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Abstract  

Spatial information presented visually is not easily accessible to visually 
impaired users. Current technologies, such as screen readers, cannot intuitively 
convey spatial layout or structure. This lack of overview is an obstacle for a 
visually impaired user, both when using the computer individually and when 
collaborating with other users. With the development of haptic and audio 
technologies, it is possible to let visually impaired users access to three-
dimensional (3D) Virtual Reality (VR) environments through the senses of 
touch and hearing. 

The work presented in this thesis comprises investigations of haptic and 
audio interaction for visually impaired computer users in two stages.  

The first stage of my research focused on collaborations between sighted 
and blind-folded computer users in a shared virtual environment. One aspect 
I considered is how different modalities affect one’s awareness of the other’s 
actions, as well as of one’s own actions, during the work process. The second 
aspect I investigated is common ground, i.e. how visually impaired people 
obtain a common understanding of the elements of their workspace through 
different modalities. A third aspect I looked at was how different modalities 
affect perceived social presence, i.e. their ability to perceive the other person’s 
intentions and emotions. Finally, I attempted to understand how human 
behavior and efficiency in task performance are affected when different 
modalities are used in collaborative situations.  

The second stage of my research focused on how the visually impaired 
access 3D multimodal virtual environment individually. I conducted two 
studies based on two different haptic and audio prototypes concerning 
understanding the effect of haptic-audio modalities on navigation and 
interface design. One prototype that I created was a haptic and audio game, a 

 2



 

labyrinth. The other is a virtual simulation environment based on the real 
world of Kulturhuset in Stockholm. One aspect I investigated in this 
individual interaction is how it is possible for users to access the spatial layout 
through a multimodal virtual environment. The second aspect I investigated is 
usability; how the haptic and audio cues help visually impaired people 
understand the spatial layout. The third aspect concerns navigation and 
cognitive mapping in a multimodal virtual environment.       

This thesis contributes to the field of human-computer interaction for the 
visually impaired with a set of studies of multimodal interactive systems, and 
brings new perspectives to the enhancement of understanding real 
environments for visually impaired users through a haptic and audio virtual 
computer environment. 
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1 Introduction  

Blind and visually impaired people usually have more problems than sighted 
people with mobility and orientation both indoors and outdoors. Spatial 
information presented visually is not easily accessible to them. Common 
technologies, such as screen readers, cannot convey spatial layout or structure.  

As a complement to traditional assisting tools, the technology of Virtual 
Reality (VR) combining haptic and audio feedback has now emerged as a 
promising tool to help them. Via a haptic device, similar to a robot arm, it is 
possible to create fun and motivating navigation exercises that give the 
visually impaired force feedback in real time when interacting with objects in 
the environment, allowing them to feel textures and shapes of the virtual 
objects. 

A research effort by Maurizio de Pascale et al. (2008) was presented 
recently, introducing a haptics-enabled version of the Second Life client to 
explore the possibilities that haptic technologies can offer to multiuser online 
virtual worlds for the visually impaired by exploiting the force feedback 
capabilities of haptic devices. 

This thesis presents my research on how haptic and audio interfaces 
support visually impaired people’s interaction with virtual environments 
collaboratively and independently from HCI perspectives. Fig 1.1 shows an 
example of such a setting – a haptic and audio 3D virtual environment tested 
by a visually impaired user using a Phantom Omni, a haptic device supporting 
force feedback. 
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Fig. 1.1 An test setting for a visually impaired person to interact with a 3D haptic and audio virtual 

environment using a Phantom Omni1 
 

This chapter describes the background of  my research; where it all started. 
The work presented later in the thesis will move further into the field of  
human-computer interaction for visually impaired computer users with haptic 
and audio feedback.  
 

1.1 HCI for visually impaired computer users 

Human-computer interaction (HCI) is the study of  interaction between 
people (users) and computers. It combines knowledge from computer science, 
the behavioral sciences, design and several other fields of  study. Interaction 
between users and computers occurs at the user interface (or simply interface), 
which includes both software and hardware; for example, characters or objects 
displayed by software on a personal computer’s monitor, input received from 
users via hardware peripherals such as the keyboard and mouse, and other 
user interaction with large-scale computerized systems such as those of  
aircrafts and power plants. The Association for Computing Machinery defines 
HCI as “a discipline concerned with the design, evaluation and 
implementation of  interactive computing systems for human use and with the 
study of  major phenomena surrounding them.”2  

                                                      

1 http://www.sensable.com/haptic-phantom-omni.htm  

2 ACM SIGCHI Curricula for Human-Computer Interaction 
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On the human side, an important facet of  HCI is user satisfaction. 
Communication theory, graphic and industrial design disciplines, linguistics, 
social sciences, cognitive psychology, and human factors are all relevant. It is 
also a field with a research perspective focusing on information processing, 
psychology, studying humans working with one computer individually or 
collaboratively. 
     The blind and visually impaired are special groups of computer users. They 
usually have more problems with mobility and orientation, both indoors and 
outdoors. With the development of haptic and audio technology, it is possible 
to design useful interfaces for visually impaired users that allow them to move 
and orient themselves virtually through the senses of touch and hearing. This 
could be used, for instance, to form an understanding of spatial information 
before visiting a place, for instance route planning to understand the pathway 
and landmarks in advance. It also provide the possibility for visually impaired 
people to access spatial information in 3D online VR games like Second Life, 
both individually and collaboratively with other computer users. In this thesis, 
I describe a series of research studies on how haptic and audio interfaces 
support the visually impaired in their interaction with virtual environments 
collaboratively and independently, from HCI perspectives. 
      There are three parts to this section. The first is a definition of  the target 
user group, visually impaired computer users. The second is an introduction 
of  haptic and audio technology, used in a 3D virtual computer environment. 
The third is about the interactive design principles in haptic audio 
environment that I employed based on Elizabeth D. Mynatt’s design principles 
on graphical user interfaces for blind users.   

1.1.1 Visually impaired computer users 

Visual impairment (or vision impairment) is vision loss (of  a person) to such a 
degree that it imposes a significant limitation on visual capability, resulting 
from either disease, trauma, or congenital or degenerative conditions that 
cannot be corrected by conventional means, such as refractive correction, 
medication or surgery. This functional loss of  vision is typically defined as: 
best corrected visual acuity of  less than 20/60 (see definition below) or 
significant central field defect; significant peripheral field defect including 
homonymous or heteronymous bilateral visual, field defect or generalized 
contraction or constriction of  field; or reduced peak contrast sensitivity with 
either of  the above conditions (Arditi, A., & Rosenthal, B. 1998).  
In the United States1 , specific terms are used in an educational context to 
describe students with visual impairments. They are defined as follows: 

                                                      

1 http://www.nichcy.org/Pages/Home.aspx  
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• Partially sighted indicates some type of  visual problem, causing the 
person in some cases need special education,  

• Low vision generally refers to a severe visual impairment, not 
necessarily limited to distance vision. Low vision applies to all 
individuals who are unable to read a newspaper at a normal viewing 
distance, even with the aid of  eyeglasses or contact lenses. People 
with low vision use a combination of  vision and other senses to learn, 
although they may require adaptations to lighting or print size, as well 
as Braille,  

• Myopic refers to the inability to see distant objects clearly, commonly 
called near-sighted or short-sighted,  

• Hyperopic - refers to the inability to see close objects clearly, commonly 
called far-sighted or long-sighted,  

• Legally blind indicates that a person has less than 20/200 vision in the 
better eye after best correction (contact lenses or glasses), or a field 
of  vision of  less than 20 degrees in the better eye, and.  

• Totally blind students refer to the inability to see thoroughly.  
 
WHO (the World Health Organization) uses visual acuity (B/N), where B is 
the distance in feet at which the impaired person sees an object as well as a 
person with normal sight at distance N. A person is visually impaired if  he or 
she has a visual acuity of  less than 20/70 but equal to or better than 20/400 in 
the better eye with best possible correction. A person is blind if  he or she has 
a visual acuity of  less than 20/400 in the better eye with best possible 
correction. 

In this thesis the term visually impaired is used generally, including visually 
impaired people, those who were born blind, and those who became blind 
later, who need support due to their significant limitation in visual capability.  

1.1.2 3D haptic and audio virtual environment  

A multimodal virtual environment I refer to is a virtual computer 
environment with visual, haptic and audio feedback. Haptic feedback refers to 
an integration of  kinesthetic sensing (i.e. of  the position and movement of  
joints and limbs) and tactile sensing (i.e. through the skin) (Loomis and 
Lederman 1986). Auditory feedback refers to the use of  non-verbal sound to 
convey information to users in a computer interface. A haptic device that 
provides force feedback can assist users in being aware of  and identifying 
objects in a computer interface. In the study presented here, a Phantom 
desktop and a Phantom Omni were used to generate force feedback with high 
resolution in three dimensions. Both devices are operated with a pen-like 
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stylus attached to a robotic arm that generates force feedback (Resource from 
SenAble Technology Inc.1). 
     Freides addressed in his research that sensory modalities are specialized for 
different tasks, and that this specialization emerges more strongly as the 
complexity of  a task increases (Freides, 1974). Heller and Schiff  had a specific 
research on the relationships among vision, audio and touch, as they claimed 
that vision is generally dominant over both touch and audition (hearing) for 
the perception of  spatial location, and vision is more effective than touch for 
the perception of  shape. Touch is at least as accurate as vision in the 
perception of  texture, and if  people’s vision is blurred they rely more on 
touch for the perception of  form. They argued that the specific characteristics 
of  any particular perceptual task should be considered in relation to the 
specific properties of  the sensory modality/modalities that provide 
information for the performance of  the task (Heller and Schiff, 1991).  
Evidence of  dominance of  audition over vision has been found in the 
perception of  temporal information, such as judgment of  sequence rate and 
perception of  duration (Repp and Penel, 2002). 

1.1.3 Multimodal interfaces for visually impaired users 

Mynatt has summarized five goals for accessing to graphical user interfaces 
for blind users (Mynatt, 1997, p. 13): 

i. Access to functionality. All functions present in the graphical user 
interface should also be made accessible. This means that functions 
presented using not only pull-down menus and buttons, but also 
explicit mouse actions, should be accessible. 

ii. Iconic representation of  interface objects. The same properties 
represented by iconic information such as picture, size and color 
should be accessible. For example, the picture of  a trash can on an 
icon in MacOS symbolizes that the icon is a suitable place to put 
things one wants to get rid of. The shape of  the icon tells the user 
whether the trash can is empty or has things in it. 

iii. Direct manipulation. The properties of  direct manipulation should be 
supported.  

iv. Spatial arrangement. The spatial arrangement of  the graphical objects 
also conveys information that helps the user structure and work with 
many tasks at once, and should therefore be provided. 

                                                      

1 http://www.sensable.com/haptic-phantom-omni.htm  
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v. Constant or persistent presentation. Seeing is not time-dependent in 
the same way hearing is. Visual information exists in physical space 
and can be obtained and reviewed at any time; this is not the case for 
audio information. Some way of  supporting the same temporal 
independence as visual information has should be supported. 

 The senses of  touch and hearing are the most obvious candidates when 
making alternative non-visual presentations for visually impaired computer 
users, giving them access to visual information. Although Mynatt’s focus was 
on sound representations of  graphical user interfaces, it inspired me when I 
designed the 3D multimodal virtual representation of  graphical user interfaces 
for the visually impaired users. 

 Mynatt’s theory on accessing graphical user interfaces for blind users 
could be considered as a theoretical principle guide for me in creating haptic 
audio environment for visually impaired users.   

The design principles that I employed can be summarized as follows 
based on Mynatt’s theory: 

i. Access to functionality. All functions present in the graphical user 
interface should also be made accessible. This means that not only 
functions presented using pull-down menus and buttons, but also 
explicit haptic devices, should be accessible. 

ii. Direct manipulation. The properties of  direct manipulation should be 
supported.  

iii. Spatial arrangement. The spatial arrangement of  the 3D models also 
conveys information that helps the user structure and work with many 
tasks at once, and should therefore be provided. 

iv. Constant or persistent presentation. Touching is not time-dependent 
in the same way that hearing is. Haptic information exists in physical 
space and can be obtained and reviewed at any time; this is not the 
case for audio information. Some way of  supporting the same 
temporal independence as haptic information has should be 
supported. 

I skipped the second item of  Mynatt’s design principle because the iconic 
representation of  interface objects such as picture and color was not the focus 
in my study. I instead considered the shape, size and location of  3D objects in 
a haptic and audio virtual environment. 

 

1.2 Research questions 

The research questions this work seeks to examine are the following: 

i. In single manipulated situations where visually impaired people working 
independently 
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How are haptic and audio modalities useful and how can they be utilized 
to increase the possibility to access spatial information in a 3D multimodal 
virtual environment and to understand its spatial layout? 

Do the haptic and audio modalities in the virtual environment contribute 
to the construction of  an efficient cognitive map of  the unknown space? 

How can haptic and audio modalities affect orientation and mobility in 
both virtual and real space? 

ii. In collaborative situations between visually impaired and sighted people 

How can combining different modalities in 3D virtual environment 
increase the bandwidth of  information exchange? 

How can haptic and audio feedback combined together support 
collaborative object manipulation in a given context? 

Sub-questions: 

How do different modalities affect awareness of  the other’s actions, as 
well as one’s own actions during the work process? 

How do visually impaired people obtain a common understanding of  the 
elements of  the workspace by different modalities?  

How do different modalities affect people’s social presence, i.e. people’s 
ability to perceive the other person’s intentions? 

How are human behavior and efficiency in task performance affected 
when using different modalities for collaboration?  

 

1.3 Research background and approach 

This research is in an area with a strong multidisciplinary foundation in 
computer science, behavioral science, cognitive science and interaction design. 
Some of the core knowledge employed in this thesis is computer science 
(programming for haptic and audio prototypes), a psychological perspective 
on haptic and auditory perception, perspectives on HCI and usability 
evaluation.  
 

 First study 
The research work began when I was involved in an EU-funded project, 
MICOLE (Multimodal collaboration environment for inclusion of visually 
impaired children), which aims to develop an application for collaborative 
learning environment among sighted and visually impaired pupils. Such an 
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application must make it possible to gather information not only by looking at 
things but also by feeling and hearing. The main purpose of my study was to 
explore how haptic and audio functions can increase the awareness and 
common understanding of the workspace and work efficiency in a 
collaborative virtual environment supporting collaborative learning among 
sighted and visually impaired people, and to identify how social presence and 
social collaborative skills can be learned using a multimodal interface.  

An experiment was conducted, based on a previous haptic and audio 
prototype created by Jonas Moll. A between-subjects design was used in this 
experiment, with two conditions: (1) a visual and haptic VR environment, and 
(2) an audio, visual and haptic VR environment. The dependent variable was 
task performance, which was measured by the time spent by group members 
to solve a task during the test.  

The test sessions ended with an open form of interview with each pair. 
Questions were asked in the interview about the subjects’ perception of the 
system, with special focus on awareness, common ground and joint task 
performance in different modalities. An observation analysis of the video 
recordings was also performed in order to get a more detailed understanding 
of how audio cues had affected the interaction. 

 
 Second study 

The second study involved designing a Multimodal Environment for the 
visually impaired. The main goal of this study was to develop a 3D 
multimodal virtual prototype, Labyrinth, and test it with visually impaired 
people independently, the focus of the study was to understand how to 
provide support for them in retrieving spatial structural information by both 
touching and hearing.  

Prototyping was used in this study, investigating the exploration process 
of a 3D multimodal virtual labyrinth by visually impaired subjects; The 
focuses were on usability issue of 3D haptic and audio VE and on how the 
visually impaired users can access spatial information, what are their strategies 
on navigation, spatial orientation and mobility with a haptic, audio feedback.  

 
 Third study 

This project collaborated with Astando, a company that provides GPS 
navigation service to visually impaired people. The objective of this project 
was to design an indoor 3D virtual navigation prototype for Kulturhuset, the 
Swedish cultural center in Stockholm. With the prototype, the visually 
impaired user could investigate Kulturhuset virtually at home before they 
visited it in the real world.  

The cognitive mapping of spaces, and of the possible paths for 
navigating these spaces, is essential for the development of efficient 

 12 



 

orientation and mobility skills. People who are blind lack this crucial 
information and thus face great difficulties in generating efficient mental maps 
of spaces, and thereby also in navigating proficiently within these spaces. 

Prototyping was used in this study. The idea was to “tag” Kulturhuset 
with virtual signs for spatial recognition by visually impaired people through 
the following actions: 

i. Development of a virtual learning environment enabling blind people 
to learn about real-life spaces for navigation (e.g. school, workplace, 
public buildings) through 3D multimodal virtual environments.  

ii. A systematic study of blind people’s acquisition of spatial navigation 
skills.  

iii. A systematic study of cognitive mapping in an unknown space for 
training visually impaired people’s mobility and orientation in the real 
environment. 

1.4 Outline of the Thesis 

This thesis consists of seven chapters. Chapter 1 introduced research 
background, approaches and research questions. The research background in 
the introduction covers a number of studies that are relevant in understanding 
why the research was performed and also I introduce the research method 
that I used in my studies.  

Chapter 2 lists the papers that were written during my research work 
with summaries of aim, method, findings and conclusion. 

In Chapter 3 the theoretical background covers a number of topics that 
are relevant in understanding where my research based on. 

Chapter 4 presents empirical studies on haptic and audio virtual 
environments and a brief introduction about the technical background 
regarding how the multimodal prototypes were developed.  

In Chapter 5, the studies in single interactive situation on visually 
impaired people are introduced and the methodological approach adopted 
during the study are further discussed, especially navigation in multimodal 
virtual environment and issues on cognitive mapping of spatial information, as 
well as mobility, orientation and usability in a haptic simulation envrionment 
of a real world. 

 In Chapter 6, it described a study focused on non-visual collaboration 
in a shared multimodal virtual environment between sighted and blindfolded 
users. One aspect concerned is how different modalities affect one’s 
awareness of the other’s actions, as well as of one’s own actions, during the 
work process. The other aspect investigated is common ground, i.e. how 
visually impaired people obtain a common understanding of the elements of 
the workspace through different modalities. A third aspect I looked at was 
how different modalities affect people’s social presence, i.e. their ability to 

 13



 

 14 

perceive the other person’s intentions and emotions. Finally, I attempted to 
understand how human behavior and efficiency in task performance are 
affected when different modalities are used in collaborative situations. 

In Chapter 7 ， the findings of my research are analyzed and 
summarized. First, I discuss how haptic and audio feedback affects usability 
and the possibility to access spatial information of  a 3D multimodal virtual 
environment manipulated by visually impaired people and how cognitive 
mapping can be achieved in multimodal virtual environments. Thereafter, I 
seek to highlight how awareness and common ground in haptic collaborative 
virtual environments are affected by communication modalities and the 
solution used to overcome the problems. Finally, I summarize the 
contributions of this thesis and offer some reflections on the design of 
multimodal interfaces enhanced by technological artifacts. 
  



 

2 Paper summaries: aim, method, findings and   
conclusions  

This thesis is based on five papers. This chapter first presents a joint summary 
of the five papers and then summaries of each of the papers.  
 

2.1 Paper joint summary 

A. Ying Ying Huang, Jonas Moll, Eva-Lotta Sallnäs and Yngve Sundblad.  
Integrating Audio and Haptic Feedback in a Collaborative Virtual 
Environment, in proceedings of  HCI international conference in Beijing, 
July 22-27 2007. 
 

B. Ying Ying Huang, Jonas Moll, Eva-Lotta Sallnäs and Yngve Sundblad. 
The Impact of  Adding Audio in Haptic Virtual Collaborative Interfaces, 
Submitted to International Journal Of  Human Computer Studies, May 
2010. 
 

C. Jonas Moll, Ying Ying Huang and Eva-Lotta Sallnäs. How audio makes a 
difference in haptic collaborative virtual environments, Journal of  
Interacting with Computers, accepted for publication, April 2010. 
 

D. Ying Ying Huang. Exploration of  interface usability in a haptic 3D virtual 
labyrinth for visually impaired users, in Proceedings of  IADIS Interfaces 
and Human Computer Interaction (IHCI) 2009 conference, Algarve, 
Portugal, June 17-23, 2009. 
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E. Ying Ying Huang. Exploration in 3D Virtual Worlds with Haptic-Audio 
Support for Non-visual Spatial Recognition, Human Computer 
Interaction Symposium, World Computer Congress, Brisbane, accepted 
for publication, September 20-23, 2010.   

 
In the experiment presented in Papers A, B and C, a shared virtual 
environment that provided audio and haptic feedback was used, making it 
possible to feel the shape, weight and softness of objects as well as collisions 
between objects and forces produced by another person. The experiment was 
performed with group work in which sighted and blindfolded people 
manipulated objects together, comparing an audio/haptic/visual interface 
with a haptic/visual interface of the application. The effects of audio feedback 
on people’s task performance, awareness, common ground and perceived 
social presence were investigated in the haptic virtual environment. Adding 
audio feedback in the shared haptic virtual environment makes group work 
between a sighted and a blindfolded person both faster and more precise. The 
results showed slightly higher levels of perceived awareness and grounding 
process in the haptic and audio condition, but no difference was found in the 
perceived social presence between the haptic/visual only condition and the 
condition with audio feedback. Papers A and B focus on quantitative analysis, 
and in Paper C a qualitative analysis is presented. 

In Paper D, a study is presented on navigation in a 3D virtual 
environment by blind and visually impaired people with haptic and audio 
feedback. A simple 3D labyrinth was developed with haptic and audio 
interfaces to allow blind and visually impaired persons to access a 3D VR 
scene through the senses of touch and hearing. The user had to move from 
one side of the labyrinth to the exit. Objects with different shapes can be 
found inside the labyrinth with walls around them. Different navigation tools 
were designed in order to assist in the spatial orientation and mobility with 
haptic and audio cues.  

Cognitive mapping in an unknown space for the visually impaired is a 
hot subject for researchers. Spatial information presented visually is not easily 
accessible to visually impaired users. Paper E presents an study in a virtual 
simulation prototype of a real world environment, with touch (haptic) and 
auditory cues. The effects of audio and haptic feedback in a 3D virtual 
environment were investigated on a way of navigation and cognitive mapping 
of spatial information by visually impaired people. This study presents an 
effort to explore the possibilities that haptic and audio technologies can 
provide for visually impaired users through an easy, interactive experience in 
3D virtual spatial recognition.  

The results presented in Papers D and E, analyzed together in Chapter 
5, suggest that it is possible to use haptic VR technology to create tools for the 
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visually impaired for route planning before going out into the real world.  
They also hint that playing online 3D VR games like Second Life 
independently in a 3D haptic and audio virtual environment is possible for 
visually impaired people. However, more effort is needed in the haptic and 
audio interface design, according to feedback from the users. For instance, the 
echo, which visually impaired people use a great deal in navigation and 
orientation in real life, could be designed in the haptic virtual environment. 
The guidance visually impaired people receive by asking others could be 
designed as a help key in haptic virtual simulation.  

2.2 My contributions to the papers 

I am the main contributor to the work in Papers A, B, D and E and the 
second contributor to Paper C. 

Papers A, B and C report the major results from an experiment that was 
part of the MICOLE project. I initiated and designed the experiment and it 
was implemented and analyzed in collaboration with Jonas Moll, Eva Lotta 
Sallnäs, and Yngve Sundblad. Jonas Moll created the prototype used in the 
experiment. I am the main author of Papers A and B, based on this 
experiment. Paper A is a pilot study for this experiment and reports some 
initial results. Paper B reports mainly the quantitative analysis results of the 
experiment, and I was responsible for the quantitative analysis aspect. I am the 
second author of Paper C, which focuses on the qualitative analysis of the 
experiment. Eva-Lotta Sallnäs and Yngve Sundblad contributed to the analytic 
methodology and review work in these papers. 

After the MICOLE project, I started to create multimodal 3D virtual 
prototypes by myself. I created two different haptic and audio prototypes, 
Labyrinth and Kulturhuset, including game design and programming based on 
H3DAPI, and conducted the studies with visually impaired people based on 
these prototypes. Papers D and E report the results I found during these 
studies. 
 

2.3 Paper A 

Ying Ying Huang, Jonas Moll, Eva-Lotta Sallnäs and Yngve Sundblad.  
Integrating Audio and Haptic Feedback in a Collaborative Virtual 
Environment, in proceedings of  HCI International conference in Beijing, July 
22-27 2007. 
 
Aims and background 
The purpose was to design and evaluate an experiment comparing an 
audio/haptic/visual and a haptic/visual VR environment supporting 
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collaborative work among sighted and blindfolded people. The aim of the 
experimental study was to test the hypothesis that adding an audio function to 
the visual/haptic environment would increase the perceived awareness, social 
presence, perceived task performance and common ground as well as the task 
efficiency in the collaborative work.  
  
Method 
An experiment was performed with group work in a geometry prototype, 
comparing an audio/haptic/visual interface with a haptic/visual interface of 
the application in a laboratory. We used the between subjects design in this 
experiment. Forty participants from the KTH campus were divided into pairs, 
and one was then blindfolded. Each pair carried out two collaborative tasks in 
one out of two conditions: (1) a visual and haptic VR environment; (2) an 
audio, visual and haptic VR environment. The experiment sessions were video 
recorded.  

There was two independent variable and four dependent variables. The 
objective dependent variables were: time to perform the tasks and accuracy.  
Four of the latter were subjective measures: perceived awareness perceived 
common ground, perceived performance and perceived social presence. The 
subjective measures were obtained mainly through questionnaires. Besides the 
quantitative analysis, a qualitative analysis of the post-test interview and the 
video-recorded collaboration can be performed in order to investigate the 
ways in which the different modalities affect the interaction between the 
participants and their interaction with the system.  

The prototype used in this experiment was a geometry application. Figure 
6.1 (Chapter 6) shows the scene and the setting of the experiment. 
 
Expectations based on the results of the study 
This was a pre-study, in which we expected the data to show whether the 
improved multimodal interface, which includes audio cues as well as haptic 
feedback, could improve the groups’ ability to collaborate. One hypothesis is 
that collaboration will take less time when audio cues provide awareness 
information on the changes that the two participants make in the 
environment. The second hypothesis is that the added audio information will 
improve accuracy when participants jointly construct a composed object.  

Here accuracy means the extent to which coordinated actions are either 
productive for the end result or disruptive. More precisely, this can be 
measured by coding each movement of objects by the participants either as a 
successful addition to the composed object that is being built or as an 
unsuccessful move that destroys some part that has already been built. We 
consider both types of moves. 

We also hypothesized that audio cues would increase social presence and 
common ground as well as awareness of the other’s actions, which would 
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result in fewer mistakes mainly in the category of unsuccessful moves. The 
quantitative objective measures (the questionnaires) focus on perceived 
performance, social presence, awareness and common ground. They show 
whether participants perceived that these aspects of the interaction with the 
other person and the system were improved in the sessions in which audio 
cues were provided. Furthermore, the analysis of the data from the post-test 
interviews reveals how participants reflect on their interaction with each other 
in the two versions of the CVE and with the system.   

An in-depth qualitative analysis of the video recordings sheds light on 
whether and how audio cues were utilized by the pairs in order to coordinate 
their work. 

2.4 Paper B  

Ying Ying Huang, Jonas Moll, Eva-Lotta Sallnäs and Yngve Sundblad. The 
Impact of  Adding Audio in Haptic Virtual Collaborative Interfaces, 
Submitted to International Journal Of  Human Computer Studies, May 2010. 
 
Aims and background 
The combined effect of haptic and auditory feedback in shared interfaces, on 
the cooperation between visually impaired and sighted persons, is under-
investigated (Fig 2.2). A central challenge for cooperating group members lies 
in obtaining a common understanding of the elements of the workspace and 
maintaining awareness of the other members’, as well as one’s own, actions 
during the work process. The aim of the experimental study presented here 
was to investigate whether adding audio cues in a haptic and visual interface 
would make collaboration between a sighted and a blindfolded person more 
efficient and whether it would improve perceived awareness, common ground 
and task performance. 
 
Method 
A between subjects design was used in this experiment, with two conditions: 
(1) a visual and haptic VR environment, and (2) an audio, visual and haptic 
VR environment.  

The dependent variable was task performance, which was measured as the 
time taken by group members to solve a task during the test. The test sessions 
ended with an open interview with each pair. Questions were asked about the 
subjects’ perception of the system, with special focus on awareness, common 
ground and joint task performance in different modalities.  

An observation analysis of the video recordings was also performed in 
order to get a more detailed understanding of how audio cues affected the 
interaction. 
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Findings and conclusion 
One of the results showed that task performance, defined as the time taken to 
complete the task, differed significantly (p<0.05) across the two conditions. 
This means that subjects took about ten minutes to perform the task in the 
audio/haptic/visual condition and about 15 minutes in the condition with no 
audio feedback. 

Another result was that the audio cues make a considerable positive 
difference regarding the amount of awareness information accessible to the 
blindfolded and sighted participants in the collaborative work. Another result 
from the observations was that our audio groups could use the audio feedback 
as an aid in establishing common ground. 

The findings in this study showed the importance of the audio feedback 
when it came to supporting collaboration, although the haptic feedback was 
an important prerequisite. This is consistent with results from several studies 
that have shown the importance of the haptic modality in collaborative 
environments. Our study is no exception; the haptic condition made it 
possible for the blindfolded participants to feel objects, thus allowing both 
participants to focus attention on and talk about the same object as if they 
actually perceived that they were working in the same work space. In the 
dialogue examples provided in this section, we see utterances like “Should I 
put it in the corner?” and “It’s the long one”, showing that the participants 
shared a common view about the properties of the objects in the virtual 
environment. The haptic feedback makes this possible.  

When comparing the two experimental conditions, we identified a positive 
qualitative difference caused by the addition of sound cues. In the audio and 
haptic condition, the blindfolded participants solved the tasks and navigated, 
using not only their sense of touch combined with the verbal direction from 
the sighted participant, but also their sense of hearing. The audio modality 
allowed them to orient themselves (with a contact sound), to hear 
approximately what their partner was doing and where he/she was as well as 
to hear what they were doing themselves. The fact that the sighted person did 
use the contact sound and the blindfolded did interpret this sound cue as 
being the sighted person’s position in the virtual environment and could move 
in the right direction implies that this sound might be an example of a feature 
that shortened the time the blindfolded person spent navigating, which in turn 
made task performance faster. 

 In the haptic/visual groups, some blindfolded participants said they had 
no idea whatsoever whether or not they had done something (such as 
dropping an object on another one or dropping an object on the floor). 
Moreover, they did not know what their partner did. Almost all participants in 
the haptic/visual groups believed it would make a positive difference if audio 
were added to the environment. The blindfolded participants in these groups 
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wanted to know that something was going on, and to receive confirmation of 
their actions. 

2.5 Paper C 

Jonas Moll, Ying Ying Huang and Eva-Lotta Sallnäs. How audio makes a 
difference in haptic collaborative virtual environments, Journal of  Interacting 
with Computers. April, 2010. 
 
Aims and background 
 
This paper presents a qualitative analysis based on the experiment in Article B, 
aimed at exploring the effects of audio feedback in a haptic and visual 
interface supporting collaboration among the sighted and people who cannot 
see.  

 
Method 
A between group design was used and participants worked in pairs, each 
containing one sighted and one blindfolded participant. The application used 
was a haptic 3D environment in which participants could build composed 
objects out of building blocks, which could be picked up and moved around 
by means of a touch feedback pointing device. In one version of the 
application sound cues could be used to tell the other person where you were, 
as well as to get feedback on your own and the other person’s actions. 
 
Findings and conclusion 
The study showed that sound cues together with haptic feedback made a 
difference in the interaction between the collaborators regarding their shared 
understanding of the workspace and the work process. Sound cues especially 
played an important role in creating an awareness of ongoing work – the 
participants knew what was going on, and received a response to their own 
actions.  

2.6 Paper D 

Ying Ying Huang. Exploration of  interface usability in a haptic 3D virtual 
labyrinth for visually impaired users, Proceedings of  IADIS Interfaces and 
Human Computer Interaction (IHCI) 2009 conference, Algarve, Portugal, 
June 17-23, 2009. 
 
Aims and background 
Blind and visually impaired people normally have problems with mobility and 
orientation, both indoors and outdoors. They often do not leave their homes 
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alone or visit new places, as it is hard for them to understand the pathways 
and landmarks before leaving the house. The problem of planning routes for 
city journeys affects blind and visually impaired people, forcing them to 
depend on the assistance of sighted people to plan and undertake journeys 
that the sighted people can undertake independently.  

Paper D presents a study investigating the exploration process of a 3D 
virtual Labyrinth (Fig. 4.3, Chapter 4) by blind subjects, especially their ways 
of navigation, spatial orientation and mobility using a haptic, audio interface. 

 
Method 
The study was divided into three parts; one training session for the 
participants, one test session and one interview session. First of all, the 
researchers gave introductory information about the aim of the study, 
followed by instructions on how to use the haptic devices. The participant 
then got the opportunity to work with a demo program for some minutes, in 
which the user could feel different textures and surfaces applied to several 
cubes. They practiced how to feel the shape of an object, how to navigate in 
the three-dimensional environment and how to walk around with the audio 
guide. We made sure, before the real tasks were loaded, that the participants 
felt comfortable of working the haptic environment.  
      After a training session, which lasted for about 15 minutes, subject started 
to navigate in the virtual Labyrinth with given tasks.  They need to find out 
what objects are included in a given place, or reach for an exit of the labyrinth 
starting from an unknown orientation. They were also asked to look for a 
single avatar instead of a group of avatars, and identify the size of object when 
they walk inside of the virtual labyrinth. All users found it easy to detect and 
reach an exit with the audio guide. 
      When the tasks were completed, users were interviewed in a followed 
interview session. The interview was semi structured and lasted for about 20 
minutes. The interview session aimed at investigating the usability aspects with 
haptic and audio interaction. Some of questions were “Can the blind and 
visually impaired people access the 3D haptic and audio environment?”, 
“What strategies and processes people use for exploring an unknown space?”,  
“Can they use haptic or audio aids to perceive shapes of objects and for 
orientations, familiarise with the spatial layout, follow and understand routes, 
locate important and/or specific facilities and learn orientation and mobility?” 
and What were their ways of navigation, spatial orientation and mobility with 
a haptic and audio based VE?”. 
 
Findings and discussion 
The result is an investigation of the usability, and the possibility to access 
spatial information, of  a 3D multimodal virtual environment manipulated by 
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visually impaired people. First of all, there was a great difference in whether 
the participants even understood what a labyrinth was, although this did not 
have any greater effect on their performance. Some of them, who had not 
been born blind and thus knew what a labyrinth looked like, spent less time 
on navigation using the haptic device to navigate. Those who had never seen a 
labyrinth (and thus did not know what it was) spent a great deal of time 
figuring out the spatial layout and how to walk around in it.  

 Regarding navigation, mobility and orientation issues, users could follow 
the wall and make movements with the haptic force feedback to determine 
which direction they should move through the audio feedback. In this way, 
they got closer to their destination. We therefore argue that spatial 
architecture and sensitive texture in such environments will influence the ways 
of navigation, mobility and orientation.  

 Participants were highly interested in the idea of games applications with 
the haptic device, but some of them, who had figured out how to walk 
through the Labyrinth quickly and easily, wanted the games to be more 
complicated like the ones sighted people play on computers.  

 The target audience for such an application could include blind and 
visually impaired people in the workplace or in higher-level education, as well 
as blind users in the community with an interest in online computer games. 
An application of this kind meets the social needs for inclusion; it provides 
increased usability and the possibility to access the spatial information of  a 
3D multimodal virtual environment manipulated for visually impaired people 
for route planning or entertainment purposes, and improves their life quality. 

2.7 Paper E  

Ying Ying Huang. Exploration in 3D Virtual Worlds with Haptic-Audio 
Support for Nonvisual Spatial Recognition, submitted to Human Computer 
Interaction Symposium, World Computer Congress, Brisbane, accepted for 
publication, September 20-23, 2010.  
 
Aims and background 
In Paper E, I reported a study on accessing non-visual spatial information and 
on support for efficient navigation and orientation with haptic and audio cues 
by visually impaired people. A 3D virtual simulation prototype of a real world 
environment was created for this purpose. Different navigation tools were 
designed in the prototype with haptic and audio cues. The main results of the 
study reported are: (a) the development of a virtual 3D environment helping 
visually impaired users to learn about real space where they are required to 
navigate (e.g. in schools, work places, public buildings), (b) whether the spatial 
information for establishing the mental mapping of the space could be 
acquired by using compensatory sensorial channels (e.g., touch and hearing), 

 23



 

as an alternative to the visual channel; (c) how haptic and audio cues can 
enable the efficient navigation, mobility and orientation in such 3D virtual 
environments. Results from qualitative analysis regarding learning process and 
actual performance in the 3D virtual world are presented. 

 
Method 
Five visually impaired participants took part in the study, one female 23 years 
old, males 28, 35, 40 and 52 years old. The participants tried the Kulturhuset 
prototype (Fig. 4.4, Chapter 4) individually. Users were selected by the 
following criteria: computer users in daily life, interest in computer games and, 
interest in technologies that assist in acquiring information through other 
senses, such as touch and audio.  

The study was divided into three parts for each individual; one training 
session, one test session and one interview session. Participants had to identify 
both the specific objects and the structure (spatial layout) of the virtual 
environment under three conditions: audio; haptic; audio/haptic. Participants 
completed two tasks (objects identification) under each condition in a random 
order. We keep the visual channel available for I use. In all conditions there 
are magnetic forces designed for each object in order to attract the user when 
they move closer than 5 meters. 

When participants had identified all of the objects, they were free to 
continue exploring the environment until they were confident of the spatial 
relationships between the objects. 

The test took approximately 1 hour to complete. When the tasks were 
completed, participants were interviewed. They were asked to make an 
inventory of objects in the space, and describe a mental map of the 
architectural layout. 

Participants were asked to rank the conditions in the order of ease to use. 
Questions about navigation, cognitive mapping of an unknown space, spatial 
orientation and mobility were also asked in order to gain more insight about 
how haptic and audio might support these aspects. 

 
Findings and conclusion 
 
The result was that both sets of cues was easiest, then condition with haptic 
and then the condition with audio. This is a similar result to the study by 
Walker et al. (Walker, B. N., Lindsay, J., 2006). The participants’ descriptions 
about the inventory of objects in the space, and a mental representation of the 
space after each condition were written down. They were compared and are 
analyzed. 
       The most important conclusions that can be drawn from the study are 
listed below: 
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• It is possible to access the virtual world of a real world by visually impaired 
users with haptic and audio cues;  
• Both objects and spatial structure recognition will be faster, more accurate, 
and easier when both types of cues are available. 
• Haptic cues alone will aid structure recognition, but audio cues alone will 
not. 
• Once a node has been located, audio cues will provide more efficient means 
(speech or non-speech) of identifying it than haptic cues,. Therefore, 
participants will rate haptic cues as more useful for identifying structure and 
audio cues as more useful for identifying objects. 
• Integration of haptic and audio feedback provides more efficient navigation, 
mobility and orientation that either of them alone. 
• It is better to have larger surfaces in all objects. 
• The design of spatial architecture, fixed reference points like walls, floor, 
fixed objects and sensitive texture with haptic feedback are important to 
support orientation. 
From a design point of view, some of the findings from this study could 
contribute for future design. One of the main problems the participants got 
when using the prototype is that they can’t understand and control the speed 
of walking by using the PHANTOM Omni. This is probably because in their 
use of the haptic device by controlling the direction and walking, no matter 
how proficient they can practice on using it, because of lacking the vision, 
they still can’t understand how far they went. One solution could be using the 
arrow key to control the walk and direction, and in the same time using haptic 
device for touching and feeling.  Based on the interviews, we understood that 
visually impaired people use the echos of their steps for navigation and 
orientation in real life. Echos should be designed in the haptic virtual 
environment as well as they suggested. The guidance they get by asking could 
be designed as a help key in haptic virtual simulation.



 

3 Research perspectives  

This chapter introduces theoretical backgrounds covering a number of topics 
which serve as understanding the research background.  

In VR environments, multisensory experiences are created through 
artificial means. The effectiveness of virtual environments has often been 
linked to the richness of sensory information and the realness of the 
experience (Basdogan et al. 2000; Held and Durlach 1992; Ellis 1992; Barfield 
and Furness 1995). The extent to which users are aware of things that happen 
in virtual environments could also be used to determine the effectiveness of 
the sensory information. 

The thesis has been informed by theories from different disciplines. 
These perspectives all claim that supporting more human modalities makes 
the interaction more efficient or richer in different ways. The aim of this 
thesis has been to consistently apply the theories in the studies and to 
compare the results in order to add knowledge that might further develop the 
theories. 

I will provide an overview of previous and current research on designing 
multimodal 3D virtual environments for visually impaired computer users, 
highlight different strands and approaches, relate them to my own research 
work, and compare the results in order to add knowledge that might further 
develop the theories. The objective is to outline the various perspectives 
involved in the understanding of design work for multimodal interaction for 
visually impaired computer users, aspects that will be used as a starting point 
in the analysis that unfolds in this thesis. 
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3.1 Cognitive mapping in unknown space  

Mental mapping of spaces and of the possible paths for navigating these 
spaces is essential for the development of efficient orientation and mobility 
skills which were elaborated by Lahav in his research (Lahav and Mioduser, 
2008). Most of the information required for this mental mapping is gathered 
through the visual channel. People who are blind lack this information, and 
are consequently required to use compensatory sensorial channels and 
alternative exploration methods.  

Passini and Proulx in their research on navigation by visually impaired 
people claim that research on navigation in known and unknown spaces for 
the blind indicates that support for the acquisition of spatial cognitive 
mapping and orientation skills should be supplied at two main levels: 
perceptual and conceptual (Passini and Proulx, 1988; Ungar et al., 1996).  

At the perceptual level, as Lahav (2008) states that visual information 
shortage is compensated for by other senses, e.g. tactile or auditory 
information at the perceptual level, and that tactile and haptic information 
appear to be a main resource for supporting appropriate spatial performance 
for people who are blind.  

At the conceptual level, the focus is on supporting the development of 
appropriate strategies for an efficient cognitive mapping of the space and the 
generation of navigation paths. For example, Jacobson (1993) described the 
indoor environment familiarization process by people who are blind as one 
that starts with the use of a perimeter-recognition tactic, walking along the 
room’s walls and exploring objects attached to them, followed by a grid-
scanning tactic aiming to explore the room’s interior. Research indicates that 
people use two main spatial strategies: route and map. Route strategy is based 
on the linear recognition of spatial features, while map strategy is holistic and 
encompasses multiple perspectives of the target space (Fletcher, 1980; Kitchin 
and Jacobson, 1997). Fletcher (1980) showed that the blind use mainly route 
strategy to recognize and navigate new spaces. 

Mioduser and Lahav (2004) argued that cognitive mapping in unknown 
spaces, and of the possible paths for navigating these spaces, are essential for 
the development of efficient orientation and mobility skills. After an 
experiment in a multisensory virtual learning environment with visually 
impaired people, they drew the following conclusions:  

Firstly, walking in the virtual learning environment contributes to the 
construction of an efficient cognitive map of the unknown space. 

Secondly, the construction of Cognitive Maps as a Result of Learning 
with the multisensory-virtual-learning-environment (MVLE) contributes to 
the blind person’s orientation and mobility performance in the real space. 

Research on the implementation of haptic technologies within virtual 
environments has discussed its potential for supporting the development of 
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cognitive models of navigation and spatial knowledge for sighted people in 
different level (Witmer et al., 1996; Giess et al., 1998; Gorman et al., 1998; 
Darken and Peterson, 2002) as well as the blind (Colwell et al., 1998; Jansson 
et al., 1998).  

3.2 Awareness in collaborative environments  

Awareness is generally used in terms of individuals’ perception of others’ 
activities and the status of others’ work processes as Dourish and Bellotti 
pointed out in their article (1992). A key factor to consider in collaborative 
virtual environments is the way a continuous awareness of others’ activities 
allows people to manage their own activity in social situations in a flexible way 
and to predict actions of others. Kraut stated that when people who cooperate 
do not have the opportunity to obtain sufficient awareness information, they 
do not reach the same quality in joint projects (Kraut et al. 1993).  

Carroll distinguishes among three kinds of awareness in virtual settings, 
relating it to the haptic collaborative 3D Environments for visually impaired 
people and emphasizing that each type can be supported by certain tools 
(Carroll et al. 2003).  

Firstly, social awareness refers to the user’s consciousness of the presence 
of others. Kimmerle (2007) states that social awareness can be fostered by 
tools that visualize the presence of others in any way, for example using 
photographs of the team members. Tools fostering action awareness provide 
information about the actions currently being carried out by the group and its 
members, for example by showing which shared resources (e.g. a document) 
other team members are interacting with.  

Secondly, action awareness is primarily important in the context of 
synchronous collaboration.  

Finally, activity awareness focuses on the task that is to be performed by the 
group. Here, the actions of the participants involved are related to the mutual 
task, but activity awareness is primarily important in the context of 
asynchronous collaboration.  

I claim that the concept of action awareness is also relevant in a co-
located situation, especially when one of the parties cannot see. When users 
are working on a joint task in a shared virtual environment, for example 
putting together a model of a machine in a shared interface, they need to 
communicate verbally and see each other and the environment with the 
model. I investigate how haptic and auditory feedback can contribute to 
conveying the user’s own intentions, understanding others’ intentions, and 
coordinating joint actions. In a co-located situation, which was investigated in 
our study, action awareness of the things that group participants do in the 
physical as well as the virtual environment has to be accessed to by all 
participants in order for them to be able to perform the task. 
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In the collaborative situations of our study between sighted and blind-
folded people, sighted people rely mostly on visual information whereas 
visually impaired people mainly attain awareness by touching and hearing. It is 
necessary to transform visual information, at least to some extent, into non-
visual representations in order to make it possible to let  the blind-folded 
people access the virtual information . In our study, attaining action awareness 
depends on multimodal technical support. Haptic and auditory feedback 
systems give sensory information that can potentially provide crucial cues for 
visually impaired users that make mutual awareness during collaborative work 
possible.  

3.3 Shared understanding of workspace 

A shared understanding of the workspace is an important factor in analyzing 
the collaboration between the sighted and the visually impaired in multimodal 
virtual environments. Here, I employ the theoretical knowledge of common 
ground and activity awareness that are normally used in the research area of 
Computer Supported Cooperative Work (CSCW).  
       As Neale stated in his article that Common ground is a general theory of 
language use. In all collaborative activities, people must update their common 
ground on a continuous basis, and do so through a grounding process (Neale 
et al. 2004). It can be assumed that this theory could be used in co-located 
collaboration between sighted and visually impaired people as well. 

Clark and Brennan (1991) define common ground as a state of mutual 
understanding among conversational participants about the topic at hand. 
People must have this shared awareness in order to carry out any form of 
joint activity.  

To communicate, collaborate and coordinate, people must share a vast 
amount of information and mutual knowledge. I assert that group members 
can achieve common ground through a variety of approaches, not only 
conversation but also through different sensory information like touch and 
interaction sounds. 

Neale et al. (2004) suggest the term “activity awareness”, incorporating 
the term activity from the very broad and multi-layered concept activity 
theory. In order to more fully understand the role activity awareness plays in 
collaboration, they developed a model for evaluating activity awareness (Fig 
3.1) that presents the most important variables that need to be considered 
when evaluating activity awareness. It focuses on the central relationships 
underlying the processes of distributed collaboration. 
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Fig.3.1. Model for evaluating activity awareness with the factors needed for understanding the 

relationships between variables that are important for collaboration, by Neale et al. (2004). 
 

      Fig. 3.1 shows the major variables considered in the awareness evaluation 
model. Contextual factors underlie all collaborative activities and shape how 
the work is structured. If the proper levels of communication and 
coordination are supported, groups achieve common ground and acquire 
activity awareness, critical for effective group functioning. However, increases 
in these same factors carry a demand for greater common ground and 
awareness. 

This model focuses on the central relationships underlying the processes 
of distributed group work. Communication, coordination and work coupling 
form the basis for explaining how successful a group’s performance will be. 
These factors are also heavily constrained by contextual factors, common 
ground and awareness. Each component in the framework has a number of 
properties that must be considered. 

 It can be assumed that this model can be applied to understand the 
common ground in a co-located group work situation between sighted and 
visually impaired computer users. Neale’s model illustrates the important 
factors needed for understanding the relationships between variables that are 
important for collaboration. The key precondition that the model points out is 
that if the proper levels of communication and coordination are supported, 
groups can achieve common ground and acquire activity awareness efficiently.  



 

    In my study, central questions are how multiple sensory cues with haptic 
and auditory grounding tools can improve mutual understanding in order to 
enrich communication and enhance coordination, and how they potentially 
make collaboration more efficient in a situation in which one of the 
participants cannot see the workspace. To my knowledge, the impact of audio 
feedback on efficiency and satisfaction in haptic collaborative interfaces has 
not been investigated in detail.  

3.4 Understanding the nature of interactions of visually 

impaired computer users 

Although the focus on technology is still quite predominant, human-centered 
approaches to analyzing how visually impaired people interact with haptic and 
audio virtual environments are developed in some research.  

Understanding the nature of the interactions described in the following 
chapters is key in my human-centered approach to analyzing how visually 
impaired people interact with haptic and audio virtual environments. This is 
inspired by the perspectives in this chapter. What makes these studies valuable 
to my work is the support they provide in highlighting a set of initial, relevant 
issues involved in the understanding of the nature of the interaction practices 
of visually impaired users.  

The main participants’ activities, which I will focus on in the following 
chapters, take place in two situations. The first is navigation in single 
interaction, where I observe usability and the possibility to access spatial 
information in a 3D multimodal virtual environment, cognitive mapping in 
unknown space and the users’ mobility and orientation. The second situation 
is collaboration between blindfolded1 and sighted people. More specifically, 
the research presented in this thesis draws on two tenets. Firstly, considering 
“usability” as an aspect of navigation when visually impaired users interact 
with a 3D multimodal virtual environment; and secondly, understanding 
collaborative interaction between blindfolded and sighted people based on 
activity awareness theory in co-located situations.  

The first approach constitutes an essential underpinning for this thesis, 
which, in this regard, explores how navigation can be considered as a 
framework for understanding visually impaired users’ practices in 3D 
multimodal virtual environments. More specifically, I refer to Casey’s (1993; 
                                                      
1 The reason why visually impaired people were not recruited for this collaborative experiment, even 
though it would have been better than blindfolding sighted people, was that more participants were needed 
than could be recruited among the visually impaired. We argue that, in basic research regarding the effects 
of auditory information on the time to perform two joint tasks, it can reasonably be assumed that the 
effects are the same on blindfolded sighted people as on the visually impaired. The general level may be 
different, but if a parameter has an effect on non-handicapped people, it can be expected to also have an 
effect on visually impaired people. 
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1996) “notion of place” where she addressed a way of analyzing place as an 
event and as a product of human experience alongside four specific 
dimensions – physical, psychological, social and historical – which inspire me 
a methodological and analytical framework for investigating the complexity of 
visually impaired people’s practices in multimodal virtual environments. For 
instance, regarding the single interactive situation, I feel that the “notion of 
place as event” can help in understanding how virtual software environments 
may constrain, determine and shape the way navigations are performed based 
on experience, feelings and values.  
 

 
 

  
 



 

4 Haptic & Audio Technology and Prototypes 

In this chapter, I provide an overview of the development in haptic and audio 
technology, highlight different stages of haptic and audio development and 
explain how I developed two haptic and audio prototypes, Labyrinth and 
Kulturhuset, from a technology aspect.  

As mentioned in the first chapter, haptic feedback refers to an integration 
of  both kinesthetic sensing (i.e. of  the position and movement of  joints and 
limbs) and tactile sensing (i.e. through the skin) (Loomis and Lederman 1986). 
Auditory feedback refers to the use of  non-verbal sound to convey 
information to users in a computer interface. A haptic device that provides 
force feedback can assist users in being aware of  and identifying objects in a 
computer interface. In the study presented here, a Phantom Desktop and a 
Phantom Omni were used for generating force feedback with high resolution 
in three dimensions. Both devices are operated with a pen-like stylus attached 
to a robotic arm that generates force feedback.  

4.1 The development of haptic technology 

The word haptic can be found in old descriptions of  touchable art and of  
certain types of  plants that react to touch. The word is derived from the 
Greek απτó (hapto), which means “tangible”. Simply put, the word refers to 
touch, and today is generally used to describe the concept in a scientific 
context. 

While often discussed in a manner simplified by the context, haptics is a 
concept with many aspects. As a sense, it is multi-faceted with different 
collaborating neural systems and psychological components, and as a research 
area it has many aspects that should be considered.  
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In computer science, haptics is used as a type of  computer interface in 
which touch is made a part of  the information flow between the user and the 
computer. The human sense of  touch is based on the process of  palpating 
objects. It is the dynamic change of  stimuli over time as the finger, for 
example, is moved over a surface that is interpreted as a structure, texture or 
shape. Thus, the haptic display unit (HDU) is suitable for use as an interaction 
device, which in the human-computer interface becomes a user input device 
with haptic feedback. The haptic feedback in this type of  interaction is 
anything from a force response from touching a virtual object to a vibration 
giving a warning or confirmatory cues. Two types of  HDUs are used in 
research: tactile displays and kinesthetic displays. 

Tactile displays include both devices that are capable of  generating some 
sense of  touch and those that simply produce vibrations, called vibrotactile 
units. Examples of  tactile units that simulate touch are devices that use 
pneumatic actuators or servos to manipulate a surface touching the skin, and 
devices that apply an electrical current to stimulate the cutaneous receptors. 
Tactile devices are still uncommon, mostly because of  the difficulties involved 
in building small and effective actuators. 

Today, the most common haptic devices for computer interaction are the 
kinesthetic devices. These work by communicating forces and positions 
between the user and the computer, and their structural design is often not 
unlike the form of  an industrial robot. The user interacts with the robot 
through an end effector, which can be a pen or a ball held by the user. See 
Figure 4.1 for examples. Most common is that the device reads the position, 
specified by the user through the end effector, and that the output is the force 
actuated on that same end effector through a set of  fast motors in the robot 
arm. This is called an impedance control, signifying that the user may directly 
affect the haptic instrument, but that this produces an impeding response in 
the form of  a feedback force. This kind of  feedback is commonly referred to 
as force feedback. The alternative type of  kinesthetic device measures a force 
applied by the user to the end effector. It has absolute control over the 
position of  the end effector and moves it to respond to the applied force. 
This is called admittance control, signifying that the haptic instrument admits 
only certain actions by the user, for example moving the instrument in free 
space or over a surface, but not through a surface. Devices following this 
control are generally large in order to be able to enforce the absolute 
positioning, and are also strong and produce superior feedback stability. 
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Fig. 4.1. The commercially available kinesthetic device PHANToM Desktop (left) and the Phantom 

Omni device (right) from SensAble Technologies, Inc. 
 
The design of  haptic devices varies. In most cases they are constructed 

with a stylus or a ball that the user holds in his/her hands. A single point, the 
haptic probe, is located at the tip of  the stylus or at the centre of  the ball and 
serves as the interface to the haptic device. 

A desktop haptic device can simply be positioned next to the keyboard 
and mouse and be used as an additional advanced interaction device. This 
usage is common in the test phase of  application development when the 
programmer needs to test, restart and recompile the application frequently. 

The haptic devices used in this work are the PHANTOM Desktop and 
the PHANTOM Omni. 

4.2 Research review on haptic and audio application 

For a long time, the information-technology devices that provided the blind 
with information before their arrival to an environment were mainly verbal 
descriptions (VDs), tactile maps and physical models. Ungar et al. in his 
research (1996) reported about differences in the exploration performance of 
blind people using these technologies. Over the past 30 years, people who are 
blind have used computers supported by assistive technology (haptic or audio 
outputs). Today, advanced computer technology offers new possibilities for 
supporting rehabilitation and learning environments for people with 
disabilities. 

4.2.1 Haptic applications 

Haptic technologies have come to be widely available and inexpensive, and 
the advantage of being able to use the touch modality is being recognized 
gradually. Research concerning haptic perception and rendering techniques 
has increased rapidly during the past few years, and results have shown the 
significant role haptic feedback can play in graphical single user interfaces 
(Gupta et al. 1997; Hasser et al. 1998; Hurmuzlu et al. 1998). Users with 
severe visual impairment have to work without the visual modality, which 
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restrains their ability to utilize graphical user interfaces (GUI). Specifically, it is 
harder to use one’s sense of touch than one’s visual sense to get an overview 
of an environment and to localize and explore objects and their interesting 
parts  (Jansson 2007). Designers are beginning to realize the advantages of 
haptic displays in helping blind individuals overcome the challenges of 
accessing and exploring the Web. A number of research on touch modality 
has also been shown to allow the visually impaired to explore and navigate in 
virtual environments. The interaction is enriched through the use of the sense 
of touch, since visually impaired users can identify objects and perceive their 
shape and texture. In a recent EU project, Pure Form, the aim was to develop 
a haptic display for the exploration of virtual copies of statues at museums to 
make them accessible to visually impaired people (Bergamasco et al. 2001; 
Bergamasco and Prisco 1998; Frisoli et al. 2002).   

In a number of studies on haptic collaborative situation, it has been 
shown that haptic feedback improves task performance and increases 
perceived presence and the subjective sense of togetherness in different 
application areas in shared virtual environments (Ho et al. 1998; Basdogan et 
al. 1998; Durlach and Slater 2000; Sallnäs et al. 2000; Basdogan et al. 2000; 
Oakley et al., 2001).  

One related study was focused on interactions between visually 
impaired pupils and their teachers (Plimmer et al. 2008). This study 
investigated the effects of practicing handwriting using haptic and audio 
output to show a teacher’s pen input to the pupil. 

Haptic interface technology enables individuals who are blind to expand 
their knowledge using an artificially created reality built on haptic and audio 
feedback. Research on the implementation of haptic technologies within 
Virtual Environments has noted the potential for supporting the development 
of cognitive models of navigation and spatial knowledge with the sighted 
people (Witmer et al., 1996; Giess et al., 1998; Gorman et al., 1998; Darken 
and Peterson, 2002) and the blind (Colwell et al., 1998; Jansson et al., 1998).  

The use of the Internet and access to information through the Web has 
been researched gradually. Creating easier access to this information channel 
for blind subjects has been the subject of several studies. Hardwick et al. 
(1998) proposed using haptic devices to perceive the 3D images of Internet 
pages, represented in the VRML way. Ad-hoc haptic interfaces have also been 
created to improve access for the visually impaired to 3D computer graphics, 
exploiting the sense of touch. In research by Avizzano et al., (2003) and 
Iglesias et al. (2004), they presented the GRAB system, a new haptic device 
provided with a set of utilities and applications that allow blind people to 
explore a 3D world through touch and audio.  

Studies on walking in digital environments were done by Razzaque et al. 
(2001), where the virtual scene interactively rotates around the user so that the 
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user is made to continuously walk toward the farthest “wall” of the tracker. 
Usoh (1999) studied the sense of presence of subjects immersed in a virtual 
environment during real walking, virtual walking (walking in place) and a 
virtual flight. Lahav and Mioduser (2008) created a multi-sensory virtual 
environment enabling blind people to learn how to explore real-life spaces (e.g. 
public buildings, schools or workplaces). The user interface of their proposed 
virtual environment consists of a real rooms and object simulation where 
users can navigate using a force feedback joystick.  

An application had been designed by Maurizio de Pascale (2008) to 
explore the possibilities haptic technologies can offer to multiuser online 
virtual worlds, to provide users with an easier, more interactive and immersive 
experience,, they developed a haptic-enabled version of the Second Life Client. 
Two haptic-based input modes have been added to help visually impaired 
people navigate and explore the simulated 3D environment by exploiting the 
force feedback capabilities of these devices. 

4.2.2 Audio applications 

Audio assistive technology includes text-to-speech software and print-to-
speech reading machines. Wilko Heuten et al. (2006) representing a group of 
researchers who has done studies on the impact of 3D sound on blind people 
shows that 3D sound is suitable for conveying spatial information to blind 
and visually impaired people. 3D sound combines a concurrent auditory 
presentation of information objects with their spatial layout. Wilko Heuten et 
al., (2006) presented an approach to using interactive 3D sonification for the 
exploration of city maps, with auditory support for attaining a cognitive 
understanding of the route and its acoustic and physical landmarks. Mirko 
Horstman at el. (2006) had research on virtual maps where a user can build a 
mental model of the city using sound areas. From each navigation point the 
user will get an acoustic impression of objects close by and further away as 
well as their direction locations on the map through a 3D sound experience of 
the current virtual map environment.  
      Another research on the use of 3D sound to help navigation in immersive 
virtual environments has been investigated by Lokki and Grohn (2005), and 
the results show that sound cues can be used for navigation in 3D 
environments. A recent article by Walker and Lindsay (2006) examines non-
speech beacon sounds for navigation and path finding. Their conclusion 
shows that that a non-speech auditory interface can be used for successful 
navigation.  

Audio displays are also receiving increased attention for their ability to 
support navigation and collaboration in virtual environments.  

A number of researchers have investigated approaches with varying 
degrees of success, illustrating how functionality in 3D virtual environments 
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can be made accessible to the sighted and the visually impaired through 
auditory feedback. Winberg and Hellström (2001) developed an interface 
based solely on auditory feedback, creating a sound model that made it 
possible for blind users to play the game “Towers of Hanoi”. The game was 
set with either three or four disks, each with its own unique sound that 
differed in pitch and timbre. The height on the peg of a particular disk was 
represented by the length of the sound. Stereo panning was used to convey 
information about which peg a particular disk was on. In that study, the 
results showed the potential of the audio modality to convey information to 
visually impaired users, who could play the game together with a sighted 
person in a way that included both players in the process of solving the 
problem.  

In an experiment conducted by Poll and Eggen (1996), a blind subject 
used an absolute mouse to scan for graphical user interface (GUI) objects 
represented by speech and non-speech sounds within a rectangular area 
bounded by standing edges. Kennel (1996) suggested that blind users, within a 
relatively short time, could read simple diagrams with the aid of a touch panel 
and an associated auditory display. The diagram was displayed on a sheet of 
paper covering a tablet. When touched, certain parts of it generated relevant 
audio messages. The whole diagram could thus be explored using this audio-
tactile strategy.   

Visually impaired people get information mostly by hearing and touching, 
and rely on non-visual media for navigation and collaboration in interfaces.  

An approach of transforming visual information into non-visual media 
has been used for mapping GUI objects in a study by Crommentuijn (2006). 
Five different ways of representing a set of objects for visually impaired users 
in a GUI were implemented in an auditory and haptic interface, and visually 
impaired users’ interaction with this interface was investigated. It was shown 
that the design in which the user could “hold a virtual microphone” and move 
it around until objects were found was the most efficient.  

From the results of these studies it can be inferred that information such 
as the location of objects and the location and action of the partner in a 
collaborative visual or haptic context could also be represented and conveyed 
by auditory cues.  

Less attention has been paid to the impact of auditory feedback in 
combination with haptic feedback in a collaborative setting. 

4.3 H3DAPI and two prototypes  

I have created two different haptic and audio prototypes based on H3DAPI 
concerning understanding the effect of haptic-audio modalities on navigation 
and interface design. One prototype is a haptic and audio game, a labyrinth. 
The other is a virtual simulation environment based on the real world of 
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Kulturhuset in Stockholm. In what follows I will introduce how I created the 
prototypes from technical perspective. 

4.3.1 H3DAPI 

H3DAPI is an open-source, cross-platform, scene-graph API. H3D is written 
entirely in C++ and uses OpenGL for graphics rendering and HAPI for 
haptics rendering. HAPI is an open-source haptic API developed by the team 
behind H3DAPI1.  

There are many scene-graph APIs available today, and a great deal are 
open-source. 

Below are some of the features that make H3D a unique and powerful 
development tool for building 3D applications. 
 
H3D is built using many industry standards, including:  

 X3D - http://www.web3d.org - the Extensible 3D file format that is 
the successor to the now outdated VRML standard. X3D, however, is 
more than just a file format - it is an ISO open standard scene-graph 
design that is easily extended to offer new functionality in a modular 
way. 

 XML - http://www.w3.org/XML - Extensible Markup Language, 
XML is the standard markup language used in a wide variety of 
applications. The X3D file format is based on XML and H3D comes 
with a full XML parser for loading scene-graph definitions. 

 OpenGL - http://www.opengl.org - Open Graphics Library, the 
cross-language, cross-platform standard for 3D graphics. Today, all 
commercial graphics processors support OpenGL accelerated 
rendering and OpenGL rendering is available on nearly every known 
operating system. 

 
Cross platform 
H3D is a cross-platform API. The currently supported operating systems are 
Windows XP, Linux and Mac OS X, though the open-source nature of H3D 
means that it can be easily ported to other operating systems. What I used was 
Windows XP. 

 
Rapid development 
H3D supports a special rapid development process. By combining X3D, C++ 
and the scripting language Python, H3D offers you three ways to program 

                                                      

1 www.h3dapi.org  
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applications. Using the unique blend of X3D, C++ and Python can cut 
development time by more than half, compared to using only C++. 

 
Haptics 
Reproducing the sense of touch in a computer simulation is still a relatively 
new technology, and there are few scene-graph based APIs that offer touch 
rendering. With the haptic extensions to X3D, H3DAPI is the ideal tool to 
begin writing hapto-visual applications that combine the senses of touch and 
vision. H3D leverages the defector industry-standard haptic library 
OpenHaptics - developed and maintained by SensAble Technologies, Inc. The 
use of HAPI also offers haptics rendering support for several other devices 
that do not depend on OpenHaptics. This version of H3D supports the 
following devices: 

 Phantom Devices - All devices by Sensable Technologies, Inc. 
Visit http://sensable.com/ for more information. Devices by this 
manufacturer are the only ones that will have haptic surface 
rendering when using OpenHaptics for haptic rendering. 

 Force Dimension devices, for more information visit 
http://www.forcedimension.com  

 Novint Falcon - Low cost device targeted at the gaming 
community. More information at 
http://www.novint.com/novintfalcon.htm. 

4.3.2 Two prototypes 

During my thesis work, I developed two haptic and audio prototypes using 
H3DAPI, investigating access to 3D spatial information by visually impaired 
people individually, focused on the effect of haptic-audio modalities on 
navigation and interface design. One prototype is a haptic and audio game, 
Labyrinth; and a virtual simulation environment of the real world of 
Kulturhuset. Labyrinth is a simple, trial version of 3D multimodal interface. 
The study based on it focused on usability and the possibility to access the 
spatial information of  a 3D multimodal virtual environment manipulated by 
visually impaired people individually, i.e. whether it is possible for them to 
access the spatial layout through haptic audio virtual environment, and how it 
is useful in the multimodal environment to help the visually impaired 
understand the spatial layout. The second prototype, Kulturhuset, is an 
advanced version of a 3D multimodal interface, based on a real world 
environment. The study based on it focused on understanding visually 
impaired users’ cognitive mapping of an unknown space, concerning 
navigation, mobility and orientation.  
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4.3.2.1 Prototype 1: Labyrinth  

 
The Labyrinth prototype is a 3D haptic, auditory and visual virtual 
environment (Fig. 4.2). The scene is a labyrinth with walls and a floor that 
have different and discriminable textures, which can be felt using a haptic 
device. The environment contains a number of blocks and balls, whose shapes 
and surface frictions can also be felt. This 3D labyrinth prototype is a 
structured description of 3D VR scene based on the X3D, an XML-based 
format and H3DAPI. A Phantom Omni (on the right in Fig. 3.3) was used as 
the haptic device to control walking in the 3D labyrinth. Appropriate force 
feedback is rendered when a collision with obstacles occurs, such as bumping 
into a wall, another avatar (representing a user in the virtual simulation world) 
or an object. The haptic device is used to allow an exploration of the 
environment; the sky is not considered for collision. With this application, the 
user will be able to interact haptically with the different elements of a 3D VR 
scene, such as blocks, balls, roads, points of interest, walls, etc. The user feels 
and recognizes different geometrical shapes by means of force feedback, and 
can move around, touching and hearing, in order to find an interesting point, 
get information about his/her position, and take inventory of the space. 

 

 
Fig. 4.2. The Labyrinth, a 3D haptic audio virtual environment. 

 
A type of auditory feedback was implemented in the application. Two of 

the auditory cues are different pieces of music playing at the entrance and exit 
respectively. The volume of the sound changes according to the distance to an 
object and can be heard every time the avatar is close to a specific area, such 
as the exit. This audio information is non-speech information. With the 
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volume characteristics of the audio, users can link their progress with the 
sound of their direction and distance to a specific area or object. 
 

 
Fig. 4.3. A visually impaired user trying the Labyrinth in a single interactive test setting. 

 
Example of X3D code 

<Scene> 
  <Background groundAngle="1.53 1.57" groundColor="0.3 0.45 0.2, 

0.25 0.4 0.15, 0.2 0.35 0.1" skyAngle="1.4 1.5" skyColor="0.2 0.2 1, 0.5 0.5 1, 
0.9 0.9 1"/> 

 <IMPORT inlineDEF='H3D_EXPORTS' exportedDEF='HDEV' 
AS='HDEV' /> 

 <NavigationInfo type='WALK' speed='0.1' avatarSize='0.01 0.1 1'/> 
  <Viewpoint DEF="VP" position="0 -0.025 0.1" /> 
   
  <Sound location='0 0 0 ' maxFront="0.9" maxBack="0.9"  

minFront="0.0001" intensity="1" DEF="SOUND"> 
    <AudioClip DEF="AUDIO" url="ding.wav" loop="TRUE"/> 
  </Sound> 
   
  <Sound location='-1.75 0 -2.25 ' maxFront="0.9" maxBack="0.9"  

minFront="0.0001" intensity="1" DEF="SOUND"> 
    <AudioClip DEF="AUDIO" url="crowd.wav" loop="TRUE"/> 
  </Sound> 
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  <!-- Position a light overhead, slightly off-centered --> 
  <DirectionalLight direction="0.1 -1 0.1" /> 
  <!--DirectionalLight direction="0.1 1 0.1" /--> 
       <Transform DEF="MAP"> 
     <Transform DEF="labyrinth" translation="0 0 0" scale=" 

0.25 0.25 0.25"> 
 

4.3.2.2 Prototype 2: Kulturhuset 

 
The Kulturhuset prototype is a 3D haptic, auditory and visual virtual 
environment (Fig. 4.4). The scene is a part of Kulturhuset (Culture center of 
Stockholm), and the environment contains two floors and several 
representative objects, such as an entrance with an auto-sliding door, 
escalators to the second floor (Fig. 4.5), an information service desk, the 
Stadsteatern (municipal theater) service desk, and a sofa. Objects have 
different and discriminable textures that can be felt using a haptic device, the 
Phantom Omni. The haptic prototype was built on H3DAPI. The models 
were built on X3D, an XML-based format for the description of 3D models. 
A Phantom Omni was used as the haptic device for controlling walking in the 
virtual simulation environment. Appropriate force feedback is rendered when 
a collision with obstacles occurs (such as bumping into a wall or an object). 
The ceiling is not considered for collision. Passive aids, including a verbal 
description of some of elements, are employed. 

 
Fig. 4.4. Prototype of virtual simulation of Kulturhuset 
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Fig. 4.5. Escalator in Kulturhuset 

 
In this virtual simulation, users are able to interact haptically with the 

different elements of the 3D virtual scene (Fig. 4.4 and Fig. 4.5), and can 
navigate and feel different geometrical shapes by means of the haptic force 
feedback. Auditory guidance is provided through either verbal description of 
different objects or action sounds, such as the sounds of a sliding door or of 
an escalator. The user can move around, touching and hearing, in order to 
find an interesting point, get information about his/her position and take 
inventory of the spatial structures, as input for constructing a cognitive map 
of the space. When a user approaches the escalator with the haptic device, a 
magnetic force hooks the avatar. The magnetic force remains until the avatar 
reaches the second floor, and then it disappears. 

A type of auditory feedback was implemented, causing the volume of the 
sound to change according to a user’s distance from an object. It can be heard 
every time the avatar is close to a specific object; for example, if a user walks 
close to the escalator he/she can hear its sound like in the real world. The 
audio information is non-speech information (sounds to indicate a specific 
direction) with changing volume according to distance. Users can link their 
progress to the sound, which indicates their direction and distance when they 
are close to a specific area or object. Another type of auditory feedback is 
employed as passive aids, including a verbal description of specific elements 
like the information service desk and the Stadsteatern service desk. 
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Fig. 4.6. A blind user interacting with the haptic virtual environment Kulturhuset. 
  



 

5 Navigation as a framework for understanding
 visually impaired people’s practices in 3D  

multimodal virtual environments  

In the previous chapter, I discussed the development of haptic and audio 
technology, highlighted the different stages of haptic and audio development 
in my research，  and described how I developed two haptic and audio 
prototypes, Labyrinth and Kulturhuset. This gave an overview of the study 
from a technology perspective.  

In this chapter, I will address my research on visually impaired people 
regarding their access to 3D spatial information in single interactive situations, 
focus on the effect of haptic-audio modalities on their navigation. Two studies 
were conducted based on two different haptic and audio prototypes.  

The interaction and design issues in multimodal virtual environments for 
visually impaired people individually could be looked at in terms of the ways 
of navigation and cognitive mapping, as well as how to orientate and move in 
an unknown space. 

I will introduce navigation as a framework that will be used as a lens to 
look at the collected data. More specifically, I will argue that navigation can be 
used on both an analytical and a methodological level, to investigate the 
visually impaired people’s practices. 

One aspect investigated in this single interactive situation is usability and 
how it is possible for the users to access the spatial layout through haptic 
audio virtual environment, and how it is useful in the multimodal 
environment to help visually impaired people to understand the spatial layout.  

The other aspect concerns cognitive mapping in a multimodal virtual 
environment, mobility and orientation.  
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5.1 Historical Perspective on Navigation 

Adams described three phases of navigation (C. Adams. 1997): preparation, 
gross navigation, and fine navigation. The first phase includes getting an 
overview of the destination area and creating a route to get there. Blind people 
usually perform this process at home in a safe environment, and perform the 
gross navigation along the way. The main task of this phase is to get from one 
point to the next on the planned route. The fine navigation process contains 
tasks like obstacle detection, perceiving the material of the floor, etc. 
However, special tools are needed when the user is already on his or her tour, 
for instance GPS for the blind or a cane. With my approach I aim to provide 
users the experience of a walking tour in a 3D virtual environment that can be 
used as the preparation navigation phase. 
        The navigational problems for visually impaired people in using 3D 
virtual environments have largely been underestimated in haptic and audio 
research. Although there is an acknowledgement that the “lost in hyperspace” 
phenomenon exists and various innovative navigational systems have been 
developed, these have not been clearly derived from user requirements or 
evaluated in terms of their effectiveness in supporting users. 

5.2 Navigation as a framework for understanding visually 
impaired users’ practices in 3D multimodal virtual 
environments 

I take navigation as a framework that will be used as a lens to look at the 
collected data. More specifically, I will argue that navigation as a framework 
can be used, on both an analytical and a methodological level, to study the 
issues of usability, cognitive mapping in unknown space, mobility and 
orientation by visually impaired people. 

What are the methodological implications of using navigation as a 
framework to understand visually impaired users’ practices in 3D 
multimodal virtual environments? 

Firstly, a navigation-focused approach is used to investigate how visually 
impaired people organize their activities during the exploration procedure, 
through qualitative analysis.  

Secondly, the term “navigation” implies the employment of an top-down 
approach aimed at exploring what is experienced, appropriated and occupied 
by an environment’s inhabitants. Understanding people in navigation can thus 
be achieved by means of participant observations, interviews and other data 
collection techniques usually deployed in qualitative studies. 

 More specifically, I chose to: (a) observe the participants and take notes 
during the observations; (b) video-record all of the procedures in the test; (c) 
conduct semi-structured interviews; (d) follow the loop of interactive design, 
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based on the users’ feedback, and redesign the prototype. The combination of 
these techniques can provide a rich set of data to understand visually impaired 
users’ feelings and requirements when they interact in a 3D multimodal virtual 
environment. Moreover, the combination of these techniques can provide a 
rich set of data to: (i) understand visually impaired people’s experience of the 
environments they work in, and; (ii) explore those elements that may influence 
the participants’ feeling of being present in a virtual environment, for instance 
cognitive maps, mobility and orientation.  

What are the analytical implications of adopting navigation as a 
framework for understanding visually impaired users’ practices in 3D 
multimodal virtual environment? 

After having outlined the methodological implications deriving from the 
use of navigation as a framework, I will address its analytical implications in 
understanding visually impaired users’ practices in 3D multimodal virtual 
environments. 

Firstly, the way navigation is accomplished practically by visually 
impaired participants. Related aspects are analyzed, such as: 

• How haptic and audio modalities can be utilized to increase the 
possibility to access the spatial information layout of a 3D multimodal virtual 
environment manipulated for visually impaired people; 

• Elements that may contribute to retrieving spatial information – e.g. 
the presence of objects or resources, the multi-modalities that may be useful 
in supporting the accomplishment of the user’s activities; 

• The procedure of cognitive mapping in unknown virtual space, which 
can be related to the activities they engage in; 

• Mobility and orientation during the whole procedure of navigation. 
When moving from a place to another, keeping track of the updating situation 
is a main challenge that visually impaired people face, as they must keep the 
old information in mind in order to construct a cognitive map. In this respect, 
it is relevant to investigate how this is managed practically, how a sense of 
“visualization in mind” is achieved and what elements of navigation facilitate 
it.  

Secondly, focusing on the dimensions discussed by Casey (1993; 1996) 
also allows me to expand the understanding of navigation for visually 
impaired people interacting with multimodal virtual environments. More 
specifically, it assists in exploring the relationships between navigation in 3D 
multimodal virtual environments and visually impaired people’s practices with 
respect to: 

• A psychological dimension. What is the visually impaired users’ 
cognitive mapping process? How do they feel about the experience? What are 
the meanings and values they got by this experience? 
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• A physical dimension. What are the elements of the virtual 
environment that contribute to understanding the spatial information? How 
do the haptic and audio modalities support the users’ achievements?  

• A social dimension. What social factors (ongoing activities, rules, 
norms, the presence of other people) can determine the quality of navigation 
(this was discussed more in collaborative situation between visually impaired 
and sighted users in Chapter 6)? How do they relate to the activities 
undertaken within the environment, and how do they shape and determine 
their behaviors? 

• A historical dimension. What is visually impaired users’ past experience 
of working with or being in such a 3D multimodal virtual environment? Have 
they had any past interactions with 3D multimodal virtual environments that 
may affect the current ones?  

5.3 The usability perspective and access to 3D virtual 
multimodal environments 

According to McLeod (1996), the usability of a system can be measured by 
how long it takes to perform a task and how well the task is performed. There 
are of course other aspects of usability; the ISO standard (1998) refers to 
effectiveness, efficiency and satisfaction in a specified context of use. It has 
been shown that the larger the number of modalities, the higher the 
performance is expected from participants (Short et al. 1976). 
       The following is close to the definition of usability generally used in HCI: 
“[the] extent to which a product can be used by specified users to achieve 
specified goals with effectiveness, efficiency and satisfaction in a specified 
context of use.” (ISO 9241-11, 1998). 
       The main meaning of usability in this thesis refers to ease of learning, 
efficiency, time to complete and number of errors, as well as qualitative issues 
of single-user interaction with spatial information.  

In the context of this thesis, access to spatial information in 3D 
multimodal virtual environments means access to functionality, spatial 
relationships, graphical data and interaction paradigms, not only in single-user 
situations but also in collaboration with others. Most visually impaired people 
use a screen reader to access information on the computer screen.  

 Based on the design principles mentioned in Chapter 1.1.3, most of  the 
elements that I designed in those two single interactive prototypes can be 
accessible by visually impaired test users, with: 

i. Access to functionality. All functions present in the graphical user 
interface are accessible for them. This means explicit haptic devices, 
haptic and audio cues are accessible. 

ii. Direct manipulation. The properties of  direct manipulation are 
supported in those prototypes.  
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iii. Spatial arrangement. The spatial arrangement of  the 3D is provided. 
iv. Constant or persistent presentation. Haptic information exists in 

physical space and can be obtained and reviewed at any time; this is 
not the case for audio information. Some way of  supporting the same 
temporal independence as haptic information has should be 
supported. 

 
Usability and how visually impaired people access the spatial information in 
3D multimodal virtual environments are key issues I was concerned with 
when developing the haptic-audio-based virtual environment. Using haptic 
and audio feedback, visually impaired users can access the information in a 3D 
virtual environment in order to  familiarize themselves with the spatial layout, 
follow and understand routes,  locate important and/or specific facilities, and 
learn orientation and mobility. The users will interact with the 3D Virtual 
Environment(VE) through the sense of touch and audio information. In 
investigating the exploration process of an unknown space by blind subjects, 
especially their ways of navigation, spatial orientation and mobility in a 
haptic，audio-based VE, I try to understand the users’ requirements for such 
a 3D haptic and audio virtual environment, using qualitative analysis. 

Based on the qualitative analysis in the Labyrinth study, all users reported 
that it was possible to feel things and walk around the labyrinth, as well as 
distinguish between objects, textures and heights using the haptic device. 
Once they realized that a sound would appear when they approached a certain 
area, they became faster in getting closer to the area where the audio appeared. 
In this way, they could move from start to exit quickly and precisely. A 
difference among the participants is that two of them had never played this 
kind of VR computer game or navigated in a 3D virtual environment using a 
haptic device. What they use the computer most for is checking their email. 
Therefore, it took them some time to understand the environment and what 
was happening there, as well as to virtually walk around to find the destination. 
However, one of the participants had 8% vision, and also had experience of 
playing online computer games with the assistance of families or friends. It 
was therefore a bit easier for him to do the navigation, and he thus he came to 
understand the environment very quickly; it only took him a few minutes to 
finish the tasks. As for audio aids, the participants said it was very important 
to have the audio assistance to find their way to the target; otherwise, it would 
have been be impossible to find their way. We can see from this that audio 
design improves the possibility for visually impaired people to access spatial 
information of  in such a haptic 3D virtual environment. 

As for the issue of usability, generally, no participants had a problem 
using the haptic equipment. It was also possible for them to feel things and 
distinguish between objects, textures and heights. According to the 
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observations made, the interaction with haptic and audio design was used in 
the intended way. All participants were able to use the haptic device to 
navigate in the haptic 3D virtual labyrinth. When we asked “Can you use 
haptic or audio aids to perceive shapes of objects and for orientation, 
familiarize yourself with the spatial layout, follow and understand routes, 
locate important and/or specific facilities and learn orientation and mobility?”, 
most participants answered “Yes”, but at different levels. One participant, 
after practicing in the haptic environment for a while, answered “Yes”, but 
according to him some of the 3D models should have been enlarged. It also 
would have been good to offer the users the option to enlarge the haptic force 
feedback themselves, as well as to design the texture on the surface of a 
certain object to contain more sensitive textures. This perhaps would have 
made it easier for the participants to understand the spatial layout.   

5.4 Cognitive mapping and mobility & orientation 
 
Blind or visually impaired persons always have problems with mobility and 
orientation, both indoors and outdoors. They often do not leave their homes 
alone or visit new places, as it is hard for them to get an understanding of the 
pathways and landmarks before leaving the house. The problem of planning 
routes for city journeys affects blind and visually impaired people, forcing 
them to depend on the assistance of sighted people to plan and undertake 
journeys that sighted people can undertake independently. 

Strategies for the exploration and collection of spatial information about 
a new area are different between the sighted and the blind, and are based on 
the use of different perceptual information. The exploration process by 
sighted people is mainly based on the visual channel, and for people who are 
blind the information is collected mainly using haptic and audio channels. 

Haptic and audio technologies have been developed to help blind people 
build cognitive maps and explore real spaces. According to Lahav and 
Mioduser ( 2008), there are two types of orientation and mobility aids: passive 
aids that provide the user with information before his or her arrival to the 
environment, and active aids that provide the user with information about the 
environment in situ. Passive aids include a verbal description of the space, 
tactile maps and physical models. Active aids that have been developed 
include Talking Signs, embedded sensors in the environment (Crandall, W., et 
al., 1995), activated audio beacon using cell-phone technology, and a personal 
guidance system, based on satellite communication (Golledge, R., Klatzky, R. 
and Loomis, J., 1996) and GPS-based devices. There are a number of 
limitations in the use of these passive and active devices; the major limitations 
of the active devices are that they can only be used in the space being 
explored and not in advance. 
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Most of the information required for this mental mapping is gathered 
through the visual channel. People who are blind lack this information, and 
are consequently required to use compensatory sensorial channels and 
alternative exploration methods. Related research on the use of haptic devices 
by the blind contributes to the construction of cognitive maps (Sanchez and 
Lumbreras, 1999; Lahav and Mioduser, 2000; Semwal and Evans-Kamp, 
2000).  

Mioduser and Lahav (2004) argued that the cognitive mapping in 
unknown space, and of the possible paths for navigating these spaces, is  
essential for the development of efficient orientation and mobility skills. After 
an experiment in a multisensory virtual learning environment with visually 
impaired people, they drew the following conclusions:  

Firstly, walking in the virtual learning environment contributes to the 
construction of an efficient cognitive map of the unknown space. 

Secondly, the construction of cognitive maps as a result of learning with 
the multisensory-virtual-learning-environment (MVLE) contributes to the 
blind person’s O&M performance in the real space. 

Based on the data collected in interview sessions, I noted that 
Constructing mental map will be very different based on their personal 
experience. Some of them, who had not been born blind and thus knew what 
a labyrinth looked like, spent less time on navigation using the haptic device to 
navigate. Those who had never seen a labyrinth (and thus did not know what 
it was) spent a great deal of time figuring out the spatial layout and how to 
walk around in it.  

Secondly, some of the participants had no strategy. They navigated the 
environment and tried to determine what was inside simply by chance, with 
no clues to follow. But, as they described, they appreciated that the haptic 
function helped them feel something concrete through different textures. 
These are very important insights regarding the spatial layout. During the 
participants’ walking process in the haptic environment without clues, when 
they heard a sound by chance this audio cue gave them an important clue to 
follow to find their way. This actually helped them a great deal in finishing the 
task according to the instructions.  

One of the participants had a strategy for navigating in such a haptic 
virtual environment. Once he found a wall to follow along, he then tried to 
follow it using the haptic force feedback to its end several times, and then 
follow it to another connected wall, until he had formed a clear view of the 
spatial layout. Users could follow the wall, making a movement with the 
haptic force feedback and finding the direction to go through the audio 
feedback. In this way they got closer to their destination. Therefore, we can 
conclude that the spatial architecture and texture in such an environment will 
have a crucial impact on the way of navigation, mobility and orientation.  



 

6 Collaboration in a shared multimodal virtual 
environment  

The work presented in this chapter describes a study on collaborative situation 
between blind-folded and sighted computer users in a shared virtual 
environment. One aspect I investigated is how different modalities affect 
one’s awareness of the other’s actions as well as one’s own actions during the 
work process. The second aspect investigated is common ground, i.e. how 
visually impaired people obtain a common understanding of the elements of 
the workspace by using different modalities. Another aspect investigated is 
how different modalities affect people’s social presence, i.e. their ability to 
perceive the other person’s intentions and emotions. Finally, regarding 
collaborative situations, this thesis attempts to understand how human 
behavior and efficiency in task performance are affected when using different 
modalities for collaboration.  

6.1 Non-visual collaboration 

In Swedish schools, pupils often perform group work on many different 
topics. This pedagogical approach trains social skills and supports 
collaborative learning. Assistance in this group work process is particularly 
important if one of the pupils is visually impaired, since the most important 
sense – vision – is not available. When blind and sighted pupils are going to 
collaborate, it is important to consider the affordances of different interaction 
media and how they affect the work process in groups.  

Several studies have investigated issues surrounding collaboration between 
visually impaired people in educational settings. David McGookin and 
Stephen Brewster conducted a study on computer-supported collaboration 
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between visually impaired users based on the interactive browsing and 
manipulation of simple graphs. They specifically looked at supporting 
awareness of others’ activities and interaction between participants 
(McGookin and Brewster, 2007). 

As Slavin and Cooper reported in their studies, teaching and learning of 
subjects in small groups, largely without direct teacher involvement, has been 
argued to improve students’ social, academic and cognitive abilities (Slavin 
and Cooper, 1999). However, there are significant problems involved in 
accomplishing these aims. In interviews with visually impaired students, 
Sallnäs et al. (2005) describe how a student enjoyed group work, noting that it 
allowed her to “better get to know the other pupils, who she had not talked to 
much before”. Sallnäs also noted, however, that it was difficult for students to 
keep track of others’ activities. For example, if one student were to browse a 
raised paper diagram while the other browse black text, they would each need 
a copy, which make it difficult for one student to point something out to 
his/her partner in the same way a sighted user might do. Each person has 
difficulty knowing what his/her partner is looking at, or being sure that both 
are referring to the same part of the diagram, thus making collaboration 
difficult.  

6.2 Collaboration in a multimodal virtual environment 

In computer-supported cooperation, a central challenge lies in increasing 
people’s attention to actions performed by those involved in joint work in a 
shared interface. It is particularly interesting to investigate how haptic and 
audio feedback in combination support communication and interaction 
between people during collaboration in shared interfaces in a situation in 
which one person cannot see.  

Some information conveyed by haptic feedback, such as the location of 
objects and the location and actions of your partner in a collaborative 
environment, could also be represented by auditory feedback. We assume that 
auditory feedback might be efficient in further increasing people’s awareness 
of others’ actions in a haptic collaborative virtual environment.  

In this study, I present an experimental study investigating whether 
auditory feedback makes co-located collaboration more efficient in a shared 
haptic virtual environment. In both conditions (with or without auditory 
feedback), participants communicated verbally and could touch and 
manipulate objects in a visual interface using a haptic device. In one of the 
two conditions, participants could use auditory feedback that gave 
information about their actions in the virtual collaborative environment.  

The work presented here was carried out within the EU-funded project 
MICOLE (Multimodal Collaboration Environment for Inclusion of Visually 
Impaired Children) in which applications were developed to support 
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collaboration among visually impaired and sighted children (Sallnäs et al. 
2005). The aim of the MICOLE project was to build a multimodal 
collaborative environment for the better inclusion of visually impaired 
children in group work in different subjects in primary school. Computer-
supported group work is a much neglected perspective in assistive research 
and development. 

The main research questions in such collaborative situations, as 
mentioned in Chapter 1, are: 

How do combining different modalities in a 3D virtual environment 
increase the bandwidth of  information exchange? 

How can haptic and audio feedbacks combined together support 
collaborative object manipulation? 

Sub-questions: 

How do different modalities affect awareness of the other’s actions, as 
well as one’s own actions, during the work process? 

How do visually impaired people obtain a common understanding of the 
elements of the workspace by using different modalities?  

How do different modalities affect people’s social presence, i.e. their 
ability to perceive the other person’s intentions and emotions? 

How are human behavior and efficiency in task performance affected 
when using different modalities for collaboration?  

6.3 An experimental study 

In the experimental study, the combined effect of haptic and auditory 
feedback in shared interfaces on the cooperation between visually impaired 
and sighted persons is under-investigated. A central challenge for cooperating 
group members lies in obtaining a common understanding of the elements of 
the workspace and maintaining awareness of the other members’, as well as 
one’s own, actions during the work process. The aim of the experimental 
study presented here was to investigate whether adding audio cues in a haptic 
and visual interface would make collaboration between a sighted and a 
blindfolded person more efficient and whether it would improve perceived 
awareness, common ground and task performance. One special interest was 
also to study how participants utilized the auditory and haptic force feedback 
in order to obtain a common understanding of the workspace and to maintain 
an awareness of the group members’ actions.  

A between subjects design was used in this experiment, with two 
conditions: (1) a visual and haptic VR environment, and (2) an audio, visual 
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and haptic VR environment. The dependent variable was task performance, 
which was measured as the time spent by group members in solving a task 
during the test. According to McLeod (1996), the usability of a system can be 
measured by how long it takes to perform a task and how well the task is 
performed. It has been shown that the larger the number of modalities, the 
higher performance should be expected from participants (Short et al. 1976). 

The test sessions ended with an open form of interview with each pair. 
Questions were asked in the interview about the subjects’ perception of the 
system, with a special focus on awareness, common ground and joint task 
performance in different modalities. An observation analysis of the video 
recordings was also performed in order to get a more detailed understanding 
of how audio cues affected the interaction. 

Results from a qualitative analysis showed that the auditory and haptic 
feedback was used in a number of important ways in the participants’ 
grounding process and for the group members’ action awareness. 

 
 Hypotheses 

The hypotheses tested in this experiment concerned whether adding audio 
functions to a collaborative visual/haptic interface would improve task 
performance in a collaborative haptic 3D virtual environment:  

(H1) Adding audio feedback to the collaborative visual/haptic 
environment will make task performance faster. 

 
 Subjects 

A total of 28 students participated in this experiment, and divided into 16 
pairs. When the test task was performed, one subject in each pair was sighted 
and one was blindfolded. Eight of the pairs used the interface with audio, 
visual and haptic force feedback and the other eight pairs used the interface 
with only visual and haptic force feedback. The participants were matched in 
such a way that they already knew each other well, as it was assumed that it 
would be better for them to collaborate with a familiar person whom they had 
known a long time and felt comfortable working with.  

Visually impaired people were not recruited to this experiment. This 
would have been better than blindfolding sighted people, but more 
participants were needed than could be recruited among the visually impaired. 
In basic research regarding the effects of auditory information on the time to 
perform two joint tasks, it can reasonably be assumed that the effects are the 
same on visually impaired and blindfolded, sighted people. The general level 
may be different, but if a parameter has an effect on non-handicapped people, 
it can be expected to also have an effect on visually impaired people. 
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 The Application  

The collaborative interface used in this experiment was modeled to be 
perceived as a room viewed from above through a transparent ceiling. The 
collaborative interface and the setting of the experiment are shown in Fig. 6.1. 
The room contained cubes that could be picked up and moved around by 
means of touch feedback using a haptic feedback device called Phantom. The 
roof, walls and cubes all had different textures that could be felt. The small 
and differently colored spheres shown in Fig. 6.1 represent two users holding 
the same object. In this way the users could cooperate in compiling larger 
objects. Since gravity and mass were applied to all objects, the users felt the 
weight and inertia of objects as they carried them around. Besides feeling and 
manipulating the cubes, users could feel as well as grasp each other’s graphical 
representations in order to provide navigational guidance, e.g., to a 
blindfolded partner. The users could also “feel the other proxy” by means of a 
small vibration, applied whenever the users’ graphical representations got 
close enough to each other.  

In the visual, haptic and audio interface, a number of auditory functions 
were added that gave different kinds of audio cues. A “grip sound” was heard 
every time an object was lifted. This allowed one participant to know when 
the other person lifted an object. The second auditory function was a “touch 
down sound” that was heard every time an object fell on the floor. In order to 
distinguish between the sound an object makes when it falls on the floor and 
when it falls on another object, a “collision sound” was also designed to be 
heard every time an object landed on top of another one. The fourth auditory 
function was a “contact sound” that was heard every time the button on the 
phantom was pushed down except, of course, when an object was grasped. 
This “contact sound”, in stereo, was heard from one’s own avatar and made it 
possible for the other participant, especially the blindfolded one, to know the 
location of the other user’s position relative to his/her own position. 
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Fig. 6.1. Experimental setting with participants using one Phantom Desktop and one Phantom 

Omni, respectively, and a picture of the screen with spheres representing the participants in the shared 
environment. 

 
The hardware used in this experiment was one personal computer with 

two dual core processors, a computer screen, a computer mouse, a keyboard, 
and a pair of loud speakers. Two different haptic devices were used: one 
Phantom Desktop and one Phantom Omni. Reachin API 4.1 and Microsoft 
Visual Studio 2003 .NET were used as software platforms, and CamStudio 
was used for screen capturing in order to record the interaction in the 
interface during the experiment. 

The researcher gave introductory information about the aim of the 
experiment, followed by instructions for using the haptic devices. The 
researchers made sure both participants were fully aware of how the haptic 
and audio feedback worked and could be utilized in the interface before the 
participants began solving the tasks. 

The experiment was divided into four sessions: demo, training, group 
work, and interview. In the demo session the soon-to-be blindfolded 
participant had the chance to use the Phantom Desktop while looking at the 
screen. In the demo environment he/she could feel several boxes featuring 
different textures and surfaces. Both participants then practiced on a training 
task in the experimental environment before the real task, in order to get used 
to this type of interface. They practiced feeling the shape of a cube, navigating 
in the three-dimensional environment and grabbing a cube, lifting it and 
handing it off to the other person in the group. It was ensured that the 
blindfolded participant felt comfortable with the blindfold and had gotten 
used to working in this kind of haptic environment before the real task was 
loaded. After the training session, each pair of participants solved a task in 
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either the visual/haptic or the visual/haptic/audio condition. The visually 
impaired participant used a Phantom Desktop and the sighted used a 
Phantom Omni device in all sessions. Interviews were conducted after the 
task was performed in order to acquire information about system usability and 
subjective perception. In the interview, open questions were asked of each 
member of the pair.  

The hypothesis was that adding audio functions in the visual/haptic 
environment would improve task performance. The results showed that task 
performance, defined as the time taken to complete the task, differed 
significantly (p<0.05) across the two conditions. This means that subjects 
took about ten minutes to perform the task in the audio/haptic/visual 
condition and about 15 minutes in the condition with no audio feedback. 

When the video recordings were reviewed, special attention was paid to 
participants’ notions of awareness, common ground and task performance. 
One aspect of awareness is how the blindfolded participant tracked changes in 
the environment and how well he/she knew of the partner’s whereabouts and 
actions.  

 
 Results from the study 

Detailed results from the qualitative and quantitative analyses are 
presented in Papers B and C. Following are some of the observations. Results 
showed that task performance was significantly faster in the audio, haptic and 
visual feedback condition compared to the haptic and visual feedback 
condition. 

 
 Aspects of usability 

Generally, observing the whole experimental process across both experiment 
conditions, the blindfolded participants had no problems using the haptic 
equipment. It was evidently also easy to feel things and distinguish between 
objects and their textures and heights. The sighted participants had a harder 
time using their equipment, due much to the PHANTOM Omni having a 
much lower resolution and update frequency than the PHANTOM Desktop, 
used by the blindfolded participants. However, the difference between the 
equipment gave the blindfolded participant an interesting advantage – he/she 
could feel details like height differences much easier than the sighted 
participant could (Paper B). In the interviews, the participants reported that it 
was fun and interesting to work with the system – a new way of using the 
computer and “taking the mouse to the next dimension”. Most of the groups 
also liked the challenge of communicating when one of the co-workers had 
lost a vital sense. According to most participants, the most valuable function 
was that you could actually feel something. When we asked which type of 
feedback gave the most valuable information, almost everyone answered that 
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it was the haptic feedback. Haptic feedback was identified to be absolutely 
necessary for the blindfolded participants, and as a good complement for the 
sighted ones. As regards the sound feedback, there were mixed results. Most 
of the audio groups made use of the audio feedback and the participants 
understood how to use the different kinds of sound. 
 

 Shared understanding of the workspace 
The participants in a group seemed to share an accurate view of the interface 
with the objects in it, regardless of whether there was sound present. One pair 
of participants shared a common view about the different objects and how the 
different dimensions would add up. Actually, the blindfolded participant in 
this pair was the one who solved the assignment. This was actually the case 
for almost half of the groups, which says a great deal about the accuracy of 
the shared view of the environment. The participants were often highly 
engaged in discussions about dimension and how different blocks could fit 
together. As stated earlier, these discussions were based mostly on the object 
the blindfolded participant was feeling at the moment. 

The participants in almost every group felt that they were working in the 
same environment together, feeling that they were both socially present. This 
was greatly due to the blindfolded participant’s ability to point to and feel 
objects while the sighted participant talked about them. The blindfolded 
participants also felt (and in some cases heard) the sighted person’s changes in 
the environment, and the participants could also feel each other’s proxies 
when they were close to each other.  

 
 Understanding the workflow 

When it comes to awareness aspect, the results show that audio cues are a 
positive contribution. These kinds of cues can inform a person that something 
is changing and make the blindfolded participant aware of work in progress. 
Results also show that it is possible for the blindfolded participant to obtain a 
good understanding of the workflow – he/she knows where the objects are 
and what to do with them, and understands the status of the work.  
     In all haptic-only groups and in the majority of the audio groups, the 
blindfolded participant reported not having an accurate understanding of what 
the sighted person was doing. In the sound groups the blindfolded 
participants could hear that their partner was doing something, but did not 
have a good sense of what was being done or which object was being moved. 

One result we found is that the audio cues made a positive difference 
regarding the amount of awareness information accessible to the blindfolded 
and sighted participants in the collaborative work. Another result from the 
observations was that our audio groups were able to use the audio feedback as 
an aid when establishing common ground. 
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The findings of this study show the importance of audio feedback when it 
comes to supporting collaboration, although the haptic feedback was an 
important prerequisite. This is consistent with results from several studies that 
have shown the importance of haptic modality in collaborative environments. 
Our study is no exception; the haptic modality made it possible for the 
blindfolded participants to feel objects, allowing both participants to focus 
their attention on and talk about the same object as if they actually perceived 
that they were working in the same work space. In the dialogue examples in 
this section, we see utterances like “Should I put it in the corner?” and “It’s 
the long one”, showing that the participants shared a common view about the 
properties of the objects in the virtual environment. The haptic feedback is 
what makes this possible.  

When we compared the two experimental conditions, we identified a 
positive qualitative difference caused by the addition of sound cues. In the 
audio and haptic condition, the blindfolded participants solved the tasks and 
navigated using not only their sense of touch combined with verbal direction 
from the sighted participant, but also their sense of hearing. The audio 
modality made it possible for them to orientate (using a contact sound), to 
hear approximately what their partner was doing and where he/she was, and 
to hear what they themselves were doing. The fact that the sighted person did 
use the contact sound and the blindfolded did interpret this sound cue as 
being the sighted person’s position in the virtual environment and could move 
in the right direction implies that this sound might be an example of a feature 
that shortened the time the blindfolded person spent navigating, which in turn 
made task performance faster. 

 In the haptic/visual groups, some blindfolded participants said they had 
no idea whatsoever whether or not they had done something (such as 
dropping an object on another one or on the floor). Moreover, they did not 
know what their partner was doing. Almost all participants in the 
haptic/visual groups believed it would make a positive difference if audio 
were added to the environment. The blindfolded participants in these groups 
wanted to know that something was going on, and to receive confirmation of 
actions taken. 
  



 

7 Summary of the thesis  

7.1 Summary of results and conclusions 

The work presented in this thesis has identified aspects on designing 3D 
multimodal virtual environment for visually impaired computer users in two 
situations.  

In the collaborative situation, the study was concerned with collaboration 
between blind and sighted computer users in a shared 3D multimodal virtual 
environment, leading to the questioning of commonly expressed design 
principles regarding access to collaboration. One aspect considered is how 
different modalities affect one’s awareness of the other’s actions, as well as 
one’s own actions, during the work process. The second aspect investigated is 
common ground, i.e. how the visually impaired obtain a common 
understanding of the elements of the workspace through different modalities. 
Another aspect investigated is how different modalities affect people’s social 
presence, i.e. their ability to perceive the other person’s intentions and 
emotions. Finally, regarding collaborative situations, this thesis attempts to 
understand how human behavior and efficiency in task performance are 
affected when using different modalities for collaboration.  

In single manipulated situation, the main study effort was investigating 
how visually impaired people access 3D spatial information individually, 
drawing conclusions about the effect of haptic-audio modalities on navigation 
and interface design. Blind or visually impaired persons always have problems 
with mobility and orientation, both indoors and outdoors. They are often 
reluctant to leave their homes alone or visit new places, as it is hard for them 
to get an understanding of the pathways and landmarks before leaving the 
house. The problem of planning routes for city journeys affects blind and 
visually impaired people, forcing them to depend on the assistance of sighted 
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people to plan and undertake journeys that sighted people can undertake 
independently. The development of a multimodal interface featuring haptic 
and audio technologies provides a way to allow the blind and visually impaired 
to access a three-dimensional VR environment through the senses of touch 
and hearing.   

Two studies were conducted, based on two different haptic and audio 
prototypes. One is a haptic and audio game, a labyrinth; the other is a virtual 
simulation environment of the real-world Kulturhuset. One aspect 
investigated for the individual interactive with the computer is usability and 
how to access spatial information in a 3D multimodal virtual environment 
manipulated by visually impaired people. The second aspect investigated is 
usability; how useful the multimodal environment is in helping visually 
impaired people understand the spatial layout. The third concern refers to 
navigation and cognitive mapping in a multimodal virtual environment.  

The perspectives and literature review discussed in Chapter 3 allowed me 
to identify which aspects of interaction can be regarded as central to 
understanding how visually impaired people interact with haptic and audio 
virtual environments. Chapter 4 presents an overview of the development in 
haptic and audio technology, highlights the different stages of haptic and 
audio development, and introduces how I developed two haptic and audio 
prototypes, Labyrinth and Kulturhuset, from technology aspects.  
        The research questions of  this work as presented in Chapter 1 examine 
the following aspects: 

i. In single manipulated situations where visually impaired people working 
independently 

How are haptic and audio modalities useful and how can they be utilized 
to increase the possibility to access spatial information in a 3D multimodal 
virtual environment and to understand its spatial layout? 

Do the haptic and audio modalities in the virtual environment contribute 
to the construction of  an efficient cognitive map of  the unknown space? 

How can haptic and audio modalities affect orientation and mobility in 
both virtual and real space? 

The research questions in the single manipulated situation were discussed 
further in Chapter 5 and elaborated on in Papers D and E. The questions at 
this stage have been analyzed through two studies. It was investigated how 
visually impaired people access 3D spatial information individually, by 
drawing conclusions about the effect of haptic-audio modalities on navigation 
and interface design. It was possible to create fun and motivating navigation 
exercises that give the visually impaired user force feedback in real time when 
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they interact with 3D objects in the virtual environment. The haptic 
technology allowed users to feel the textures and shapes of the virtual objects 
through force feedback. Audio cues had a significant impact on direction. 
Visually impaired users could follow the wall and make a movement with the 
haptic force feedback and determine which direction to go through the audio 
feedback. In this way they were able to bring themselves closer to their 
destination. Spatial architecture and sensitive texture with haptic and audio 
feedback in such a 3D virtual environment thus influences the methods of 
navigation, mobility and orientation. After each trial, it was possible for the 
majority of participants to describe a relatively correct mental map of the 
virtual space. 

Chapter 5 presents the navigation and its relevant issues in a single 
interactive situation. I refer to Casey’s theory (Casey, 1993; 1996) and consider 
navigation as a framework for understanding visually impaired people’s 
practice in 3D multimodal virtual environments. Two studies were done, 
based on two different haptic and audio prototypes. One is a haptic and audio 
game, a labyrinth; the other is a virtual simulation environment of the real-
world Kulturhuset.  

Judging from the results of the study, none of the participants had a 
problem using the haptic equipment. It was also possible for them to feel 
things and distinguish between objects, textures and heights. Observations 
suggest that the interaction with haptic and audio design was used in the 
intended way. All participants were able to use the haptic device to navigate in 
the haptic 3D virtual labyrinth. When we asked “Can you use haptic or audio 
aids to perceive shapes of objects and for orientation, familiarize yourself with 
the spatial layout, follow and understand routes, locate important and/or 
specific facilities and learn orientation and mobility?”, most participants 
answered “Yes”, but at different levels. One participant, after practicing in the 
haptic environment for a while, answered “Yes”, but according to him some 
of the 3D models should have been enlarged. It also would have been good to 
offer the users the option to enlarge the haptic force feedback themselves, as 
well as to design the texture on the surface of a certain object to contain more 
sensitive textures. This perhaps would have made it easier for the participants 
to understand the spatial layout.  

Regarding audio aids in a haptic virtual environment, all the users 
believed that the audio function helped them a great deal in finding the right 
direction. They appreciated the design that created a sound when they came 
closer to a certain area, and that made the sound stronger the closer they came 
to the destination. It was obvious from the observations that audio cues help 
the users in finding their way when navigating in haptic 3D virtual 
environments. This also further demonstrates our findings in another study in 
Paper B that audio cues can make a difference in a haptic virtual environment. 
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ii. In collaborative situation between visually impaired and sighted people: 

How can combining different modalities in 3D virtual environment 
increase the bandwidth of  information exchange? 

How can haptic and audio feedback combined together support 
collaborative object manipulation in a given context? 

Sub-questions: 

How do different modalities affect awareness of  the other’s actions, as 
well as one’s own actions during the work process 

How do visually impaired people obtain a common understanding of  the 
elements of  the workspace by different modalities.  

How do different modalities affect people’s social presence, i.e. people’s 
ability to perceive the other persons’ intentions. 

How are human behavior and efficiency in task performance affected 
when using different modalities for collaboration.  

The results show that haptic force feedback supports joint object 
manipulation and that audio shows a contextual clue for guiding directions 
and distance. The task performance improved a great deal in the 
audio/haptic/visual environment compared to the haptic/visual situation. 
Haptic and audio can convey spatial information for collaborative participants 
(one was sighted and the other was blindfolded) to acquire an awareness of 
the other’s actions and achieve a common understanding of the elements at 
hands; in a way, it is possible to perceive the other’s intentions and emotions. 

In Chapter 6, Collaboration in a shared multimodal virtual environment, I 
described the relevant research questions through an experimental study. 
These questions can be found in detail in Papers A, B and C. Paper A reports 
the initial pilot study, while Papers B and C are focused on quantitative and 
qualitative analysis, respectively.  

The experiment on collaboration between sighted and blindfolded 
people was initiated based on a hypothesis posing the question of whether 
adding audio functions to a collaborative visual/haptic interface in a 
collaborative haptic 3D virtual environment would improve task performance, 
and increase users’ perceived awareness, perceived common ground and 
perceived task performance, respectively. 

In examining the results from the observations and interviews on joint 
action in a shared workspace and reviewing the video recordings, special 
attention was paid to participants’ notions of awareness, common ground and 
task performance. One aspect of awareness is how the blindfolded 
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participants tracked changes in the environment and how well they knew their 
partner’s whereabouts and what the partner was doing. The focus was also on 
how, and with what modalities, the sighted participant communicated 
information to the blindfolded participant in the two experimental conditions 
when performing joint tasks. 

 We can also see that during the experiment the blindfolded participants 
made it to the right place very quickly in the audio/haptic/visual situation. In 
the groups without audio, the sighted participants often had to spend a great 
deal of time explaining in words (like “up”, “down”, “too far, go back”) the 
direction to move, and the blindfolded participants had to go back and forth 
numerous times before arriving at the intended place. Furthermore, some 
designed audio functions such as the grip and contact sounds allowed the 
blindfolded participants to be aware of what the sighted ones were doing and 
approximately where they were. All participants in the audio groups preferred 
to work in a virtual environment with audio feedback, reflecting their actions, 
rather than in silence. This was also highlighted in the interviews with the 
sighted and blindfolded participants in the audio groups. 

The blindfolded participants in the haptic-only groups, however, 
complained about not knowing what was going on. They felt they were 
working in silence and that they could not contribute to the work process. If 
sound is not available, the only way for a blindfolded person to be aware of 
what is going on is by talking to the sighted peer, who cannot tell every detail 
of what is happening. The blindfolded participants in the haptic-only groups 
also did not hear when they had done something themselves – they had to ask 
their sighted peers if they had dropped an object, since the touch feedback 
apparently was not enough. Based on this discussion and the above example, 
we argue that the audio cues make a considerable positive difference regarding 
the amount of awareness information accessible to blindfolded and sighted 
participants in collaborative work. 

Another result from the observations was that the audio groups could 
use the audio feedback as an aid in establishing common ground. In most of 
our audio groups, the sighted participant used speech and the contact sound 
in combination to describe the workspace’s layout and the objects in it. This 
made them feel that their task performance had been greatly improved by the 
modalities during collaboration. 

In most of our haptic/visual groups the sighted had to devote a great 
deal of time to guiding the blindfolded peer verbally, which was often 
cumbersome, as discussed above. It was interesting to study the participants’ 
grounding processes that were used to achieve the same view of the layout 
and the same understanding of the subtask at hand.  

In the interviews with the participants in the audio groups, most of the 
sighted ones highlighted the importance of being able to achieve common 
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ground by means of audio and haptic feedback in the task solving process. 
They also appreciated the sound feedback when it came to making the 
blindfolded participant aware of what was happening. The blindfolded ones 
could use the audio feedback as an aid in navigating and orientating, and said 
it was possible to feel things with the haptic feedback equipment. Interestingly, 
the fact that the blindfolded participants were unable to see the cubes on the 
screen made it possible for them to feel the depth of the cubes quite easily, 
while the sighted participants, who usually disregarded the sense of touch 
before making a judgment, had a hard time estimating the heights. As long as 
the participants established a common ground by talking, navigating and 
exploring the work space, they could reach the same level of understanding of 
the layout, context and task at hand. The blindfolded participants were able to 
contribute a great deal to the final solution, and they were sometimes the ones 
who found the solution by suggesting the correct spatial relationship between 
the cubes. 

Many of the participants in our haptic-only groups said that the addition 
of sound feedback would be a great aid in their collaboration.  

The findings in this study showed the importance of the audio feedback 
when it came to supporting collaboration, although the haptic feedback was 
an important prerequisite. This is consistent with the results of several studies 
that have shown the importance of the haptic modality in collaborative 
environments. Our study is no exception; the haptic modality made it possible 
for the blindfolded participants to feel objects, thus allowing both participants 
to focus attention on and talk about the same object as if they actually 
perceived that they were working in the same work space. In the dialogue 
examples given in this section we see utterances like “Should I put it in the 
corner” and “It’s the long one”, showing that the participants shared a 
common view about the properties of the objects in the virtual environment. 
The haptic feedback makes this possible.  

When comparing the two experimental conditions, we identified a 
positive qualitative difference caused by the addition of sound cues. In the 
audio and haptic condition, the blindfolded participants solved the tasks and 
navigated using not only their sense of touch combined with the verbal 
direction from the sighted participant, but also their sense of hearing. The 
audio modality made it possible for them to orientate (with a contact sound), 
to hear approximately what their partner was doing and where he/she was as 
well as what they themselves were doing. The fact that the sighted person 
used the contact sound and the blindfolded interpreted this sound cue as 
being the sighted person’s position in the virtual environment and could move 
in the right direction implies that this sound might be an example of a feature 
that shortened the time the blindfolded person spent navigating, which in turn 
made task performance faster. 
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 In the haptic/visual groups, some blindfolded participants said they had 
no idea whatsoever whether or not they had done something (such as 
dropping an object on another one or dropping an object on the floor). 
Moreover, they did not know what their partner was doing. Almost all 
participants in the haptic/visual groups believed it would make a positive 
difference if audio were added to the environment. The blindfolded 
participants in these groups wanted to know that something was going on, 
and to receive confirmation of actions taken. 

The data from this experiment showed that the interface, which provided 
audio as well as haptic feedback, made the groups perform the task 
significantly faster. The results support the hypothesis that collaboration 
would take less time when audio cues provided information about the actions 
the two participants took in the haptic virtual environment.  

The qualitative results based on the analysis of the video recordings and 
interviews support the quantitative findings that auditory functions play an 
important role in collaboration in multimodal environments.  

The added audio information improved the participants’ possibility to 
get the attention of the other person, and provided an additional aid in the 
grounding process when participants solved a task collaboratively. In light of 
the principles of design for communication and collaboration between sighted 
and blindfolded people (Winberg and Bowers 2004), the results suggest that 
the auditory/visual/haptic interface of our prototype is functional. All the 
basic actions that could be taken by sighted users of the GUI could be taken 
by the blindfolded users as well. The auditory and haptic feedback allowed 
manipulation and exploration in the shared virtual space and this was coherent 
with the visual interface, which enabled collaboration between the sighted and 
blindfolded users.  

However, an alternative explanation could be that adding audio feedback 
in a haptic/visual interface made the situation very complex, especially in 
combination with the fact that users were co-located. It is well known that 
hearing someone talk makes a great difference in people’s notions of social 
presence (Short et al. 1976), and it was possible to communicate verbally in 
both conditions. So, even if the participants used the audio feedback to get 
the attention of their partner, they might not have consciously distinguished 
this from the verbal communication but instead integrated the different 
auditory cues into one. Additionally, the different audio cues could be 
perceived as confusing. If there is, for instance, too much audio information, 
as could be the case when both participants drop an object at about the same 
time and also communicate verbally, the sounds would overlap and could 
cause confusion.  

In this study, sounds such as the “grip”, which was heard every time an 
object was lifted, the “touch down”, which was heard every time an object 
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touched the floor, and the “collision”, which was heard every time an object 
landed on top of another object, were designed in a very simplistic fashion. 
They were designed only as event-oriented cues of actions taken, and did not 
give any advanced information about the work process. An example of an 
alternative approach that might be pursued in future studies is using 
continuous friction sounds, heard whenever a user touches or manipulates an 
object or surface.   

The findings in this study are important to consider when designing 
multimodal interfaces for collaboration between sighted and visually impaired 
people, in order to make collaborative situations more accessible to and 
possible for contribution from visually impaired people.   

7.2 Contributions of this thesis 

This work contributes to the field of HCI by: 
• Exploring the way a concept of activity awareness can be used as a 

analytical framework to understand the shared understanding of workspace in 
a co-located situation among sighted and blindfolded people. It should be 
noted that this framework could be considered as a flexible tool to assist in 
investigating and making sense of collaboration between sighted and visually 
impaired people. 

• Developing two haptic and audio prototypes as particular 3D 
multimodal virtual environments, and conducting two studies based on these 
with HCI perspectives.  

• Identifying aspects of interaction with 3D multimodal virtual 
environment by visually impaired people individually and collaboratively, 
which may be useful for future analysis and design. 

• Discussing one quantitative study of co-located collaboration between 
sighted and blindfolded people and two qualitative studies of interaction with 
a multimodal interface by visually impaired people as particular cohorts of 
investigating interactive design for visually impaired people in multimodal 
virtual environments.  

• Outlining the ways the haptic and audio interface could be better 
designed for the visually impaired. 

This thesis is a contribution to the field of Human Computer 
Interaction (HCI) and Computer Supported Cooperative Work (CSCW), 
devoted to understanding how the visually impaired can use multimodal VR 
tools and technologies to access to 3D spatial structures and to collaborate 
and communicate with sighted people in a shared collaborative working 
environment. The setting explored herein thus radically differs, for example, 
from a community of traditional HCI studies. It combines theoretical analysis 
with practical design, the development of prototypes and experimental studies. 
As the outcome of studies in heterogeneous settings, it is a source of 
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implications for future work in the field of interactive design for the visually 
impaired with 3D multimodal virtual environments. 

7.3 Implication for design  

In discussing the findings in each paper, I have attempted to illustrate the 
impact of different modalities on visually impaired people. I have also sought 
to highlight the situated use of a number of technologies designed in my 
prototype in order to support visually impaired peoples’ activities and to 
provide access to spatial information. Understanding the interaction between 
visually impaired individuals and 3D multimodal virtual environments, and 
how they are mediated by haptic and audio modalities, has been a central 
analytical concern. 

This study presents an effort to explore the possibilities that haptic and 
audio technologies can provide visually impaired users through an easy, 
interactive experience in 3D virtual spatial recognition. The results show that 
the haptic virtual simulation can help users in cognitive mapping and route 
planning before they visit the real world. Through this virtual simulation of a 
real-world setting, participants accept that it is possible to access the virtual 
world. They can generate a cognitive map in their minds using the haptic and 
auditory aids. This suggests that it is possible to use haptic VR technology to 
create tools for the purpose of route planning before going into the real 
world.  It also hints that visiting online 3D VR environments like Second Life 
in a 3D haptic and audio virtual environment is possible for visually impaired 
people.  

In the following sections, I will address issues regarding the possibilities 
for technology-enhanced design enabling: 

• Effective audio function in haptic collaborative virtual environment 
• The support of awareness in collaborative situations 
• The support of navigation using audio and haptic modalities 
• The support of navigation through spatial structure 

7.3.1 Effective audio functions in haptic collaborative virtual 
environments 

Based on the findings in the collaborative situation, adding audio feedback in 
a haptic/visual interface made the situation very complex, especially in 
combination with the fact that users were co-located. It is well known that 
hearing someone talk makes a great difference in people’s notions of social 
presence (Short et al. 1976), and it was possible to communicate verbally in 
both conditions. So, even if the participants used the audio feedback to get 
the attention of their partner, they might not have consciously distinguished 
this from the verbal communication but instead integrated the different 
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auditory cues into one. Additionally, the different audio cues could be 
perceived as confusing. If there is, for instance, too much audio information, 
as could be the case when both participants drops an object at about the same 
time and in addition communicate verbally the sounds would overlap and 
could become confusing.  

7.3.2 Supporting awareness in collaborative situations 

In collaborative settings, awareness is a fundamental work issue. Being aware 
of other people’s location and of the errands they are currently engaged in 
(Bellotti et al., 1996; Bergqvist et al., 1999; Brown et al., 2003), or being aware 
of the type of information they have access to (Heath et al., 1998) are the 
most important issues to consider in design. 

Defining once and for all the aspects of awareness involved in the 
collaborative activities between observed blindfolded and sighted participants 
is not a straightforward matter. For instance, with regard to collaborative 
aspects, it was important to know which of the other peers was currently 
doing and where the partner was located; Moreover, it is useful to be 
informed of other participants within a certain area, because this provides the 
possibility to engage in meetings (whenever needed) and to hold objects 
collaboratively, even if this has not been previously planned. Applications for 
announcing the other participant’s presence initiatively and passively are 
important for collaboration. It would be interesting to explore how these 
various aspects of awareness, which might be essential in collaborative 
settings, could be supported in relation to (i) applications for announcing 
presence (ii) the design of technologies supporting the acquisition of common 
ground. In either case, issues such as awareness about tracking what is 
happening, a common understanding of the shared space and the perceived 
task performance should be considered in design. 

7.3.3 Supporting navigation by audio and haptic modalities  

The sound with volume change based on one’s distance to an object is helpful 
for object finding, according to the users. For instance, as some described, it 
could be heard every time the visually impaired user walked close to a specific 
object, such as the escalator. Users can link their progress with the sound of 
their direction and distance when they come close to a specific area or object. 
The other type of auditory feedback is passive aids such as a verbal 
description of a specific element like the information service desk or the 
Stadsteatern service desk. These are also applied through volume change 
character, and can help the users determine the approximate location of some 
objects.  

Integrating haptic and auditory feedback significantly helped participants 
quickly recognize nodes and structure. One finding is that auditory cues alone 
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did not speed up object recognition; however, when the cues were combined 
with haptic feedback, both node identification and structure recognition 
improved. This result demonstrates that haptic feedback plays an important 
role in enabling people to recall spatial layout. It also emphasizes the 
assumption and conclusion made by Lahav and Mioduser (2008) that the 
supply of appropriate spatial information through compensatory sensorial 
channels, as an alternative to the (impaired) visual channel, may contribute to 
the mental mapping of spaces and, consequently, to blind people’s spatial 
performance. 

7.3.4 Supporting navigation by spatial structure 

Some participants had no strategy for navigating in the study involving the 
virtual environment of Kulturhuset, and tried to determine what was inside 
simply by chance. They navigated without any clues to follow. But, as they 
described, they appreciated that the haptic function helped them feel 
something concrete standing there with different textures. During their 
walking process in the haptic environment without any clues, once they heard 
a sound by chance, the audio cues gave them another important clue to follow 
to find their way. This actually helped them a great deal in finishing the task 
according to the description.  

On the other hand, one participant had a strategy for navigating in such a 
haptic virtual environment. As he described, once he found a wall to follow he 
tried to follow it using haptic force feedback to its end several times, and then 
follow it to another connected wall until he got a clear view of the spatial 
layout. Users could follow the wall and make a movement with the haptic 
force feedback and determine which direction to go through the audio 
feedback. In this way they were able to bring themselves closer to their 
destination. We can therefore conclude that the spatial architecture and 
texture in such an environment will influence the ways of navigation, and that 
mobility and audio have a crucial impact on orientation.    

7.4 Methodological concerns and future work 

This thesis examines the use of a 3D multimodal virtual environment for 
visually impaired people in both single and collaborative situations in settings 
that are not commonly found in most people’s everyday life. In addition to 
some surgery training equipments, these technologies have already been 
applied to a certain extent. The research area is quite new, which is why the 
studies in the thesis have been experimental and were performed in controlled 
settings (Sallnäs, 2004). Therefore, great care has to be taken when 
generalizing the results to a real-world situation. In future research, the effects 
of different modalities in both single and collaborative virtual environments 
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need to be studied in real contexts in which the collaboration has real 
consequences for users and the visually impaired people can actually use them 
as tools for route planning individually before they go into the real world or 
play computer games individually. 

One concern has to do with the fact that quantitative measures have 
been used in the experiment with the collaborative situation.  

From a design point of view, some of the findings from my studies could 
contribute to future design. One of main problems the participants had when 
using the prototype was that they could not understand or control the speed 
of walking using the Phantom Omni. This was probably because when using 
the haptic device to control their direction and their walking, no matter how 
proficient they had become through practice, due to their lack of vision they 
still could not understand how far they had gone. One solution to this could 
be using the arrow key to control walking and direction, while simultaneously 
using a haptic device for touching and feeling.  

We need to think about haptic and audio design more, combining 
visually impaired people’s feedback according to their experiences in the real 
world. For instance, the echo they use a great deal for navigation and 
orientation in real life could be designed in the haptic virtual environment as 
well. The guidance they get by asking people for help could be designed as a 
help key in a haptic virtual simulation. 

Two potential applications could be developed and discussed further in 
the future. One is a use as a preparation of spatial understanding before 
visiting a place, for instance route planning to understand the pathway and 
landmarks in advance. The level of difficulty could be increased gradually; as 
long as users practice this kind of simulation a great deal and become 
proficient and skillful, the virtual simulation can be designed to be a bit more 
complicated, like the virtual computer games sighted people play. The target 
audience for such an application could include blind users and the visually 
impaired in the community with an interest in online computer games.  

The other potential application is that it demonstrates the possibility for 
visually impaired people to access spatial information in 3D online VR games 
like Second Life, both individually and collaboratively with other computer 
users. This meets the social needs by visually impaired people for inclusion. I 
hope this thesis shows the possibility of utilizing HCI theories from research 
traditions in order to design more efficient software with a multimodal 
interface for visually impaired computer users. 
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