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This study examined how reduced control-display ratios on 

motion-tracked handheld controllers in virtual reality affected 

user immersion and sense of control. 24 participants played a 

puzzle game in virtual reality using one of three control-display 

ratios: one normal, and two that were reduced using the “Go-

Go” technique. Results indicate that the control-display ratio 

can be reduced drastically while retaining user immersion and 

sense of control, but that the effectiveness of this seems to differ 

between individuals and is heavily influenced by previous 

experiences. Even so, these results could be of use for future 

virtual reality interaction designers as well as researchers 

studying the senses of vision and proprioception.  
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1 INTRODUCTION 

Virtual reality (VR) has seen a rise in popularity during the last 

couple of years, gaining a foothold in the commercial market in 

a way it never did during the previous wave of commercial VR 

devices in the 1990s. In 2016, the most popular consumer 

devices were the HTC Vive and the Oculus Rift [29]. Both 

utilize “room-scale” VR, which allows users complete freedom 

of movement within a predefined “play area” that usually 

ranges from 5-15 m2 [30]. Users can interact with objects 

through motion-tracked handheld controllers, whose 

movements are mirrored in the virtual environment. The 

interaction offered by these components results in 

unprecedented levels of immersion for commercial VR 

systems. However, room-scale VR is limited by the physical 

space available to the user. Increasing the amount of space users 

have at their disposal not only presents technical challenges and 

raises costs. In many cases, consumers simply do not have 

access to the space needed to set up a VR system. Therefore, it 

is of great interest to explore alternate ways of increasing the 

amount of available space for room-scale VR.  

    One way you can do this is by changing the scale of the 

virtual environment. In other words: if you cannot expand real 

space, shrink the virtual space! Simply making the virtual 

environment smaller, however, would not be enough. It would 

make the user feel like a giant, clumsy and unnatural in their 

movements. A better way of shrinking virtual space is by 

manipulation of the so-called “control-display ratio” (CD ratio) 

in the VR system. This ratio is the rate at which input from the 

user (in this case, movement in real space) is mapped to output 

in the device (movement in virtual space). By carefully 

tweaking this ratio, a user’s movements in real space can be 

exaggerated in the VR environment, effectively giving the user 

access to a larger space than before. Various techniques 

utilizing CD ratio manipulation have been developed. Some, 

such as “semantic pointing” [10] [11], were developed for 2D 

interaction but have been tested in VR. Others, such as the “Go-

Go” technique [12] [13] employed in this study, were developed 

for VR from the start. However, these techniques were designed 

for performance, not for immersion. In virtual reality, 

immersion (the perception of being physically present in the 

virtual space) is an important part of the experience. Interaction 

in VR is heavily dependent on immersion and on users 

experiencing a strong sense of body ownership and agency - the 

sensation that the virtual body is your own and responds to your 

actions. When these sensations are present, the user feels 

immersed in the virtual environment, experiencing it as real. 

Therefore, it is imperative that any CD ratio manipulation does 

not noticeably affect these properties. This study aims to 

implement a version of the Go-Go technique and examine its 

effect on the aforementioned factors. 

 

2 RESEARCH QUESTION 

Can the control-display ratio of motion-tracked handheld 

controllers in virtual reality be manipulated without breaking 

immersion or impacting the user’s sense of control? How 

much can the ratio be changed before their immersion is 

diminished? 

The holy grail of interaction in VR has long been the natural 

interface, where users are able to interact with a system 

without the need for any external tools. Developers dreamed 

of creating a truly immersive world where the user could 

interact with objects as they would in the real world, feeling as 

if the virtual environment responded to their actions precisely 

as expected. Lately, however, doubts have been raised on the 

desirability of such an interface. Some studies question the 

quest for naturalism, citing examples of interaction techniques 

that can seem natural and intuitive without one-to-one space 

mapping or traditional input methods [18] [17]. Non-natural 

techniques also frequently perform better than their natural 

counterparts in object manipulation. [18][19][20] This study 

aims to examine benefits and drawbacks to manipulating the 

CD ratio of motion-tracked handheld controllers in VR, 

evaluating the efficiency and usability of various CD ratios.   

2.1 Delimitations 

To answer the research question of this study, a VR test 

environment was built and equipped with varying amounts of 

CD ratio manipulation. Users played a puzzle game which 

heavily featured selection and manipulation of objects across a 

large area. Their performance was measured quantitatively and 

their experience was assessed qualitatively. All user tests were 

conducted using the HTC Vive VR system, which introduces 

hardware limitations: the system uses an HMD, two handheld 

motion controllers, and a maximum play area of about 20m2 
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[30]. The use of the Vive’s hardware excludes sensors and 

modalities such as finger tracking, eye tracking, and voice 

interaction. As for examined metrics, the study only 

considered the impact of manipulated CD ratio on user 

immersion. Metrics such as usability, efficiency, and 

effectiveness were not assessed; however, user satisfaction 

was assessed in some manner via post-test interview 

questions. Finally, CD ratios were only ever reduced, meaning 

movements were amplified but never dampened.  

2.2 Ethical Aspects 

A poorly designed or executed VR experience can induce 

discomfort, dizziness, and nausea in users (so-called 

“cybersickness”). The extent of such effects vary between 

individuals, but everyone can experience at least some of the 

symptoms. To combat this, users will be allowed to abort the 

test at any time if they are feeling uncomfortable in any way. 

This includes reasons beyond cybersickness, such as physical 

or mental fatigue. 

 

3 BACKGROUND 

This section explains key ideas and concepts necessary for 

understanding the study. 

3.1 Virtual Reality 

Virtual reality (VR) is a simulated environment that is made 

to be perceived as real as possible to a user. This is typically 

achieved through engaging as many of the user’s senses as 

possible using a system of displays, handheld controllers, and 

audio sources. If a VR simulation is successful, a user will feel 

completely immersed in the experience, perceiving the virtual 

environment to be real. As of the start of 2017, the most popular 

commercial VR systems (The HTC Vive, which is used in this 

study; and the Oculus Rift) use a combination of a head-

mounted display (HMD), two handheld controllers, and an 

audio system (most often a pair of headphones). They also both 

support room-scale VR, a category of VR where users are able 

to move within a specified area (usually a few meters across). 

Their movements are reflected in the HMD, resulting in a more 

immersive experience. 

The most common type of VR display, a head-mounted 

display (HMD) is a set of two displays - one for each eye - that 

are placed very close to the user’s eyes and block all other 

light from reaching them. In this way, the user is isolated from 

all other visual stimuli. The HMD’s position is tracked and 

used as the user’s viewpoint in the virtual environment. Each 

display relays a slightly different perspective, giving the user 

an illusion of depth.  

 

 
Figure 1. The HMD of the HTC Vive (left) and the Oculus Rift 

(right). 

 

The most common tool for interaction in VR today is motion-

tracked controllers representing the user’s physical hands in 

the virtual environment. The physical position of the 

controllers is tracked and translated to the virtual space. They 

use simple buttons and triggers to handle user input.  

 

 
 

Figure 2. Handheld controllers for the HTC Vive (left) and the 

Oculus Rift (right). Various buttons and triggers are used to handle 

user input. 

3.2 Immersion 

A concept critical to VR is the notion of immersion: the 

feeling of being completely absorbed by an experience. In VR, 

immersion is achieved through engaging the user’s senses with 

virtual stimuli, tricking the user’s mind into perceiving the 

virtual environment as real. The level of immersion is 

determined by the quality of stimuli given. This not only 

applies to the quality of visual and auditory content, but also to 

the quality of the feedback given to user input (such as moving 

their head and interacting with handheld controllers).  

Two concepts central to the level of immersion in VR are 

body ownership and agency. Body ownership is the perception 

in a person that a body belongs to themselves; that it is their 

own body that moves and is the source of bodily sensations. 

Agency is a related concept that has to do with control over a 

body and initiating actions. Whereas body ownership is the 

sense that a body “belongs to me”, agency is the sense that a 

body is “under my control” - the sense that I am the originator 

of the actions that the body performs. [1][2] 

In the context of a VR experience, body ownership and 

agency refers to the avatar the user controls - the virtual 

representation of their body. Does the user feel that the virtual 

body is their own? Do they feel that they are in control of their 

virtual hands? Or do they feel that they are viewing the world 

through someone else’s eyes? Watching someone else interact 

with it? 
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3.3 Proprioception 

Proprioception is the human sense of knowing where each 

body part is in relation to the others. It allows you to for 

example scratch your ear without looking or bring your hands 

together behind your back. It is needed for maintaining 

balance and movement.  

    The sense is important to consider when developing for VR 

as it is not affected by the VR system. Even if a user is 

completely immersed in the visual and auditory components, 

their sense of proprioception is still tied to their real body. Any 

discordance in stimuli between the former and the latter could 

lead to a decrease or loss of immersion. 

Even though proprioception is not directly affected by VR 

systems today, is has been shown to be influenced by 

surrounding factors. When there is a discrepancy between 

vision and proprioception, vision is initially weighted more 

[3]. Over time, proprioception is given more importance, but 

other studies has shown that over long periods of time (>30 

min), visual stimuli will still influence the perceived position 

of body parts more than proprioception [4] [5]. Additionally, 

neck muscle fatigue has been linked to a worse sense of 

proprioception in the upper limbs [6]. However, these results 

are far from conclusive and therefore, this will not be taken 

into consideration in this study. 

3.4 Control-Display Ratio 

The Control-Display ratio (CD ratio) determines the scale at 

which input given to a control device is mapped to output in a 

display device. A CD ratio of 1 means that changes in the 

control device is represented exactly in the display device. A 

good example of this is the HTC Vive’s handheld controllers, 

whose movements in the real world are mimicked exactly in 

the virtual environment (the display device here being the 

Vive’s HMD). A CD ratio lower than 1 means that changes in 

the control device are amplified in the display device. A CD 

ratio higher than 1 means that changes in the control device 

are scaled down.  

    A number of interaction techniques involving manipulating 

CD ratios in 3D space have been developed. They can 

generally be divided in two categories: manual and automatic. 

Manual techniques allow the user to change the CD ratio 

themselves, which can be useful in the hands of experienced 

users [9]. Automatic techniques come in various forms: they 

can be as simple as changing the CD ratio to a set number [10] 

or change it dynamically based on user interaction. For 

example, “semantic pointing” is a technique that changes the 

CD ratio based on the speed of the control device, yielding 

promising results [10] [11]. Other techniques change the CD 

ratio based on the position of the control device. An example 

of this is the “Go-go” technique, where the CD ratio is reduced 

exponentially as the control device moves away from a fixed 

point (most often the head or chest of the user)[12][13].  

    Manipulating the CD ratio of VR controllers has been 

shown to influence several senses. It has been shown to affect 

the perception of haptic properties of objects [7] as well as 

their perceived size [8] [14]. Users perceived objects to be 

heavier when accompanied by an increased CD ratio [7]. In a 

similar manner, users tended to overestimate the size of 

objects when the CD ratio was reduced [8] [14].  

    To what extent this affects the level of user immersion is 

unclear. While humans seem to easily adapt to changing CD 

ratios [8] [14] [15] [16], significant and lasting changes 

sometimes result in a loss of body agency, while typically 

retaining body ownership [8] [14]. One notable exception is 

study in semantic pointing, where users did not notice changes 

in CD ratio [11]. 

 

4 METHOD 

This section describes in detail how the user study was 

designed, executed, and evaluated. 

The research question of to what extent the CD ratio of the HTC 

Vive’s controllers could be manipulated without breaking 

immersion was tested by conducting user tests with varying 

amounts of changes in CD ratio. To this end, a prototype 

environment was built, containing an oversized version of the 

“Tower of Hanoi” puzzle. 

4.1 Environment 

The user tests consisted of playing a version of the “Tower of 

Hanoi” puzzle. The puzzle consists of three pillars and at least 

three disks of varying size. The disks are placed on the pillars. 

They can be stacked on top of each other, but have to be 

placed in ascending order. The game starts with all disks 

stacked on the leftmost pillar, and the goal of the game is to 

move them all to the rightmost pillar. The version of the game 

used in this study had five disks to create a moderately 

challenging puzzle without making users frustrated (which 

would keep them from interacting with the environment).  
 

 
Figure 3. A screenshot of the test environment with added distance 

markers and one disk highlighted. This version of the Tower of Hanoi 

puzzle used five disks. 
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The purpose of using a puzzle game to study the effects of 

manipulating the control-display ratio of the controllers (rather 

than a stripped-down environment with a series of simple 

tasks) was not only to simulate real-life interaction, but also to 

make users forget that they’re participating in a test. If they 

focused on solving the puzzle instead of the interaction, they 

would not be as attentive to changes in the control-display 

ratio as they would be in a bare environment. This better 

represented real-life usage, as users seldom consider the low 

levels of interaction when using VR applications. The “Tower 

of Hanoi” puzzle was chosen due to its scalability and physical 

requirements. The interaction of moving large disks across the 

entire virtual area and placing them on top of tall pillars 

ensured that users needed to use their entire body to solve the 

puzzle. This simulated the kind of interaction scenario that 

was of interest for the study, making sure that the difference in 

control-display ratios would be impactful.  

Objects could be picked up by hovering over them with the 

controllers and holding down the trigger button. When 

grabbed, objects would follow the position and rotation of the 

controller used to pick them up. There was also a mechanic for 

dropping objects: when controller and object were separated 

by a certain distance (around 0.5m), the object would be 

dropped as if the trigger button was released. The only objects 

that could be interacted with directly were the disks. The 

pillars and the floor would react to the disks (i.e. colliding 

with them), but they could not be moved, rotated, or interacted 

with in any way. 

4.2 Manipulation of CD Ratio 

The CD ratio was manipulated using the Go-Go interaction 

technique. The technique uses a combination of linear and 

nonlinear mapping between the motion of the user’s real hand 

and the motion of the Vive’s controller in the virtual 

environment.  

    A point of origin is calculated to approximate the position 

of the user’s chest. Within a certain radius of the origin, hand 

motions are mapped linearly, but outside that radius hand 

motions are amplified exponentially by reducing the CD ratio. 
 

 
Figure 4. A graph showing approximate CD ratio manipulation using 

the Go-Go technique, taken from its creators’ initial paper [12]. The 

Rr axis indicates movement of the user’s real hand, and the Rv axis 

indicates movement of the virtual hand. The breakpoint D shows 

where the change from linear to nonlinear mapping occurs. 

 

The formula used for calculating the position of the controller 

at a given distance from the origin was as follows: 

 
𝑐𝑜𝑛𝑡𝑃𝑜𝑠 = 𝑐𝑎𝑚𝑃𝑜𝑠 + 𝑐𝑎𝑚2𝑐𝑜𝑛𝑡(1+ ∥ 𝑐𝑎𝑚2𝑐𝑜𝑛𝑡 ∥)𝑝𝑜𝑤𝐹𝑎𝑐 

 

Above, contPos is the calculated position of the controller, 

camPos is the given position of the camera, and cam2cont is 

the vector from the origin (the virtual camera in this case) to 

contPos. All are 3D vectors. Additionally, powFac is a scalar 

that controls the “strength” of change in controller position. 

This was the variable that differed between user groups in the 

test.  

    The Go-Go technique was chosen because it has been 

shown to be a fast and intuitive way to manipulate objects in a 

VR environment [12] [13] [17]. Also, the use of dynamic, 

gradual changes in CD ratio often feels more natural to users 

than a flat increase or decrease [12] [13]. Finally, the 

technique’s combination of linear and nonlinear mapping sets 

it apart from other techniques using dynamic CD ratio 

manipulation. Transitioning between linear and nonlinear 

mapping gives users a sense of both natural and amplified 

movement, which helps with identifying potential advantages 

and drawbacks of both. 

4.3 Tools 

The VR system used in this study was the HTC Vive. It 

consists of an HMD and two handheld controllers inside a play 

area. It was chosen because it is currently the most advanced 

commercial VR system. It has world-class motion tracking 

and video resolution, and it supports room-scale VR, which 

makes it well suited for a study in immersion and interaction. 

Technical specifications: 

 

Field of View 110 degrees 

Display resolution 2160 x 1200 (combined) 

Refresh rate 90 Hz 

Motion tracking range 360 degrees 

Room-scale area size 2.2 x 2.5m 

 

The Vive was run on an Asus M80CJ-OCULUS-NR003T 

computer with the following specifications: 

 

Processor Intel Core i5-7300HQ 

Memory 8GB DDR4, 2400MHz 

Storage 512GB SSD + 1TB HDD 

Graphics card NVIDIA GeForce GTX 

1060 

Operating system Windows 10, 64-bit 

 

The virtual test environment was built in Unity, a game engine 

free for non-commercial use. It was chosen because of its 

availability, ease of use, and because of good compatibility 

with the HTC Vive. 
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4.4 Recruitment 

There were no requirements for users to have previous 

experience with a specific VR system, or even experience with 

VR at all. However, users were recruited with the aim of 

having diverse groups with regards to prior VR experience and 

gender. Age diversity would have been preferred, but was not 

pursued as all users were students.  

    Users were recruited through social media such as Facebook 

and Linkedin. All were students at universities in Stockholm, 

Sweden, most being students of Media Technology at KTH 

Royal Institute of Technology. Therefore, most users were 

familiar with participating in tests of the type used in this 

study. This may have affected the efficiency of not disclosing 

the purpose of the study (i.e. because users had experience 

with “hidden” tests, they might have figured out its true 

purpose more easily than unexperienced users). 

    Ages ranged from 20 to 26 years old and 54% of users were 

male.  

4.5 User Tests 

There were three user groups: A, B, and C. Group A used a 

powFac of 1.5, meaning that the movements of the virtual 

representation of the controller beyond the breakpoint were 

raised to the power of 1.5. Group B used a powFac of 2, 

meaning that the same movements were raised to the power of 

2. Group C was the control group using a powFac of 1, 

meaning that the movements of the virtual representation of 

the controller matched the movements of the physical 

controller.  

    Each group had 8 unique members, totaling 24 users for the 

entire study. The reason for having unique users was to ensure 

that the results were not affected by either acquired skills from 

prolonged playing or by psychological factors. For example, if 

a user is part of two user groups, they might have favored the 

second one because they performed better on their second try. 

This would have been irrelevant to the study and could have 

contaminated the results.  

    Each test was conducted by one moderator and with one 

user. The tests began with the moderator reading a brief 

explanatory script and giving the user a consent form to sign. 

The form was modeled after Eric Mao’s “Usability Test 

Consent Form” [27], and the script after Steve Krug’s 

“Usability Script” [28]. Users were instructed in the rules of 

the puzzle, but were not given any instructions on how to 

interact with objects or how to move in the virtual 

environment. They were not told whether the control-display 

ratio of the controllers had been changed (or even that the 

possibility existed), as that knowledge would have affected 

their experience and the results of the study. If they asked, 

users were only told that they were testing the controllers of 

the HTC Vive. Once the user was satisfied with the 

explanation and had signed the consent form, they entered the 

virtual environment. 

    Before starting the actual test, they were placed in a static 

environment depicting a statue and a tree under an open sky. 

They could not interact with any objects and could not change 

the environment in any way. The purpose of this was to let the 

user get comfortable with the experience of being in VR 

before starting the test. Once they felt ready to begin, they 

were placed in the environment with the Tower of Hanoi 

puzzle. The rules of the puzzle were explained and users were 

given the following tasks: 

 

1. Move a disk from the left pillar to the middle pillar 

2. Move a disk to the right pillar 

3. Position yourself so that you can reach all disks 

4. Starting from the middle pillar, back away until you 

feel you can no longer reach the disk on the middle 

pillar 

5. Solve the puzzle 

 

The final task continued until the user either succeeded or 

gave up. Either outcome concluded the test. 

    When the user was finished, they were asked questions 

about their experience. The questions were along the lines of 

“Did the mapping of hand controller from reality to VR feel 

natural?” and “When did you notice the difference in the 

position of your hands between reality and the virtual world?” 

    Users also answered the “presence questionnaire” 

developed by Witmer & Singer [26], which has been used in 

many previous studies. Results from the questionnaire can 

easily be compared to related work. 

4.6 Data Gathering 

Qualitative data was gathered from the following sources: 

 

 Observations made during the test 

o Did the user realize that the control-display 

ratio had been changed? 

o How did the user react to this realization? 

o Did the user interact with the environment in 

a natural way? 

o Did the user feel disoriented or discomforted 

in any way? 

 Comments made by users during tests 

o Initial reactions? 

o Disregarding comments about the difficulty 

of the actual game, how difficult did the user 

think the interaction was? 

 Participants’ responses to post-test questions 

o See questions in the “post-test evaluation” 

segment 

 

These results were then compiled and analyzed. Trends in 

participant reactions and responses (if statistically significant) 

determined whether the hypothesis was deemed proven or 

disproven (i.e. if the control-display ratio of the controllers can 
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be reduced without breaking immersion). For areas where the 

results could not be statistically validated, such as user control 

or enjoyment of the experience, trends needed to be observed 

and argued for by the author.  

    To complement the qualitative data, which was the primary 

source, quantitative data was gathered in the form of time to 

complete each task. This data was gathered with the purpose 

of establishing a baseline for the other data - if a user is very 

skilled at the game, it stands to reason that they would be 

faster than a less skilled user regardless of the usability of the 

interaction technique. The data was logged manually by the 

test moderator. Results from the “presence questionnaire” [26] 

were also quantitative, with answers being reported on a linear 

scale from 1 to 7.  

 

5 RESULTS 

This section presents sample results from the user study. 

5.1 Task Performance and Questionnaire Responses 

Results from measured task performance were inconclusive 

across the board. There were no observed trends between user 

groups in any task and standard deviations were so large as to 

invalidate any such trends immediately.  

 

 
Figure 5. Mean completion time (seconds) for tasks 1 and 2. 

 

 
Figure 6. Mean completion time (seconds) for tasks 3 and 4. 

 

 
Figure 7. Mean completion time (seconds) for task 5. 

 

As for the questionnaire, results did not differ much between 

user groups. The only statistically significant difference 

between groups was on perceived mechanical skill (the 

question was: “how proficient in moving and interacting with 

the virtual environment did you feel at the end of the 

experience?”), where users in group C (the control group) on 

average rated themselves 6.8 out of 7 and users in group B 

(the strongest change in CD ratio) rated themselves 5.4 out of 

7.  

    Results for immersion and sense of control scored very high 

for all user groups. Below are some example questions and 

mean results: 
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Figure 8. Results from two questions related to immersion and sense 

of control. 

 

The responsiveness and usability of the controllers also scored 

very high. Some example questions and results: 

 
Figure 9. Results from two questions related to the responsiveness 

and usability of the controllers. 

 

There were mixed results on the perceived “naturalness” and 

“realness” of the controllers. Some example questions and 

results: 

 

 
Figure 10. Results from two questions related to the perceived 

“naturalness” and “realness” of the controllers. 

5.2 Test Observations 

Most users who had previous experience with VR understood 

the concept of grabbing objects and which buttons to use right 

away without help. They also most often used one hand to 

grab objects. Users with no previous VR experience 

sometimes had trouble finding the correct button and also 

sometimes needed help with the mechanics of picking up 

objects (e.g. you had to put your hand “on” the object and pull 

the trigger, after which it would stick to your hand). They also 

often used both hands to grab objects.  

    Users tended to only move as much as was needed to 

complete their tasks. Users in groups A and B (with changed 

CD ratios) almost exclusively stayed at the middle pillar and 

merely leaned left or right to move disks from pillar to pillar. 

Users in group A (the control group with no change in CD 

ratio) sometimes took a few steps to the side, but only did so 

when necessary. No user commented that they thought they 

had to move too much or too little.  

    Most users in groups A and B did not comment on anything 

feeling different about the controllers. Neither did they seem 

to exhibit any such reaction. The few users who did notice did 

so immediately (as soon as they saw the virtual representation 

of the controllers in their hand). Some could not pinpoint the 

source of their confusion right away, however. They sensed 

that something was different, but could not put their finger on 

it. All users that noticed the difference in controller movement 

had previous VR experience. 

5.3 Post-Test Evaluations 

A common sentiment among users that quickly became 

evident in their interviews was that they had indeed noticed 

the change in CD ratio. Whether they expressed it as “the 

controller moved too much”, “my hand sometimes felt too far 

away from me”, or similar, a fair amount of users in groups A 
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and B noticed the change but assumed it was an inherent 

property of the controllers. This was especially true for users 

with no prior VR experience, who understandably had no 

notion of how handheld motion-tracked controllers “should” 

feel in VR. In those cases, the users all accepted the 

controller’s behavior. Experienced VR users responded in 

various ways. Some said they never noticed any difference at 

all, even at the strongest level, while others noticed the change 

in CD ratio instantly. Some users reported noticing the change 

after a while, which was usually during the task where they 

were asked to place themselves in the room so that they could 

reach various objects. This task required users to reach 

forward as far as they could, which would clearly illuminate 

any change in CD ratio to the user. Most users of this type said 

they noticed the change once the controller movement 

deviated from what they had come to expect from previous use 

of such controllers in VR.  

    One common speculation made by users who did not notice 

any significant difference in CD ratio was that they viewed the 

controllers as external tools rather than representations or 

extensions of their own body. They did not feel ownership of 

the controllers in the same way as they would their hands, and 

therefore accepted eventual irregularities or unnatural 

behavior. They did not expect the controllers to behave exactly 

the same way as their hands. Some users compared using the 

controllers to using a computer mouse or a gamepad. 

Regardless of how a user viewed the controllers, they accepted 

the hand-controller mapping - that is, they felt the movement 

was consistent and manageable even if it did not feel natural.  

    Some users were given the opportunity to try using a 

different CD ratio than what they experienced in the test. For 

those users, most were of the opinion that an increased 

powFac felt more powerful and more efficient. They liked that 

they did not have to make as large movement to achieve the 

same result. However, they thought an unchanged CD ratio 

felt most natural, especially when comparing the three variants 

side by side. Even if the user had rated a reduced CD ratio 

highly natural in their questionnaire, they thought it felt less 

natural when comparing it to an unchanged ratio.  

    Many users were open to using varying CD ratios 

depending on the application. Some even wanted to be able to 

change ratio in-use to for instance reach out and grab 

something that would normally be out of reach, and then 

switch back to natural movement. 

5.4 Indirect Factors 

There were a fair amount of comments that did not directly 

relate to the behavior of the controllers. They were not taken 

into consideration when discussing the results, but since they 

were so common, they are listed below as to give a full picture 

of users’ comments. 

Many users perceived the disks to appear heavy and sturdy, 

but of course they have no weight in VR, so when users 

picked them up, they were surprised at how light they felt. 

Also, users with amplified movement were able to throw the 

disks with greater strength than in reality. This was perceived 

to be unnatural. Users also felt there were a few 

inconsistencies in how objects behaved. Disks bounced off 

each other but not off other objects in the scene, which made 

their movement seem unnatural and difficult to predict. They 

also frequently snagged on top of pillars and would sometimes 

then slingshot off to the distance at great speed. These kinds of 

bugs and glitches in the environment contributed greatly to 

users feeling a loss of immersion and trust in the controllers.  

Picking up objects was generally perceived to feel natural 

and predictable. Some users perceived the mechanic to 

sometimes be inconsistent; usually when trying to grab an 

object that was moving at high speeds. Most comments 

regarding this mechanic had to do with requests for added 

functionality, such as wanting to use a different button for 

picking up objects or wanting additional feedback systems. 

For the latter, the most common suggestion was using haptic 

feedback for notifying the user when they were “touching” an 

object that could be interacted with. 

The drop mechanic garnered a mixed response. Some users 

did not understand why they were dropping objects and were 

frustrated, while others accepted the mechanic even though 

they did not understand it. Most users did understand the 

mechanic and accepted it as a natural consequence of trying 

to, for instance, pull an object through another object. 

However, many perceived the mechanic to be inconsistent and 

relied on visually seeing the object be dropped to use the 

mechanic. This was a cause of frustration. 

Most users understood the highlighting mechanic 

intuitively. Some users said they didn’t notice any highlighting 

or didn’t consider it when picking up objects. Others noticed 

it, but found it inconsistent and a source of frustration because 

faulty highlighting would cause them to pick up a different 

object than the one they wanted. 

 

6 DISCUSSION 

This section analyses, discusses, and speculates upon the 

results produced by the user study. 

6.1 Effect of Manipulating CD Ratio 

According to questionnaire data and interview responses, both 

levels of manipulated CD ratios worked well for control and 

performance. Many users didn’t even notice the difference, 

and the ones who did adjusted very quickly and felt not only 

the same amount of control as with a one-to-one ratio, but a 

higher amount of empowerment. However, the vast majority 

of users felt that the one-to-one ratio felt most natural, 

especially when comparing the variants side by side. 

    One influential aspect of the level of immersion a user 

experiences seems to be the way in which they view the 

controllers. When a user views them not as a part of or an 

extension of their own bodies, but as external tools that they 

only control from a distance, they lose the sense of ownership 

that proprioception relies on. Therefore, it does not matter to 

them if the virtual representations of the controllers perfectly 

follow the movements of their physical counterparts - to these 

users, the virtual controllers are abstract concepts with no 

basis in reality. Just as a mouse cursor on a 2D screen is 
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separate from the physical mouse, so is the controller in virtual 

space separate from the controller in physical space. 

    An important aspect of how the controller was viewed 

seemed to be how it was represented in VR. In the test, it was 

represented with a 3D model of the physical controller, 

disjointed in space. There was nothing attached to it that tied 

its movement to the user’s body. Users might have reacted 

more strongly to changes in CD ratio if the controller was 

represented with a human hand, and/or if it was connected to 

an arm. Such ties might have more clearly highlighted any 

movements of the controller that would not be possible in the 

real world, such as stretching your arm several meters in front 

of you. 

    Prior VR experience seemed to heavily influence how easily 

a user noticed a change in CD ratio. This might be because 

experienced users had a baseline of how one-to-one controllers 

feel and they knew what to expect. Therefore, any difference 

in CD ratio was more evident to them. Inexperienced VR users 

had no expectations; even if they assumed the controllers to be 

one-to-one and completely follow the movement of their 

hands, they had no idea what it would actually feel like and 

did not notice any difference in CD ratio as easily. 

    Regardless of previous VR experience, users tended to 

accept any unnatural behaviors as a “natural” part of the VR 

world. They did not expect the VR environment to be 

completely like the real world, so if they experienced anything 

that felt unnatural, they could rationalize it by accepting that 

“it’s just the way things are”. This was done on a scene-by-

scene basis: one moment, an application might use one-to-one 

movement and that feels great. Then, you suddenly have 

amplified movement and that is jarring at first, but you quickly 

adjust and soon come to accept the new conditions as part of 

the environment. 

    Amplified movement felt more powerful and users felt it 

was better suited for the type of tasks the test contained: tasks 

that require large movements and not precision. For other 

applications that might require precision and naturalness, 

however, users preferred one-to-one movement. Some users 

wanted the ability to change the CD ratio in-use. I think the 

ability to do so would reduce the level of naturalness of the 

controller, but it would probably raise efficiency and control. 

    Users that experienced amplified movement at first usually 

thought it felt pretty natural. But when they tried one-to-one 

movement and compared the two, they suddenly found 

amplified movement to be unnatural, sometimes to the point of 

preferring one-to-one even though they admitted amplified 

movement felt more empowering. Developers could use this 

by making sure any changes in CD ratio are applied from the 

very start. Changing the CD ratio multiple times in an 

experience might draw attention to the differences and lower 

immersion, but keeping it at a constant level could maintain 

immersion regardless of ratio. This could be connected to the 

controller’s virtual representation, in that it’s about how the 

movements of the controller is tied to its movement in 

physical space. 

6.2 Method Criticism 

Log data was generally unusable because times were logged 

manually and imperfectly by the test moderator. Times were 

also heavily influenced by the manner in which a user solved 

each task. For example, some users gave excellent 

commentary of their approach, which unfortunately increased 

the time it took them to “solve” a task. Additionally, tasks 3 

and 4 had users position themselves so that they felt certain 

disks were in their reach. Not only was this subjectively 

decided, the result also depended on user perception. Lastly, 

task 5 (solving the puzzle) was a huge task that had so many 

variables that times could not be directly compared between 

users. There were too many variables at play. Also, since the 

tasks were given almost instantly after entering the test 

environment, users with no previous VR experience were 

sometimes more interested in trying out the controllers than 

completing the tasks. This means many users did not try their 

best to complete the tasks as quickly as possible, which is 

another reason the results were unreliable. 

    As for questionnaire data, results on perceived naturalness 

of object movement (how much did your experiences align 

with your experiences in the real world) were probably 

skewed by glitches in object physics. As noted in the result 

section, users felt a large part of their feeling a loss of 

immersion was due to bugs and glitches in the environment. 

This could manifest itself in various ways. Such glitches might 

also have lowered the users’ trust in the environment and 

made them more alert for any other inconsistencies, such as 

the behavior of the controllers. Therefore, the existence of 

these glitches could have contributed to users more easily 

noticing differences in CD ratio. 

    Some users with no prior VR experience were very new to 

using the controllers. This was good because the lack of 

reference probably meant they were more accepting to 

changes in CD ratio, but it also meant they could not gauge the 

accuracy and naturalness of the controllers as accurately as the 

users who knew how the controllers usually behaved. The 

latter was made evident by letting users try multiple CD ratios 

side by side, after which all users agreed that a ratio of 1 felt 

most natural. 

6.3 Future Work 

Many users expressed the desire to change CD ratio at will. 

They felt that some tasks required more reach and others 

demanded precise movements, and they wanted the ability to 

choose the appropriate CD ratio for each task. When 

productivity and efficiency was the goal, these users argued, 

they did not care about whether the behavior of the controllers 

felt natural or not. They only cared about usability, which they 

felt was retained even with rapidly changing CD ratios. 

    There have been previous attempts with increasing CD 

ratios to allow for more precise movement when manipulating 

objects. However, these attempts have been restricted to 2D 
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environment and it would be interesting to see how such 

techniques would translate to a 3D virtual environment. 

    As discussed in the method criticism, the quantitative data 

on task performance in this study is not reliable. Users were 

given tasks just after being handed the controllers for the first 

time, and they were not instructed to solve the tasks as quickly 

as possible. A proper performance test would be of great help 

for comparing the efficiency of various CD ratios. 

    Due to time constraints as well as a desire to keep the scope 

of the study focused and manageable, only the CD ratio of the 

controllers was changed in this study. It would, however, be 

interesting to examine how users would react to different CD 

ratios for the headset.  

6.4 Conclusion 

Reducing the CD ratio of handheld motion-tracked controllers 

in VR and effectively amplifying a user’s movements seems to 

work well. The strong visual input given by a VR HMD 

overrides proprioceptive input, resulting in the user retaining a 

high level of immersion and perceiving the movements of the 

controllers to be natural. The efficiency of this technique 

seems to be closely tied to previous experience, however, with 

experienced users being more likely to notice any changes in 

CD ratio.  

    Whether users noticed the change or not, using amplified 

movement did not affect their sense of control. In many cases 

(though they believed it depended on the task at hand), they 

preferred the added reach granted by a reduced CD ratio.  

    In summary, this study yielded promising results in the area 

of VR CD ratio manipulation. It challenges conventions of 

interaction in VR and supports the idea that in the quest for a 

natural interface, naturalism might not be the way to go.  

REFERENCES 

[1] Gallagher, S. 2000. Philosophical conceptions of the self: 

implications for cognitive science. Trends in Cognitive Sciences, 

Volume 4, Issue 1, 1 January 2000, Pages 14-21, ISSN 1364-6613.  

[2] Tsakiris, M. 2010. My body in the brain: A neurocognitive model 

of body-ownership. Neuropsychologia, Volume 48, Issue 3, February 

2010, Pages 703-712, ISSN 0028-3932.  

[3] Bellan, V., Gilpin, H. R., Stanton, T. R., Dagsdóttir, L. K., 

Gallace, A., & Lorimer Moseley, G. (2017). Relative contributions of 

spatial weighting, explicit knowledge and proprioception to hand 

localisation during positional ambiguity. Experimental Brain 

Research, 235(2), 447–455. http://doi.org/10.1007/s00221-016-4782-

6  

[4] Masumoto, J., & Inui, N. (2015). Visual and Proprioceptive 

Adaptation of Arm Position in a Virtual Environment. Journal of 

Motor Behavior, 47(6), 483–489. 

http://doi.org/10.1080/00222895.2015.1015674 

[5] Bourgeois, J., & Coello, Y. (2012). Effect of visuomotor 

calibration and uncertainty on the perception of peripersonal space. 

Attention, Perception, & Psychophysics, 74(6), 1268–1283. 

http://doi.org/10.3758/s13414-012-0316-x 

[6] Zabihhosseinian, M., Holmes, M. W. R., & Murphy, B. (2015). 

Neck muscle fatigue alters upper limb proprioception. Experimental 

Brain Research, 233(5), 1663–1675. http://doi.org/10.1007/s00221-

015-4240-x 

[7] L. Dominjon, A. Lecuyer, J. M. Burkhardt, P. Richard and S. 

Richir, "Influence of control/display ratio on the perception of mass 

of manipulated objects in virtual environments," IEEE Proceedings. 

VR 2005. Virtual Reality, 2005., Bonn, 2005, pp. 19-25. doi: 

10.1109/VR.2005.1492749 

[8] Elena Kokkinara, Mel Slater, and Joan López-Moliner. 2015. The 

Effects of Visuomotor Calibration to the Perceived Space and Body, 

through Embodiment in Immersive Virtual Reality. ACM Trans. 

Appl. Percept. 13, 1, Article 3 (October 2015), 22 pages. 

DOI=http://dx.doi.org/10.1145/2818998 

[9] J. Keijser, S. Carpendale, M. Hancock and T. Isenberg, 

"Exploring 3D Interaction in Alternate Control-Display Space 

Mappings," 2007 IEEE Symposium on 3D User Interfaces, Charlotte, 

NC, 2007, pp. .doi: 10.1109/3DUI.2007.340769  

[10] Casiez, G., Vogel, D., Balakrishnan, R., & Cockburn, A. (2008). 

The Impact of Control-Display Gain on User Performance in Pointing 

Tasks. Human–Computer Interaction, 23(3), 215–250. 

http://doi.org/10.1080/07370020802278163 

[11] Renaud Blanch, Yves Guiard, and Michel Beaudouin-Lafon. 

2004. Semantic pointing: improving target acquisition with control-

display ratio adaptation. In Proceedings of the SIGCHI Conference 

on Human Factors in Computing Systems (CHI '04). ACM, New 

York, NY, USA, 519-526. 

DOI=http://dx.doi.org.focus.lib.kth.se/10.1145/985692.985758 

[12] Ivan Poupyrev, Mark Billinghurst, Suzanne Weghorst, and 

Tadao Ichikawa. 1996. The go-go interaction technique: non-linear 

mapping for direct manipulation in VR. In Proceedings of the 9th 

annual ACM symposium on User interface software and technology 

(UIST '96). ACM, New York, NY, USA, 79-80. 

DOI=http://dx.doi.org.focus.lib.kth.se/10.1145/237091.237102 

[13] Doug A. Bowman and Larry F. Hodges. 1997. An evaluation of 

techniques for grabbing and manipulating remote objects in 

immersive virtual environments. In Proceedings of the 1997 

symposium on Interactive 3D graphics (I3D '97). ACM, New York, 

NY, USA, 35-ff.. 

DOI=http://dx.doi.org.focus.lib.kth.se/10.1145/253284.253301 

[14] Banakou, D., Groten, R., & Slater, M. (2013). Illusory 

ownership of a virtual child body causes overestimation of object 

sizes and implicit attitude changes. Proceedings of the National 

Academy of Sciences of the United States of America, 110(31), 

12846–12851. http://doi.org/10.1073/pnas.1306779110 

[15] Bock, O., & Burghoff, M. (1997). Visuo-motor adaptation: 

evidence for a distributed amplitude control system. Behavioural 

Brain Research, 89(1–2), 267–273. 

http://doi.org/http://dx.doi.org/10.1016/S0166-4328(97)00069-7 

[16] Bourgeois, J., & Coello, Y. (2012). Effect of visuomotor 

calibration and uncertainty on the perception of peripersonal space. 

Attention, Perception, & Psychophysics, 74(6), 1268–1283. 

http://doi.org/10.3758/s13414-012-0316-x 

http://doi.org/10.1007/s00221-016-4782-6
http://doi.org/10.1007/s00221-016-4782-6
http://doi.org/10.1080/00222895.2015.1015674
http://doi.org/10.3758/s13414-012-0316-x
http://doi.org/10.1007/s00221-015-4240-x
http://doi.org/10.1007/s00221-015-4240-x
http://dx.doi.org/10.1145/2818998
http://doi.org/10.1080/07370020802278163
http://dx.doi.org.focus.lib.kth.se/10.1145/985692.985758
http://dx.doi.org.focus.lib.kth.se/10.1145/237091.237102
http://dx.doi.org.focus.lib.kth.se/10.1145/253284.253301
http://doi.org/10.1073/pnas.1306779110
http://doi.org/http:/dx.doi.org/10.1016/S0166-4328(97)00069-7
http://doi.org/10.3758/s13414-012-0316-x


 

 

 

[11] 
 

[17] S. Frees and G. D. Kessler, "Precise and rapid interaction 

through scaled manipulation in immersive virtual environments," 

IEEE Proceedings. VR 2005. Virtual Reality, 2005., Bonn, 2005, pp. 

99-106. doi: 10.1109/VR.2005.1492759 

[18] Won, A. S., Bailenson, J., Lee, J., & Lanier, J. (2015). 

Homuncular Flexibility in Virtual Reality. Journal of Computer-

Mediated Communication, 20(3), 241–259. 

http://doi.org/10.1111/jcc4.12107 

[19] Doug A. Bowman, Ryan P. McMahan, and Eric D. Ragan. 2012. 

Questioning naturalism in 3D user interfaces. Commun. ACM 55, 9 

(September 2012), 78-88. 

DOI=http://dx.doi.org.focus.lib.kth.se/10.1145/2330667.2330687 

[20] R. P. McMahan et al., "Evaluating natural interaction techniques 

in video games," 2010 IEEE Symposium on 3D User Interfaces 

(3DUI), Waltham, MA, 2010, pp. 11-14. doi: 

10.1109/3DUI.2010.5444727 

[21] Ryan P. McMahan, Doug Gorton, Joe Gresock, Will McConnell, 

and Doug A. Bowman. 2006. Separating the effects of level of 

immersion and 3D interaction techniques. In Proceedings of the ACM 

symposium on Virtual reality software and technology (VRST '06). 

ACM, New York, NY, USA, 108-111. 

DOI=http://dx.doi.org.focus.lib.kth.se/10.1145/1180495.1180518 

[22] Dittner, A. J., Wessely, S. C., & Brown, R. G. (2004). The 

assessment of fatigue: A practical guide for clinicians and 

researchers. Journal of Psychosomatic Research, 56(2), 157–170. 

http://doi.org/http://dx.doi.org/10.1016/S0022-3999(03)00371-4 

[23] Pradhan, N., Benavides, A., Zhu, Q., & Banic, A. U. (2015). 

Evaluation of Fatigue Measurement Using Human Motor 

Coordination for Gesture-Based Interaction in 3D Environments. In 

G. Bebis, R. Boyle, B. Parvin, D. Koracin, I. Pavlidis, R. Feris, … G. 

Weber (Eds.), Advances in Visual Computing: 11th International 

Symposium, ISVC 2015, Las Vegas, NV, USA, December 14-16, 

2015, Proceedings, Part II (pp. 443–452). Cham: Springer 

International Publishing. http://doi.org/10.1007/978-3-319-27863-

6_41 

[24] Medical News Today. (2015). Fatigue: Why Am I So Tired?. 

[online] Available at: 

http://www.medicalnewstoday.com/articles/248002.php [Accessed 12 

February 2017] 

[25] Borg, G. (2001). Borg’s range model and scales. International 

Journal of Sport Psychology, 32(2), 110–126. 

https://www.researchgate.net/publication/286996732_Borg's_range_

model_and_scales 

[26] Witmer & Singer (1994). Presence questionnaire. Revised by the 

UQO Cyberpsychology Lab. 

http://w3.uqo.ca/cyberpsy/docs/qaires/pres/PQ_va.pdf 

[27] Mao, E. (xxxx). Usability test consent form. 

http://vis.berkeley.edu/courses/cs160-sp12/wiki/images/e/e5/Group-

omg-consent.pdf [Accessed 13 March 2017] 

[28] Krug, S. (2000). Steve Krug’s Usability Script. Excerpt from 

Don’t Make Me Think (2000). 

http://www.indiana.edu/~audioweb/T284/krug_questions.html 

[Accessed 13 March 2017] 

[29] SuperData LLC, DBA SuperData Research. Report: Virtual 

Reality Consumers. Published February 2017. 

https://www.superdataresearch.com/market-data/virtual-reality-

industry-report/  

[30] HTC. Vive support: Play area. Retrieved May 10th, 2017. 

https://www.vive.com/eu/support/category_howto/what-is-the-play-

area.html  

http://doi.org/10.1111/jcc4.12107
http://dx.doi.org.focus.lib.kth.se/10.1145/2330667.2330687
http://dx.doi.org.focus.lib.kth.se/10.1145/1180495.1180518
http://doi.org/http:/dx.doi.org/10.1016/S0022-3999(03)00371-4
http://doi.org/10.1007/978-3-319-27863-6_41
http://doi.org/10.1007/978-3-319-27863-6_41
http://www.medicalnewstoday.com/articles/248002.php
https://www.researchgate.net/publication/286996732_Borg%27s_range_model_and_scales
https://www.researchgate.net/publication/286996732_Borg%27s_range_model_and_scales
http://w3.uqo.ca/cyberpsy/docs/qaires/pres/PQ_va.pdf
http://vis.berkeley.edu/courses/cs160-sp12/wiki/images/e/e5/Group-omg-consent.pdf
http://vis.berkeley.edu/courses/cs160-sp12/wiki/images/e/e5/Group-omg-consent.pdf
http://www.indiana.edu/~audioweb/T284/krug_questions.html
https://www.superdataresearch.com/market-data/virtual-reality-industry-report/
https://www.superdataresearch.com/market-data/virtual-reality-industry-report/
https://www.vive.com/eu/support/category_howto/what-is-the-play-area.html
https://www.vive.com/eu/support/category_howto/what-is-the-play-area.html


www.kth.se


