Hermite Spline defined by 
four control points: one at the origin (0, 0), one at the target 
position (1, 1), and two variable points c1 and c2 . Each con-
trol point is a tuple (x, y, t) for the x-position, y-position, and 
tangent.  c1,2 control points mark the end of the “accelera-
tion phase” and the beginning of the “deceleration phase”, 
respectively. In the steady-state walking phase, we apply a 
constant gain. The configuration of the transfer function can 
then be changed by changing the positions of c1,2 control 
points and adjusting the tangents to produce a smooth curve.

The ratio between the virtual and physical motion is typi-
cally referred to as gain, although it lacks a common defi-
nition. Previous work has referred to translational gain as 
“optical gains”, simply “gain”, or “scaled movements”. In 
this work, we produce a non-isometric virtual position p⃗∗ by 
multiplying the physical position p⃗ = (px, py, pz) by a scalar 
gain value g (Eq. 1).

To reduce disturbing motion, transfer functions often only 
scale the movement in the horizontal plane ( g ⋅ px, py, g ⋅ pz ) 

(1)p⃗∗ = (g ⋅ px, g ⋅ py, g ⋅ pz)

Fig. 1  In this work, we explore the design of transfer functions that 
use separate acceleration curves for starting to walk and stopping to 
walk. By applying a translational gain, we can map a typically small 
VR play space (top left) to a much larger virtual space (bottom left). 
For example, on the right, we map the physical position (x-axis) to 
the virtual position (y-axis) with a gain of 10. “Quick Stop” slowly 

increases the virtual velocity in the beginning but slows down rapidly 
when reaching the target. In contrast, the “Quick Start” configuration 
offers slight acceleration initially but uses a prolonged stop. Of 
course, other (asymmetric) configurations are also possible, such as 
one using a slow start and a slower stop
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or - although this can be difficult to determine - the direction 
of travel ( px, py, gz ⋅ pz).

The slope of the transfer function curve corresponds to 
the effective gain at a given time during the trajectory. The 
effective gain refers to the ratio between the user’s perceived 
(virtual) motion and their physical motion. So, changing the 
distance over which the nonlinear curves are applied varies 
the intensity of the acceleration and deceleration.

In the steady-state walking phase the effective gain can 
be higher than the average gain. This way, the virtual trajec-
tory with the asymmetric function is the same distance as 
with a constant gain function. Based on our experiences and 
anecdotal reports (e.g., Williams-Sanders et al. 2019), users 
seem to have little trouble with high, constant gain values 
during steady-state walking, and so we consider this a safe 
simplification of our design.

3.2  Transfer function parameters

The coordinates and tangents of  c1 and c2 control points dic-
tate the resulting virtual movement from the transfer func-
tion. However, many possible configurations do not produce 
a useful transfer function. We have identified several guide-
lines for configuring the control points through our testing. 

The resulting constrained design space will likely produce 
useful and desirable transfer functions.

3.2.1  Control point coordinates

The solid black line in Fig. 2 indicates the constant gain 
transfer function over the same distance. The y-coordinate 
of c1 should not lie on or above this line. Vice-versa, the 
y-coordinate of c2 should not lie on or below this line. If 
a control point does lie on this line, there is effectively no 
nonlinear scaling of the gain value. If c1 lies above the line, 
the curve would be downward concave around c1 , causing 
the user to accelerate at a high rate when starting to move to 
slow down during steady-state walking to reach a constant 
gain again. Vice-versa, c2 being below the black line leads 
to a concave upward curve around c2 which would cause the 
user to accelerate towards the target at a high rate instead of 
slowing down.

Similar bounds are given by the red-dashed lines in 
Fig. 2 that indicate the isometric mapping (i.e., g = 1.0 ). If 
the curve falls below the lower red line or above the upper 
red line, the user slows down at that point to less than their 
physical walking velocity ( g < 1.0 ). This behavior is unde-
sirable and can be avoided by bounding the y-coordinate of 
c1 and c2 to be between the constant gain and isometric lines 
and adjusting the tangents to keep the curve within those 
same bounds (see Sect. 3.2.2).

The control point’s y-coordinate can be closer to the black 
line to create a faster acceleration or closer to the red line to 
create a slower acceleration. For simplicity, we constrain the 
control points to lie on the grey-dashed lines in Fig. 2 that 
equally separate the solid black and red-dashed lines. This 
guideline has produced good results in our testing.

The acceleration while starting and stopping to walk can 
now be controlled by only varying the x-coordinate of c1 and 
c2 respectively. We dub this x-coordinate � (alpha), resulting 
in two free parameters �start and �stop , respectively.

3.2.2  Control point tangents

In order to provide a smooth virtual movement, the nonlinear 
curves of the transfer function before c1 and after c2 should 
also be within the red and black guidelines in Fig. 2. We set 
the tangent of the control points to be the slope of the line 
between c1 and c2 . This tangent ensures a smooth transition 
between the nonlinear and linear sections. We set the tangent 
of the origin and target control points to the slope of the iso-
metric line ( 1

G
 ) to prevent the curve from falling below the 

isometric gain line. If c1 or c2 are very close to the origin or 
target, the cubic spline may cause the curve to fall outside 
the isometric line regardless. In this case, we find the closest 
tangent value for the control point that keeps the curve inside 
the isometric line.

Fig. 2  An example transfer function defined by two control points 
c1 = (0.1, 0.05) and c2 = (0.8, 0.90) . The current configuration results 
in an asymmetric transfer function where the stopping moment is 
longer than the starting moment. With the current gain of G = 10.0 
and a physical distance of 5 meters, the starting moment is 0.5 meters 
long, and the stopping moment 1 meter. The red dashed lines indicate 
the respective isometric ( G = 1.0 ) boundaries. The dashed grey lines 
indicate the possible positions of the control points, respectively.
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4  Study

The purpose of this work is to take the first steps towards 
designing asymmetric and dynamic transfer functions 
that improve the user’s experience and performance when 
walking with a high gain.

The design space of our transfer functions consists of 
three variables that we can modify for a given distance: the 
average gain value g, the distance over which the user is 
accelerated from the starting point, and the distance over 
which the user is decelerated toward the target (controlled 
by �start and �stop, respectively). However, this still leaves 
an extensive range of possible configurations; we do not 
know the effect of longer or shorter acceleration distances 
on user experience and walking performance.

We believe an optimization approach is necessary 
because it would be infeasible to test all possible values 
of � , and it is unclear which points are most interesting to 
sample. We chose Bayesian Optimization because of its 
good performance with a small number of noisy samples, 
its ability to interpolate over unseen points, and its ability 
to provide a measure of the variance of the predicted score 
at any point. In this user study, we leverage Bayesian Opti-
mization to predict optimal transfer functions efficiently 
and evaluate their effect on user experience.

4.1  Design

The study consists of two parts. In the first one, we opti-
mize �start and �stop , and in the second, we perform a semi-
structured interview with the participants about the quali-
ties of walking. We optimize � individually in a start 
and stop condition, respectively. Each of these condi-
tions consists of 10 trials. Each trial uses a unique trans-
fer function generated by the optimization method below. 
We aim to control the exposure to virtual walking across 
participants, so a fixed number of trials is preferred, even 
though finding the participant’s optimal configuration after 
ten trials is not guaranteed. Figure 4 shows the procedure 
and study design in more detail. Half of the participants 
starts with the start condition and the other half starts 
with the stop condition.

Our primary dependent variables are the user experi-
ence and performance of the transfer functions. A typi-
cal travel task has several requirements, such as accuracy, 
speed, comfort, and ease of use of the technique, which we 
expect to be influenced by the transfer function design. In 
other words, a poor design will lead to a worse user expe-
rience and performance on the travel task compared to an 
optimal design. Since users control their walking through 
complex internal control models that we cannot directly 

access or evaluate, we use the user’s subjective experience 
to measure the quality of walking. We combine this with 
an objective measure of the quality of walking by record-
ing the gait parameters of the user.

As measures of user experience, we mainly record the 
perceived usability, VR Sickness, and qualities of walking 
through the interview. For VR Sickness, we use the Simu-
lator Sickness Questionnaire (Kennedy et al. 1993) which 
we record after each condition. For measuring perceived 
usability, we use the UMUX-Lite questionnaire (Lewis 
et al. 2013), which asks participants about the ease of use 
and competence of a system. UMUX-Lite is both a recog-
nized metric and contains only two items, so it is helpful for 
quickly evaluating the usability of single trials in the optimi-
zation process. We changed the word “system” in each ques-
tion to “configuration” to clarify what the questions refer to 
(i.e., the different configurations of transfer functions, not 
the complete VR system). The UMUX-Lite score range is 
[0, 100], where 100 indicates the highest perceived usability.

As an objective measure of performance, we choose the 
time-to-target in seconds. The time-to-target directly relates 
to the user’s average walking velocity due to the fixed dis-
tance in the task. Previous work has shown that walking 
with a gain degrades several gait parameters (e.g., walking 
velocity, step size, step count) (Janeh et al. 2017; Tirado 
et al. 2019; Nguyen et al. 2017), and that this degradation 
may be worse for stronger manipulation (Janeh et al. 2017). 
We expect to see variations in walking velocity based on the 
participants’ comfort (e.g., walking more slowly) and how 
well they can control their virtual movement (e.g., faster 
for more “fun,” slower for higher accuracy). The time-to-
target is taken as the mean over the last six traversals and 
normalized to the range [10.0, 4.0] seconds, where lower 
time produces a higher score. This range is based on a pilot 
study with four participants walking five meters in VR plus 
one second on each end.

The walking velocity measure does not consider a user’s 
preferred walking velocity, but determining this is diffi-
cult, especially in VR, due to novelty effects, task require-
ments, and degraded gait compared to real walking (Janeh 
et al. 2017). However, since we optimize the transfer func-
tion configuration on a per-user basis, we can evaluate the 
within-user differences as effects of the transfer function.

4.1.1  Optimization

The optimal configuration of a transfer function should 
maximize the transfer function’s usability and the partici-
pant’s walking velocity. So, we formulate a fitness function 
f(u, t) that is an equally weighted combination of the usabil-
ity score u and the time-to-target in seconds t for each trial 
(Eq. 2).



Virtual Reality 

1 3

We use Meta’s Adaptive Experimentation Platform (Ax) 
(Meta Platforms Inc 2022) as our Bayesian Optimization 
Framework. Specifically, we use a Gaussian Process model 
and Expected Improvement optimizer (GP+EI) provided by 
the Ax software.

For a new trial with a condition (start or stop) we 
query the EI algorithm to propose a new � value to eval-
uate. We optimize this this condition to find the optimal 
value of � , while keeping the other � fixed to �start = 0.2 or 
�stop = 0.8 , respectively.

We bound the optimisation of the start  control 
point to �start ∈ (0.0, 0.4] , and the stop control point to 
�stop ∈ [0.6, 1.0) . The first four trials in each condition use 
four fixed points (see Fig. 4) in randomized order to pro-
vide a prior to the model. For these initial trials, we use 
a higher uncertainty measure (SEM=0.055) to model the 
greater noise inherent to the user getting used to the evalu-
ation scales and the fast walking. We use a lower uncer-
tainty measure for the final six trials in each condition 
(SEM=0.035). In a pilot study, these values performed well 
and prevented the model from weighing noisy initial evalu-
ations too heavily.

For each condition, we (1) evaluate the first four trials, 
(2) use the optimization algorithm to propose the next � to 
evaluate based on the Expected Improvement, (3) evaluate 
the fitness of � using the participant, (4) update the model 
with the new data point, and (5) predict a distribution of fit-
ness scores over all � values.

4.1.2  Task

The participant’s task is to walk to and stop on a virtual tar-
get in a straight hallway using the selected transfer function, 
marking one traversal. Each trial uses one particular transfer 
function and consists of six traversals. We use ten travers-
als per trial to allow the user to adapt to the new transfer 
function to some degree. We found that the combination of 
six traversals by ten trials by two conditions is a good com-
bination within a reasonable time frame (approximately 60 
minutes for this experiment).

The target distance is five meters in a straight line from 
the origin (see Sect. 4.1.3). A physical distance of five 
meters allows the users enough time to use normal gait ini-
tiation to accelerate to steady-state walking, walk at least 
another meter, and then stop with normal gait termination. 
It is a realistic distance for many large homes and labs and 
is feasible in our lab space with additional safety margins. A 
distance of two meters, for example, would already be chal-
lenging as the user will have covered most of the trajectory 
after just three steps.

(2)f = 0.5 ⋅
u

100.0
+ 0.5 ⋅

(

1.0 −
4.0 − t

4.0 − 10.0

) We set the average gain to g = 10 throughout the experi-
ment so that only � influences the gain experienced by the 
participant. This high gain value has been used in previ-
ous work (Abtahi et al. 2019; Williams-Sanders et al. 2019; 
Tirado et al. 2019) and produces noticeable acceleration and 
velocity effects to the participant.

The participant is instructed to walk at their preferred 
normal walking speed and to make a complete stop with 
both feet on the target. When a traversal begins, a traffic 
light appears on the right wall near the start mark on the 
floor, two meters in front of the user. When the user presses 
a trigger button, the light turns green after one second. The 
participant should hold the button and release it only when 
they feel they have made a complete stop on the target. The 
trigger and the traffic light ensure that no transfer function is 
applied before the participant is ready for the next traversal.

When the participant reaches the target, the target mark 
transforms into the start mark, and a prominent arrow sym-
bol indicates the user to turn around (counter-)clockwise. 
The direction of the arrow is random for each participant. 
The resultant “figure-8” pattern keeps the participant within 
the physical space. Sound effects also indicate the beginning 
and end of the traversals.

4.1.3  Environment

The environment is a long, straight hallway, similar in 
appearance to those in hotels or ferries. Figure 3 shows 
the environment with additional detail. The transfer func-
tion only applies a gain to the forward direction (z-axis) 
between the start mark and the target mark. Outside of a 
trial or the marks, no gain is applied, and the participants 
walk isometrically ( g = 1 ). The hallway allows us to apply 
the gain only to this direction without the need for detecting 
the participant’s walking direction, as it naturally constrains 
the walking direction with walls.

A red box covering the floor, walls, and ceiling indicates 
the target location. The virtual target is located at 50 virtual 
meters from the start mark, given the average gain of g = 10 
and the physical distance of 5 meters. The target box is 30 
centimeters (approx. 1 foot) deep (z-axis). The start mark is 
identical to the target mark, except for having a pink color, 
and indicates where the participant should stand to start.

4.1.4  Interview

Our initial tests suggested that users have some feeling 
about whether a particular configuration feels “right” or 
“a bit off”. We want to explore these experiences further 
by collecting qualitative data on what aspects of (non-iso-
metric) walking matter to users and how these experiences 
can change for different transfer functions. To do this, we 
perform a 15–20-minute semi-structured interview after 
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the optimization. We use the following questions to struc-
ture the interview:

• “What did you think of the experiment/fast walking (as 
a whole)?”

• “Did you notice any changes in either condition and if 
so, what?”

• “How did you feel about the changes? Why do you 
prefer one configuration over another?”

• “How did you interpret and score the questions on the 
UMUX-Lite questionnaire?”

• “What phase was more important to the participant, 
starting or stopping, and why?”

• Try out their predicted best configuration.

During the interview, we asked 10 participants to try out 
their predicted best transfer function after the optimization 
part. Due to a technical error, this was not possible for the 
first 10 participants. We asked the participants to comment 
out loud on their experience while using their best transfer 
function.

4.2  Participants

We recruited 20 participants from an internal mailing list, 
word-of-mouth advertisement, and Facebook posts in uni-
versity, student, and ex-pat groups for the greater Copenha-
gen area. We removed one participant from data analysis due 
to a software error causing incomplete data, so we recruited 
another who was assigned the same settings. Because the 

(a) View from the Start Mark (b) Target Mark (c) UMUX-Lite in VR

Fig. 3  The hallway that was used in the experiment. Figure 3a shows 
the view from the start mark. The red box covering the floor, walls, 
and ceiling marks the target location and is 30cm (approx. 1ft) 
deep (Fig.  3b). The hallway is 2m wide and infinitely long in both 
directions. Doors are placed opposingly on each wall every 4m and 

6m. Lamps are placed on the ceiling every 5m. The walls and ceiling 
are white with a light texture, and the floor is a blue carpet texture. 
The UMUX-Lite questionnaire that appears after each trial is shown 
in Fig. 3c
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Fig. 4  A flow chart of the procedure and conditions. Each square 
represents one traversal where the user performs the task by walking 
5 meters and turning around. Two practice rounds are used to practice 
the task and high-gain walking respectively. After each optimization 

condition (dashed lines) we record the SSQ and take a short break. 
The �-value initially comes from a fixed set, and then from the 
Expected Improvement (EI) prediction based on the Gaussian Process 
(GP) model of the current space (S) of evaluated pairs
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experiment and the interview were unaffected for this par-
ticipant, we kept their interview data, resulting in 21 inter-
view data sets.

We record the following demographics: Age, Height, 
Gender, Inter-Pupilary Distance (IPD), and Motion Sickness 
Susceptibility. We measured the IPD by using a ruler on the 
participant’s nose and approximating the distance between 
the pupils while the participant kept their eyes stationary and 
directed at the experimenter. The participants filled out their 
height when they signed up. If they did not know or were 
unsure we measured it while they stood up straight against a 
wall. We used Golding’s revised Motion Sickness Suscepti-
bility Questionnaire (MSSQ) and the provided instructions 
for scoring (Golding 1998).

The participants were eleven (ten after removing the one) 
males and ten females. Fourteen participants were 20–30 
years old, five were 30–40, one was 40–50, and one was 
50–60. The mean MSSQ percentile for nineteen participants 
was 31.9 ± 13.4 , but two participants had a 92th and 99th 
percentile score. IPD was 60.2 ± 3.6 millimeters. In terms 
of experience with VR: four participants reported never hav-
ing used VR before, while four had used VR 1 or 2 times 
in total, four participants use VR once every half a year 
or less, one participant uses VR once every month or less, 
four once a week or less, and one multiple times a week. 
Thirteen participants had normal vision without glasses or 
contacts; eight had corrected vision. The mean female height 
was 166.3 ± 8.4 centimeters, and the mean male height was 
184.3 ± 6.2 centimeters.

4.3  Materials

We used an Oculus Quest 2 Virtual Reality HMD device 
to present the virtual environment and track the user. The 
application and headset were set to a rate of 72FPS/72Hz. 
The Quest 2 headset was running software version v29.

The physical play area of the Quest 2 was set to 2m by 5m 
plus 1 meter on all sides for running the study. The Guard-
ian boundary settings were set to minimal sensitivity so the 
Guardian would not pop up unless the participant went out-
side the normal play area. The participants used only the pri-
mary trigger and “A” buttons on the right-hand controller to 
provide input, but they held the left-hand controller as well. 
We adjusted the IPD of the headset to the corresponding set-
ting according to the Meta Quest Support recommendations 
(Meta Quest Support 2022).

We use Meta’s Ax Adaptive Experimentation Platform 
(Meta Platforms Inc 2022) v0.1.20 in Python 3.8.10 for the 
optimization. The optimization software was running on 
a separate server. We used a simple JavaScript web page 
for the experimenter to start the experimental conditions, 
controlled by a local configuration file. The web page 
sends instructions to the server application running the Ax 

software while the client on the VR headset polls the server 
for a new task and executes the new task (e.g., a trial with 
particular settings). Communication took place on a local 
network through REST API calls.

For the study application and its environment, we used 
Unity 2019.4.13f1 with the legacy VR SDK system2 and 
Oculus Android 2.38.6. The transfer function was imple-
mented in Unity using their AnimationCurve system  that 
uses Cubic Hermite Splines. The transfer functions were 
replicated in Python using suggestions on the Unity Forums 
(Unity Technologies 2013). Our source code is open-source 
and available upon request.

The demographics and VR sickness questionnaires were 
implemented online in Microsoft Forms and administered 
using a laptop during the experiment.

4.4  Procedure

The study starts with obtaining consent, gathering the 
demographic data, and assigning a random ID. We then fit 
the headset and adjust the IPD as needed. If the participant 
is wearing glasses, we use the glasses bracket provided with 
the Quest 2. After the participant has studied the task, a 
practice round begins. A paper overview and instructions, 
including the full 7-point scale and labels, inform the 
participants about the UMUX-Lite questionnaire.

Figure 4 details the procedure and settings for the practice 
rounds and optimization trials. At the end of each trial, the 
UMUX-Lite questionnaire appears in VR (Fig. 3c). When 
the UMUX-Lite answers have been submitted, the subse-
quent trial with a new transfer function assigned by the opti-
mization algorithm automatically begins. When the condi-
tion is finished, we take the participant out of VR and give 
them the SSQ to fill out. After a short break, we position 
the participant again on the start location with the headset 
properly fitted and start the final condition. Finally, we take 
the participant out of VR and invite them to sit down and 
inform them that the next part will be audio recorded. We 
proceed with the semi-structured interview for a maximum 
of 20 minutes. After about five minutes, or when the topic 
presents itself, we ask the user to once more put on the head-
set and complete six traversals with their predicted optimal 
configuration. During this trial, we asked the participant 
to comment on how they felt and what they would change 
about the configuration.

The total experiment duration is approximately 60–70 
minutes. The VR exposure duration is two conditions of con-
tinuous exposure with a mean duration of 11.1 ± 1.28 min-
utes per condition. The participant received a mix of bever-
ages and candy valued at approximately $20 as a reward.

2 As opposed to the relatively newer XR Plugin Management
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5  Results

After the optimization phase, the Gaussian process models 
predict a fitness score over �start and �stop . In this section, 
we first present the predicted best parameters of the transfer 
function for each participant. We then present how different 
transfer functions affect usability, walking velocity, and VR 
sickness. Finally, we identify and present six qualities of 
walking from the interview.

5.1  The best transfer functions

The per-participant models suggest that users have diverse 
preferences for starting and stopping acceleration. To 
visualize the predicted best transfer function parameters, we 
perform k-Means clustering on the best � values for each 
condition and show the color-coded results in Fig. 5. In the 
start condition the cluster means appear evenly spaced, 
but the majority of values center around �start ≈ 0.14 . In the 
stop condition there appears to be a slight majority around 

�stop ≈ 0.75 . Additional data, including the Gaussian Process 
regression models for each participant, can be found in the 
supplementary material.

Figure 6 shows the best parameters of each participant’s 
transfer function in more detail: the figure shows the best 
acceleration distances for starting and stopping and illus-
trates the relative asymmetry between �start and �stop . Recall 
that lower �start values indicate a faster starting acceleration, 
while higher �stop values indicate a faster stopping decelera-
tion. Given the fixed task distance of five meters, we can 
directly convert � to the distance in meters: � = 0.1 is a dis-
tance of 0.5 meters.

Here is an example of how to read the chart: consider 
Kasey, the 5th participant from the bottom in Fig. 6. Their 
starting acceleration curve ends at approximately 0.5 meters 
from the starting position, and their deceleration curve 
begins 1.75 meters before the target. In other words: Kasey’s 
gain increases over 0.5 meters but decreases over 1.75 
meters, resulting in a difference of 1.25 meters in the ( Δ� ) 
bar. Kasey prefers a slow stop, in contrast to Kane. We can 

Fig. 5  The predicted best � 
values for each participant. 
K-Means (n = 4) clustering 
groups the predictions together 
and we plot the clusters here 
using 4 different colors. Colors 
indicate faster (blue) to slower 
(yellow) acceleration clusters

Fig. 6  This figure shows the 
difference between the predicted 
best �start and �stop values. For 
increased readability the � 
values are converted to their 
respective distances from the 
start and stop points given the 
physical distance of five meters. 
A larger relative difference ( Δ� , 
dark-blue) indicates a greater 
asymmetry between the starting 
acceleration distance and the 
stopping deceleration distance. 
The light blue bar spans the 
starting point �start to the 
stopping point �stop



Virtual Reality 

1 3

see that 14 of the 20 participants prefer a configuration with 
a longer deceleration than acceleration distance, resulting 
in an asymmetric transfer function. The first six participants 
have a (nearly) symmetric function, and coincidentally those 
participants also prefer the slowest accelerations.

The width of the dark blue bars ( Δ� ) indicates the differ-
ence between �start and �stop ; greater differences indicate that 
the start and stop curves are more asymmetrical than smaller 
differences.  Δ� bar leans proportionally left or right to indi-
cate the relative asymmetry. For example, the bar being three 
times longer on the right-hand side than the left-hand side 
means that the user prefers a deceleration distance three 
times longer than their acceleration distance. The ends of 
each light-blue bar indicate the predicted best �start and �stop 
values for that user. Values closer to the center on the x-axis 
indicate a faster acceleration for either condition: wider bars 
have longer acceleration distances.

5.2  Usability

Figure 7 shows the perceived usability of three groups of 
transfer function configurations: “Constant”, “Other”, 
and “Best”. The “Constant” group contains the transfer 
functions with �start ≤ 0.1 or �stop ≥ 0.9 ( ≈ 0.5m). Such 
low/high � values result in a near-immediate acceleration 
similar to the use of a constant gain transfer function. The 
“Best” group contains the predicted best configurations, 
and the “Other” group contains the other evaluated transfer 
functions. The perceived usability score from the UMUX-
Lite questionnaire was the first component of our fitness 
function, as we expected effective, pleasant, and easy-to-use 
transfer functions to result in a better assessment of usability.

The usability scores are not normally distributed, 
and so we perform a Friedman test on the groups, sepa-
rately for the start and stop conditions. We find an 
effect of group on usability for the start  condition 
( F(1.9, 36.1) = 12.2, p < 0.001 ) and a strong effect for the 
stop condition ( F(1.9, 36.1) = 85.1, p < 0.001 ). Post-hoc 
tests using Wilcoxon tests with Bonferroni correction show 

large effects between Best and Constant ( p < 0.001 ; Hedges’ 
g = 1.16 ) and Best and Other ( p < 0.001 ; Hedges’ g = 0.80 ) 
for the start condition. For the stop condition we find 
a very large effects between Best and Constant ( p < 0.001 ; 
Hedges’ g = 2.33 ) and Constant and Other ( p < 0.001 ; 
Hedges’ g = −1.73 ), and a large effect between Best and 
Other ( p < 0.001 ; Hedges’ g = 0.71).

5.3  Walking velocity

Figure 8 shows the average walking velocity of the same 
three groups of transfer function configurations (see subsec-
tion 5.2). The average walking velocity is the time-to-target 
over the distance (5m). The walking velocity in our study 
is relatively high for walking in VR and on par with exist-
ing data on non-VR preferred walking velocity (Multon and 
Olivier 2013). The time-to-target is the second component 
in our fitness function, as we expected disturbing or difficult 
transfer functions to result in users requiring more time to 
walk to the target.

The data were not normally distributed in either condi-
tion, so we used Friedman tests to investigate the effect of 
group on average velocity. For the start condition we find 
no significant effect ( F(1.9, 36.1) = 0.11 , p = 0.12 ), and nei-
ther for the stop condition ( F(1.9, 36.1) = 3.16 ; p = 0.06).

Participants may have adapted their gait due to increased 
experience for each consecutive traversal with a particular 
configuration or increased experience with high-gain walk-
ing with each consecutive trial. The time-to-target data for 
traversal and trial was not normally distributed, so we per-
formed a Friedman test to investigate the effect of traversal 
or trial on time-to-target. We found a marginally significant 
effect for Traversal on Time-to-target ( F(4.9, 93.1) = 6.86 ; 
p < 0.001 ), but a post hoc Wilcoxon test with Bonferroni 
correction only found a small significant effect between 
traversal 2 and 5 ( p < 0.05 ; Hedges’ g = 0.12 ); 4 and 5 
( p < 0.001 ; Hedges’ g = 0.12 ); and 5 and 6 ( p < 0.001 ; 
Hedges’ g = −0.13 ). These differences are ≈ 0.1 seconds 
on a distance of 5 meters, and thus practically irrelevant. 

Fig. 7  The usability score from 
the UMUX-Lite questionnaire. 
Error bars are bootstrapped 
95% confidence intervals using 
BCa. *** indicates a significant 
difference with p < 0.001 . 
“Constant” comprises 
�start ≤ 0.1, �stop ≥ 0.9 functions 
that result in acceleration 
similar to constant gain. “Best” 
comprises the predicted best 
functions for all users. “Other” 
comprises the remaining 
functions
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We did not find a significant effect of Trial on Time-to-target 
( F(8.9, 169.1) = 0.72 ; p = 0.69).

5.4  VR sickness

Figure 9 shows the Simulator Sickness Questionnaire scores 
for both conditions. The SSQ Total Score is relatively low, 
which corresponds to our participants saying they felt 
good after each condition. However, the Dizziness sub-
scale shows high scores and a large confidence interval, 
suggesting that at least some participants suffered from 

dizziness symptoms. Based on the interviews, we know that 
some configurations caused dizziness, nausea, and balance 
issues. For instance: Kane reported that they felt nauseous 
when trying �start = 0.4 and in some other configurations, 
but their symptoms disappeared quickly in the following 
configuration. Other participants also reported dizziness and 
balance issues for slow starts and sudden stops. Some users 
looked at the floor or walls at some point and reported that 
this caused VR sickness symptoms.

A Mann-Whitney U-test shows no significant difference 
for any SSQ score between the two conditions (all U > 200 , 
p > 0.61 ). We investigated a potential effect of gender, but a 
Mann-Whitney U-test showed no significant effect of gender 
on VR sickness ( U = 37.5 , p = 0.23).

Finally, we recorded the Motion Sickness Susceptibility 
Questionnaire for each participant and their experience with 
VR systems. These scores could be a predictor of higher VR 
sickness responses. A Spearman test of correlation between 
the SSQ Total Score and MSSQ Raw score did not show 
a significant correlation for either the start or stop 
condition ( r = 0.07 , p = 0.77 ; r = −0.01 , p = 0.96 , respec-
tively). Experience was converted from “No experience” 
– “Multiple times a week” to a Likert-style 0–5 scale. A 
Spearman test of correlation did not show a significant cor-
relation between SSQ Total Score and Experience ( r = 0.0 , 
p = 0.81 ; r = 0.27 , p = 0.24 , respectively).

5.5  Quality of walking

The semi-structured interview further explores how partici-
pants experience high-gain walking in VR and what qualities 
of walking are most relevant.

To analyze the interview data, we first transcribed all the 
participant statements from audio files into text snippets. 

Fig. 8  The average walking velocity per group, condition. Error bars 
indicate the bootstrapped 95% confidence interval using BCa. The 
average walking velocity is simply the time-to-target divided by the 
physical distance (5m). Lower velocity could indicate an effect of 
transfer function configuration on gait, but no significant differences 

were found. “Constant” comprises �start ≤ 0.1, �stop ≥ 0.9 functions 
that result in acceleration similar to constant gain. “Best” comprises 
the predicted best functions for all users. “Other” comprises the 
remaining functions

Fig. 9  Simulator Sickness Scores for the start and stop 
conditions. Error bars indicate bootstrapped 95% confidence intervals 
using BCa. An SSQ score of > 20 is typically considered problematic 
sickness, but no participants mentioned feeling sick or significantly 
uncomfortable after the conditions
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Two authors then started organizing the text snippets into 
categories describing different qualities or features of walk-
ing through a 2.5-hour affinity diagramming session. One 
author labeled the snippets into categories on a digital sheet 
(some with many labels). The authors adjusted the catego-
ries during the session with edits, additions, and deletions.

We found the participants describing their experiences in 
terms of six qualities: Naturalness, Enjoyment, Difficulty, 
Comfort, Effort, and Control. We discuss our key findings 
here and provide a more detailed discussion in Appendix A.

5.5.1  Naturalness, enjoyment, and comfort

During the interview, participants often described their 
experience as “feeling natural” or “feeling like normal walk-
ing.” Rokso said that “[It] was based on a feeling of whether 
it felt like good walking, more natural in a way, or felt kind 
of off.” After trying out their predicted best configuration, 
another participant, Ximeno, said: “I guess I would say it 
just feels like normal walking.” In contrast, the participants 
described more negative experiences often as “unnatural,” 
“weird,” or “a bit off.” The moments of starting and stop-
ping to walk were also related to creating or destroying a 
“natural” feeling: the sudden start was sometimes referred 
to as a “glitch” or “strange,” while a wrong �stop value would 
not “feel natural” due to having to compensate for the virtual 
movement.

Almost all participants thought walking in VR with high 
gain was fun and said they enjoyed it. Bellatrix was enthusi-
astic overall and said that “[she] definitely had fun!”. Enjoy-
ment mostly relates to the high-gain walking as a whole 
and may have been influenced by novelty effects. Positive 
comments related to a specific configuration were mostly 
related to “Naturalness,” but negative comments were often 
about a configuration being “annoying” if it did not behave 
as desired. For example: very long stops ( �stop ≈ 0.65 ) or 
very short stops ( �stop ≈ 0.95 ) were regarded as annoying.

A large portion of participants used “comfort” to describe 
their experiences, both as a whole and for particular configu-
rations. For example, Dana said: “I think comfort was my 
biggest requirement, right? Actually feeling that I trusted 
the system, but also feeling that I felt comfortable walking in 
the space.” Haizea related comfort to their ability to control 
their walking, saying: “[Whether] I felt, like, safe walking, 
and [that I’m] not gonna, like, fall, or trip or lose my bal-
ance.”  However, particularly the short start and stop con-
figurations ( 𝛼start < 0.05 and 𝛼stop > 0.95 ) could be uncom-
fortable. For Kasey, the high starting acceleration was “not 
difficult, but uncomfortable”, while others also found the 
overall speed to be “not that comfortable” (Flora). Partici-
pants often reported that “feeling comfortable” was a part of 
their assessment of the requirements and easy-to-use parts 
of the UMUX-Lite questionnaire.

“In some of the walks, you’re made very aware that 
you’re in a VR headset, and it just doesn’t feel like the 
normal way of walking. Whereas in some others it feels 
more natural: even though you’re walking very fast 
and stuff, you kind of forget that you’re in a headset.” 
(Rokso)

5.5.2  Control, effort, and difficulty

In several instances, the participants reported that the sys-
tem responded unexpectedly. Unexpected virtual move-
ment occurred in all three parts of the traversal: the starting, 
steady-state walking, and stopping. Mostly, the comments 
regarding what might be a “feeling of control” related to the 
moment of stopping or the perceived virtual speed while 
approaching the target. Either the participant felt that they 
had to, and could, control their physical walking speed to 
adjust the virtual speed to stop on the target or that they 
were not in control of their speed. In particular, several par-
ticipants noted that a very long stop would make them feel 
like they were being stopped before the target and that they 
had to take additional steps to arrive. For example, Kane 
said that “the times where I got annoyed with that, I had 
to walk so much further in the end. Because it’s, I mean, I 
know I had to walk the same distance, but it felt like I had 
to walk further.” In contrast, the sudden stops were difficult 
to use, and some participants reported that they felt they 
had to consciously and physically slow down to compensate. 
Participant expectations regarding the deceleration towards 
the target can be a source of increased difficulty: “ … when I 
[messed up] it was because it did not stop. And I was expect-
ing it to, like, slow down right before the end” (Flora).

When the system did not respond as expected, an addi-
tional physical and mental effort was needed to compensate. 
Some participants (e.g., Notus, Mukesh) felt that a good 
function would allow them to land on the target with their 
final step, not requiring additional effort, half steps, or walk-
ing velocity adjustment. Notus felt that a good function is 
easy to use: “I hit the target perfectly without having to think 
about [having to] adjust my step or anything. It just comes... 
fluidly.” Others mentioned a mental effort of “thinking.” For 
example, Mukesh said: “None of them required conscious 
thinking, but a couple of them made you revise your expecta-
tions about what a step does.” Bellatrix preferred to “have 
time to get your bearings, and you know, figure, okay, this 
is where I want to go, instead of just, you know, having to 
adjust very suddenly.”

Due to the accuracy demand of the task and the “easy-to-
use” question in UMUX-Lite, many participants commented 
on a particular function being “easier” or “harder.” Unsur-
prisingly, participants perceived the functions where there 
was a lack of control or that required additional effort as 
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more difficult. Although interestingly, none of our partici-
pants felt that the start condition was difficult.

“Sometimes I had to, like, be careful about the step 
before it stopped. I had to time it a bit or take a bigger 
step to get there, or else I would have to take another 
step or something like that. And sometimes it stopped a 
bit before: like, it slowed down a bit before the red line, 
and then I had to take the decision whether I would 
take a couple more steps or just take a bigger step to 
get onto it.” (Columba)

6  Discussion

The participants thought walking with a high gain was fun 
and easy to use. So, these techniques could not just be used 
for efficient transportation in the absence of discomfort 
but also as a more entertaining means to explore the vir-
tual world. Some participants even said walking with their 
best transfer function felt “natural”, like real-life walking. 
This response is highly encouraging for developing asym-
metric transfer functions and using high-gain locomotion 
techniques. Typically, the main goal of such techniques is to 
allow users to travel quickly and comfortably across a large 
virtual world. While other techniques for this goal exist (e.g., 
flying or teleportation metaphors), non-isometric walking is 
directly coupled to physical walking. The benefits of physi-
cal walking may improve immersion, embodiment, or spatial 
orienting performance. This work shows that walking with a 
high gain can offer a good user experience and performance.

6.1  Asymmetric transfer functions

Figure 6 shows that the majority of participants (85%) prefer 
a long deceleration distance (i.e., a low �stop value). About 
half of those prefer a deceleration much longer than their 
acceleration, resulting in strongly asymmetrical transfer 
functions. Our results suggest that giving users enough time 
to slow down is crucial while optimizing for smooth starts 
can further improve the user experience.

Users need time to plan and execute their stops to 
maintain a steady gait and avoid discomfort. We also found 
this requirement in the Qualities of Walking, such as Control 
and Comfort (see Sect.  5.5). The results suggest that the 
stopping deceleration should closely match the users’ 
“expectations” so that they do not have to think about their 
foot placement and movement. How much time or distance 
is needed is not immediately apparent, but it could be related 
to the user’s velocity and step size: When walking through 
natural terrain or driving through corners, we use a feed-
forward control that requires looking ahead ≈ 1.5 seconds 
(Matthis et al. 2018; Land and Lee 1994). By lowering the 

gain during the target approach, we can give users more time 
to plan their stops for accuracy and comfort. Controlling 
the stop velocity is more difficult in existing velocity-
controlled functions, where the gain only lowers when the 
user physically slows down, typically at the last steps before 
the target. Future work should investigate the requirements 
for stopping when traveling at high speed in VR and how we 
can apply this to transfer function design.

The task requirement to stop accurately in a particular 
location may have led to participants wanting to slow down 
to improve accuracy. In contrast, the moment of starting to 
walk has no accuracy requirement and simply going as fast 
as is comfortable is sufficient. However, participants always 
stopped close to the target regardless, even in the sudden 
stop configurations, because the gain would be disabled 
after. Since the accuracy requirement is easily satisfied, we 
believe that the low regard for sudden stops is due to the 
adverse effects on the user experience. Future work should 
investigate whether the best stopping deceleration changes 
if, instead, the goal is to stop as quickly as possible and 
whether this could be more important than stopping com-
fortably. However, based on our results, we propose that 
stopping in high-gain walking always requires a smooth 
deceleration, although the amount of “smoothness” may 
depend on the individual user.

In the interview, many participants expressed no strong 
preference for a particular starting configuration. This also 
shows in the results in Fig. 6, where the best �start values 
are more evenly distributed than the �stop values. Based on 
the usability scores and interview comments, the benefit of 
optimizing the starting configuration may be less than for 
the stopping configuration (Fig. 7). However, some partici-
pants mentioned that very short or very long stopping dis-
tances could break immersion or cause VR sickness. Inter-
estingly, the optimization algorithm was able to determine 
a clear optimal value in most cases, even if the participant 
did not verbally express a preference between starting con-
figurations. Therefore, we suggest always using nonlinear 
acceleration when starting to walk and avoiding sudden or 
prolonged acceleration moments. However, we expect the 
best starting configuration to vary based on the task require-
ments, such as preventing high gain values during maneu-
vering (as in Williams-Sanders et al. (2019)), requiring high 
accuracy when starting to walk, or repeated accelerations in 
quick succession.

The qualities of walking overlap with qualitative com-
ments reported in previous work: Abtahi et  al. (2019) 
reported that preference was based on feeling more in con-
trol, more natural, or more comfortable, meeting user expec-
tations, and being easy to use. It is promising that similar 
walking-based techniques for long-distance travel share 
similar qualities of walking. Future work should investigate 
how these qualities vary between techniques, how we can 
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reliably measure this effect, and whether the quality of walk-
ing constitutes a measurable core component of travel in VR. 
Such a measure of user experience could provide a better 
assessment of the quality of VR travel in general.

6.2  Optimizing transfer functions

Although combining user studies and optimization can be 
tricky, we have successfully demonstrated that this approach 
can be used to determine good designs quickly. We have 
used a Bayesian Optimization approach to efficiently sam-
ple and evaluate transfer functions across a wide range of 
possible configurations. The results showed marked indi-
vidual differences between the best transfer functions and 
significant benefits in user experience for the best functions. 
These results can serve as prior models for future research 
on evaluating or optimizing transfer functions for walking 
in VR. We encourage future work to further explore the 
application of optimization to VR locomotion and suitable 
goodness functions.

Based on previous work, we expected users to lower 
their walking velocity due to being exposed to disturbing 
acceleration effects (Janeh et al. 2017; Tirado et al. 2019). 
So, apart from user experience, we also optimized for per-
formance by including the time-to-target component in our 
fitness function. Although we did not compare our results to 
out-of-VR walking, we found no evidence that users signifi-
cantly changed their walking speed during the experiment 
or individual trials. On the contrary, we found that users 
walked faster on average compared to previous work: 1.25 
m/s compared to 1.0 m/s in Janeh et al. (2017). This result 
is encouraging since this is close to the preferred walking 
speed for real-world walking: 1.2–1.25 m/s (Multon and 
Olivier 2013).

Although we did observe some gait disturbances dur-
ing the experiment, we believe that the six traversals were 
indeed enough to adapt and prevent measurable effects on 
walking velocity. When participants were trying the tech-
nique for the first time, we observed stumbling, swaying, 
and inconsistent steps. However, after the ten practice trials, 
all participants felt confident in their ability to walk with 
a high gain. Previous work has suggested that users may 
take smaller but more frequent steps when walking in VR to 
compensate for unbalanced gait (e.g., Mohler et al. 2007a, 
b; Rieser et al. 1995). In our case, it may be that the walk-
ing velocity was unaffected, but the participants’ gait was. 
Although we also performed some exploratory analysis on 
step size, we could not find evidence of this.

In the user study, we used only one average gain value 
and one physical distance to maximize the number of opti-
mization rounds to ten while keeping the study duration and 
sickness effects under control. We can speculate that a longer 
physical distance or lower gain values can use smaller � 

values. There may not be a difference for larger gain values, 
but for smaller distances, it will depend on the distance, 
the gain, and the task requirements. For example, a gain of 
20 on a distance of one meter would require more than just 
optimized � values. In this work, we found that the abil-
ity to slow down in time and thus stop in a controlled and 
comfortable manner is an essential user requirement. We 
expect this to translate to other travel tasks. Future work 
should investigate the requirements for starting and stopping 
acceleration in more depth, particularly for different travel 
tasks. Finally, the particular transfer functions in our results 
should not be applied directly in future applications. Instead, 
we propose calibrating the transfer function to an individual 
as the preferred approach.

7  Conclusions

In this work, we have presented the steps required to design 
good transfer functions for walking with a high gain in Vir-
tual Reality. We discussed how we could vary the accelera-
tion and deceleration curves of a transfer function to gen-
erate distinct, asymmetric configurations. In a user study, 
we evaluated these configurations while optimizing for user 
experience and task performance. We found that we can suc-
cessfully predict the user’s best configuration. Furthermore, 
the predicted best configurations for users are individual, 
asymmetric, and much better in terms of usability and qual-
ity of walking. Finally, we have collected and analyzed qual-
itative data on the quality of VR walking, and we propose 
that the following qualities matter most to users: Natural-
ness, Enjoyment, Difficulty, Comfort, Effort, and Control. 
Our work shows that good transfer functions can feel like 
natural walking, even for high-gain values.

8  Supplementary information

In the supplementary material we provide a PDF with plots 
of the per-participant optimization models, the raw and 
annotated data files, materials and resources, and the Python 
(Notebook) code used for analysis. The source code of our 
applications can be provided upon request.

Appendix A Quality of walking

We present the results from the 15–20 minute semi-struc-
tured interview that we conducted with all participants at 
the end of the study. Our aim is to explore and describe the 
qualities of VR walking with variations of transfer functions.

To analyze the interview data, we first transcribed all the 
participant statements from audio files into text snippets. 
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Two of the authors then started organising the text snippets 
into categories describing different qualities or features of 
walking through a 2.5-hour affinity diagramming session. 
The categories were adjusted with edits, additions, and dele-
tions during the session. The rest of the snippets were later 
labelled into categories on a digital sheet (some with many 
labels) by one author. We found the participants describ-
ing their experiences in terms of six qualities: Naturalness, 
Enjoyment, Difficulty, Comfort, Effort, and Control. Next, 
we provide insights into the six qualities.

A.0.1 Naturalness

During the interview, participants often described their 
experience as “feeling natural” or “feeling like normal walk-
ing”. Rokso said “[It] was based on a feeling of whether it 
felt like good walking, more natural in a way, or felt kind 
of off.” After trying out their predicted best configuration, 
another participant, Ximeno, said: “I guess I would say it 
just feels like normal walking”, and when comparing their 
best configuration to another: “The first one was also fine in 
the sense that I was like, comfortable and everything but I 
could tell that the second one was better, actually: an even 
more natural feeling.” In contrast, they described more 
negative experiences often as “unnatural”, “weird”, or “a 
bit off”.

The moment of starting and stopping to walk is related to 
a “natural” feeling. For example, the sudden start was some-
times referred to as a “glitch” or “strange”. Tara compared 
the experience of a slow starting acceleration to starting to 
run, noting that “in real life, if you start running, the speed 
increases, [but] it’s not that at some point [it will suddenly 
increase]. So I think that’s the feeling that just puts me off a 
little bit.” When talking about their experience in the stop 
condition, Mukesh said that “ … they all felt very, very good. 
Or a couple were completely natural. And you didn’t have 
to think at all.” On the other hand, during the experiment 
Dana exclaimed “I’m not doing what feels natural, [I’m] 
just trying to compensate for the sensitive finish line.” when 
walking with �stop ≈ 0.95 (sudden stop).

A couple of participants indicated a positive correlation 
between how “natural” or “normal” a configuration feels 
and the degree to which they feel present or immersed in 
the virtual environment. Specifically, a negative configura-
tion such as the sudden stop, could “ … break the illusion” 
(Dana). Similarly, Silvestre commented “It was the feeling 
of like, virtual and not real. The others were very real. Even 
the fast walk.” regarding the sudden stopping. One other 
comment highlights the potential relationship quite well: 
when inquired about what “feeling a bit off” meant, Rokso 
responded by saying:

“In some of the walks, you’re made very aware that 
you’re in a VR headset, and it just doesn’t feel like the 
normal way of walking. Whereas in some others it feels 
more natural: even though you’re walking very fast 
and stuff, you kind of forget that you’re in a headset.”

A.0.2 Enjoyment

Almost all participants thought walking in VR with high-
gain was fun or said they enjoyed it. Some configurations in 
particular may have been more fun than others. For example, 
during the experiment Arni exclaimed “I need an extra fun 
category; that was nice!”, when walking with a slow start 
of �start = 0.4 . Bellatrix was very enthusiastic overall and 
said “I definitely had fun!”, and used “fun” as one of their 
main descriptors: “ … when the finish line was suddenly upon 
you, and you just had no chance to react basically. I mean, 
that took a bit of the fun of it out of it, … ” On the other 
hand, Kane did not have a negative feeling, but felt it was 
“fine” and “a bit boring” (Kane). Some participants felt that 
a configuration would be “annoying” if it did not behave as 
desired. For example, both a very slow stop ( �stop ≈ 0.65 ) 
and a very fast stop ( �stop ≈ 0.95 ) were regarded as annoying 
by Terah and Arni respectively, saying: “The thing that’s 
annoying me is that I have to stop before taking my last 
step.” and “The annoying one was when it did not slow down 
in the end, and you really had to stop.” Notus also referred to 
both the starting acceleration and the velocity or acceleration 
in the stopping moment like this: “But like when you slow 
down, it almost comes as a shock almost every time when it’s 
like, too fast. And it always causes annoyance when it’s too 
slow.” Bellatrix (paraphrased) nicely illustrates a possible 
difference between a configuration being easy to use and it 
being enjoyable:

“The requirements question was: how much did I like 
it? But the second one, easy-to-use, was much more 
subjective: it could be easy to use, meaning whether I 
felt like I hit the finish line, but, I did not necessarily 
enjoy it. So, to me easy-to-use was enjoyment.”

A.0.3 Difficulty

The task in the experiment required users to stop on the 
target mark as accurately as possible. The UMUX-Lite ques-
tionnaire contains a question asking how “easy to use” the 
configuration is. It is thus no surprise that many participants 
commented on configurations being “easier” or “harder”. It 
seems that there is a desire to be accurate, and that being 
accurate becomes more difficult in certain configurations. 
Parnel interpreted the requirements question as relating to 
accuracy and later added that another relevant question could 
have been “more or less precise”. They said that when given 



Virtual Reality 

1 3

enough time to slow down “ … it felt like I could be more 
accurate.”

Perhaps the difficulty arises from some expectation of 
the user regarding the deceleration towards the target, as 
is illustrated by Flora’s comment: “ … when I messed up it 
was because it didn’t stop. And I was expecting it to, like, 
slow down right before the end. This is further supported 
by the fact that none of our participants felt that the start 
condition was difficult. In the experiment, Bogomil drew 
the short straw and received stop configurations with 
the fastest decelerations first. As they walked through 
�stop = 0.85, 0.95, 0.75 we could see them stumbling, sway-
ing, and struggling to stop smoothly. Then, when going 
through �stop = 0.75, 0.65 , they exclaimed: “I feel like it’s 
getting easier and easier!”

A.0.4 Comfort

A large portion of participants used “comfort” to describe 
their experiences. They would say that the overall experi-
ence, or a particular configuration would feel “comfortable”. 
For example, Dana said: “I think comfort was my biggest 
requirement, right? Actually feeling that I trusted the system, 
but also feeling that I felt comfortable walking in the space.” 
For Haizea, “comfort” was more related to a feeling of con-
trol over their movements, saying: “I think I just felt maybe 
more comfortable when like, I could also feel like I can 
control my walking.” When asked about what specifically 
influences their comfort level, they responded: “[Whether] 
I felt, like, safe walking, and [that I’m] not gonna, like, fall, 
or trip or lose my balance.” Most participants reported that 
they felt comfortable, or even “very comfortable” (Bel-
latrix) during the experiment. However, some conditions 
were reported as being “uncomfortable”, particularly the 
fast start and sudden stop configurations ( 𝛼start < 0.05 and 
𝛼stop > 0.95 ). Kasey explained that the fast starting speed 
was “not difficult, but uncomfortable”, while others also 
found the overall speed to be “not that comfortable” (Flora), 
or complained about sudden stops: “ … the ones where the 
deceleration was very abrupt; that was the most uncomfort-
able” (Ximeno). Sometimes participants could not or did not 
explain what they meant by “comfortable/uncomfortable”, 
but they often reported “feeling comfortable” as being part 
of their assessment of the requirements and easy-to-use parts 
of the UMUX-Lite questionnaire.

A.0.5 Effort

The participants referred to both physical and mental effort 
of VR walking with gain functions in their statements. As 
an example of physical effort, some participants (e.g., Notus, 
Mukesh) felt that a good configuration would allow them to 
land on the target with their final step. That is, not requiring 

additional effort, half steps, or walking velocity adjustment. 
Some participants went one step further and directly related 
their required effort to their gait, or the way they (had to) 
control their steps. Notus felt that it was “ … almost a natural 
walk when the configuration was right”, and that it would be 
very easy to use: “I hit the target perfectly without having 
to think about [having to] adjust my step or anything. It just 
comes.. fluidly.”

Others also mentioned such mental effort of “thinking”. 
For example, Mukesh said: “None of them required con-
scious thinking, but a couple of them made you revise your 
expectations about what a step does. So I guess the ones 
that I didn’t rate very easy to use, [are so] because it made 
me think twice about what a step is.” Bellatrix preferred to 
“have time to get your bearings, and you know, figure, okay, 
this is where I want to go, instead of just, you know, having 
to adjust very suddenly.” Other participants also felt like 
they had to explicitly think about their steps in some con-
figurations; Colomba summarizes this effect nicely:

“Sometimes I had to, like, be careful about the step 
before it stopped. I had to time it a bit or take a bigger 
step to get there, or else I would have to take another 
step or something like that. And sometimes it stopped a 
bit before: like, it slowed down a bit before the red line, 
and then I had to take the decision whether I would 
take a couple more steps or just take a bigger step to 
get onto it.”

A.0.6 Control

In several instances, the participants reported that the sys-
tem responded in an unexpected way. This happened in all 
three parts of the traversal: the starting, the middle, and 
the stopping. For the starting moment, a low �start ≈ 0.05 
causes the amplified movement to begin immediately, for 
even the smallest head movement. Both Emiliya and Silves-
tre believed it to be some sort of glitch, whereas Flora said: 
“First, when I didn’t expect it, I felt like falling. Because I 
was like, ‘Oh, no, no, the ground [is] being removed’.”

Mostly, the comments relating to what might be a “feeling 
of control” related to the moment of stopping, or the perceived 
virtual speed while approaching the target. Either the partici-
pant felt that they had to, and could, control their physical 
walking speed to adjust the virtual speed to stop on the target, 
or that they were not in control of their speed. In particular, 
several participants noted that a very slow stop (low �stop ) 
would feel like they were being stopped before the target, and 
that they had to take additional steps to arrive. For example, 
Kane said that “the times where I got annoyed with that, I 
had to walk so much further in the end. Because it’s, I mean, 
I know I had to walk the same distance, but it felt like I had to 
walk further.” In contrast, the sudden stops were difficult to 
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use (as discussed previously), and some participants reported 
that they felt like they had to consciously and physically slow 
down to compensate. For example, Ximeno had to “slow down 
my physical walking speed to get to the to stop at the right 
place. Or at least it felt like it.” A more gradual stop also 
allowed for another aspect of locomotion, perhaps related to 
motor control planning or navigation. For example, Haizea 
wanted to be “...in control of their walking” and Kasey said 
that “it’s more important to have the possibility to choose how 
and where I stop”.

The functions with low/high � values, resulting in sudden 
acceleration, often received negative comments both during 
the study and interview: participants found these “constant 
gain” configurations difficult to use and uncomfortable, espe-
cially when stopping. Kane said about the sudden conditions: 
“The one that stopped really.. suddenly, it was a rated low 
because I found it difficult to stop.” Other participants reported 
similar difficulties and said it may be because they did not 
have enough time to stop normally, or because the sudden stop 
caused them to lose their balance. We often saw participants 
stumble or almost fall forward when they first encountered a 
sudden stop, and most continued struggling to stop smoothly 
on the target. However, some participants did not mind it too 
much, for example: Bellatrix struggled to stop as well, but later 
said: “ … I had fun doing it, even if, if sometimes the finish line 
would just, you know, be there all of a sudden.” Only a couple 
of users reported that they found the sudden start disturbing, 
saying it felt like a “glitch”, or “ … that the walls start moving 
before me”.

Supplementary information The online version contains sup-
plementary material available at (https:// doi. org/ 10. 1007/ 
s10055- 022- 00692-w).
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